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INTRODUCTION
The Fritz Haber Research Center is the first Mi‐
nerva center inaugurated at the Hebrew Univer‐
sity of Jerusalem. The center is an assemblage of
eight scientific research groups, each headed by
a university faculty member. The total number of
researchers, including MSc. PhD. students and
postdocs is about 50.

Over the years the center has been cultivating a
vibrant collaboration with many science groups
in Germany. Furthermore, many of our visitors
are from Germany, among them Minerva fellows
who are now faculty members in various German
academic institutes. The students, postdocs and
our more senior collaborators in Germany and
other countries have of course contributed to
the numerous research articles (more than
1000), reviews, and books published by the
members of the center, many of which have
been frequently cited and used by other re‐
searchers around the world. It should be
stressed that the affiliation 'Fritz Haber Research
Center' appears as part of the authors’ address
in all of these publications. Lists of publications
during the last five years, as well as a list of visi‐
tors and seminars are given in Part III of this re‐
port.

The key activity of the Fritz Haber center is theo‐
retical and computational research of chemical
systems, with particular emphasis on dynamics
and molecular processes. The various research
endeavors span a broad variety of topics impact‐
ing diverse fields such as biology, environmental
sciences, materials science and laser physics.
The Fritz Haber center is a basis of operations for
a variety of bustling research activities. It fur‐
nishes the researchers of the center with basic
services which the university has almost ceased
to offer. The center bestows a scientific am‐
bience which is in many ways unique in the che‐
mistry institute or perhaps the entire university.
The center holds a weekly seminar, hosting
world‐leading scientists as well as young re‐
searchers and graduate students. The center has
also organized and sponsored numerous scientif‐
ic symposia and conferences (a detailed list of
recent years’ activity appears in Part III). Each
year several short‐term visitors and long‐term
collaborators come for brief visits from other
universities in Israel and abroad. Over the years,
more than a hundred graduate students com‐
pleted their doctoral theses in the center, and a
comparable number of post‐graduate students
from many countries began here their training as
independent researchers. Many of our former
students and postdocs now hold academic posi‐
tions at first rate academic institutions in various
countries, including Israeli universities such as
the Technion, the Weizmann Institute, Tel Aviv
University and the Hebrew University. Others
occupy leading positions in industrial and go‐
vernmental institutions.

The principal research tool used by the scientists
of the center is the computer. The computing
unit of the center includes a large number of
clusters composed of hundreds of computer
nodes of varying strengths and capabilities. The
smooth operation of the computers and is over‐
seen by one system manager, with a part time
“soft money” assistant. More on the services and
capabilities of our computer facility is given in
Part II of this report.
The administrative activities in the center are
coordinated by one staff member with occasion‐
al part time help. Additional details about the
history of the center, personnel, budget, etc. are
given in Part II of this report.

HISTORY OF THE CENTER
The Fritz Haber Research Center for Molecular
Dynamics was established by the Minerva Socie‐
ty and The Hebrew University to strengthen the
synergy between theory and experiment, to
support research in molecular dynamics and to
encourage cooperation between German and
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Israeli scientists. The center, which supports
theoretical research in all branches of chemical
and molecular physics, began its activities in Jan‐
uary 1981. The agreement between The Minerva
Society of the Federal Republic of Germany and
the Hebrew University, providing an endowment
fund for the Fritz Haber Research Center, was
signed in August 1981. The computer facility
started operation in November 1981. The official
inauguration of the Center took place on May 26,
1983. The initial endowment fund was 1,000,000
DM. On the occasions of the fifth anniversary of
the Center in 1986 and the tenth anniversary in
1991, Minerva announced increases in the en‐
dowment fund. In 1986 the endowment was
increased by 1,000,000 DM and in January 1992
by 500,000 DM. In July 1997 the endowment was
further increased by 1,000,000 DM. The annual
budget stems from the endowment’s interest,
matched by Hebrew University support. Because
of the drastic drop in interest rates and the de‐
crease in USD/EU exchange rate, the average
annual budget which was about 200,000 EU until
2001, has dropped to about 75,000 EU in recent
years.

sor Ronnie Kosloff (1991‐1998). In 1998 Profes‐
sor Avinoam Ben‐Shaul was appointed the Direc‐
tor and in parallel a new Beirat was formed
chaired by Professor Dr. George Comsa. Under
his leadership this new Beirat continued to sup‐
port, guide and nourish the center’s develop‐
ment. We would also like to acknowledge the
contributions of Professors Erich Sackmann, Jur‐
gen Troe, Hanoch Gutfreund and Joshua Jortner
who served as Beirat members for many years,
and devoted their time and shared their expe‐
rience to encourage the scientific activity of the
center. Since 2005 Professor Dr. Wolfgang
Domcke is the Chairman of the Beirat, whose
members are now Professors Herve Bercovier
(HU Vice President for Research), Gerard Meijer,
Helmut Grubmüller, Nimrod Moiseyev, Micha
Asscher and Abraham Nitzan.
Starting in 2007 Professor Roi Baer was ap‐
pointed Director of the center. Dr. Daniel Har‐
ries, a newly recruited faculty member also
joined the center shortly before that year. This
recent new addition of two members has en‐
larged the domain of operations with new fields
of research, such as cell dynamics, molecular
electronics, electronics structure of semicon‐
ducting nanocrystals and metal nanoparticles.

It should be emphasized that the entire budget is
dedicated to the joint activities of the center and
its infrastructure. In addition, members of the
center are funded by external agencies on a per‐
project basis. There are about 30 such current
projects, with a total annual budget of over
800,000 USD.

In 2009 Minerva decided to postpone the evalu‐
ation of all centers, including the Fritz Haber cen‐
ter. The center was required to submit a 7‐year
report to the Beirat.

THE BEIRAT

At inception, headed by its first director, Profes‐
sor Raphael D. Levine, the Fritz Haber center
numbered ten members and a similar number of
associate members, including both experimen‐
talists and theoreticians from the Hebrew Uni‐
versity and other universities in Israel. Professor
Dr. Edward W. Schlag has served as the first
Chairman of the center’s scientific advisory
board (the Beirat) and accompanied its activities
and development until 1998, and contributed
substantially to its recognition as a leading cen‐
ter of theoretical chemical physics. During 1989‐
1991 the Director of the center was Professor
Robert B. Gerber and he was followed by Profes‐

The Beirat oversees the operations of the Center
and offers guidance to its director. Annually, the
center submits a report to the Beirat, detailing
the scientific progress and activity, as well as a
financial report and a budget proposal for the
next year. The Beirat is requested to report to
Minerva on the program, budget and activities of
the Center.
In recent years, the Beirat convenes every
second year. The last meeting was held in Jerusa‐
lem in June 2007 and included a successful inter‐
national symposium on Biophysical Dynamics.
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paper and an h‐index of over 80 (see Figure 1).
This large scientific impact is not diminishing and
during the past 7 years the papers of the center
are still being cited at a rate of 2500 per year.
The number of publications per year is, on the
average close to 50 but peaked to nearly 80 dur‐
ing the mid 90’s. A sharp resurgence in the num‐
ber of publications is seen in the past 2 years.
The collaboration with German scientist is in‐
tense, culminating in 144 papers which were
cited over 3800 times with an average of 27 cita‐
tions per item. Specific statistical data concern‐
ing publications during the evaluation period
(2002‐2008) are given in page 7.

of the center. The reviews also provided useful
advice about possible ways to improve the cen‐
ter’s activities. Both committees have also rec‐
ommended an increase of the Center’s endow‐
ment as well as granting a special equipment
fund. In 1994 this has indeed lead to a substan‐
tial increase of the budget and upgrading of
equipment. Owing to budgetary cuts the rec‐
ommendations of the second committee could
not be met. In this regard we should mention
that the annual operation budget of the Fritz
Haber center in recent years is ca. $130,000,
which constitutes a relatively small fraction
(about 15%) of the total operation budget of the
groups in the center. While modest, this budget
is essential, since this is the only source of sup‐
port for our joint activities, such as the exchange
of students and visitors with Germany (several of
our German collaborators are affiliated with sev‐
eral groups of the center), maintenance of com‐
puting equipment, seminars and symposia, as
well as the salaries of our administrator and that
of the system‐managers. At the end of year 2006
the Minerva Evaluation Committee met with the
Hebrew University centers. The committee vi‐
sited the Fritz Haber center, met with its mem‐
bers and a detailed overview of the activities and
future plans of the center was presented.

PAST EVALUATION COMMITTEES
The scientific activities of the center have been
extensively reviewed, twice, by international
evaluation committees composed of world lead‐
ing scientists. The first Minerva review was held
in 1994 by a committee headed by Professor H.
Schwarz and the second in 2002 headed by Pro‐
fessor Dr. H. –J. Werner. The members of the
second evaluation committee were Professors E.
J. Heller, W. H. Miller, M. Parrinello and K. Schul‐
ten. In both reviews, the reports have been ex‐
tremely enthusiastic, praising the achievements

PART I: SEPTENNIAL SCIENCE REPORT, 2002‐2008
Originally, and in accordance with its name, re‐
search at the center has been mostly concerned
with molecular reaction dynamics and closely
related topics, such as laser‐molecule and sur‐
face‐molecule interactions. In the spirit of the
period, the research has focused on processes
involving small molecules and state‐to‐state
processes, usually in the gas phase. Twenty five
years later, part of the research carried out at
the center is still concerned with molecular rate
processes but emphasis has shifted towards
larger and more complex systems.

dynamics. Temperature‐wise, our research starts
from 10‐9 oK, with chemical reactions of Bose‐
Einstein condensates; through the 1‐100oK re‐
gimes with noble‐gas molecules and molecular
electronic devices operate; below the water
freezing point 0 oC regime for ice surfaces, and
warming up to room temperature regimes where
biological diversity rules; things then really start
to cook up at around 1000oK which are characte‐
ristic of the diamond formation environment
within Earth’s Mantle; and finally intense heating
up to 105 oK, the effective temperatures achieved
by powerful short pulse lasers which cause Cou‐
lomb explosion of molecules. Some of the re‐
search topics covered by the center are:

Today, the characterizing theme of the center is
its extremely diverse fields of operations, en‐
compassing practically all aspects of molecular
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The theoretical understanding of the systems
and phenomena mentioned above requires the
development of new theoretical methods and
sophisticated computational algorithms. Thus, all
members of the Center are continuously in‐
volved in such developments and our recruit‐
ment efforts put strong emphasize on this as‐
pect. Their record of theoretical contributions to
molecular reaction dynamics, quantum nuclear
dynamics, quantum electron dynamics, algebraic
methods, coherent control, statistical and infor‐
mation theoretic approaches, diffusion kinetics,
spectroscopy, quantum chemistry, protein struc‐
ture and dynamics, as well as the statistical
thermodynamics of complex fluids and biophysi‐
cal systems are well recognized.

Chemistry at water and ice surfaces
Proton transfer processes
Complex fluids
Protein structure and dynamics
Assembly mechanism of viral particles
Cell locomotion
Molecular electronics
Optical properties of nano‐crystals
Light‐matter interactions and plasmon‐
ics
Optimal Coherent Control
Chemistry of Bose Einstein condensates
Attosecond electron dynamics

This enlargement of scientific goals for the cen‐
ter has been approved, even encouraged, by
both evaluation committees, in 1994 and 2002.
Indeed, we find that while strong expertise and
the existence of a ’critical mass’ of researchers in
a specific field (molecular dynamics in our case)
is imperative for success, the dialogue with re‐
searchers in neighboring fields of science is inva‐
luable. Similarly, as attested by many joint publi‐
cations, close collaboration with experimental
groups is a characteristic of all research groups at
the center.

One aspect of the center’s activities during the
evaluation period is reflected in the statistical
data shown in Figure 2. During the evaluation
period Fritz Haber researchers published over
290 papers. These were already cited over 3000
times and are rapidly accumulating more cita‐
tions, showing a sharp increase in citation rate in
2008. The number of published papers has in‐
creased significantly in the recent two years as
well. Indications of scientific collaboration with
German scientists are seen in the bottom panel
of Figure 2: 50 collaborative papers have been
published during the evaluation period. These
have accumulated 550 citations. The large vo‐
lume of German‐Israeli collaboration (constitut‐
ing more than 15% of the publications of the
center) reflects the high level of cooperation
between researchers of the center and German
scientists.

The phenomena of interest, dealing mainly with
dynamical, kinetic, and radiative processes, also
involve a wide spectrum of inter‐particle interac‐
tions and diverse molecular properties. A num‐
ber of research projects are concerned with
quantum effects such as chemical selectivity
mediated by the coherent control of laser‐matter
interaction, ultra cold (nano K) chemistry, or
novel architectures of quantum dots towards the
development of chemically synthesized comput‐
ers. At least four groups at the Center are en‐
gaged in the research of molecular or metallic
clusters. These studies include the dynamics and
thermodynamics of cluster‐surface encounters
and, on a more microscopic level, the internal
dynamics, structure, spectroscopy and photo‐
chemistry of molecular clusters, especially water
oligomers and ion‐water complexes.

In the remainder of this chapter we provide a
detailed scientific report concerning the research
done in each of the groups of the center. The
topics studied are also reflected in the lists of
publications given in Part III.
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NOAM AGMON
Our research focuses on diffusion dynamics in solutions and liquids, with a particular emphasis on the
proton dynamics. The various projects we have been studying during 200‐2008 are listed below.

SCIENTIFIC PROJECTS
Our research focuses on diffusion dynamics in solutions and liquids, with a particular emphasis on the
proton dynamics. The various projects we have been studying during 200‐2008 are listed below.
cid, and this contributes to the driving force of
ESPT. (Figure 3).
References:
 N. Agmon. Elementary steps in excited‐state
proton transfer. J. Phys. Chem. A 109, 13,
2005.
 N. Agmon, W. Rettig and C. Groth. Electronic
determinants of photoacidity in cyanonaph‐
thols. J.Amer. Chem. Soc. 124, 1089, 2002.

Figure 3: Ground‐ and excited‐state AM1 charge density in
2‐naphthol (red ‐ positive; blue ‐ negative). Considerable
charge migration to the distal (left) ring upon excitation is
seen for the anion. The charge migration pattern explains
the enhanced acidity in the excited state, as well as why 5‐
and 8‐cyano substitutions lead to somewhat stronger (by
0.5 pKa units) photoacids than the 6‐ and 7‐ substitutions.

EXCITED‐STATE PROTON TRANSFER
After 15 years of collaborative endeavor (with
Dan Huppert, Tel‐Aviv) which focused on the
understanding of excited‐state proton transfer
(ESPT) in solution, this research was summarized
in a JPC feature article. This line of research con‐
tinued in a semi‐empirical quantum calculation
on “super” photoacids (cyanonaphthols) with
Wolfgang Rettig from Humboldt Univ. (Berlin). In
this work we have verified that intramolecular
charge transfer (IET) from the distal to the prox‐
imal ring indeed occurs upon excitation (as post‐
ulated already by Weller), but it is much more
pronounced in the photobase than the photoa‐

Figure 4: Time resolved decay of the IR band of an excited
photo‐acid (pyranine) in its reaction with various concentra‐
tions of acetate base. Symbols ‐ experimental data; lines ‐
theories (at two levels: delta function and distance depen‐
dent sink terms).
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Transfer along Water Wires Connecting Ac‐
id‐Base Pairs. Submitted for publication.

EXCITED‐STATE PROTON TRANSFER FROM
PHOTOACID TO BASE: PROTON WIRES IN
SOLUTION

PROTON WIRES IN THE GREEN FLUORES‐
CENT PROTEIN (GFP)

Recently we have revisited the problem of ESPT
between an excited acid and a concentration of
base molecules. In an earlier work with Huppert
we showed that when diffusion is slowed down
(e.g., by adding glycerol to the solution) the non‐
exponential kinetic agrees with the Smoluchows‐
ki theory in which a delta‐function sink depicts
contact reactivity (Collins‐Kimball model). In a
collaborative work with Huib Bakker, we have
investigated the reaction in water using fs time‐
resolved IR. For this ultrafast PT a delta‐function
sink no longer applicable (dashed lines in Fig. 2).
Rather, a distance‐dependent sink‐function
should be used in the Smoluchowski theory (bold
lines). The inverse temperature dependence of
the Gaussian sink terms employed (not shown),
suggests a concerted multiple‐PT mechanism.
Supposedly, as the acid and base approach each
other, an intervening proton‐wire is formed
along which protons are shuttled in an ultrafast
concerted manner (Figure 4).

GFP, the subject of the recent Nobel prize in
chemistry, is a natural fluorescing protein with
an underlying ESPT mechanism. The photo‐
dissociated proton apparently travels via Ser205
to the buried Glu222 residue. However, such a
short proton wire should lead to an ultrafast
(fs~ps) decay of the fluorescence from the ex‐
cited GFP chromophore. In a collaborative work
with Dan Huppert (Tel‐Aviv) we have shown that
the fluorescence has a long tail, extending to
dozens of ns. This tail is highly non‐exponential
showing power‐law decay (Figure 5). Below 230
K, the power is ~1/2 , suggesting one‐
dimensional diffusion of the proton within the
protein.
Indeed, a search in the x‐ray structure revealed a
much more extensive hydrogen‐bond (HB) net‐
work than reported in the literature. It is thus
conjectured that on the ns timescale, the proton
that was transferred to Glu222 (within 10 ps)
continues in its random migration along this
network. Occasional return to the chromophore
regenerates the acidic form, leading to the pow‐
er‐law decay of its emission (Figure 6).

Figure 5: Time resolved fluorescence from the acidic form of
wt‐GFP (symbols), fitted to the solution of reversible diffu‐
sive geminate recombination in one dimension (lines).

References:

Figure 6: A HB network extends from Tyr66 on the GFP
chromophore, via the internalized Glu222 residue all the
way to the surface of the barrel‐structured GFP.

 M.J. Cox, R.L.A. Timmer, H.J. Bakker, S. Park
and N. Agmon. Distance‐Dependent Proton
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Interestingly, above 230 K we observe the pow‐
er‐law switch to a t‐3/2 decay. I was able to
show that this is expected when the one‐
dimensional diffusional path is augmented by a
parallel escape route. The x‐ray structure sug‐
gests that the escape pathway is governed by the
rotation of the Thr203 side‐chain, implicating
threonine residues as “switches” which control
proton‐wire connectivity (Figure 7).

become even more extensive, presumably be‐
cause mobile water molecules become detecta‐
ble.
 N. Agmon, Proton pathways in green fluo‐
rescence protein, Biophys. J. 88, 2452, 2005.
 P. Leiderman, D. Huppert, and N. Agmon,
Transition in the temperature‐dependence
of GFP fluorescence: From proton wires to
proton exit, Biophys. J. 90, 1009, 2006.
 N. Agmon, Kinetics of switchable proton
escape from a proton‐wire within green flu‐
orescence protein, J. Phys. Chem. B 111,
7870, 2007.
 A. Shinobu and N. Agmon, Mapping proton‐
wires in proteins: Carbonic anhydrase and
GFP chromophore biosynthesis, J. Phys.
Chem. A, in press.

These findings have motivated a project geared
toward a systematic mapping of proton‐wires in
proteins. A computer code written by a M.Sc.
student (Ai Shinobu) locates all the HBed oxygen
atoms within a protein and arranges them in
tree‐like clusters. To our surprise, the program
has located a previously unknown internal pro‐
ton wire in GFP, whose residues, we believe, are
involved in the biosynthesis of the chromophore.
In particular, the final step conjectured by Wach‐
ter to consist of carbanion formation on a bridge
methylene is suggested from this study to in‐
volve yet another threonine switch (Thr62),
which allows the proton to be extracted to
His181 and from there to the new wire. This is
eventually followed by elimination of water from
C65 that completes the biosynthesis process
(Figure 8).

Figure 8: A suggested mechanism for carbanion formation
on
during the last step of GFP chromophore biogene‐
ration. Thr62 rotates, forming a HB with the bridge carbon.
A proton wire is formed by movement of a water molecule
(facilitated by the rotation of Ile167, not shown), which
allows the proton to transfer to His181. Reorientation of
Thr62 reforms the “new” proton‐wire (not shown) that
delocalizes the proton thus preventing its back‐transfer. The
carbanion is stabilized by a transient homoenolate which in
turn is stabilized by the positive charge of Arg96. Finally,
proton (probably originating from Glu222) attacks the C65
position (bottom right) releasing a water molecule.

Figure 7: The threonine switch that governs proton escape
from the GFP chromophore. It rotates to the shown position
after ESPT, completing a wire‐segment to His148 on the GFP
surface.

An ongoing project, in collaboration with Dr.
Gottfried J. Palm, Univ. Greifswald, is applying
these methods to the highest‐resolution GFP
ever measured by x‐ray. We find that with en‐
hanced resolution, the observed proton wires

PROTON MOBILITY IN LIQUID WATER
Proton mobility in liquid water near room
temperature is different than the scenario in
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proteins, because HBs are constantly breaking
and forming. Thus the proton rarely follows pre‐
existing proton wires, and its motion is strongly
coupled to the water HB dynamics. In 1995 I
have suggested a mechanism in which HB
dynamics around an aqueous proton leads to
periodic fluctuations between the “Eigen
structure” (solvated H3O+) and the “Zundel
structure” of a protonated water dimer, H5O2+.
In a simulation work (Omer Markovitch)
performed in collaboration with Gregory Voth
and 3 of his students, we have utilized both
empirical valence bond (MS‐EVB, Fig. 7) and Car‐
Parrinello (CP) methods to demonstrate that, on
the average, an Eigen structure before PT
becomes a Zundel‐like structure near the proton
hopping event (Figure 9).

among the three 1st‐shell neighbors on a time‐
scale of ca. 40 fs (Figure 10).

Figure 10: SP‐dance within a non‐symmetric Eigen complex
as deduced from MS‐EVB and CP simulations of protonated
liquid water.

Previous work has suggested that PT in liquid
water is controlled by cleavage of an acceptor‐
HB in the 2nd solvation shell (A1 in Figure 11). It
appears from our recent studies that the SP‐
dance may indeed be correlated with the
cleavage of such a HB, but not the PT event
itself, which occurs on a much slower time‐scale
(ca. 5 ps in these simulations).

Figure 11: Donor (D) and acceptor (A) HBs in three hydro‐
nium solvation shells.

We have used a long MS‐EVB trajectory to per‐
form a statistical analysis to determine the cha‐
racteristic strengths of various HBs around the
hydronium (Figure 11). From the distribution of
the number of HBs of each type at different
temperatures, Omer Markovitch has calculated
the equilibrium constants shown in Fig. 10. The
slopes of these plots measure the HB enthalpy.
It is seen how the strengths of D‐HBs increases
whereas those of A‐HBs decreases as one ap‐
proaches the hydronium from the bulk.

Figure 9: Time resolved radial distribution function (RDF)
centered on the hydronium, g0(r), and its closest first shell
neighboring oxygen, g1x(r). As the transition is approached
(t=0) both RDFs converge to the RDF of a (non‐symmetric)
Zundel cation.

We have found that the shorter‐time dynamics,
during long epochs devoid of true PT events, a
“special pair dance” (SP‐dance) takes place with‐
in an inherently non‐symmetric Eigen complex.
One of its three ligands is always closer than the
others, and the identity of this partner changes
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Figure 12: Arrhenius plot for the equilibrium constant of HB
cleavage reactions for HB of the types shown in Figure 11.
Note the weakness of the A1 HB, which rules out its in‐
volvement in the rate‐limiting step of PT in liquid water.

In particular, the A1 bond is indeed much weaker
than a typical HB in bulk liquid water. Since the bond
enthalpy of the latter is similar to the activation en‐
thalpy for proton mobility, A1 cleavage cannot be
rate limiting. In contrast, the three D0 bonds are
Figure 13: The TEBO parameters as calculated from MS‐EVB
much stronger than those in the bulk, so that theytrajectories of protonated bulk water for one characteristic
never break during proton mobility. This condition isPT event. A Zundel complex formed between 500 and 500
indeed fulfilled by the Eigen‐Zundel‐Eigen (EZE) me‐fs (panel a) is accompanied by a parallel variation of the
TEBO of its first two solvation shells (b, c).
chanism.
 H. Lapid, N. Agmon, M.K. Petersen and G.A.
Voth, A bond‐order analysis of the mechan‐
ism for hydrated proton mobility in liquid
water, J. Chem. Phys. 122, 014506, 2005.
 O. Markovitch and N. Agmon, Structure and
energetics of the hydronium hydration
shells, J. Phys. Chem. A 111, 2253, 2007.
 O. Markovitch, H. Chen, S. Izvekov, F. Paesa‐
ni, G.A. Voth and N. Agmon, Special Pair
dance and partner selection: elementary
steps in proton transport in liquid water J.
Phys. Chem. B 112, 9456, 2008.

Finally, we have addressed the question of what
eventually makes a PT event successful, in the
sense that the transferred proton does not im‐
mediately revert to the previous oxygen center.
Hadas Lapid (in collaboration with the Voth
group) has performed a “bond‐order analysis”
for successful PT events in liquid water. Defining
a characteristic “total effective bond order” (TE‐
BO) for different hydration layers of the Zundel
transferring complex on both the reactant and
product sides, we noted that it changes in a cor‐
related fashion in the complex and its first two
solvation shells. It thus seems that a correlated
change in HB pattern that encompasses some 20
water molecules is responsible for properly sol‐
vating the transferred proton.
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with a “back‐reaction” boundary condition de‐
picting reversible reaction. From it we obtain the
rate constants for HB dissociation and its associ‐
ation from the bulk.
Interestingly, the temperature effect of their
ratio is rather weak, much weaker than the HB
enthalpy (not shown). We conclude that the re‐
verse reaction typically involves the replacement
of a HB that was formed after the original pair
has separated (rather than rebinding to an emp‐
ty tetrahedral site).

Figure 14: History independent correlation function for
HBed water molecule pairs from bulk liquid water simula‐
tions. The same qualitative behavior is seen when the HB is
defined with (red) or without (green) angular restrictions.
The simulations were performed for both non‐polarizable
(a) and polarizable (b) water potentials, and fitted to a
model of diffusion with back‐reaction (black lines). Insets
show the short time behavior.

Figure 15: BHB and OCO between water molecules. Oxygen
– red, hydrogen –gray.

In related work we have shown that A‐ and D‐
HBs in water are not equivalent because there is
a higher probability of finding an over‐
coordinated oxygen (OCO) than the more com‐
monly discussed bifurcated HB (BHB). As a re‐
sult, the distribution of the number of A‐HBs in
water is wider than the D‐HB distribution (Figure
15).

WATER SIMULATIONS: THE HB CORRELA‐
TION FUNCTION
The kinetics of HB forming and breaking in liquid
water is traditionally depicted by a (history inde‐
pendent) correlation function, c(t). It measures
the probability that a HB that existed at time t=0
still exists at time t. Averaging is performed over
all HBed water pairs in a bulk water trajectory. A
work (with Omer Markovitch) showed that c(t) is
highly non‐exponential, in fact exhibiting the
same t‐3/2 tail as observed in ESPT reactions in
solution. The origin of the effect is similar: diffu‐
sion influenced reversible dissociation/ recombi‐
nation of a geminate pair. The pair here involves
the “tagged” water molecules that were initially
HB‐ed. As Figure 14 shows, c(t) agrees quantita‐
tively with the solution of a diffusion equation

 O. Markovitch and N. Agmon, Reversible
geminate recombination of hydrogen‐
bonded water molecule pair, J. Chem. Phys.
129, 084505, 2008.
 O. Markovitch and N. Agmon, The distribu‐
tion of acceptor and donor hydrogen‐bonds
in bulk liquid water, Molec. Phys. 106, 485,
2008.
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mapping of the uniform distribution of B par‐
ticles on a sphere surrounding A.

Figure 16: Enhancements in the 3d algorithm for diffusion
influenced reversible reactions in the pseudo‐unimolecular
limit (many B’s and one A).

SIMULATIONS OF BIMOLECULAR DIFFU‐
SION INFLUENCED REACTIONS
The kinetics of bimolecular reactions (A+B Ù
products) is a many‐body problem, in which dif‐
fusion is coupled to chemical reactivity. The
problem is particularly complicated when the
chemical reaction is reversible. Alexander Popov
(a post‐doctoral fellow) has addressed this ques‐
tion both computationally and by analytical
theory. Our previous Brownian propagation algo‐
rithm was extended by him to three‐dimensions
(3d). The algorithm is based on selecting random
numbers out of the exact solution for a pair of
reacting molecules. This is much more accurate
than Monte‐Carlo algorithms which propagate
each particle independently, and ensures the
stability of the solution also at long times.

Figure 17: Comparison of Brownian propagation results
(circles) for the many‐particle excited‐state A*+B=C* reac‐
tion with various approximate solutions. The difference
between the ES decay rate constants, kC‐kA, is varied be‐
tween different simulations as indicated. The dissociation
rate constant is fixed whereas the recombination rate pa‐
rameter, kr, varies between panels A and B.

The algorithm has been applied to reversible
reactions of the type A+B=C and A+B=C+D when
in either the ground or electronic excited state.
Unimolecular conditions were applied, of one A
(C) and many B (D) particles. The exact solution,
as obtained from the simulation, was compared
with various analytical approximations which can
be obtained in Laplace space (and inverted nu‐
merically). An example is a collaboration with
Gopich and Szabo on the excited‐state
reaction (with different ES life‐
times). As can be seen from Figure 17, some of
the approximate solutions (such as MPK3/MET)
perform rather poorly, but solutions based on
the Gopich‐Szabo “relaxation time approxima‐
tion” (SC‐RTA), particularly the “uniform Smolu‐
chowski approximation” (USA), are essentially
indistinguishable from the simulated results.

The problem in extending the algorithm from 1d
to 3d lies in the huge number of particles (mil‐
lions), initially uniformly distributed in a suffi‐
ciently large volume, which need to be propa‐
gated. To overcome this, Popov has introduced
several enhancements that reduced the compu‐
tational effort substantially, without adversely
affecting its accuracy. These include (Figure 16)
variable time‐steps which become smaller when
potentially reactive molecules approach each
other, a shrinking outer sphere R(t), and an initial
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 A. V. Popov and N. Agmon, Three‐
dimensional simulations of reversible bimo‐
lecular reactions. III. The pseudo‐
unimolecular ABCD reaction, J. Chem. Phys.
118, 11057, 2003.
 A.V. Popov, N. Agmon, I.V. Gopich and A.
Szabo, Influence of diffusion on the kinetics
of excited‐state association‐dissociation
reactions: Comparison of theory and simula‐
tion, J. Chem. Phys. 120, 6111, 2004.

many‐particle diffusion influenced reactions
(color lines) achieve a remarkable agreement
with our simulation data. These rather complex
theories require only a numerical inversion of a
Laplace transform, itself an analytic function.

DIFFUSION EFFECTS ON THE MICHAELIS‐
MENTEN MECHANISM
The Popov algorithm has been extended by Park
(post‐doctoral fellow) to the Michaelis‐Menten
(MM) mechanism of enzymatic reactions,
. The extension was based
on an analytic solution that we were able to ob‐
tain for a reacting
pair. This serves as the
“Brownian propagator” in the MM algorithm.

Figure 19: Theory (lines) and simulations (circles) of sub‐
strate concentrations near an activated enzyme. Labels 1‐‐6
indicate increasing times after the enzyme was “activated”.

The work was extended to obtain the time evo‐
lution of the concentration profiles of the sub‐
strate surrounding the enzyme. Initially uniform,
[S] diminishes near the enzyme due to reaction,
until it eventually achieve it steady‐state (SS)
limit. A comparison of the simulations with vari‐
ous approximate theories is shown in Figure 19.
Surprisingly, perhaps, the concentration at con‐
tact (r/R=1) may approach SS non‐
monotonously. In the example of Figure 19 it
goes through a minimum (time labeled 3) and
then rises again, whereas for other parameters
the approach to SS is monotonic. The origin of
this behavior is the competition between en‐
zyme turnover and the replenishment of sub‐
strates by diffusion.

Figure 18: Probability of having a substrate bound to the
active site by time t, having started at t=0 from an empty
site: exact simulation results (open circles) and chemical
kinetic theory (dashed and dotted lines).

 S. Park and N. Agmon, Theory and simula‐
tion of diffusion‐controlled Michaelis‐
Menten kinetics for a static enzyme in solu‐
tion, J. Phys. Chem. B. 112, 5977, 2008.
 S. Park and N. Agmon, Concentration pro‐
files near an activated enzyme, J. Phys.
Chem. B. 112, 12104, 2008.

In Figure 18 we depict the probability of having a
substrate bound to the active site by time t, hav‐
ing started at t=0 from an empty site. It is imme‐
diately obvious is the large discrepancy between
the exact simulation results (open circles) and
chemical kinetic theory (dashed and dotted
lines), which is valid only in the limit of infinitely
fast diffusion (the “reaction control” limit). In
contrast, several of the modern theories for
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ROI BAER
The research in Roi Baer’s group revolves around developing new density functional and time‐
dependent density functional theories (DFT and TDDFT). Our methods allow applications of DFT to
systems which were previously unattainable, such as charge transfer excitations, structure and prop‐
erties of radical cations and band electronic structure of solids. We also developed some novel appli‐
cations of time‐dependent DFT for studying non‐adiabatic processes and strong‐laser – molecule inte‐
ractions. Another part of our research was in studying the diffusion of Helium in diamonds, which has
relevance to geophysics and geochemistry. Our group is also active in molecular electronics and opti‐
cal properties of semiconducting nanocrystals and metal nanoparticles.
splitting functional n and a complementary
exchange‐correlation functional XC n . We give
a practical method for determining the value of
in molecules, assuming an approximation for
XC is given. The resulting theory shows good
ability to reproduce the ionization potentials for
various molecules. However it is not of sufficient
accuracy for forming a satisfactory framework
for studying molecular properties. A different

RESEARCH
A WELL‐TEMPERED DENSITY FUNCTIONAL
THEORY OF ELECTRONS IN MOLECULES
We developed an extensions of a recently devel‐
oped approach to density functional theory with
correct long‐range behavior (Phys. Rev. Lett. 94,
043002 (2005)). The central quantities are a
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B
apprroach is then adopted, wh
hich depends on a
denssity‐independent and an
n additional para‐
meteer eliminatiing part of th
he local exch
hange
funcctional. The vaalues of these two param
meters
are obtained byy best‐fitting to experim
mental
atom
mization enerrgies and bond‐lengths of the
moleecules in the G2(1) databaase. The optim
mized
valuees are
0
0.5a
and
0.1 . We then
exam
mine the perfformance of this slightly semi‐
s
emp
pirical functional for a varriety of moleecular
prop
perties, comp
paring to related works an
nd to
expeeriment. We show
s
that this approach caan be
used
d for describiing in a satissfactory mann
ner a
broaad range of molecular prroperties, be they
static or dynamic (Figure 20 an
nd Figure 21). Most
satissfactory is th
he ability to describe valence,
Rydb
berg excitations.

Figure
e 20: Polarizability (a03) as a function of length
h for a
chain of H2 molecules (top) and for po
olyacetylene (bott).

Figure
e 21: The energgy deviation of calculated vertical excitations from
f
experimental excitations ffor several mole
ecules.
TDTHIS is this work. TDLC
T
is work by Hirao’s method, TDB3LYP is TDDFT using B3LYP
P and TDHF is tim
medependent Ha
artree‐
Fock.

Worrk done by Dr.. Ester Livshitss; part of the work
was done in collaaboration with Professor Daniel
D
Neuhauser (UCLA).

E. Livshitss and R. Ba
aer, Phys. Chem.
C
Chem. Phyys. 9, 2932 (20
007).
E. Livshits and R. Baer,, J. Phys. Cheem. A
112, 12789
9 (2008).

R. Baer and
a
D. Neuha
auser, Phys. Rev.
Lett. 94, 04
43002 (2005)..
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term. If one assumes that an appropriate choice
for γ is system independent, its value can be op‐
timized using a molecular training set for opti‐
mizing its value. Such semi‐empirical approach‐
es, typically with γ in the range of 0.3‐0.5 a0‐1,
were shown to achieve impressive results for the
ground state properties of some classes of sys‐
tems.

RELIABLE PREDICTION CHARGE‐TRANSFER
EXCITATIONS IN MOLECULAR COMPLEXES
USING TIME‐DEPENDENT DENSITY FUNC‐
TIONAL THEORY
Despite its obvious importance, theoretical
treatment of the electronic structure aspect of
charge transfer excitations has largely been con‐
fined to either very small systems where ab‐
initio wave‐function methods can be applied or
has relied on empirically calibrated hybrid me‐
thods. Typically, excited states in general and
optical spectra in particular can be predicted
from first principles using time‐dependent densi‐
ty functional theory (TDDFT), which has proven
to be a reliable method for studying excited
states in broad classes of relatively large systems
with good precision, However, it has been shown
early on that the adiabatic spatially‐local func‐
tionals traditionally used within TDDFT do not
allow for sufficient accuracy to describe CT exci‐
tations. This deficiency, which is not cured by
standard hybrid functionals, was attributed to
spurious self‐interaction and missing derivative
discontinuities ‐ two pervasive problems in den‐
sity functional theory (DFT) that are intimately
related.

Figure 22: Density difference between the excited state and
ground state in the Benzene‐TCNE complex, as computed
from the excited and ground state Kohn‐Sham wave func‐
tions. Purple and pink indicate negative and positive densi‐
ties, respectively, illustrating the charge transfer nature of
the excitation.

We showed that with the aid of a simple, physi‐
cally motivated, first principles γ‐determining
step, range‐separated hybrid functionals can be
used successfully for quantitative calculation of
CT excitation energies. This brings true predictive
power to an important area usually considered
"too difficult for DFT". Our approach is tested on
complexes formed by an aromatic donor
(Ar=benzene, toluene, o‐xylene and naphtha‐
lene) and the tetracyanoethylene (TCNE) accep‐
tor (see Figure 22), for which optical absorption
is available both in gas phase and in solution, as
well as on a second set of Ar‐TCNE (Ar = anthra‐
cene and various meso substituted derivatives)
measurements in solution.

One way to mitigate the spurious self interaction
and to retain a good treatment of correlation is
to deploy a range‐separated hybrid functional. In
this approach, the exchange term in the Kohn
Sham energy functional is split into long‐range
and short‐range terms, e.g., via
erf
erfc
. The short‐range ex‐
change is represented by a local potential de‐
rived from the local‐density or the generalized
gradient approximations. The long‐range part is
treated via an “explicit” or “exact” exchange

Table 1: Excitation energies (eV) and oscillator strengths of several gas phase Ar-TCNE systems: theory and experiment.
Ar
Benzene
Toluene
o‐Xylene
Naphtha‐
lene

B3LYP
f
2.1 0.03
1.8 0.04
1.5
~0

Ε

0.9

~0

BNL γ*

BNL
γ=0.5
4.4
4.0
3.7

γ*
0.33
0.32
0.31

3.3

0.32
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Ε

Exp

Ε

3.8
3.4
3.0

f
0.03
0.03
0.01

f
3.59 0.02
3.36 0.03
3.15 0.05

2.7

~0

2.60 0.01
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Table 2: Excitation energies (eV) in solution of several Ar-TCNE systems: calculation (taking the gas phase result
and subtracting 0.32 eV, as discussed in text) and experiment.

0.9
Fail
0.9
0.8

B3‐
LYP
1.0
0.5
1.0
0.9

Ε(γ=0.5)
2.3
2.6
2.3
2.4

BNL
γ∗
0.31
0.30
0.31
0.30

Ε(γ=0.3)
1.82
2.03
1.82
1.84

1.73
2.01
1.74
1.84

1.0
0.6
1.3

1.1
0.9
1.4

2.1
2.8
2.1

0.30
0.30
0.30

1.71
2.12
1.77

1.55
2.03
1.44

0.8
0.8

1.0
0.9

2.5
2.5

0.30
0.30

1.95
1.96

1.90
1.96

Substituent

PBE

None
9‐cyano
9‐chloro
9‐carbo‐
methoxy
9‐methyl
9‐nitro
9.10‐
dimethyl
9‐formyl
9‐formyl
10‐chloro

Work done by Tamar Stein (a PhD student in
Baer’s group). Project is in collaboration with
Professor Leeor Kronik from the Weizmann Insti‐
tute.

Exp

tle. They more likely reflect conditions of the
mantle surroundings of the last high‐
temperature state of diamond.
1

T. Stein, L. Kronik and R. Baer, JACS
(communication), 131, 2818 (2009).
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Helium Affinity (eV)
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CAN PRIMORDIAL HELIUM SURVIVE IN DI‐
AMONDS ON GEOLOGIC TIME SCALES?

DFT (2V)

‐1

TB (5V)
‐2

‐3

‐4

3

4

The He/ He isotopic ratio of helium inclusions in
diamonds have been used to provide bounds and
clues on the formation of the solar system, the
planets and Earth. Yet, it is unclear whether pri‐
mordial helium can actually survive in diamonds
on geologic time scales (billions of years). In this
paper we provide a detailed theoretical study
based on atomistic ab‐initio and tight‐binding
models. Various results of these models compare
well to known experimental data. We find he‐
lium resides in cavities, where it has a chemical
potential similar to that of the surrounding
(Figure 23). Large cavities are formed in di‐
amonds spontaneously by diffusive coalescence
of smaller carbon lattice vacancies from the time
of its formation. Helium in cavities equilibrates
with the surrounding environment of diamond
by diffusion as lattice interstitials. Under typical
mantle temperatures (T>1000oC) the helium and
vacancy equilibration processes are fast on geo‐
logic timescales. Only in the upper, cooler, man‐
tle temperatures equilibration is slow. Thus he‐
lium isotopic ratios in diamonds may not
represent the primordial state of the deep man‐

‐5
0

0.2

0.4

0.6

0.8

1

ρ/ρ0

Figure 23: Helium in a vacancy cavity. Left Panel: The low‐
est‐energy configuration of a 20 helium atom containment
inside a 5‐fold cavity in diamond. Right Panel: helium affini‐
ty vs. helium number density ρ in the 2‐C and 5‐C atom
cavity calculated using TB and DFT/B3LYP. ρ0 is 4 times the
carbon number density in diamond. The data was fitted to
an analytic expression.

Our basic question was whether primordial he‐
lium entrapped during the formation of di‐
amonds billions of years ago can subsist to
present times. Our main findings can be summa‐
rized as follows:
1) The lowest energy helium interstitial is highly
mobile at temperatures above 900oC.
2) Cavities form spontaneously in diamond by
coalescence of single carbon vacancies exist‐
ing in it perhaps since its crystallization
phase. The rate of vacancy detachment and
vacancy diffusivity allows cavity equilibration
in temperatures exceeding ~1000°C.
3) The most stable site of helium in diamond is
in the cavities. We estimate the helium con‐
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tent in diamonds as a function of mantle
temperatures, assuming helium abundance in
the mantle. The results compared well with
measurements, validating the latter assump‐
tion.
4) At T > 1000oC full equilibrium of helium be‐
tween various cavities and between the cavi‐
ties and the mantle surroundings is attained
on geologic time scales, with interstitial he‐
lium acting as the quick channel for helium
mobility.
5) At T < 1000oC helium encapsulated diamond
is not expected to equilibrate with the sur‐
rounding mantle on geologic times.
6) At the high temperatures considered our
results are insensitive to the isotopic mass
difference of 3He and 4He.
One of the open questions regarding helium in
diamonds is how diamonds initially trap helium.
Our findings show that at high temperatures
(T>1000 oC) this issue is of no consequence due
to thermal equilibration: helium can move in and
out of the diamond at reasonably high rates and
thus helium in cavities equilibrates with the sur‐
rounding. At lower temperatures the question of
entrapment remains. Only diamonds formed and
retained at T<1000 oC, may display primordial
helium which was captured by them during their
formation. The ratios encapsulated by such a
diamond might however be smaller than those in
the deeper layers of the mantle due to proximity
to the rich Th/U environment. Primordial helium
can survive in a diamond formed in the deep
mantle only if the diamond was moved soon
after its formation to cooler regions in the man‐
tle or crust.

Figure 24: Comparison of calculated vs experimental fun‐
damental band‐gaps using different methods. The straight
line shows the experimental results. LDA refers to the re‐
sults obtained using Quantum‐ESPRESSO in the local density
approximation; refers to the results obtained using our
modified Quantum‐ESPRESSO including our new functional;
GW/GWA ‐ results using the GW approximation; GDFT ‐
results using generalized‐density‐functional theory; Exact‐
exchange ‐ results using the exact‐exchange; GKS ‐ results
using the Generalized Kohn‐Sham scheme; HSE ‐ results
using Heyd‐Scuseria‐Ernzerhof screened hybrid potential.

Work done by Recca Granot, PhD student.
We found that when the range parameter is se‐
lected according to the formula
/
̃
where
is the optical dielectric constant of the
solid and ̃ 0.84 and
0.216
, predic‐
tions of the fundamental band‐gap close to the
experimental values are obtained for a variety of
solids of different types. For most solids the
range parameter is small (i.e. explicit exchange
is needed only at long distances) so the pre‐
dicted values for lattice constants and bulk mod‐
ulii are similar to those based on conventional
LDA calculations. Preliminary calculations on

A NEW GENERALIZED KOHN‐SHAM ME‐
THOD FOR FUNDAMENTAL BAND‐GAPS IN
SOLIDS
We developed a method for calculating solid‐
state ground‐state properties and fundamental
band‐gaps using a generalized Kohn‐Sham ap‐
proach combining a local density approximation
(LDA) functional with a long‐range explicit ex‐
change orbital functional.
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silicon give a general band structure in good
agreement with experiment.
Work done by Dr. Helen Eisenberg (Postdoc).
H. Eisenberg and R. Baer, Phys. Chem.
Chem. Phys. in press (2009).
DISTRIBUTION OF MULTIEXCITON GENERA‐
TION RATES IN CDSE AND INAS NANOCRYS‐
TALS
Multiexciton generation (MEG) is a process
where several excitons are generated upon the
absorption of a single photon in semiconductors.
MEG is of potential significance for improving
the efficiency of light harvesting devices, such as
solar cells. Strict selection rules and competing
processes in the bulk allows generation of mul‐
tiexcitons at energies of
where is the
band gap and
3, however, truly efficient
MEG is observed only for
5. It was sug‐
gested that NCs, where quantum confinement
effects are important, may exhibit MEG at lower
values of (typically 2 to 3). Indeed, MEG in NCs
has been reported recently for several systems,
showing that the threshold was size and band‐
gap independent. However, more recent studies
have questioned the efficiency of MEG in NCs, in
particular for CdSe and InAs.

Figure 25: Impact ionization mechanism for biexciton gen‐
eration in NCs. After absorption of a photon at time
an exciton (electron‐hole pair) is formed. This exciton can
either decay to the band edge within time scale of
or within
to a biexcitonic state. A biexciton
decays to the band‐edge at rate
. In this exam‐
ple, the excited electron
(hole ) decays to a negative
(positive) three‐particle entity called a trion ( ).

Fermionic commutation rules that govern the
matrix elements determining the biexciton for‐
mation rate show that the decay of exciton
to biexciton involves either the decay of the elec‐
tron at
or the decay of the hole at but not
both: one of the two particles is active while the
other is a spectator. The simultaneous involve‐
ment of both particles in the process is a higher
order perturbation term and is neglected. The
process therefore involves a decay of the elec‐
tron (hole) in state
( ) of energy ( ) to a
negative (positive) three particle charged state
called a “trion”. The trion is composed of two
electrons (holes), respectively in states
and
( and ) and a hole (electron) in state
( ). The trion must have the same energy as
the parent electron (hole).

The theory of MEG in bulk is based on the con‐
cept of impact ionization. The absorbed photon
creates two charge carriers: a negative electron
and a positive hole, each having an effective
mass depending on the band structure of the
crystal. The lighter particle of the pair takes most
of the kinetic energy and eventually looses part
of this energy by creating additional charge car‐
riers (see Figure 25). For NCs, a similar mechan‐
ism exists and several theoretical approaches,
some based on a coherent MEG and others on
an incoherent MEG have been proposed. A con‐
dition for efficient MEG common to all ap‐
proaches is that the rate of exciton decay be
smaller than the rate of multiexciton generation
Γ (see Figure 25).

In Figure 26 (left panels) we show the average
rate of exciton to biexciton transition calculated
for various InAs and CdSe NCs. The transition
rate decreases with NC size at a given scaled
energy / . However, since the band gap de‐
creases with increasing NC size, a similar plot at a
given absolute energy yields an opposite effect.
We predicted a wide spread of rates (several
orders of magnitude) for different excitons at a
given energy dominated by decay to negative
trions. The average rate is strongly size and
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energy dependent. For CdSe and InAs NCs with
diameter larger than 3 nm we find that MEG
below 3 is of low efficiency, but at higher
energies or smaller NCs, MEG can become effi‐
cient.

the electron dynamics, including time‐dependent
Hartree‐Fock theory. Nuclei are treated classical‐
ly with quantum corrections. The calculated re‐
sults are sensitive to the underlying electronic
structure theory, showing too narrow kinetic
energy distribution peaked at too high kinetic
energy when compared with recent experimen‐
tal results (F. Legaré, et al., Phys. Rev. Lett. 91,
093002 (2003)). Experiment also shows a low
energy peak which is not seen in the present
calculation (probably due to photodiscciation
into H H ). See Figure 27. We conclude that
while Ehrenfest‐Adiabatic‐TDDFT can qualitative‐
ly account for the dynamics, it requires further
development, probably beyond the adiabatic
approximation to be quantitative.

Figure 26: Left: The average rate of exciton to biexciton
transition in various InAs (upper) and CdSe (lower) NCs vs.
the photon energy. Right: Average number of excitons
generated in various InAs (upper) and CdSe (lower) NCs.

E. Livshits and R. Baer, J. Phys. Chem. A
110, 8443 (2006).
MAPPING OF TIME‐DEPENDENT DENSITIES
ON POTENTIALS IN QUANTUM MECHANICS

E. Rabani and R. Baer, Nano Lett. 8, 4488
(2008).

The mapping of time‐dependent densities on
potentials in systems of identical quantum me‐
chanical particles is examined. This mapping is of
significance ever since Runge and Gross (Phys.
Rev. Lett. 52, 997 (1984)) established its unique‐
ness, forming the theoretical basis for time‐
dependent density functional theory (TDDFT).
Beyond uniqueness there are two important
issues: existence, often called v‐representability,
and stability. We showed that V‐representability
for localized densities in turn‐on situations is not
assured and we give a simple example of non‐
existence. As for stability, we discuss an inver‐
sion procedure and by computing its Lyapunov
exponents we demonstrate that the mapping is
unstable with respect to fluctuations in the initial
state. We argue that such instabilities will plague
any inversion procedure.

1.2
Lagere et al
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TDHF
γ=1
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Figure 27: The kinetic energy distribution: experiment
(dashed) and calculated, based on TD‐ALDA (solid), TD‐HF
(dotted) and the TD‐ABN1 functional.

TIME ‐ DEPENDENT DENSITY ‐ FUNCTIONAL
STUDIES OF THE D 2 COULOMB EXPLOSION

In Figure 28 we see a time‐dependent density on
a site in a 2‐site system. The density hardly
changes yet the potential, which is proportional
to the inverse of the expectation value of the
Pauli operator
, blows up. Even in re‐
gimes where v‐representability is not a prob‐

Real‐time first principle simulations are pre‐
sented of the D2 Coulomb explosion dynamics
detonated by exposure to very intense few‐cycle
laser pulse. Three approximate functionals with‐
in the time‐dependent density functional theory
(TDDFT) functionals are examined for describing
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REA L‐TIME STU
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ENE RGY LOSS IN AN ATO
OMIC COLLISSION
WITTH A METAL CLUSTER
Gas‐‐phase hydroggen atoms are accelerateed to‐
ward
ds metallic surfaces in their vicinity. As it ap‐
proaaches the surrface, the velocity of an atom
increeases and this motion exxcites the meetallic
electtrons, causingg energy loss to the atom. This
dissipative dynam
mics is frequeently describeed as
atom
mic motion un
nder friction, where the friiction
coeffficient is obtaained from ab
b‐initio calculaations
assuming a weak interaction an
nd slow atom..

Table
e 3: The notation
n for combinatio
ons of the GK memory
poten
ntial corrected fo
or TC And/or the zero‐force condiition
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Non‐
TC

We test the aforementioned approach
a
by com‐
parin
ng to a real‐‐time Ehrenfeest molecular dy‐
namics simulation
n of such a process.
p
The elec‐
trons are treated realistically using
u
standarrd ap‐
proxximations to time‐dependent density func‐
tionaal theory. Wee find indeed that
t
the electtronic
excittations produ
uce a friction‐like force on
n the
atom
m. However, the
t friction coefficient strongly
depeends on the direction of the
t motion of
o the
atom
m: it is large when the attom is movin
ng to‐
ward
ds the cluster and much smaller when
n the
atom
m is moving away
a
(Figure 31).
3 It's conclluded
that a revision off the model for
f energy disssipa‐
tion at metallic surfaces, at least for clusters,
may be necessaryy.
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Figure
e 32: Time‐depen
ndent electronic dipole moment (pola‐
+
rizatio
on in z direction) for Jellium mod
del of the Na 21 cluster
c
calcullated with TC (le
eft) and non‐TC (right) potentials. See
table 1 for explanation of symbols.

Y. Kurzweiil and R. Baer, Phys. Rev. B 77,
085121 (2008).
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We extend our previous resu
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recollision mechanism of high order harmonic
generation takes part for moderate laser intensi‐
ties while and it is fully suppressed for strong
laser field. The harmonic generation spectra are
characterized by two distinguishable plateaus,
where the structure of the first plateau is domi‐
nated by the 6k ± 1 ( k = 0,1,... ) selection rule.

Figure 33: A rudimentary superlens based on the negative
refraction of the two incident x polarized LSPP wave
packets into

y

polarized ones results in a focusing of the

electromagnetic energy on the length scale of a few nano‐
particle spacings. The inset shows a simplified ray diagram
for the device.

The curve crossing implies that scattering be‐
tween the different polarizations, and therefore
different velocities, is easy at the curve crossing
momenta, so that a quick change in wave packet
direction can be achieved. Time‐resolved wave
packet dynamics simulations demonstrate the
negative refractive index and the easy scattering
over nm length scales.

Figure 34: The HHG spectrum of oriented Benzene exposed
to circularly polarized light. Results of a 10 cycle pulse. The
13
‐2
pulse strengths are: 140, 35.1, 8.77 and 1.40 × 10 W cm .
Note that numerical noise is significant at intensities below
‐7
10 .

K. Lopata, D. Neuhauser, and R. Baer, , J.
Chem. Phys. 127, 154714 (2007).

R. Baer, D. Neuhauser, P. Zdanska, and
N. Moiseyev, Phys. Rev. A 68, 043406
(2003).

IONIZATION AND HIGH‐HARMONIC GEN‐
ERATION IN ALIGNED BENZENE BY A
SHORT, INTENSE, CIRCULARLY‐POLARIZED
LIGHT PULSE

PREVALENCE OF THE ADIABATIC EX‐
CHANGE‐CORRELATION POTENTIAL AP‐
PROXIMATION IN TIME‐DEPENDENT DEN‐
SITY FUNCTIONAL THEORY

Presented, a first‐principles study of ionization
and high‐order harmonic generation by benzene
aligned in the polarization plane of a short circu‐
larly polarized laser pulse. The time‐dependent
density‐functional‐theory within the adiabatic‐
local‐density‐approximation is employed to de‐
scribe the 30 electrons dynamics.

Time‐dependent (TD) density functional theory
(TDDFT) promises a numerically tractable ac‐
count of many‐body electron dynamics provided
good simple approximations are developed for
the exchange‐correlation (XC) potential func‐
tional (XCPF). The theory is usually applied within
the adiabatic XCPF approximation, appropriate
for slowly varying TD driving fields. As the fre‐
quency and strength of these fields grows, it is
widely held that memory effects kick in and the
eligibility of the adiabatic XCPF approximation
deteriorates irreversibly. We point out however
that when a finite system of electrons in its
ground‐state is gradually exposed to a very a
high‐frequency and eventually ultra‐strong ho‐

The multi‐electron approach enables to study
the effect of very strong laser fields, 1014‐1015 W
cm‐2, where multiple ionization and high‐order
harmonic generation interplay. Large ionization
currents are formed, causing ionization of 1‐4
electron charges while strong high‐order har‐
monic generation is observed. The well‐known
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mogeneous electric field, the adiabatic XCPF ap‐
proximation is in fact rigorously applicable. This
result shows that adiabatic XCPF has a larger
scope of applicability than previously suspected
and in this sense is compliant with recent numer‐

ical findings by Thiele et al, (Phys. Rev. Lett. 100,
153004, (2008)) of negligible memory effects in
strong‐field excitations.
R. Baer J. Molec. Struct. (THEOCHEM), in
press.
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AVINOAM BEN‐SHAUL
My research interests in the last seven years have focused on several topics involving physic‐chemical,
statistical‐thermodynamic, structural and energetic aspects of biopolymers, bio‐molecular assemblies
and interactions between them. Most of the work is theoretical, yet most of the projects are closely
related to, in some cases, combined with, experimental studies. Among the biopolymers of interest
were double stranded (ds) DNA, (single stranded, ss) RNA, naturally unfolded proteins such as
MARCKS, and folded proteins – especially cadherins. By macromolecular assemblies we refer here to
lipid‐protein membranes and viral capsids. We have also studied interactions between the biopoly‐
mers and the macromolecular assemblies, e.g., the adsorption of MARCKS onto a mixed, fluid, mem‐
brane containing neutral monovalent and multivalent acidic lipids; the packaging of dsDNA within the
protein capsid of a bacteriophage, the folding of ssRNA so as to fit the confines of a viral capsid, and
the cadherin‐mediated adhesion of cells.
The research performed may be termed “multi‐scale”, in the sense that it ranges from studies involv‐
ing a single, albeit giant, molecule such as RNA, via the molecular aspects of the interactions between
a macromolecule and a macromolecular assembly (e.g., the conformational statistics of the positively
charged MARCKS interacting with a mixed, fluid, acidic membrane, DNA confined and (extremely
densely) packaged in the capsid of a bacteriophage, or actin polymerization and interaction with a cell
membrane), to statistical‐thermodynamic models of many molecule systems, such as the exocytosis
and budding of enveloped viruses through the cell membrane.
A brief (non exactly chronological) list of the topics studied in the reported period (2002‐2009) in‐
cludes:

•

•

•

The packaging of dsDNA within the capsid of a λ phage. Calculating the free energy and pres‐
sure of the DNA inside the capsid and their change in the course of DNA ejection. (This work
was done in collaboration with Bill Gelbart's group of UCLA, partly supported by a BSF grant.
Much of the work was done by Shelly Tzlil, a graduate student, now a postdoc in Caltech.
Brownian dynamics simulations were done by James Kindt from UCLA). [113,117]
The mechanism of membrane envelopment of animal viruses and a statistical‐
Thermodynamic model of the budding process. (With Markus Deserno and Bill Gelbart UCLA,
and Shelly Tzlil) [120].
A Poisson‐Boltzmann treatment of the adsorption of charged globular (and rigid) proteins on
a membrane containing oppositely charged lipids, and the concomitant clustering of these li‐
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•

•

•

•
•

•

•

•

pids in the interaction zone. (This work was done in collaboration with Dr Sylvio May, a Mi‐
nerva postdoc in Jerusalem, and Dr. Daniel Harries during his PHD work). [111, 116, 119, 121,
122]
Lateral phase transitions of lipid membranes containing charged lipid head groups upon ad‐
sorption of oppositely charged macroions. The crucial role of line energy. (With Sylvio May,
Daniel Harries and E. C. Mbamala). [115, 127]
The interaction of a positively charged flexible peptide with a mixed, acidic, fluid membrane:
developing a new Monte Carlo (MC) scheme accounting simultaneously for conformational
changes of the peptide chain and the lateral mobility of membrane lipids; with emphasis on
the enrichment of the adsorption zone by the acidic, especially multivalent, lipids. The MC
algorithm enables calculating the free energy, energy, and entropy of interaction as well.
(With Shelly Tzlil). [129]
The binding of the naturally unfolded protein MARCKS to a mixed lipid membranes, with
special emphasis on the “electrostatic‐switch mechanism”. With Shelly Tzlil [134] (See also
[132, 133])
Cadherin‐mediated cell‐cell adhesion, and the “phase behavior” of binary cell populations.
(With the groups of Barry Honig and Larry Shapiro, Columbia University.) [128, 138].
Modeling the formation of inter‐cellular (e.g., adherens) junctions through the coupling of
trans‐binding between cadherins anchored to apposed cell surfaces, and the lateral (cis) inte‐
raction between dimers. (Work in progress, in collaboration with the Columbia group).
Actin polymerization and the mechanisms of aster‐star transition. The relationship of this
transition to the biological transition from lamellipodium to a membrane developing philo‐
podia. (Work of the graduate student Yifat Brill‐Karnielly. IN collaboration with the group of
Anne Bernheim‐Grosswasser from Ben‐Gurion University.) [130,137].
The size and shape of viral RNA. Using familiar and newly developed codes we calculated the
secondary structures of (numerous) viral and non viral RNA's, and showed that the viral
RNA's are "more compact" than non‐viral ones; possibly to facilitate their packing in a viral
capsid. (In collaboration with Gelbart's group in UCLA, mainly with the graduate student Aron
Yoffe.) [136].
Curvature elasticity of lipid‐protein membranes How adsorbed amphipathic peptides affect
the spontaneous curvature and bending rigidity of the membrane. (Work of the graduate
student, now on the faculty of Hebrew University, Assaf Zemel, in collaboration with Sylvio
May from Jena and now North Dakota State University.) [124,126,135].

The section below describes in little more detail a few selected studies. In the section after it you will
find a brief "historical overview", summarizing my collaborations and scientific interactions with Ger‐
man and non‐German scientists, ending with a few possibly relevant personal notes.
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[129] we have carried out an extensive series of
simulations of the intact protein, focusing on the
subtle interplay between entropic and energetic
contributions to the membrane binding free
energy of MARCKS. Using a detailed structural
model for the configurational statistics of pro‐
tein‐membrane interaction in the Monte‐Carlo
simulation scheme, we studied the membrane
binding characteristics of MARCKS. This protein
comprises a strongly basic (charge
13) and
hydrophobic (five phenylalanines) central do‐
main, with two long flexible chains, one ending
with a myristoyl anchor emanating from its ends.
We modeled this naturally unfolded protein as a
chain of charged, hydrophobic and neutral beads
representing the various residues (Figure 35).
We considered fluid membranes composed of
neutral, monovalent (z
1) and tetravalent
PIP2 (
4) laterally mobile lipids. Based on
the simulations we have analyzed the binding
characteristics of MARCKS, its phosphorylated
isomer (
7) and some mutants of interest,
to different membranes, especially those con‐
taining 1% PIP2. Using Debye‐Hückel electrostatic
potentials and “semi‐empirical” hydrophobic
interactions, we found that the major energetic
contributions to MARCKS binding are its electros‐
tatic attraction to PIP2 lipids, and the hydrophob‐
ic insertion of phenylalanine and myristoyl anc‐
hors. Entropy losses, partly reducing the adsorp‐
tion free‐energy, arise from the lower configura‐
tional freedom of the ‘end‐grafted’ side chains,
and the “demixing” entropy penalty upon PIP2
localization. We found that a bound protein typi‐
cally sequesters ~ 3‐4 PIP2 lipids, approximately
neutralizing its basic domain, and that under
physiological conditions protein adsorption is
strong and all PIP2 are bound. The electrostatic
switch is triggered by MARCKS phosphorylation,
resulting in substantially weaker binding: pro‐
teins now leave the membrane, exposing PIP2 to
enzymatic attacks. Our calculations are in good
qualitative and quantitative agreement with
available experiments. Illustrative snapshots
from such a simulation are shown in Figure 36.

Figure 35: A schematic representation of an adsorbed
MARCKS protein. Red and green circles represent charged
and neutral amino acids, respectively. Purple hexagons
stand for the phenyl groups which tend to insert into the
membrane’s hydrophobic core. The blue and yellow lipid
head‐groups represent the tetravalent PIP2 and monova‐
lent PS lipids, respectively. The amino acid sequence of the
basic domain is shown explicitly.

A NON‐CHRONOLOGICAL SURVEY OF
SEVERAL SELECTED STUDIES
THE “ELECTROSTATIC‐SWITCH” MECHAN‐
ISM: MONTE CARLO STUDY OF MARCKS‐
MEMBRANE INTERACTION
In a number of papers beginning already in the
1990’s we have argued that lipid mobility and
redistribution plays a crucial role in the interac‐
tion between integral as well as peripheral pro‐
teins (and other macromolecules such as DNA)
with fluid lipid membranes. We mention here
two relatively recent papers [129,134] in which
we have studied the interaction of a flexible pro‐
tein with a mixed, fluid, lipid membrane contain‐
ing the monovalent acidic PS and the tetra valent
acidic lipid PIP2. In the first study we have fo‐
cused attention on developing the theory and
(the highly non‐trivial) simulation algorithm
which takes into account, simultaneously, the
changes in protein conformation and in mem‐
brane local composition. The second paper has
been specifically concerned with the interaction
of the MARCKS protein with such membrane.
Our goal in this comprehensive theoretical‐
computational study has been to model the
MARCKS electrostatic switch mechanism [134].
Using the Monte Carlo algorithm developed in
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Figure 36: Snapshots from Monte Carlo simulations of MARCKS before (left) and after (right) phosphorylation. Also listed the
modified DH potential used.

was originally assumed that cadherins were ho‐
mophilic cell adhesion molecules in the sense
that the affinities for the formation of homodi‐
mers are significantly higher than for the forma‐
tion of heterodimers. However, this view has
been increasingly questioned, in part because of
the inconclusive results obtained from cell ag‐
gregation assays.

CADHERIN‐MEDIATED CELL‐CELL ADHE‐
SION, AND THE “PHASE BEHAVIOR” OF BI‐
NARY CELL POPULATIONS
A variety of cell‐cell adhesion processes are me‐
diated by the binding of cadherin proteins pre‐
sented on opposing cell surfaces. It has been
established in many cases that the identity of the
cadherin determines cell‐cell adhesive specifici‐
ty. For example, the differential expression of
epithelial (E‐) and neural (N‐) leads to the sepa‐
ration of the neural tube from the ectoderm in
vertebrate embryos. This phenomenon can be
mimicked in in‐vitro cell assays which, under
certain conditions, show that cells transfected
with N and E cadherin sort out from one another
into separate aggregates. However, aggregation
behavior has been shown to depend on expres‐
sion levels and on the cell growth conditions (e.g
shear strengths when the cells are mixed) and
there are cases where in‐vitro cell sorting expe‐
riments do not detect homotypic aggregation. It

Detailed experimental studies, involving both
molecular structure determinations and the col‐
lective behavior of cell mixtures are now in
progress at Columbia University (CU) by the
groups of Professor Larry Shapiro and Barry Ho‐
nig. We collaborate closely with these two
groups (partly through a joint BSF grant), focus‐
ing on correlating the experiments with theory.
One aspect of the theoretical research is to re‐
late the microscopic‐molecular interactions be‐
tween pairs of cadherin proteins to cell‐cell bind‐
ing energies and, subsequently, to the “phase
behavior” of cell mixtures. The homophilic and
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heterophilic adhesion, mentioned above, be‐
tween cells expressing E and N‐cadherins pro‐
vides an excellent, biologically relevant, system
for studying such behaviors.
We have formulated a model which enables cal‐
culating cell‐cell adhesion energies as a function
of: the cadherin densities on the surfaces of the
apposed cells and the inter‐cadherin (trans‐
binding) energies, which jointly determine the
number of inter‐cellular trans dimers. Treating
cell‐cell interactions as analogous to inter‐
molecular interactions, the tendencies of, say,
binary (e.g., E and N type) cell mixtures to form
mixed (homogeneous) aggregates or to segre‐
gate to separate aggregates can then be pre‐
dicted based on thermodynamic theories of mix‐
ing as well as by computer simulations. For the
lack of space we shall not go into more details
here but suffice in saying that because each cell
is covered by numerous (typically many tens of
thousands) of cadherin molecules, even tiny dif‐
ferences in molecular adhesion affinities are
generally translated into large differences in
(e.g., E‐E, E‐N, N‐N) inter‐cell adhesion energies.
Using our model we have calculated the cell ad‐
hesion energies for the N‐N, N‐E, and E‐E pairs
and the theoretical predictions are in agreement
with the (preliminary) experimental results avail‐
able so far. In Figure 37 we show images de‐
monstrating the aggregation behavior of a mix‐
ture of N‐cadherin and E‐Cadherin expressing
cells. The top panel shows what happens when a
population of E‐cells labeled by green fluorescing
molecules is mixed with another population of E‐
cells, labeled red. As expected, the two popula‐
tions mix randomly to form homogenously ag‐
gregates. Similarly, the second panel from top
shows the same behavior for N‐cells. On the oth‐
er hand, using green labels for E‐cells and red for
N‐cells (or vice versa) demonstrate very clear
that the different cell populations tend to segre‐
gate into distinct aggregates, demonstrating the
homophilic character of E‐cell and N‐cell adhe‐
sion. A manuscript summarizing the experimen‐
tal results and their theoretical has recently been
completed [138].

Figure 37: Images demonstrating the aggregation behavior
of a mixture of N‐cadherin and E‐Cadherin expressing cells

ACTIN POLYMERIZATION AND THE ASTER‐
STAR TRANSITION[130,137]
During cellular migration, regulated actin assem‐
bly takes place at the plasma membrane, with
continuous disassembly deeper in the cell inte‐
rior. The actin polymerization at the plasma
membrane results in the extension of cellular
protrusions in the form of lamellipodia and filo‐
podia. The distinct organization and generation
of filaments in each structure uses a different
mechanism to produce mechanical force. In the
lamellipodia, the actin filaments organize into a
flat 2D branched network, whereas in the filopo‐
dia they are assembled into long, parallel, closely
packed bundles. Different proteins control the
assembly of these structures; in the lamellipodia,
the branched nucleation is driven by activation
of the Arp2/3 complex by Wiskott‐Aldrich syn‐
drome protein family (WASP), followed by fila‐
ment elongation and barbed‐end capping by
capping proteins (CP). Formin and Ena/VASP pro‐
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To explain the aster‐to‐star transition we have
formulated a simple theoretical model based on
the idea that two energetic factors determine
the diameter of the bundles: the bending energy
associated with bringing two (and later addition‐
al) filaments toward each other, and the cohe‐
sive energy gained by the fascin proteins which
link the filaments together. The model also as‐
sumes that the onset of bundling takes place
when filament branching slows down, so that the
filaments are barely branched and therefore,
without interference due to excluded volume
interactions, can bend and link as linear semi‐
flexible polymers, as illustrated in Figure 39.

teins concentrated at the tips of filopodia, ena‐
ble persistent filament elongation and their suc‐
cessive bundling by fascin. In both structures, the
barbed ends (i.e., fast growing end) of actin fila‐
ments point toward the plasma membrane.
The PhD work of the graduate student, Yifat Brill‐
Karnielly, is concerned with the dynamic and
structural aspects of cell locomotion and, in par‐
ticular, in the factors determining the structure
and energetics of lamellipodia. To this end she
has developed a comprehensive 3D dynamic
Monte Carlo simulation scheme which includes
all the relevant processes which play a role dur‐
ing actin polymerization. Among these, apart
from monomer association and dissociation are
the processes of branching, capping, and inter‐
filament binding. In previous reports we have
briefly described the results obtained using from
the simulations, and a paper describing the
model and its predictions is in preparation.

R

h1(R)

h2(R)

lc

b
a
Figure 39: Schematic illustration of filament bundling. Bun‐
dling is favored by the energy gained through fascin linking
and opposed by filament bending. The optimal bundle
diameter is determined by the balance of these two ener‐
gies and the surface energy of the bundle.

Figure 38: Asters (a and b) growing into stars (c‐f) and even‐
tually to networks (g,h) (Experimental results from a manu‐
script in preparation, by Yaron Ideses, Yifat Brill‐Karniely,
Lior Haviv, Avinoam Ben‐Shaul, and Anne Bernheim‐
Groswasser).

THE SIZE AND SHAPE OF VIRAL RNA

Actin polymerization in vitro is extensively stu‐
died in the group of Anne Berenheim in Ben‐
Gurion University. We closely collaborate with
this group. One phenomenon, resembling the
transition from lamellipodia to filopodia, is the
transition observed in actin containing solutions
from a dense (nearly spherical) actin aggregates
termed ‘aster’, to a ‘star’ like structure where
bundles of several bound filaments emanate
from the aggregate’s (aster) core. Figure 38
shows electron micrographs illustrating the as‐
ter‐star transition.

In close collaboration with the group of Profes‐
sor William Gelbart of the chemistry department
at UCLA, and especially his Graduate student
Aron Yoffe we are studying, theoretically, the
size and shape characteristics of viral RNA, as
distinguished from non viral RNA and “random”
RNA. Light scattering and other experiments are
carried out at UCLA laboratories.
We have recently completed a manuscript sum‐
marizing the most comprehensive series of RNA
structure calculations which Aron has carried out
during the last two years or so. The main goal
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here was to examine our hypothesis that the
dimensions (as measured, for instance, by the
radius of gyration) of viral RNA are spatially
smaller than those of equally long sequences of
non‐viral RNA.

We are also studying other issues pertaining to
RNA structure (e.g., the spatial proximity of the
two ends of a linear, folded, RNA). Progress on
this and other questions will be reported next
year.

Figure 40: Predicted secondary structure of the BMV3 RNA.
The colors describe the relative stability of the given base
pair. Highly probable base‐pairs (encountered in the most
stable structures) are red, least probable are blue.

Figure 41: Viral CCMV ‐RNA1 (top) and a “typical‐looking”
random ssRNA of the same length (bottom). Note that the
secondary structure of the random ssRNA appears to be
relatively extended, while that of the viral ssRNA appears to
be relatively more compact. This difference in “extended‐
ness” translates into a difference in 3D size.

Our principal theoretical prediction in this work
is that the radius of gyration, , of the folded
RNA (which resembles a branch polymer) should
scale with the square‐root of the quantity known
as the MLD=maximum ladder distance. (The
“ladder distance” measures the number of base‐
pair “rungs” crossed along the path from one
point to another along the RNA backbone).
Namely,
/

.

/

COLLABORATIONS, HISTORY ETC.
My group, by my choice, has always been small,
consisting usually of 2‐5, fortunately always ex‐
cellent, students or postdocs. Exactly seven years
ago I started to deal with a severe health prob‐
lem, and hence decided to stop accepting new
students. Presently I have only one graduate
student, Yifat Brill‐Karnielly, whose thesis is near‐
ly complete. She was offered a postdoctoral po‐
sition in the group of Daan Frenkel in Cambridge
UK starting summer 2009. Notwithstanding the
obstacles of the last seven years we (i.e., me and
my students and collaborators) have managed to
keep a reasonable level and pace of scientific
activity, to a large extent via close collaborations
with my colleagues abroad, especially Professors
Bill Gelbart from UCLA and Barry Honig from
Columbia University, New York. I keep close re‐
search ties with other colleagues abroad, includ‐
ing for example Professor Erich Sackmann and
Joachim Rädler from Munich.

.

where is the number of bases comprising the
RNA. The second scaling relation was predicted
theoretically by Bundschuh and Wha (Phys. Rev.
E. 65, 041903 (2002)). The validity of these rela‐
tionships should be examined based on experi‐
ments which are now in progress. Their qualita‐
tive predictions regarding RNA structure are ob‐
viously reasonable.
In Figure 40 we show two typical secondary
structures of RNA, corresponding to a random
and an equally long viral RNA sequence. The
maximum ladder path corresponding to the two
structures is marked by the dashed curves. The
viral RNA is clearly more compact than the non‐
viral one.

While the university and the center provide im‐
portant administrative and system support, the
actual funding of the research (which for my
group is rather modest) has been provided by a
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first time the phenomenon of "counterion re‐
lease" upon the formation of a condensed phase
of oppositely charged macroions [107]. Another
fruitful collaboration has been with Dr. Marcus
Deserno from Mainz (now a professor at Carne‐
gie Mellon University), on the issue of viral bud‐
ding [123].

(constant) support from two competitive grant‐
ing agencies:– the Israel Science Foundation (ISF)
and the US‐Israel Binational Science Foundation
(BSF). I did not apply to other agencies.
I should perhaps mention that many years ago I
had very tight research relations with German
scientists; primarily Professors Karl Kompa (with
whom together with professors Y. Hass and R. D.
Levine we have published in 1980 a book named
“Lasers and Chemical Change”) and with Dr.
Frank Rebentrost with whom I have published
several (in my opinion nice and important) pa‐
pers. In fact, I was among the first Minerva fel‐
lows in Germany, 1972‐1974, postdoc‐ing in the
Lehrstuhl für Theoretische Chemie in the TUM,
headed by Professor L. Hofacker and later mainly
with Professor Karl Kompa in the MPI for quan‐
tum Optics in Garching. Till around 1985 I kept
scientific ties with Professors Kompa and Reben‐
trost, working on multiphoton ionization and
surface reaction kinetics. I keep friendly ties
with all my colleagues from this period, but
these are mainly social now, because starting
around 1980 my research has taken a turn focus‐
ing on self assembling and biophysical systems.
On the other hand starting around this time I
kept close scientific connections with Professor
Erich Sackmann, through many short and long
mutual visits, as well as with several young Ger‐
man scientists.
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VICTORIA BUCH
Professor Buch is developing new many‐body methods for studying ice, icy particles, icy surfaces, and
their interactions with adsorbates.

RESEARCH
DISCRETE STAGES IN THE SOLVATION AND
IONIZATION OF HCL ADSORBED ON ICE
PARTICLES
Ionization and dissociation reactions play a fun‐
damental role in aqueous chemistry. A basic and
well‐understood example is the reaction be‐
tween hydrogen chloride (HCl) and water to
form chloride ions (Cl‐) and hydrated protons
(H3O+ or H5O2+). This acid ionization process also
occurs in small water clusters and on ice surfac‐
es, and recent attention has focused on the me‐
chanism of this reaction in confined‐water media
and the extent of solvation needed for it to pro‐
ceed. In fact, the transformation of HCl adsorbed
on ice surfaces from a predominantly molecular
form to ionic species during heating from 50 to
140oK has been observed. But the molecular de‐
tails of this process remain poorly understood.
Our experimental collaborators reported infra‐
red transmission spectroscopic signatures of
distinct stages in the solvation and ionization of
HCl adsorbed on ice nanoparticles kept at pro‐
gressively higher temperatures.

Figure 42: The configurations and the normal frequencies
obtained using second‐order Moller–Plesset perturbation
theory level in the augmented correlation consistent double
zeta basis, using the Gaussian 98 program. H is shown
+
white, Cl green, O in H2O red, and O in H3O yellow. Hydro‐
gen bonds are indicated by dashed lines; those marked by
arrows impede HCl solvation.

By using Monte Carlo and ab initio simulations to
interpret the spectra, we are able to identify
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slightly stretched HCl molecules, strongly
stretched molecules on the verge of ionization,
contact ion pairs comprising H3O+ and Cl‐, and an
ionic surface phase rich in Zundel ions, H5O2+.
(Figure 42).

structure of all ice phases, with a monoclinic cell
of 28 molecules.

J. P. Devlin, N. Uras, J. Sadlej, and V.
Buch, Nature 417, 269 (2002).
N. Uras‐Aytemiz, J. P. Devlin, J. Sadlej,
and V. Buch, J Phys Chem B 110, 21751
(2006).
EXPLORATION OF NVE CLASSICAL TRAJEC‐
TORIES AS A TOOL FOR MOLECULAR CRYS‐
TAL STRUCTURE PREDICTION, WITH TESTS
ON ICE POLYMORPHS
Figure 43: Ice IV (top) "Ice A," (bottom left) and "ice B"
(bottom right), lowest enthalpy ice forms found in RSV
simulations for N=16 and P=0.5 GPa.

A new molecular‐dynamics‐based approach was
explored to search for candidate crystal struc‐
tures of molecular solids corresponding to mini‐
ma of the enthalpy. The approach is based on
the observation of phase transitions in an artifi‐
cial periodic system with a small unit cell and
relies on the existence of an optimal energy
range for observing freezing to low‐lying minima
in the course of classical trajectories. Tests are
carried out for O structures of nine H2O‐ice po‐
lymorphs. NVE trajectories for a range of preim‐
posed box shapes display freezing to the differ‐
ent crystal polymorphs whenever the box di‐
mensions approximate roughly the appropriate
unit cell; the exception is ice II for which freezing
requires unit cell dimensions close to the correct
ones. In an alternate version of the algorithm, an
initial box shape is picked at random and subse‐
quently readjusted at short trajectory intervals
by enthalpy minimization. Tests reveal the exis‐
tence of ice forms which are "difficult" and
"easy" to locate in this way. The former include
ice IV, which is also difficult to crystallize experi‐
mentally from the liquid, and ice II, which does
not interface with the liquid in the phase dia‐
gram (Figure 43). On the other hand, the latter
crystal search procedure located successfully the
remaining seven ice polymorphs, including ice V,
which corresponds to the most complicated

V. Buch, R. Martonak, and M. Parrinello,
J. Chem. Phys. 124, 204705 (2006).
V. Buch, R. Martonak, and M. Parrinello,
J. Chem. Phys. 123, 051108 (2005).

Figure 44: A typical snapshot from a molecular dynamics
simulation depicting a surface bound H3O (red and white)
and bulk OH (orange and white) in an aqueous slab (blue
and white). The two neighboring periodic images of the
solvent next to the unit cell are also depicted (shaded re‐
presentation).
+

-
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ic environments, cloud nucleation, thundercloud
electrification, and electrochemistry (e.g., corro‐
sion processes).

WATER SURFACE IS ACIDIC
Water autoionization reaction 2H2O → H3O‐ +
OH‐ is a textbook process of basic importance,
resulting in pH = 7 for pure water. However, pH
of pure water surface is shown to be significantly
lower, the reduction being caused by proton
stabilization at the surface. The evidence pre‐
sented here includes ab initio and classical mole‐
cular dynamics simulations of water slabs with
solvated H3O+ and OH‐ ions, density functional
studies of (H2O) 48H+ clusters, and spectroscopic
isotopic‐exchange data for D2O substitutional
impurities at the surface and in the interior of ice
nanocrystals. Because H3O+ does, but OH‐ does
not, display preference for surface sites, the H2O
surface is predicted to be acidic with pH < 4.8.
For similar reasons, the strength of some weak
acids, such as carbonic acid, is expected to in‐
crease at the surface. Enhanced surface acidity
can have a significant impact on aqueous surface
chemistry, e.g., in the atmosphere.

The present results contradict previous micro‐
scopic interpretation proposed for macroscopic
titration experiments and zeta potential mea‐
surements on oil emulsions and gas bubbles in
water, indicating negatively charged surfaces. It
was proposed that this effect is caused by a sub‐
stantial surface propensity of OH‐ and lack the‐
reof for H3O+. The existing controversy between
molecular simulations and spectroscopic experi‐
ments on one side and macroscopic measure‐
ments on the other side, cannot be fully resolved
at present.
V. Buch, A. Milet, R. Vacha, P. Jungwirth,
and J. P. Devlin, Water surface is acidic,
Proc. Natl. Acad. Sci. 104, 7342 (2007).
R. Vacha, V. Buch, A. Milet, P. Devlin, and
P. Jungwirth, Phys. Chem. Chem. Phys. 9,
4736 (2007).

Based on molecular computational and experi‐
mental evidence we have shown that the surface
of neat water is acidic with pH 4.8 because of a
significant surface propensity of hydronium (but
not hydroxide) ions. By argument analogous to
our results for neat water, weak acid solutions
can display enhanced surface acidity, i.e., surface
pH reduction by at least 2.2 units, corresponding
to ΔGsb> 3 kcal/mol of hydrated protons. [Note
that pKa of the acid is not necessarily reduced by
the same extent, being affected additionally by
ΔGsb values of the neutral acid and the negative
ion]. The case of carbonic acid is of particular
interest. Under normal atmospheric conditions,
bulk water exposed to the air acquires a pH of
5.7 because some of the dissolved CO2 gas un‐
dergoes a reaction CO2 + 2 H2O → H3O+ + HCO3‐.
At the surface, pH will be reduced more signifi‐
cantly than in the bulk, because of surface pro‐
pensity of hydronium ions. Enhanced acidity of
water surface can have a significant impact on
aqueous surface chemistry in natural atmospher‐

ELUSIVE STRUCTURE OF HCL MONOHY‐
DRATE
The study addresses the structure of crystalline
HCl monohydrate which is composed of H3O+
and Cl‐. The published x‐ray diffraction patterns
indicate an element of disorder, the nature of
which is debated in the literature. The computa‐
tional investigations include searches for alterna‐
tive crystal structures employing an empirical
potential, and on‐the‐fly simulations as imple‐
mented in the density functional code QUICK‐
STEP employing Gaussian basis sets. The experi‐
mental work focuses on Fourier‐transform infra‐
red (FTIR) spectra of crystal nanoparticles. Simu‐
lations of FTIR spectra and of the x‐ray diffrac‐
tion patterns are consistent with crystal mono‐
hydrate structure composed of ferroelectric do‐
mains, joined by "boundary tissue" of antiferroe‐
lectric structure.
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Figure 45: Monohydrate models examined in this study. Models (a),(b), (c), (i), (l), (m), and (n) employed a unit cell with 60
atoms/12 formula units. The remaining models correspond to a unit cell with 120 atoms/24 formula units. For the graphic
display, the models were further expanded, using periodic boundaries. The energies are given in kcal/(mol formula units),
for metallic boundary conditions which cancel the surface contributions that raise the energy of ferroelectric structures. The
energy of the ferroelectric structure (a) is taken as zero. Structures (a)‐(c) are shown from several different points of view.
Some of the structures were obtained in the MD crystal structure search, employing an empirical potential; others were
generated manually; see text. All the structures were reminimized using QUICKSTEP on the BLYP level, in the DZVP basis.

Searches for alternative crystal structures
yielded a number of antiferroelectric models,
with Cl− frame similar to that derived from x‐ray
diffraction. Still, the best agreement between
the computations and the experimental data
(the diffraction patterns and the IR spectra) was
obtained for the original ferroelectric structure,
which thus appears to be a dominant component

of the crystal. The presence of distinct hydro‐
nium orientations is proposed to be due to pres‐
ence of ferroelectric domains whose dipoles can‐
cel. Such domains commonly occur in ferroelec‐
tric substances; in absence of domains, macros‐
copic dipole would raise substantially the energy
of the material. It is shown here that different
domains can be accommodated in a continuous
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Cl− frame at a modest energy cost. One of the
new anti‐ferroelectric models appears to serve
as a boundary tissue connecting the different
domains. In addition, this study revealed striking‐
ly anharmonic vibrational dynamics of the mo‐
nohydrate system.

the hydrates offer the opportunity to study spec‐
tra and dynamics of distinct species of proto‐
nated water trapped in a semirigid solvating en‐
vironment. The experimentally measured spectra
are reproduced quite well by BLYP/DZVP‐level
calculations employing Fourier transform of the
system dipole. The large overall width (800‐1000
cm(‐1)) of structured proton bands reflects a
broad range of solvating environments generat‐
ed by crystal vibrations. The aqueous HCl solu‐
tion was also examined in search of an objective
criterion for separating the contributions of
"Zundel‐like" and "Eigen‐like" protonated forms.
It is suggested that no such criterion exists since
distributions of proton‐related structural proper‐
ties appear continuous and unimodal. Dipole
derivatives with respect to OH and OH+ stretches
in water and protonated water were also inves‐
tigated to advance the understanding of the cor‐
responding IR intensities. The effects of H bond‐
ing and solvation on the intensities were ana‐
lyzed with the help of the Wannier centers' re‐
presentation of electron density.

V. Buch, F. Mohamed, M. Parrinello, and
J. P. Devlin, J. Chem. Phys. 126, 074503
(2007).
SUM FREQUENCY GENERATION SURFACE
SPECTRA OF ICE, WATER, AND ACID SOLU‐
TION INVESTIGATED BY AN EXCITON MOD‐
EL
We developed a new computational scheme for
calculation of sum frequency generation (SFG)
spectra, based on the exciton model for OH
bonds. The scheme is applied to unified analysis
of the SFG spectra in the OH‐stretch region of the
surfaces of ice, liquid water, and acid solution. A
significant role of intermolecularly coupled col‐
lective modes is pointed out. SFG intensity ampli‐
fication observed for acid solutions in the H‐
bonded OH‐stretch region is reproduced qualita‐
tively and accounted for by enhanced orienta‐
tional preference “into the surface” of the H2O
bisectors within the hydronium solvation shell.

V. Buch, A. Dubrovskiy, F. Mohamed, M.
Parrinello, J. Sadlej, A. D. Hammerich,
and J. P. Devlin, J. Phys. Chem. A 112,
2144 (2008).
AT THE WATER'S EDGE: NITRIC ACID AS A
WEAK ACID

V. Buch, T. Tarbuck, G. L. Richmond, H.
Groenzin, I. Li, and M. J. Shultz, J. Chem.
Phys. 127, 204710 (2007).

Nitric acid plays a role in many important chemi‐
cal processes that happen in our environment,
often at surfaces where less is known about its
reactive behavior. Recent studies have shown
that undissociated nitric acid is present on the
surface of a nitric acid solution. Using ab initio
molecular dynamics simulations (Figure 46), we
show that a nitric acid molecule present on an
aqueous solution surface structures and orients
in a way that significantly reduces its ability to be
the strong dissociating acid that it is in aqueous
solution. Hydrogen bonding to surface solvating
water molecules plays a key role in this altered
molecular behavior.

H. Groenzin, I. Li, V. Buch, and M. J.
Shultz, J. Chem. Phys. 127, 214502
(2007).
HCL HYDRATES AS MODEL SYSTEMS FOR
PROTONATED WATER
Ab initio molecular dynamics simulations are
presented of vibrational dynamics and spectra of
crystal HCl hydrates. Depending on the composi‐
tion, the hydrates include distinct protonated
water forms, which in their equilibrium struc‐
tures approximate either the Eigen ion
H3O+(H2O)(3) (in the hexahydrate) or the Zundel
H2O H+OH2 ion (in the di‐ and trihydrate). Thus,
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ice surface at low temperature is still far from
well understood. This computational study fo‐
cuses on the pattern of dangling H and dangling
0 (lone pairs) atoms at the basal ice surface.
Dangling atoms serve as binding sites for adsor‐
bates capable of hydrogen‐and electrostatic
bonding. Extension of the well known orienta‐
tional disorder ("proton disorder") of bulk crystal
ice to the surface would naturally suggest a dis‐
ordered dangling atom pattern; however, exten‐
sive computer simulations employing two differ‐
ent empirical potentials indicate significant free
energy preference for a striped phase with alter‐
nating rows of dangling H and dangling O atoms,
as suggested long ago by Fletcher [Fletcher NH
(1992) Philos Mag 66:109‐115]. The presence of
striped phase domains within the basal surface is
consistent with the hitherto unexplained minor
fractional peaks in the helium diffraction pattern
observed 10 years ago. Compared with the dis‐
ordered model, the striped model yields im‐
proved agreement between computations and
experimental ppp‐polarized sum frequency gen‐
eration spectra.

Figure 46: Snapshot of the initial configurations of surface
nitric acid molecules that were used in the surface trajecto‐
ries. In one trajectory, the nitric acid molecular plane, con‐
taining the three NO bonds, was initially placed perpendicu‐
lar to the surface (left) and the second trajectory (right)
with its molecular plane initially parallel to the water sur‐
face plane.

E. S. Shamay, V. Buch, M. Parrinello, and
G. L. Richmond, J. Am. Chem. Soc. 129,
12910 (2007).
PROTON ORDER IN THE ICE CRYSTAL SUR‐
FACE
The physics of the ice crystal surface and its inte‐
raction with adsorbates are not only of funda‐
mental interest but also of considerable impor‐
tance to terrestrial and planetary chemistry. Yet
the atomic‐level structure of even the pristine

V. Buch, H. Groenzin, I. Lit, M. J. Shultz,
and E. Tosatti, PNAS, 105, 5969 (2008).
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ROBERT B. GERBER
tence of HXeC CH and HXeC CXeH , the
first two compounds made of a noble‐gas ele‐
ment and a hydrocarbon. Several months after
the publication of these predictions and directly
motivated by them, Räsänen and coworkers at
the University of Helsinki were able to prepare
both HXeCCH and HXeCCXeH, and V. Feldman
et al. at Moscow State University produced
HXeCCH . Developments since then strongly
indicate that acetylenic noble‐gas bonds open
new possibilities in noble‐gas chemistry, and
this is a growing topic of research (2). Our re‐
sults on the noble‐gas – acetylenic bonds were
highlighted in several popular journals: Chemi‐
cal and Engineering News, Nature Science News
and several others.

SCIENTIFIC PROJECTS
NEW CHEMISTRY FOR THE NOBLE GAS
ELEMENTS
The noble gas elements are the most chemical‐
ly inert species in nature. Harnessing noble‐gas
atoms into chemical compounds is very chal‐
lenging and difficult. Discovering new types of
noble‐gas molecules therefore provides us with
new insights into the capabilities, limitations
and mechanisms of chemical bonding.
New noble‐gas chemistry, and the discovery of
new types of noble‐gas molecules were the
topic of one of the main research directions of
our group in the period of the report. The re‐
sults obtained have made a substantial contri‐
bution to the field.

The second most important result in this area,
published in 2008, is a combined experimental‐
theoretical study of the new molecule
HXeOXeH, “di‐xenon water” (3). In this study,
the molecule was prepared by the Helsinki
group, while our work at The Hebrew Universi‐
ty computed the existence and stability of the
molecule, determined the nature of chemical
bonding, and computed the vibrational spec‐
troscopy, that served to identify the molecule
(3). The result is very recent, but in our esti‐
mates there may be some prospects of finding
this molecule in certain planetary atmospheres
(so far, no noble‐gas compounds were found in
nature). The search for noble‐gas compounds in
planetary systems and in terrestrial environ‐
ments is an active direction of our research in
this field.

Our research in this area includes ab initio cal‐
culations to predict the existence of new mole‐
cules, reaction pathways and transition‐state
rate calculations to determine the decomposi‐
tion channels and the lifetimes, and vibrational
spectroscopy to assist in the experimental iden‐
tification and characterization of the new com‐
pounds.
I mention first the two results that I consider
the most important during the period of the
research. In an article published at the end of
2002(1), guided by intuitive considerations and
supported by ab initio calculations, the exis‐
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Figure 47: A glossary of the main results we obtained on new noble-gas compounds, during the period reported.

 A linear chemically bound polymer, made
of xenon and carbon,
, is predicted to be stable (6).
 Acetylenic compounds of argon were pre‐
dicted to exist at low temperatures (7).
 Stability of a molecular crystal made of
HXeCCH was predicted. The crystal struc‐
ture was also predicted (8). This is current‐
ly a very active type of experimental re‐
search, motivated by our predictions.
 The lifetime of HXeCCH as a function of
temperature, was predicted by reaction
path and transition‐state calculations (9).
Surprising long lifetimes were found (20

Several other significant results on noble‐gas
compounds obtained in the period of the re‐
search:
 In a joint experimental‐theoretical study
with the Räsänen group, the (new) noble‐
gas molecule HKrF in solid krypton, was
prepared and characterized. Theory played
an important role in suggesting the forma‐
tion mechanism and the structure of the
HKrF site in the solid(4).
 Stability of HHeF in pressurized solid He
was predicted in our calculations. This is a
first prediction of a stable compound of he‐
lium(5).
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min at 0oC). This gives hope of possible fu‐
ture applications of such compounds.

pound HXeCCH Above the Cryogenic Range,
Chem. Phys. Lett. 460, 23‐26 (2008).

See Figure 47 for a summary of the main results
obtained on new noble‐gas compounds, during
the reported period.

VIBRATIONAL SPECTROSCOPY OF MA‐
CROMOLECULES: METHODS AND APPLI‐
CATIONS TO BIOMOLECULES

References:

Methods for the calculation and interpretation
of vibrational spectroscopy of large polyatomics
are a research topic of long‐standing of our
group. There was important progress on both
method development and applications in the
period of the report. The main results obtained
are:

(1) J. Lundell, A. Cohen and R.B. Gerber, Quan‐
tum Chemical Calculations on Novel Molecules
from Xenon Insertion into Hydrocarbons, J.
Phys. Chem. A 106, 11950‐11955 (2002).
(2) R.B. Gerber, Formation of Novel Rare‐Gas
Molecules in Low‐Temperature Matrices, Ann.
Rev. Phys. Chem. 55, 55‐78 (2004).

 The VSCF methodology for calculations of
anharmonic spectra, was extended to in‐
clude vibrational degeneracy effects (1). So
far the extended algorithm deals only with
1:1 resonances, though the approach is
suitable for future treatments also of other
types of nonlinear degeneracies. The new
codes, which are all constructed to be ap‐
plicable directly to ab initio potential sur‐
faces, are implemented in GAMESS. These
codes were already applied by several oth‐
er groups for a range of systems.
 In work with Liat Pele, a research student,
and Dr. Brina Brauer, a postdoc, the com‐
putational effort involved in CC‐VSCF (the
most useful working variant of the VSCF
methodology) was greatly reduced(2). The
improvement is based on algebraic trans‐
formation of the expressions, and no less
of accuracy is involved. The new expres‐
sions greatly improve the scaling of the
computational effort for CC‐VSCF with N,
the number of vibrational modes. The im‐
provement factor is N3! (2). The practical
usefulness of this is great. The “accele‐
rated” variant of CC‐VSCF is already im‐
plemented in GAMESS, and was used in
several applications by our group, and by
several other laboratories. One of the suc‐
cessful applications of this new variant was
for the spectroscopy calculations on the
chromophore of PYP(3).

(3) L. Khriachtchev, K. Isokaski, A. Cohen, M.
Räsänen and R.B. Gerber, A Small Neutral Mo‐
lecule with Two Noble Gas Atoms: HXeOXeOH,
J. Am. Chem. Soc. 130, 6114‐6118 (2008).
(4) M. Pettersson, L. Khriachtchev, A. Lignell, M.
Rasanen, Z. Bihary and R.B.Gerber, HKrF in Solid
Krypton, J. Chem. Phys. 116, 2508‐2515 (2002).
(5) Z. Bihary, G.M. Chaban and R.B. Gerber,
Stability of a Chemically Bound Helium Com‐
pound in High‐Pressure Solid Helium, J. Chem.
Phys (Communication) 117, 5105‐5108 (2002).
(6) E.C. Brown, A.Cohen and R.B. Gerber, Pre‐
diction of a Linear Polymer Made of Xenon and
Carbon, J. Chem. Phys. (Communication) 122,
171101/1‐4 (2005).
(7) L. Sheng, A. Cohen and R.B. Gerber, Theo‐
retical Prediction of Chemically‐Bound Com‐
pounds Made of Argon and Hydrocarbons, J.
Am. Chem. Soc. (Communication) 128, 7156‐
7157 (2006).
(8) 286. L. Sheng and R.B. Gerber, Predicted
Stability and Structure of HXeCCH (n = 2 or
4) Clusters and of Crystalline HXeCCH, J. Chem.
Phys. (Communication) 126, 021108/1‐3
(2007).
(9) E. Tsivion, S. Zilberg and R.B. Gerber, Pre‐
dicted Stability of the Organo‐Xenon Com‐
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During the period of the report, our group was
involved in a range of applications of VSCF for
vibrational spectroscopy of biological mole‐
cules. Several of these were carried out in close
cooperation with the experimental groups. As
mentioned above, one very useful application
was to Raman spectroscopy of the Photoactive
Yellow Protein (PYP), led by Yemi Adesokan,
then a graduate student in my group, in coop‐
eration with the experimental group of R. Ma‐
thies (Berkeley). Excellent agreement between
computed and anharmonic frequencies and
experiment were found for 3 intermediate
structures of the PYP photocycle, thus provid‐
ing very useful information on the potential
energy surfaces. Another application for a sys‐
tem of special interest was to the complex

Vibrational Spectroscopy of the G∙∙∙C Base Pair:
Experiment, Harmonic and Anharmonic Calcu‐
lations and the Nature of the Anharmonic
Couplings, J. Phys. Chem. A 109, 6974‐6984
(2005).

Eigen

C " C of the two nucleo‐bases. This was led
by Dr. Brina Brauer, a postdoc in our group, and
was carried out in cooperation with the expe‐
rimental group of M.S. deVries (UC Santa Bar‐
bara). Again, excellent accord was found be‐
tween theory and experiment, and the anhar‐
monic calculations were important in yielding
:good agreement in this case(4).

Zundel

Eigen
Figure 48: Snapshot of a trajectory for proton recombination with
in
.

DYNAMIC SIMULATIONS OF ATMOSPHER‐
ICALLY‐RELEVANT REACTIONS

References
(1) N. Matsunaga, G.M. Chaban and R.B. Ger‐
ber, Degenerate Perturbation Theory Correc‐
tions for the Vibrational Self‐Consistent Field
Approximations: Method and Applications, J.
Chem. Phys. 117, 3541‐3547 (2002).

A central topic of our research in recent years is
first‐principles simulations of chemical reac‐
tions of atmospheric importance. There is an
important potential role for theory in this field,
since there are many open questions of me‐
chanisms and rates that cannot be answered
experimentally, in the present state‐of‐the‐art.
In cases where theoretical simulations can be
carried out reliably, these can test proposed
mechanisms and assumptions, and provide
important missing information. From a metho‐
dological point of view, ab initio potentials are
essential for the description of these processes,
since suitable empirical potential are not avail‐
able for the systems of interest.

(2) L. Pele, B. Brauer and R.B. Gerber, Accelera‐
tion of Correlation‐Corrected Vibrational Self‐
Consistent Field (CC‐VSCF) Calculation Times for
Large Polyatomic Molecules, Theor. Chem. Acc.
117, 69‐72 (2007).
(3) A.A. Adesokan, D. Pan, E. Fredj, R.A. Mathies
and R.B. Gerber, Anharmonic Vibrational Calcu‐
lations Modeling the Raman Spectra of Inter‐
mediates in the Photoactive Yellow Protein
(PYP) Photocycle, J. Am. Chem. Soc. 129, 4584‐
4594 (2007).

Thus, we explored a variety of experimentally‐
motivated systems, by “on the fly” dynamics
simulations using suitable potentials from elec‐

(4) B. Brauer, R.B. Gerber, M. Kabelac, P. Hobza,
J.M. Bakker, A.G. Abo Rizik and M.S. de Vries,
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tronic structure theory. Some of the systems of
interest were isolated molecules, but many of
the applications deal with processes in water
clusters. Water clusters are of intrinsic interest,
but can in cases also serve as useful models for
water surfaces, or for water in bulk, depending
on the size of the cluster.

In another study, using ab initio calculations,
Yifat Miller explored the transfer of protons
from water to an anion (anilide), for water clus‐
ters of different sizes. The project was done in
cooperation with the experimental group of
Professor Ori Cheshnovsky (Tel Aviv Universi‐
ty)(5). A critical, small size of n=3 was found for
the process. For n≥3, water is more “acidic”
than aniline, and the proton is transferred(5).
Dynamics simulations of the proton transfer by
“on the fly” MP2 are currently under wau.

A number of results of interest were obtained
for reactions induced by overtone excitation of
an OH stretch in molecules such as HNO3 (1) ,
H2SO4 (2) and their complexes with water. It
was shown that upon excitation of a high over‐
tone in HNO3 (1), the H atom begins to “hop”
between different O atoms. This “hopping”
takes place multiple times, on the average, be‐
fore cleavage of HNO3 into OH and NO2 takes
place. The simulations yield timescales both for
“hopping” and for dissociation, and provide
valuable input data for the analysis of this
process in the atmosphere(1). “Hopping” takes
place also for overtone‐excited H2SO4, where
the simulations determine in addition the me‐
chanism and rate of the decomposition reac‐
tion (2)
H SO

SO

References
(1) Y. Miller, G.M. Chaban, B.J. Finlayson‐Pitts
and R.B. Gerber, Photochemical Processes In‐
duced by Vibrational Overtone Excitations: Dy‐
namics Simulations for cis‐HONO, trans‐HONO,
HNO3 and HNO3‐H2O, J. Phys. Chem. A 110,
5342‐5354 (2006). (Special issue in the honor of
J.C. Light).
(2) Y. Miller and R.B. Gerber, Dynamics of Vi‐
brational
Overtone
Excitations
of
H SO , H SO
H O: Hydrogen‐Hopping and
Photodissociation Processes, J. Am. Chem. Soc.
(Communication) 128, 9594‐9595 (2006).

H O

(3) Y. Miller, R.B. Gerber and V. Vaida, Photo‐
dissociation Yields for Vibrationally Excited
States of Sulfuric Acid Under Atmoshpheric
Conditions, Geophys. Res. Lett. L16829/1‐5
(2007). (Chosen as highlight AGU article)

In a collaborative project involving Yifat Miller,
a research student of our group, and Professor
Veronica Vaida of the University of Colorado at
Boulder, the contribution of this reaction at
atmospheric conditions was computed, and it
was found to play a major role in SO3 produc‐
tion(3).

(4). Y. Miller and R.B. Gerber, Dynamics of Pro‐
ton Recombination with NO Anion in Water
Clusters, Phys. Chem. Chem. Phys. (Communi‐
cation) 10, 1091‐93 (2008). (Cover article)

Several interesting results were obtained on
charge‐transfer processes in water clusters. The
recombination of proteins with NO anions in
water clusters (9 molecules) was studied by
Yifat Miller, then a research student, by dynam‐
ics simulations using ab initio MP2 potentials
“on‐the‐fly” (4). The results show that the life‐
time of such an ion pair in a small cluster is very
short, of the order of 1 ps. This excludes any
significant role of such ion pairs at atmospheric
conditions. Snapshots of the dynamics are
shown in Figure 48.

MOLECULAR
PHOTODISSOCIATION
CRYOGENIC SOLIDS AND CLUSTERS

IN

A very interesting feature of the study of pho‐
tochemical reactions in cryogenic media is that
thermal effects are greatly reduced. This
creates conditions for increased selectivity of
the processes, and for deviations from statistic‐
al behavior.
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Much of the research that my group did in this
field is on photodissociation of dihalogens in
noble‐gas matrices. This is a topic we have pur‐
sued for approximately ten years in close coop‐
eration with the research groups of Professor J.
Manz (Chemistry, FU Berlin) and Professor N.
Schwentner (Physics, FU Berlin). This has been
supported by the DFG, in the framework of SFB
450 “Analysis and Control of Ultrafast Reac‐
tions”. The most interesting result we obtained
in this framework is on “the ultrafast spin‐flip
effect”. This is pertinent to photodissociation of
light diatomics such as F and FCl in solid Ar.
Calculations were carried out using the semic‐
lassical “surface hopping” method for non‐
adiabatic transitions, implemented in a Molecu‐
lar Dynamics code, predicted the occurrence of
ultrafast singlet‐to‐triplet transitions, shortly
after the excitation to the Π state of the di‐
atomic. For F , this process of “spin‐flip” takes
place in t ≥ 50 fs, very unusual for singlet to
triplet transitions for light atoms. Lovely femto‐
second laser experiments by Schwentner and
his group in Berlin have confirmed the effect, in
the case FCl, a result reported in a joint publi‐
cation(1). Cooperation on this developed also
with Professor Jörn Manz and coworkers, who
developed quantum‐mechanical models for the
ultrafast spin‐flip, and worked out strategies for
coherent control. Several other studies in this
Manz‐Schwentner‐Gerber cooperation led to
determination of the role of other (approx‐
imate) quantum numbers in the photodissocia‐
tion process. In particular, selectivity of the
process with regard to the (diatomic) quantum
number Ω was demonstrated (2), again in a
joint experimental‐theoretical study. In sum‐
mary, a series of joint studies with the groups
of N. Schwentner and of J. Manz led to detailed
understanding of the roles of different elec‐
tronic states and quantum numbers in the pho‐
tolysis of dihalogens in matrices.

riments in clusters, carried out in molecular
beams. Research by Masha Niv and other stu‐
dents from my group pursued interpretation of
the experiments by Molecular Dynamics simu‐
lations. Interesting results were published in
several joint papers with the Buck group. A
general finding of importance that emerges
from these studies is that for clusters with one
or two salvation layers around the reagent mo‐
lecule, the “cage effect” can be nearly as strong
as in the bulk (3).
References
(1) M. Bargheer, M.Y. Niv, R.B. Gerber and N.
Schwentner, Ultrafast Solvent‐Induced Spin‐Flip
and Non‐Adiabatic Coupling: ClF in Argon Sol‐
ids, Phys. Rev. Lett. 89, 108301/1‐4 (2002).
(2) M. Bargheer, A. Cohen, R.B. Gerber, M.
Gühr, M.V. Korolkov, J. Manz, M.Y. Niv, M.
Schröder and N. Schwentner, Dynamics of Elec‐
tronic States and Spin‐Flip for Photodissociation
of Dihalogens in Matrices: Experiment, Semic‐
lassical Surface‐Hopping and Quantum Model
Simulations for F and ClF in Solid Ar, J. Phys.
Chem. A (Special Issue in honor of H.S. Lin) 111,
9573‐9585 (2007).
(3) N.H. Nahler, M. Farnik, U. Buck, H. Vach and
R.B. Gerber, Photodissociation of HCl and Small
HCl Complexes In and On Large Ar Clusters,
J. Chem. Phys. 121, 1293‐1299 (2004).

COOPERATION WITH SCIENTISTS IN
GERMANY, 2002‐2009
COOPERATION WITH PROFESSOR J. MANZ
AND PROFESSOR N. SCHWENTNER
This cooperation has been funded for about 10
years now as one of the sub‐projects of SFB
450, “Analysis and Control of Ultrafast Reac‐
tions”. The cooperation is on ultrafast dynamis
of molecular photodissociation in matrices. I
visited the FU Berlin several times on this
project during the period of the report. I, and
members of my group, attended all SFB 450
meetings and presented oral presentations in

Also in the conceptually related topic of photo‐
dissociation in noble‐gas clusters did we benefit
enormously from a fruitful cooperation with a
group in Germany. Professor Udo Buck in
Göttingen pioneered photodissociation expe‐
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two cases, and posters in all cases, jointly with
the Manz group.

sical Surface‐Hopping and Quantum Model Si‐
mulations for F2 and ClF in Solid Ar, J. Phys.
Chem. A (Special Issue in honor of H.S. Lin) 111,
9573‐9585 (2007).

My former research students Dr. Arik Cohen
and Hagai Eshet visited the FU Berlin several
times, worked closely with members of the
Manz and Schwentner groups, and presented
posters on their SFB 450 work. The doctoral
thesis of Arik Cohen acknowledges SFB 450
support, and is presented as part of the SFB 450
project.

COOPERATION WITH PROFESSOR G. MEI‐
JER AND DR. G. VAN HELDEN, MPI BERLIN
This cooperation is in the framework of a sub‐
project of SFB 450. The goals of this sub‐project
are conformational transitions of small biologi‐
cal molecules, and the possible control of such
transitions by IR laser processes. So far, our
group focused on vibrational spectroscopy cal‐
culations of different conformers of phenylala‐
nine, one of the target systems of the project.
Our calculations were compared with spectros‐
copy experiments by Prof. G. Meijer and Dr. G.
van Helden, and helped throw light on the dif‐
ferences between the spectra of different con‐
formers. We carried out CC‐VSCF calculations
by the method of our group, to investigate the
role of anharmonic effects on the spectroscopic
differences between conformers. The research
on this sub‐project is continuing, and we are
currently working also on dynamics of confor‐
mational transitions, in cooperation with expe‐
riments by G. Meijer and van Helden, and with
Professor J. Manz, who is developing quantum
models.

Several joint articles by our group and Manz’s
group, as well as Schwentner’s group, were
published during 2002‐2009. I note here 2 ar‐
ticles on this project, that appeared in the vo‐
lume “Analysis and Control of Ultrafast Photo‐
Induced Reactions” (Springer Verlag, Berlin,
2007), edited by O. Kühn and L. Wöste. This
volume summarizes the research contribution
of SFB 450 so far.
List of joint publications with Professor J. Manz
and with Professor N. Schwentner, FU Berlin:
1. M. Bargheer, M.Y. Niv, R.B. Gerber and N.
Schwentner, Ultrafast Solvent‐Induced Spin‐Flip
and Non‐Adiabatic Coupling: ClF in Argon Sol‐
ids, Phys. Rev. Lett. 89, 108301/1‐4 (2002).
2. M. Bargheer, R.B. Gerber, M.V. Korolkov, O.
Kuhn, J. Manz, M. Schroder and N. Schwentner,
Subpicosecond Spin‐Flip Induced by the Photo‐
dissociation Dynamics of ClF in an Ar Matrix,
Phys. Chem. Chem. Phys. 4, 5554‐5562 (2002).

Joint publication:
G. von Helden, I. Compagnon, H.N. Blom, M.
Frankowski, U. Erlekam, J. Oomens, B. Brauer,
R.B. Gerber and G. Meijer, Mid‐IR Spectra of
Different Conformers of Phenylalanine in the
Gas Phase, Phys. Chem. Chem. Phys. 10, 1248‐
56 (2008).

3. A. Borowski, A. Cohen, R.B. Gerber and O.
Kühn, Coherence and Control of Molecular Dy‐
namics and Rare Gas Matrices: Interaction Po‐
tentials – The Diatomics‐in‐Molecules Ap‐
proach, in: O. Kühn and L. Wöste, Analysis and
Control of Ultrafast Photo‐induced Reactions
(Springer, Berlin, 2007) Chapter 4.6, pp. 298‐
304.

COOPERATION WITH PROFESSOR O. DOP‐
FER, TU BERLIN
In this joint theoretical‐experimental re‐
search, high‐resolution vibrational spectra of
protonated imidazale and of its complexes with
water, measured by the Dopfer group, were
compared with ab initio anharmonic vibrational

4. M. Bargheer, A. Cohen, R.B. Gerber, M. Gühr,
M.V. Korolkov, J. Manz, M.Y. Niv, M. Schröder
and N. Schwentner, Dynamics of Electronic
States and Spin‐Flip for Photodissociation of
Dihalogens in Matrices: Experiment, Semiclas‐
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calculations, carried out by our VSCF methods.
Anharmonic effects are large in this case, and
the combined experimental‐theoretical ap‐
proach was very useful in throwing light on the
potential energy surfaces of the systems.

was supported by a grant from the Niedersach‐
sen/Volkswagen Foundation. Based on the re‐
sults obtained, we are working on the prepara‐
tion of a larger joint proposal.
Joint publication:

Joint publication:

1. O. Link, E. Vöhringer‐Martinez, E. Lungovoj,
X. Liu, K. Seifermann, M. Faubel, H. Grubmüller,
R.B. Gerber, Y. Miller and B. Abel, Ultrafast
Phase Transitions in Metastable Water Near
Liquid Interfaces, Faraday Discuss. 141, 2008 (in
press).

1. A.A. Adesokan, G.M. Chaban, O. Dopfer and
R.B. Gerber, Vibrational Spectroscopy of Proto‐
nated Imidezole and Complexes with Water
Molecules: Ab Initio Anharmonic Calculations
and Experiments, J. Phys. Chem. A (Special Is‐
sue in Memory of Roger Miller) 111, 7374‐81
(2007).

MUTUAL VISITS
2002‐2009

COOPERATION WITH PROFESSOR UDO
BUCK, MPI GÖTTINGEN

ISRAEL‐GERMANY,

A. During the reported period, Professor
J. Manz visited us at The Hebrew Uni‐
versity multiple times. He was joined
by members of his team. Professor N.
Schwentner visited us twice, and two
of his students then, Mathias Bargheer
and Markus Gühr, visited once each,
on the joint SFB 450 project.
Professor Bernd Abel visited twice dur‐
ing the reported period, and his for‐
mer student Esteban Vöhringer‐
Martinez visited twice. Professor Udo
Buck visited once.
B. I visited Berlin multiple times during
the period of the report. I attended all
SFB 450 meetings, gave presentations,
and contributed articles to the book
published on the SFB 450 research. My
former students Arik Cohen and Hagai
Eshet made multiple trips to Berlin in
connection with the SFB 450, and gave
poster presentations. Also my postdoc
Dr. Brina Brauer visited for the SFB
450, and gave presentations.

My cooperation with Professor Udo Buck spans
a period of over 30 years now, and dealt with a
range of different topics.
Photochemical reactions in clusters;
Preparation of the noble‐gas molecule HXeI in
gas phase (in clusters).
I judge these projects to have been very inno‐
vative and successful.
Joint publications:
1. N.H. Nahler, R. Baumfalk, U. Buck, Z. Bihary,
R.B. Gerber and B. Friedrich, Photodissociation
of Oriented HXeI Molecules Generated from HI‐
Xen Clusters, J. Chem. Phys. 119, 224‐231
(2003).
2. N.H. Nahler, M. Farnik, U. Buck, H. Vach and
R.B. Gerber, Photodissociation of HCl and Small
(HCl)m Complexes In and On Large Ar Clusters, J.
Chem. Phys. 121, 1293‐1299 (2004).
COOPERATION WITH PROFESSOR B. ABEL,
U. LEIPZIG

ACADEMIC ACTIVITIES, 2002‐2009
(1) Member of the Scientific Committee of
the Institute of Organic Chemistry and
Biochemistry, Czech Academy of
Sciences, Prague (from 2005).

This relatively new cooperation deals with at‐
mospherically‐relevant processes, taking place
in water droplets and clusters. This research
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(2) Member of the Editorial Advisory
Board, Journal of Chemical Physics,
2001‐2004.
(3) Member of the Editorial Advisory
Board, Chemical Physics (continuing).

(4) Member of the Editorial Board of
Computational Material Science (con‐
tinuing).

GRANTS FOR PROFESSOR GERBER’S GROUP, 2002‐2008
Granting Agency
US
DFG – SFB 450
Niedersachsen/Volkswagen
INTAS ‐ EU
Govt. Tech. Projects
Isr. Sci. Found. (ISF)
US‐Israel Science Foundation (BSF)
Isr. Sci. Found. (ISF)
Govt. Tech. Projects
Govt. Tech. Projects
Isr. Ministry of Science
Govt. Tech. Projects
Govt. Tech. Projects
Isr. Sci. Found. (ISF)
Govt. Tech. Projects
Govt. Tech. Projects
Govt. Tech. Projects
Govt. Tech. Projects DARPA (USA)

Period
Jan 2002 – Dec 2006
Jan 2002 – Dec 2009
Jan 2006‐ ‐ Sept 2008
Nov 2006 – Apr 2009
Jan 2002 – June 2006
Oct 2002 – Sept 2003
Sept 2005 – Aug 2009
Oct 2003 – Sept 2008
June 2006 – Jan 2010
Oct 2006 – Feb 2009
Oct 2006 – March 2008
March 2007 – Feb 2008
June 2008 – Nov 2008
Oct 2008 – Sept 2009
Sept 2008 – Sept 2009
Feb 2009 – Jan 2010
Oct 2007 – Oct 2008
Jan 2009 – Dec 2009
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Amount
$ 106,000
Euro 360,180
Euro 71,000
Euro 10,000
NIS 409,000
NIS 34,000
$ 81,900
NIS 861,255
NIS 300,000
NIS 609,.000
NIS 40,000
NIS 100,000
NIS 50,000
NIS 172,000
NIS 150,000
NIS 650,000
NIS 200,000
$ 500,000
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PROFESSOR GERBER’S GROUP 2002‐2008
Name
Dr. Adesokan, A.A
Ansbacher, T.,
Dr. Bihary, Z.
Dr. Cohen, A.
Dr. Eshet, H.
Dr. Miller, Y.
Dr. Niv, M.Y.
Dr. Shemesh, D.
Dr. Brown, E.C.
Dr. Kamboures, M.
Professor
Sheng,
L.,
Dr. Brauer B
Goldstein, M.,

Status
PhD
M.Sc
PhD
PhD
MSc
PhD
PhD
PhD
Postdoc
Postdoc
Postdoc

Presently
Postdoc, Harvard University
Research Inst. in Hungary
Postdoc, Duke University
Postdoc
Postdoc, NIH
Senior Lecturer, Faculty of Agriculture, Hebrew University
Postdoc Munich Univ.
Assistant Professor, Loyola University, Chicago
State of California, Atmospheric Agency
University of Harbin, China

Postdoc
PhD

Current member of the group
Current member of the group

Hirshberg, B.
Knaanie, R.,
Lignell, H.

Undergraduate
PhD
PhD

Dr. Njegic, B.
Ofir‐Smilovici, M.
Pele, L.
Pincu, M.
Sagi, E.
Dr. Sebek, J
Shahar, A.
Dr. Steinberg, M.
Dr. Suwan, I.,
Tsivion, E.
Zax, H
Zmiri, L

Postdoc
PhD
PhD
PhD
MSc
Postdoc
MSc
Postdoc
Postdoc
PhD
Undergraduate
MSc

Current member of the group
Current member of the group
co‐advised by Prof. M. Räsänen, Current member of the
group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group
Current member of the group

AWARDS AND HONORS 2002‐2009
 Prize of the Israel Chemical Society for 2004.
 Medal of the Institute of Organic Chemistry and Biochemistry, Czech Academy of Sciences, Pra‐
gue, 2006.
 Foreign member of the Finnish Academy of Sciences and Letters, elected 2007.
 Festschrift for R.B. Gerber, special issue of J. Phys. Chem., edited by A.B. McCoy, A. I. Krylov and
V. Buch (in preparation, to appear in 2009).
 Editorial advisory board, Journal of Chemical Physics, 2001‐2004.
 Editorial advisory board, Chemical Physics (continuing).
 Editorial board of Computational Material Science (continuing).
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DANIEL HARRIES
Our group was initiated 3 years ago, and has steadily grown to what it is now: one postdoctoral fel‐
low, one PhD students, two Masters students, and an undergraduate (honors class) student. Together
with our collaborators in Israel and abroad, we theoretically study a wide range of phenomena that
are directly linked to experiments, as detailed below.
ELECTROSTATIC INTERACTIONS BETWEEN
MACROMOLECULES IN SOLUTION: BEYOND
POISSON‐BOLTZMANN THEORY

RESEARCH 2007‐9
Our main interest is in the way biologically di‐
verse environments create conditions for ma‐
cromolecules to associate and dissociate and
form complexes that carry specific functions in
cells. Examples include receptors that bind or
unbind ligands, and pass signals across cell
membranes, proteins that fold and unfold in
solution, and sometimes form aggregates such as
amyloid fibers, or DNA that binds enzymes.

In biologically relevant conditions, a variety of
interactions act together. To analyze the role of
electrostatic interactions in such complex envi‐
ronments, we have created a methodology to go
beyond simple mean‐field electrostatic Poisson‐
Boltzmann theory, to include additional coupl‐
ings to other interactions between components
in solution. We now present the different impor‐
tant interactions we have been able to link to
electrostatic interactions, and show how these
are important in three different examples: pro‐
tein‐membrane interactions of curvature induc‐
ing and sensing proteins (so‐called BAR), mem‐
brane‐membrane interactions in the presence of
salt, and in the effect of different binary solvents
on the interactions between DNA strands in solu‐
tion.

A variety of physical forces determine the out‐
come of such macromolecular encounters, and
we are finding a variety of examples where not
only strong and specific interactions are impor‐
tant, but where the presence of many weak and
often non‐specific interactions is crucial as well.
Such interactions include: screened electrostat‐
ics, non‐specific hydrogen bonding, and entropi‐
cally driven depletion forces that result from
excluded volume interactions (or “crowding”).

I. MEMBRANE DEFORMATIONS AND LI‐
PID DEMIXING UPON BAR ADSORPTION

We have been following this theme in a number
of biologically relevant systems that involve col‐
lections of macromolecules, such as peptide
folding and aggregation, and viral assembly. An
extension of these ideas has been the surprising
realization that the same forces that act on the
microscopic scale are also relevant for macros‐
copic objects, such as granular materials, de‐
monstrating that the governing physical prin‐
ciples are sometimes remarkably similar over
many length scales.

In collaboration with Harel Weinstein and George
Khelashvili, Weill Medical College of Cornell Uni‐
versity, NY.
Many proteins participating in cellular signaling
processes contain BAR domains that have been
implicated in membrane shaping. While the BAR
domains have been shown to form dimers that
are suggested to sense or induce significant cur‐
vatures on cell membranes, the underlying me‐
chanisms are not well understood.
To address such processes quantitatively we in‐
troduce a dynamic mean‐field scheme that al‐
lows self‐consistent calculations of the equili‐
brium state of membrane‐protein complexes
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after such lateral reorganization of the mem‐
brane components, and serves to probe kinetic
details of the process. Applicable to membranes
with heterogeneous compositions containing
several types of lipids, this comprehensive me‐
thod accounts for mobile salt ions and charged
macromolecules in three dimensions, elastic
energies of the membrane, as well as for lateral
demixing of charged and net‐neutral lipids in the
membrane plane. In our model, the mobility of
membrane components is governed by the diffu‐
sion‐like Cahn‐Hilliard equation, while the local
electrochemical potential is based on nonlinear
Poisson‐Boltzmann theory. We have tested this
method, and have demonstrated that protein
and lipid diffusion in the membrane plane are
coupled through the extent of lipid headgroup
charge, as also seen in experiments.

inuence of an adsorbing Amphiphysin BAR do‐
main dimer cannot produce high enough asym‐
metry between bilayer leaets. In the absence of
additional energetic contributions that favor
membrane asymmetry, upon BAR adsorption the
membrane will Membrane deformations and
lipid demixing upon BAR adsorption 2 remain
nearly at relative to the undulation expected
from thermal uctuations. Thus, we conclude that
the N‐helix insertions have a critical mechanistic
role in the local perturbation and curving of the
membrane, which is then stabilized by the elec‐
trostatic interaction with the BAR dimer.
G. Khelashvili, H. Weinstein, D. Harries, Protein
Diffusion on Charged Membranes: A Dynamic
Mean‐Field Model Describes Time Evolution and
Lipid Reorganization, Biophys. J. 94, 2580‐2597
(2008).

We then applied this new formalism to investi‐
gate such mechanisms of protein‐membrane
interactions, and have studied complexes of sin‐
gle Amphiphysin BAR domains interacting with
large patches of lipid membrane bilayers of hete‐
rogeneous compositions. Our results suggest
that a single BAR dimer is capable of stabilizing a
significantly curved membrane, but we predict
that such deformations will occur only for mem‐
brane patches that have the inherent propensity
for high curvature, reflected in the tendency to
create local distortions that closely matches the
curvature of the BAR dimer itself. Such favorable
preconditioning for BAR‐membrane interaction
may be the result of perturbations such as local
lipid demixing induced by the interaction, or of a
prior insertion of the BAR domain's amphiphatic
N‐helix.

D. Danino, E. Kesselman, G. Saper, H. I. Petrache,
D. Harries, Osmotically‐Induced Reversible Tran‐
sitions in Lipid‐DNA Mesophases, Biophysical J.
(in press ,to appear April 2009).
V. B. Teif, D. Harries, D.Y. Lando, A. Ben‐Shaul,
Matrix formalism for sequence‐specific polymer
binding to multicomponent lipid membranes; In,
"Membrane‐active peptides: methods and re‐
sults on structure and function" , Ed. M. Castan‐
ho, International University Line, La Jolla (2009,
in press).
V. B. Teif, D. Harries, D.Y. Lando, A. Ben‐Shaul,
Matrix formalism for site‐specific binding of un‐
structured proteins to multicomponent lipid
membranes, J. Pep. Sci. 14, 368‐373 (2008).

However, our simulations indicate that in itself,
local segregation of charged lipids under the
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Figure 49: BAR domain adsorbed to lipid membranes causing elastic deformation and lipid segregation, as derived in our
mean-field calculations.

Boltzmann theory for ionic solutions between
charged lamellae and the Langmuir‐Frumkin‐
Davies adsorption isotherm modified to account
for charged adsorbing species. Minimizing the
appropriate free energy for each interlamellar
spacing, we find the ionic density profiles and
the resulting osmotic pressure.

II.
ELECTROSTATIC
INTERACTIONS
MODULATED BY POLARIZABLE SALT
IONS AND SOLVENT MIXTURES.
Collaboration with Rudi Podgornik (Ljubljana
U, Slovenia) and David Andelman with Dan
Ben-Yaacov (Tel Aviv U)
We have applied our mean‐field approach to
explain propose a model for the liquid‐liquid
lamellar phase transition observed in osmotic
pressure measurements of certain charged la‐
mellae‐forming amphiphiles. The model free
energy combines mean‐field electrostatic and
phenomenological nonelectrostatic interactions,
while the number of dissociated counterions is
treated as a variable degree of freedom that is
determined self‐consistently. The model, there‐
fore, joins two well‐known theories: the Poisson‐

While in the simple Poisson‐Boltzmann theory
the osmotic pressure isotherms are always
smooth, we observe a discontinuous liquid‐liquid
phase transition when the Poisson‐Boltzmann
theory is self‐consistently augmented by the
Langmuir‐Frumkin‐Davies adsorption. This phase
transition depends on the area per amphiphilic
head group, as well as on nonelectrostatic inte‐
ractions of the counterions with the lamellae and
interactions between counterion‐bound and
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Therapeutic Mechanisms and Strategies" , Ed. N.
Smyth Templeton.3rd ed. CRC press, Boca Raton.
443‐485. (2008).

counterion‐dissociated surfactants. Coupling the
lateral phase transition in the bilayer plane with
electrostatic interactions in the bulk, our results
offer a qualitative explanation for the existence
of the lamellar‐lamellar phase transition of dido‐
decyldimethylammonium bromide DDABr, but
the transition’s apparent absence for the chloride
and the iodide homologs. More quantitative comparisons with experiment require better understanding of the microscopic basis of the phenomenological model parameters.

D. Harries, R. Podgornik, V.A. Parsegian, E. Mar‐
Or, D. Andelman, Ion Induced Lamellar‐Lamellar
Phase Transition in Charged Surfactants, J. Chem.
Phys. 124, 224702 (2006).
MICRO‐MOLECULAR CROWDING AND OS‐
MOTIC EFFECT ON PEPTIDE FOLDING AND
AGGREGATION

Another useful application of our work has been
the evaluation of forces in binary mixtures of
solvents. While in most theoretical studies the
solution is treated as a homogeneous structure‐
less dielectric medium, recent experimental stu‐
dies concluded that, for a bathing solution com‐
posed of two solvents (binary mixture), the os‐
motic pressure between charged macromole‐
cules is affected by the binary solvent composi‐
tion. By adding local solvent composition terms
to the free energy, we obtain a general expres‐
sion for the osmotic pressure, in planar geome‐
try and within the mean‐field framework. The
added effect is due to the permeability inhomo‐
geneity and nonelectrostatic short‐range interac‐
tions between the ions and solvents (preferential
solvation). This effect is mostly pronounced at
small distances and leads to a reduction in the
osmotic pressure for macromolecular separa‐
tions of the order 1‐2 nm. Furthermore, it leads
to a depletion of one of the two solvents from
the charged macromolecules (modeled by us as
planar interfaces). Lastly, by comparing the theo‐
retical results with experimental ones, an expla‐
nation based on preferential solvation is offered
to recent experiments on the osmotic pressure
of solutions of DNA molecules.

Daniel Harries, Regina Politi, and Shahar Sukenik;
in collaboration with Assaf Friedler (HUJ), Debo‐
rah Shalev (HUJ), Dganit Danino (Technion), and
Joerg Roesgen (Galveston, Tx)
Nature has developed many strategies to ensure
that protein folding occurs in vivo with efficiency
and fidelity. Among the most widely employed
strategies is the use of small solute molecules
called osmolytes that most often confer stability
to folded proteins by preferential exclusion from
macromolecular surfaces. Recent evidences indi‐
cate that modest changes in environmental con‐
ditions set by osmolytes and other cosolutes can
have profound effects on protein and peptide
conformation and aggregation. Such aggregation
processes constitute a hallmark of neurodege‐
nerative pathologies, including Alzheimer's, Hun‐
tington's, and Parkinson's diseases.
This study examines the effect of natural osmo‐
lyte on a model peptide that can fold from a
“random coil” to β‐hairpin, or aggregate into
fibrils. We use Fluorescence and Circular Dich‐
roism measurements as well as perform Molecu‐
lar Dynamic simulations to determine the me‐
chanism by which osmolytes control the struc‐
ture and thermodynamic stability of the peptide,
and to follow changes in peptide aggregation
kinetics. We find that excluded osmolytes such
as sugars and polyols cause peptides to favor a
more compact (folded) structure relative to
more extended (unfolded) conformations and
that this stabilization sensitively depends on the
osmolyte used.

D. Ben‐Yaacov, D. Andelman, D. Harries, R. Pod‐
gornik, Ions in mixed dielectric solvents: Density
profiles and osmotic pressure between charged
interfaces, J. Phys. Chem. B (in press, 2009)
R. Podgornik, D. Harries, J. DeRouchey, H. H.
Strey, and V. A. Parsegian, Interactions in ma‐
cromolecular complexes used as nonviral vectors
for gene delivery; In "Gene and Cell Therapy:
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contain natively unstructured clusters of basic
residues, such as the well studied examples of
the GAP43, GTPase K‐Ras, and MARCKS. The use
of positively charged residues for targeting may
come as no surprise, as cellular plasma mem‐
branes typically contain ca. 20% anionic lipids.
This affords a simple mechanism for protein‐lipid
binding that is essentially nonspecific, yet able to
confine proteins to membrane interfaces.

Water structuring in close proximity to peptide
surfaces, as well as near osmolytes (see Figure
50) crucially affects this folding and aggregation
processes. Understanding the role of osmolytes
in regulation will not only allow to predict the
action of osmolytes on macromolecular interac‐
tions in stressed and crowded environments typ‐
ical of cellular conditions, but will also provide
insights on how osmolytes may be involved in
pathologies or in their prevention. Our aim is to
provide information through molecular poten‐
tials. This should allow to model biomacromole‐
cules in simulations accounting for environments
that include osmolytes as solute, to mimic cellu‐
lar conditions in vivo. Many proteins that peri‐
pherally adsorb on lipid membranes contain
structured domains that target the protein to the
bilayer; examples include the C2, PH, FERM and
BAR domains. Many of these domains act by
specifically binding to a particular lipid species,
like the PH domain that binds phosphatidylinosi‐
tol 4,5‐bisphosphate PIP2 lipids.

As such charged proteins adsorb and diffuse on
cell membranes in a large variety of cell signaling
processes, they can attract or repel oppositely
charged lipids. This results in lateral membrane
rearrangement and affects the dynamics of pro‐
tein function. To address such processes quanti‐
tatively we have introduced a dynamic mean‐
field scheme that allows self‐consistent calcula‐
tions of the equilibrium state of membrane‐
protein complexes following such lateral reor‐
ganization of the membrane components, and
serves to probe kinetic details of the process.

However, an apparently different type of target‐
ing is achieved by numerous other proteins that

Figure 50: Above, typical snapshot from MD simulation of an important osmolytes, adonitol, showing 3 internal hydrogen
bonds to osmolyte, as well as two contacts to water molecules. In the lower left, the water molecule forms a distorted H
bond contact with adonitol, but 3 near‐linear H bonds with waters around it (shown in blue). In the upper right, a water
molecule forms a near‐linear H bond contact with adonitol, but only one additional near‐linear contact with surrounding
water (shown in blue) and several distorted contacts (in yellow), as well as to an additional polyol (not shown). Also shown
are the probability distribution contour plots with respect to the H bond angle and O‐O distance, for H bonds in pure water
(a); for osmolytes‐water H bond contacts in an aqueous sorbitol solution (b); and for water‐water H bond contacts in the
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sorbittol solution (c). Color
C
scale showss the probability distribution valu
ues.

ic) phase.
p
We find that the inclusion of sph
heres
destabilizes this nematic
n
statee, and small inde‐
pend
dent clusters of rods form,, instead. Rem
mark‐
ably,, we find thatt in 2D as botth rod and sp
phere
denssities increasee, these rod aaggregates fu
urther
self‐aassemble, staabilized by deepletion forces to
form
m quasi 1D sttructures analogous to rod
d‐like
mice
elles. Such pro
ocesses of sellf‐assembly caan be
impo
ortant to patttern formatio
on and function in
the cell.
c

III. PATTERNIN G IN GRAN
NULAR SYST EMS
GOV
VERNED BY
B
CROWD
DED ENVIR
RON‐
MEN
NTS
Daniiel Harries wiith Jennifer Galanis,
G
Collabora‐
tion with Ralph Nossal
N
(NIH), Wolfgang
W
Loseert (U
Maryyland)
In th
he way that crowding
c
mo
odifies the intterac‐
tionss of many maacromoleculess in living cells and
otheer thermodyn
namic systems, we find th
hat it
also determines the patterningg behavior in some
gran
nular systemss. An importtant driving force
behind this effecct is the miniimization of steric
s
interractions, as determined
d
by the size, sh
hape,
and density of these
t
molecu
ules and crow
wders
(see Figure 3). Ovver the past year
y
we have been
focusing on macro
omolecules th
hat are confined to
movve on surfaces, like protein
ns adsorbed upon
lipid membranes.

Moreover, we haave found th
hat rods asse
emble
and disassemble to form nem
matic phases. Inte‐
restingly, we havee been able tto find elasticc con‐
stantts for these systems
s
that would corresspond
to th
he appropriatte continuum “Frank free ener‐
gy” that
t
describes molecular n
nematics. The
e me‐
thod
d relies on anaalyzing defectts in the conttainer
to in
nfer the cost of
o creating succh defects in terms
t
of splay
s
and beend contributtion to the free‐
enerrgy.

Using Monte Carrlo simulation
ns, we investtigate
the effect of crowding on mixtures that mimic
m
two shape classes of macromolecules: rodss (ex.
filam
ments) and sp
pheres (ex. glo
obular protein
ns). It
is kn
nown that in a pure rod sysstem, high en
nough
denssities induce a transition from
f
a disord
dered
(Isottropic) to an orientationally
o
y ordered (Neemat‐

J. Gaalanis, D. Harrries, D. L. Sackett, W. Lose
ert, R.
Nosssal, Spontaneo
ous Patternin
ng of confined
d gra‐
nular rods, Phys. Rev.
R Lett. 96, 0
028002 (2006
6).

Figure
e 51: Patterning in a confined ge
eometry. a) The free
f
energy minimum derived byy mean field theo
ory. Fluctuations to the
solutiion seen in (b) eq
quilibrium Monte
e Carlo simulatio
ons of hard rods and (c) granular experiments of vvibrated steel ne
eedles.
In (b,c), individual rod
ds are shown in black, while the color maps the local orientation
nal ordering and highlights the lo
ocation
of the
e two defects (blue).
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GUESTS FROM GERMANY

 Biomolecular simulations (2009, Safed, with
M. Niv, D.T. Major, and K. Levy).

Prof. Eric Sackmann: talk at the Biomolecular
meeting, June 2008
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CONFERENCE
2006

ORGANIZATION

 Dr. Jennifer Galanis, Postdoctoral fellow
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 Gadiel Saper, Msc Student, 2007‐2008: fa‐
culty prize for academic achievements
 Shahar Sukenik, Msc Student (joint with As‐
saf Friedler)
 Liel Sapir, BSc student, Dean’s prize 2007,
2008

SINCE

 Biophysics mini‐symposium (14 Feb 2007,
Hebrew University, with Drs. U. Raviv and A.
Friedler).
 From Macromolecular to Cell Biophysics
(June 3‐4, 2008, Mishkenot, Jerusalem with
D. Andelman and W. M Gelbart).

GRANTS FOR PROFESSOR HARRIES’S GROUP, 2002‐2008
Granting Agency
Israel‐Slovenia collaboration, Ministry of Science
Alon Fellowship
Israel Science Foundation (ISF)
Israel Science Foundation (ISF), equipment
Israel Science Foundation (ISF), Workshop
James‐Franck Foundation (with Dr. Uri Raviv)
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2007–2009
2006–2009
2007–2011
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2009
2009

Amount
$80,000
$100,000
$160,000
$50,000
$17,000
$100,000

PRIZES, MEMBERSHIPS SINCE 2006
 Alon Fellowship, 2006
 Biophysical Society member
 American Chemical Society member

RONNIE KOSLOFF
Unraveling the story of quantum dynamics has been the thrust of my research. The main topics of
study can be summarized as follows:








Quantum heat engines and quantum refrigerators
Optimal control theory
Open system dynamics.
Ultra cold molecules
Quantum thermodynamics.
Dynamics on surfaces
Teaching quantum mechanics
gines. Practically all such heat engines operate
RESEARCH
far from the ideal maximum efficiency condi‐
tions set by Carnot. To maximize the power
QUANTUM HEAT ENGINES AND QUANTUM
output, efficiency is sacrificed. This trade‐off
REFRIGERATORS
between efficiency and power is the focus of
finite time thermodynamics. From everyday
Our cars, refrigerators, air‐conditioners, lasers
experience, the irreversible phenomena that
and power plants are all examples of heat en‐
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limits the optimal performance of engines can
be identified as losses due to friction, heat leaks
and heat transport. Is there a unifying funda‐
mental explanations for these losses? Is it poss‐
ible to trace the origin of these phenomena to
quantum mechanics?

working fluid by coupling to hot and cold reser‐
voirs under constant field values. Explicit quan‐
tum equations of motion for the relevant ob‐
servables are derived on all segments of the
cycle (1). The unavoidable irreversible loss of
power in a heat engine was found to be of
quantum origin.

QUANTUM HEAT ENGINES

A different model quantum heat engine operat‐
ing in an Otto cycle, where the working medium
is composed of an ensemble of harmonic oscil‐
lators was analyzed. The changes in volume
correspond to changes in the curvature of the
potential well. Equations of motion for quan‐
tum observables were derived for the complete
cycle of operation. These observables are suffi‐
cient to determine the state of the system and
with it all thermodynamical variables.

To address these issues, we follow the tradition
of thermodynamics constructing models of
quantum heat engines. Gedanken heat engines
are an integral part of thermodynamical theory.
Carnot in 1824 set the stage by analyzing an
ideal engine. Carnot's analysis preceded the
systematic formulation that led to the first and
second laws of thermodynamics. Amazingly,
thermodynamics was able to keep its indepen‐
dent status despite the development of parallel
theories dealing with the same subject matter.
Quantum mechanics overlaps thermodynamics
in that it describes the state of matter. But in
addition, quantum mechanics includes a com‐
prehensive description of dynamics. This sug‐
gests that quantum mechanics can originate a
concrete interpretation of the word "dynamics
in thermodynamics", leading to a fundamental
basis for finite time thermodynamics. The
emergence of the laws of thermodynamics out
of quantum mechanical considerations is an
unresolved issue. Historically, Einstein con‐
ceived the quantization of light from thermody‐
namical considerations.

Conditions for optimal work, power and entro‐
py production were derived. At high tempera‐
tures and quasistatic operating conditions, the
efficiency at maximum power coincides with
/
the endoreversible result
1
/
.
The optimal compression ratio varies from
/
/
in the quasistatic limit where
the irreversibility is dominated by heat conduc‐
/
tance to
/
in the sudden limit
when the irreversibility is dominated by friction.
When the engine deviates from adiabatic condi‐
tions, the performance is subject to friction. The
origin of this friction can be traced to the non‐
commutability of the kinetic and potential
energy of the working medium (2). (Work of
Yair Rezek).

We then pursued to derive the fundamentals of
a quantum heat engine from first principles.
The idea is to derive equation of motion of a
minimum set of operators which constitute the
thermodynamical observables. These obser‐
vables are then used to define the state of the
system. A four‐stroke heat engine model based
on the Otto cycle has been employed for the
study. The engines differ by the choice of the
working medium. We started the study with a
working medium composed of coupled two‐
level system. The model is characterized by the
internal Hamiltonian not commuting with the
external control field. Heat is transferred to the

After starting a reciprocating heat engine it
eventually settles to a stable mode of opera‐
tion. A first principle quantum heat engine also
approaches this stable limit cycle. The quantum
conditional entropy was employed to prove the
monotonic approach to a limit cycle. A longitu‐
dinal and transverse mode of approach to the
limit cycle was thus identified. (3)
Finally we want to use our insight to explore
strategies to suppress frictional losses. These
losses are caused by the inability of the engine's
working medium to follow adiabatically the
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monic potential. Closed‐form solutions of the
refrigeration cycle were analyzed, and com‐
pared to a numerical optimization scheme, fo‐
cusing on cooling toward zero temperature. The
optimal cycle is characterized by linear relations
between the heat extracted from the cold bath,
the energy level spacing of the working medium
and the temperature. The scaling of the optimal

change in the Hamiltonian during the expansion
and compression stages. By adding external
noise to he engine frictional losses can be sup‐
pressed (4,5). (Work of Tova Feldmann) .

QUANTUM REFRIGERATORS
Walter Nernst stated the third law of thermo‐
dynamics as follows: "it is impossible by any
procedure, no matter how idealized, to reduce
any system to the absolute zero of temperature
in a finite number of operations". This state‐
ment has been termed the unattainability prin‐
ciple. We have viewed the unattainability
statement dynamically as the vanishing of the
cooling rate
when pumping heat from a cold
bath whose temperature approaches absolute
zero. Finding a limiting scaling law between the
rate of cooling and temperature
quantifies the unattainability principle as
0.

cooling rate is found to be proportional to
giving a dynamical interpretation to the third
law of thermodynamics. (This study was carried
out by Yair Rezek (6,7)).
A system with a gap in the energy spectrum of
the working medium was investigated to de‐
termine the limitations of cooling to absolute
zero. We found that there is a minimum achiev‐
able temperature above zero. Such a gap, com‐
bined with a negligible amount of noise, pre‐
vents adiabatic following during the expansion
stage which is the necessary condition for
reaching
0. (Study by Tova Feldmann).
As part of our effort in this field a workshop on
quantum thermodynamics was organized in
Safed, August 26 ‐ August 31, 2007: Safed
Workshop on Cooling and Thermodynamics of
Quantum Systems. Organizers: David Tannor,
Ronnie Kosloff and Tal Mor.
OPTIMAL CONTROL THEORY

Figure 52: The cooling rate as a function of temperature
for different scheduling functions
. Straight lines are
linear continuations of the last points. The exponent of
is indicated. The lowest exponent (red squares)
shows the three‐jump frictionless optimization. The next
lowest (blue circles) show the result of the optimization
with
. The black diamonds correspond to
and the highest exponent corresponds to
(magenta triangles).

QUANTUM INFORMATION PROCESSING
A universal model of a quantum computer can
be constructed from an array of two level sys‐
tems used as registers (qubits). Any general
quantum gate can be decomposed into a one
and two qubit unitary transformation. Thus, a
physical realization of a quantum computer
should be able to control such unitary trans‐
formations by the use of external driving fields.
When many qubits become involved in a com‐
putation, the spectrum becomes congested so
that it becomes more difficult to address each
qubit individually. The total fidelity of the algo‐
rithm will depend on the accumulation of errors

The ability of the refrigerator to cool to the ab‐
solute zero is determined by the spectrum of
the working medium. An uncontrollable gap in
the spectrum between the ground and first ex‐
cited state is a key restriction.
A working medium with a gapless spectrum
consists of non‐interacting particles in a har‐
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at each step. Another difficulty results from
decoherence processes which are unavoidable
due to coupling to the external environment.
These processes will degrade the performance
over the time required to carry out the compu‐
tation task. Thus it is desirable to minimize the
number of computation steps and the total
computation time. To determine the field that
induces a given unitary transformation turns
out to be a crucial task when the number of
qubits and higher spurious levels increases.

Na$_2$ molecule was carried out for up to five
qubits. The classical computation effort re‐
quired to obtain the algorithm with a given fi‐
delity is estimated to scale exponentially with
the number of levels (9). (Work of Jose Palao).
The problem of automatically protecting a
quantum system against noise in a closed cir‐
cuit is crucial for protecting quantum informa‐
tion. A general scheme was developed con‐
structed from two steps. First, a distillation step
is induced in which undesired components are
removed to another degree of freedom of the
system. Later a recovering step is employed in
which the system regains its initial density. An
optimal‐control method is used to generate the
distilling operator. The scheme is demonstrated
by a simulation of a qubit influenced by white
noise. Undesired deviations from the target
were shown to be reduced by at least two or‐
ders of magnitude on average. The relations
between the quantum version of the classical
Watt's governor and the field of quantum in‐
formation are also discussed. (10) (Work of
Shimshon Kallush).

Quantum computation is therefore based on
implementing selected unitary transformations
representing algorithms. A generalized optimal
control theory was used to find the driving field
that generates a prespecifed unitary transfor‐
mation. The approach is independent of the
physical implementation of the quantum com‐
puter and it was first illustrated for one and two
qubit gates in model molecular systems, where
only part of the Hilbert space is used for compu‐
tation (8).
The dynamics of a quantum system driven by an
external field is well described by a unitary
transformation generated by a time‐dependent
Hamiltonian. The inverse problem of finding the
field that generates a specific unitary transfor‐
mation is the subject of study. The unitary
transformation which can represent an algo‐
rithm in a quantum computation is imposed on
a subset of quantum states embedded in a larg‐
er Hilbert space. Optimal control theory is used
to solve the inversion problem irrespective of
the initial input state. A unified formalism based
on the Krotov method was developed leading to
a different scheme. The schemes are compared
for the inversion of a two‐qubit Fourier trans‐
form using as registers the vibrational levels of
the ground electronic state of Na2 . Raman‐like
transitions through the excited electronic state
induce the transitions. Light fields are found
that are able to implement the Fourier trans‐
form within a picosecond time scale. Such fields
can be obtained by pulse‐shaping techniques of
a femtosecond pulse. A study of the implemen‐
tation of the Q qubit Fourier transform in the

A special version of optimal control theory was
developed for the task of obtaining an objective
in a subspace of the Hilbert space while avoid‐
ing population transfer to other subspaces. The
objective, a state‐to‐state transition or a unitary
transformation, is carried out without loss of
coherence, provided the system in the allowed
subspace is decoupled from its environment. A
functional constraint is imposed that depends
on the state of the system at each instant in
time which keeps the system out of the lossy
channels. The functionality of the algorithm is
demonstrated for the examples of a state‐to‐
state transition and of a unitary transformation
for a model of cold Rb (11). (Work of Jose Pa‐
lao and Christiane Koch).
The feasibility of these ideas was demonstrated
experimentally. The Deutsch‐Jozsa algorithm
was carried out for three‐qubit functions using
pure coherent superpositions of Li rovibra‐
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tional eigenstates. The functions character, ei‐
ther constant or balanced, is evaluated by first
imprinting the function, using a phase‐shaped
femtosecond pulse on a coherent superposition
of the molecular states, and then projecting the
superposition onto an ionic final state, using a
second femtosecond pulse at a specific time
delay (12). (Work of Jiri Vala and Zohar Amitay).

excitation pulse is contained completely in the
absorption band of the molecule. Only phase
control is studied which is equivalent to opti‐
mizing the transmission of the pulse through
the medium. The molecular model explicitly
includes two electronic states and a single vi‐
brational mode. The other degrees of freedom
are classified as bath modes. The surrogate
Hamiltonian method is employed to incorporate
these bath degrees of freedom. Their influence
can be classified as electronic dephasing and
vibrational relaxation. In accordance with expe‐
rimental results, minimal excitation is asso‐
ciated with a negatively chirped pulses. Optimal
pulses with more complex transient structure
are found to be superior to linearly chirped
pulses. The difference is enhanced when the
fluence is increased. The improvement de‐
grades when dissipative effects become more
dominant (15). Work of David Gelman.

COHERENT CONTROL OF MOLECULAR
AND ATOMIC SYSTEMS: REALIZATION
BY EXPERIMENT
The simplest experimental implementation of
coherent control is by chirping the pulse. Such a
manipulation only influences the phase of the
light field. Ultracold atomic collision experi‐
ments utilizing frequency‐chirped laser light
were performed. A rapid chirp below the atom‐
ic resonance results in adiabatic excitation to an
attractive molecular potential over a wide range
of inter‐nuclear separation. This leads to a tran‐
sient inelastic collision rate which is large com‐
pared to that obtained with fixed‐frequency
excitation. The combination of high efficiency
and temporal control demonstrates the benefit
of applying the techniques of coherent control
to the ultracold domain. The rate of inelastic
trap‐loss collisions induced by negatively
chirped light is dramatically suppressed com‐
pared to the case of a positive chirp. We
attribute this to a fundamental asymmetry in
the system: an excited wave packet moves in‐
ward on the attractive molecular potential. For
a positive chirp, the resonance condition moves
outward in time, while for a negative chirp, it
moves inward, in the same direction as the ex‐
cited wave packet; this allows multiple interac‐
tions between the wave packet and the light,
enabling the wave packet to be returned cohe‐
rently to the ground state. Classical and quan‐
tum calculations support this interpretation
(13,14). (Work of Shimshon Kallus and Jiri Valla
with the group of Phil Gould in the US).

Photodissociation of cold magnesium hydride
ions MgH$^+$ leading to either Mg$^+$+H or
Mg+H$^+$ was simulated from first principles.
The purpose was to study the possibility of sin‐
gle molecule control of the products in the
presence of two laser fields. The system evolves
on four electronic potential‐energy curves.
These potential‐energy curves are calculated
from first principles using multireference self‐
consistent field theory. The accuracy of the
electronic potential curves has been checked by
calculating the energies of the rovibrational
eigenstates and comparing them to experimen‐
tal findings. The photodissociation dynamics has
furthermore been simulated by solving the
time‐dependent Schr?dinger equation. It is
shown that the branching ratio of the two dis‐
sociation channels, Mg$^+$ +H or Mg+H$^+$,
can be controlled by changing the intensity and
wavelength of the two driving laser fields. (16)
(Work of Solvejg Jorgensen and Michael Drew‐
sen).

Optimal control theory is employed for the task
of minimizing the excited‐state population of a
dye molecule in solution. The spectrum of the
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separation toward each other. We show that
the signal of asubsequent photoassociation
pulse could be enhanced by a factor of one to
two orders of magnitude with respect to the
conventional continuous wave experiment. For
neutral encounters on the ground potential
surface which scales as
the acceleration
becomes negligible. The electronic excited state
potentials scale for homonuclear S to P transi‐
tions more favorably than
. A possible
pump‐dump mechanism for acceleration, ex‐
cites a pair of atoms at large distance employing
the natural acceleration on the excited state.
Then a dump pulse moves the population back
to the ground surface. By controlling the phase
and the amplitude of the lightfield this scenario
can be optimized. In addition the momentum
partitioned between the ground and excited
surfaces can also be controlled. The possibility
for pure quantum ligPhotoassociation of a pair
of cold atoms by excitation with a short chirped
laser pulse creates a dynamical hole in the ini‐
tial continuum wave function. This hole is mani‐
fested by a void in the pair wave function and a
momentum kick. Photoassociation into loosely
bound levels of the external well in $Cs_2$ is
considered as a case study. After the pulse, the
free evolution of the ground triplet state wave
packet is analyzed. Due to a negative momen‐
tum kick, motion to small distances is mani‐
fested and a compression effect is pointed out,
markedly increasing the density of atom pairs at
short distances. A consequence of the hole is
the redistribution of the vibrational population
in the state, with population of the last bound
level and creation of pairs of hot atoms. The
physical interpretation makes use of the time
dependence of the mass current and population
on each channel to understand the role of the
parameters of the photoassociation pulse. By
varying such parameters, optimization of the
compression effect in the ground‐state wave
packet is demonstrated. Due to an increase of
the short‐range probability density by more
than two orders of magnitude, we predict sig‐
nificant gain in the photoassociation rates into
deeply bound levels of the excited state by a

COHERENT CONTROL WITH MATTER
WAVES
A pulse‐shaping algorithm for a matter wave
with the purpose of controlling a binary reac‐
tion has been designed. The scheme is illu‐
strated for an Eley‐Rideal reaction where an
impinging matter‐wave atom recombines with
an adsorbed atom on a metal surface. The wave
function of the impinging atom is shaped such
that the desorbing molecule leaves the surface
in a specific vibrational state (17).

CONTROL UNDER DISSIPATIVE CONDI‐
TIONS
A molecular system in contact with a bath un‐
dergoes strong decoherence processes. We
examine a control scheme to minimize dissipa‐
tion, while maximally retaining coherent evolu‐
tion, by relating the evolution of the molecule
to that of an identical freely propagating sys‐
tem. We seek a driving field that maximizes the
projection of the open molecular system onto
the freely propagated one. The evolution in
time of a molecular system consisting of two no
adiabatically coupled electronic states interact‐
ing with a bath is followed. The driving control
field required to overcome decoherence is cal‐
culated. A proposition to implement the
scheme in the laboratory using feedback control
is suggested. (18) (Work of Gil Katz). I will be
chairman of the Gordon Conference on Cohe‐
rent Control 2011.
ULTRACOLD MOLECULES

A STUDY OF PHOTOASSOCIATION
Ultracold photoassociation is a process in which
two cold atoms combine to form a molecule.
This process is crucially dependent on the atom
pair density at close distance termed the pho‐
toassociation window. We explore the possibili‐
ties for increasing the pair density at the pho‐
toassociation window by using a prepulse toac‐
celerate the pairs of atoms at large interatomic
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second pulse, red‐detuned relative to the first
one, and conveniently delayed.

range 1/R$^3$ potentials allow for efficient
photoassociation, stabilization is facilitated by
the resonant spin‐orbit coupling. Molecules in
the singlet ground state bound by a few wave
numbers can thus be formed. This provides a
promising first step toward ground‐state mole‐
cules which are ultracold in both translational
and vibrational degrees of freedom (21). (Work
of Christiane Koch and Francoise Masnou).

We propose to create ultracold ground state
molecules in an atomic Bose‐Einstein conden‐
sate by adiabatic crossing of an optical Fesh‐
bach resonance. We envision a scheme where
the laser intensity and possibly also frequency
are linearly ramped over the resonance. Our
calculations for Rb show that for sufficiently
tight traps it is possible to avoid spontaneous
emission while retaining adiabaticity (20).

OPTIMAL CONTROL THEORY FOR COLD
MOLECULES

Bound‐state molecules can be photoassociated
directly from ultracold free‐atom pairs by exci‐
tation to a purely repulsive electronic state. The
process is explained on the basis of quantum
unitarity: the initially free‐scattering state is
transformed by an impulsive light pulse to a
deformed superposition which contains bound‐
state components. For pulse durations which
are short compared to the ultracold dynamics,
the maximal rate of photoassociation was found
to be determined by the initial stationary distri‐
bution of scattering states of the atom pairs.
The process was simulated for an ultracold gas
of Rb with a temperature of T=44oK and a
density of 10 cm . Transform‐limited pulses
maximize the photoassociation, yielding 1
bound molecule per pulse. Coherent control
calculated by a local control scheme can in‐
crease the photoassociation yield by two orders
of magnitude (21,22).

Molecules that have been produced from ultra‐
cold atoms by photoassociation or Feshbach
resonances are translationally cold, but vibra‐
tionally highly excited. This will eventually lead
them to be lost from the trap due to collisions.
We propose shaped laser pulses to transfer
these highly excited molecules to their ground
vibrational level. Optimal control theory is em‐
ployed to Þnd the light Þeld that will carry out
this task with minimum intensity. We present
results for the sodium dimer. The Þnal target
can be reached to within 99 precent provided
the initial guess Þeld is physically motivated. We
Þnd that the optimal Þelds contain the transi‐
tion frequencies required by a good Franck‐
Condon pumping scheme. The analysis iden‐
tiÞes the ranges of intensity and pulse duration
which are able to achieve this task before any
other competing processes take place. Such a
scheme could produce stable ultracold molecu‐
lar samples or even stable molecular Bose‐
Einstein condensates (23). (Work of Christiane
Koch Jose Palao and Francoise Masnou).

Photoassociation of two ultracold rubidium
atoms and the subsequent formation of stable
molecules in the singlet ground and lowest trip‐
let states was studied. The method employs
laser pulses inducing transitions via excited
states correlated to the 5S+5P1/2 asymptote.
Weakly bound molecules in the singlet ground
or lowest triplet state can be created by a single
pulse while the formation of more deeply
bound molecules requires a two‐color pump‐
dump scenario. More deeply bound molecules
in the singlet ground or lowest triplet state can
be produced only if efficient mechanisms for
both pump and dump steps exist. While long‐

We organized a conference on ultracold mole‐
cules and coherent control: February 24 ‐ Feb‐
ruary 29, 2008; Batsheva de Rothschild Seminar
on Ultrafast‐Ultracold Processes. Organizers:
Ronnie Kosloff, Christiane Koch, Zohar Amitay
and David Tannor.
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OPEN SYSTEM DYNAMICS

SURROGATE HAMILTONIAN

CAN QUANTUM SYSTEMS BE SIMU‐
LATED: SURROGATE DYNAMICS

The dissipative quantum dynamics of an an‐
harmonic oscillator coupled to a bath is studied
with the purpose of elucidating the differences
between the relaxation to a spin bath and to a
harmonic bath. Converged results are obtained
for the spin bath by the surrogate Hamiltonian
approach. This method is based on constructing
a system‐bath Hamiltonian, with a finite but a
large number of spin‐bath modes that exactly
mimic a bath with an infinite number of modes
for a finite time interval. Convergence with re‐
spect to the number of simultaneous excita‐
tions of bath modes can be checked. The results
are compared to calculations that include a fi‐
nite number of harmonic modes carried out by
using multiconfiguration time‐dependent Hart‐
ree method of Nest and Meyer (27).

We explore the fundamental issue of our ability
to simulate quantum dynamics using a classical
computer. This is the inverse question asked in
constructing a quantum computer. It is well
established that complexity in simulating a
quantum system grows out of bounds when the
number of particles involved increases. Typically
the numerical effort grows exponentially with
the number of degrees of freedom.
A scheme to simulate the evolution of a re‐
stricted set of observables of a quantum system
is proposed. The set comprises the spectrum‐
generating algebra of the Hamiltonian. Focus‐
ing on the simulation of the restricted set al‐
lows to drastically reduce the cost of the simu‐
lation. This reduction is the result of replacing
the original unitary dynamics by a special open‐
system evolution. This open‐system evolution
can be interpreted as a process of weak mea‐
surement of the distinguished observables per‐
formed on the evolving system of interest. Un‐
der the condition that the observables are
"classical" and the Hamiltonian is moderately
nonlinear, the open‐system dynamics displays a
large time‐scale separation between the relax‐
ation of the observables and the decoherence
of a generic state. This time‐scale separation
allows the unitary dynamics of the observables
to be efficiently simulated by the open‐system
dynamics on the intermediate time scale. The
simulation employs unraveling of the corres‐
ponding master equations into pure‐state evo‐
lutions, governed by the stochastic nonlinear
Schrodinger equation. The stochastic pure‐state
evolution can be simulated efficiently using a
representation of the state in the time‐
dependent basis of the generalized coherent
states, associated with the spectrum generating
algebra (24‐26). (Work of Michael Khasin).

In the weak coupling regime, at zero tempera‐
ture and for small excitations of the primary
system, both methods converge to the Marko‐
vian limit. When initially the primary system is
significantly excited, the spin bath can saturate
restricting the energy acceptance. An interac‐
tion term between bath modes that spreads the
excitation eliminates the saturation. The loss of
phase between two cat states has been ana‐
lyzed and the results for the spin and harmonic
baths are almost identical. For stronger coupl‐
ings, the dynamics induced by the two types of
baths deviate. The accumulation and degree of
entanglement between the bath modes have
been characterized. Only in the spin bath the
dynamics generate entanglement between the
bath modes.
We present quantum dynamical calculations for
the inelastic scattering of atoms at a nonrigid
surface at finite temperature. The surface de‐
grees of freedom are discretized and treated in
a multiconfigurational wave function picture.
The thermal averaging is carried out with the
random phase thermal wave function approach.
We show that it is sufficient to restrict the ran‐
dom phases to the intermediate basis of single
particle functions, discuss the convergence of
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the method with the number of configurations
and realizations, and analyze the flow of energy
between different parts of the system for a
range of temperatures between 4 and 500 K.
A scheme for calculating thermally averaged
observables for quantum dissipative systems is
presented. The method is based on a wavefunc‐
tion with equal amplitude and random phase
composed of a complete set of states, which is
then propagated in imaginary time. Application
to a Surrogate Hamiltonian simulation of a mo‐
lecule subject to an ultrafast pulse coupled to a
bath is studied. Comparing to Boltzmann ther‐
mal averaging, the method scales favorably
with increasing number of bath modes. A self‐
averaging phenomenon was identified which
reduces the number of random sets required to
converge the thermal average. (28‐29).

Figure 53: Flowchart of energy currents between the pri‐
mary system, the primary bath and the secondary bath.
The system and the primary bath are coupled via the Ha‐
miltonian interaction represented by the interaction
.
The primary and the secondary baths interact via the
“swap operation” .

DISSIPATIVE DYNAMICS

The surrogate Hamiltonian is a general scheme
to simulate the many‐body quantum dynamics
composed of a primary system coupled to a
bath. The method has been based on a repre‐
sentative bath Hamiltonian composed of two‐
level systems that is able to mimic the true sys‐
tem‐bath dynamics up to a prespecified time.
The original surrogate Hamiltonian method is
limited to short time dynamics since the size of
the Hilbert space required to obtain conver‐
gence grows exponentially with time. By ran‐
domly swapping bath modes with a secondary
thermal reservoir, the method can simulate
quantum dynamics of the primary system from
short times to thermal equilibrium. By averag‐
ing a small number of realizations converged
values of the system observables are obtained
avoiding the exponential increase in resources.
The method is demonstrated for the equilibra‐
tion of a molecular oscillator with a thermal
bath (30). (Work of David Gelman and Gil Katz).

We simulated the effects of two types of de‐
phasing processes, a nonlocal dephasing of sys‐
tem eigenstates and a dephasing of semilocal
eigenstates, on the rate and mechanism of elec‐
tron transfer through a series of donor‐bridge‐
acceptor systems, D‐BN‐A, where N is the num‐
ber of identical bridge units. Our analytical and
numerical results show that pure dephasing,
defined as the perturbation of system eigens‐
tates through the system‐bath interaction, does
not disrupt coherent electron transfer because
it induces no localization; electron transfer may
proceed through superexchange in a system
undergoing only pure dephasing. A more physi‐
cally reasonable description may be obtained
via a system‐bath interaction that reflects the
perturbation of more local electronic structure
by local nuclear distortions and dipole interac‐
tions. The degree of locality of this interaction is
guided by the structure of the system Hamilto‐
nian and by the nature of the measurement
performed on the system i.e., the nature of the
environment. We compare our result from this
semilocal model with an even more local phe‐
nomenological dephasing model. We calculate
electron transfer rate by obtaining non‐
equilibrium steady‐state solutions for the ele‐
ments of a reduced density matrix; a semigroup
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formalism is used to write down the dissipative
part of the equation of motion (31).

gated. Two theoretical frameworks, the adia‐
batic and the nonadiabatic, are compared with
experiment. The O2/Al system is chosen as a
representative example Figure 54. In the adia‐
batic approach there is no barrier to dissocia‐
tion. This fact contradicts experimental obser‐
vations of an increase of the dissociation prob‐
ability with incident energy. In this study a non‐
adiabatic framework is formulated where the
encounter takes place simultaneously on four
electronic surfaces, each representing a differ‐
ent charged oxygen species. The dynamics,
starting from an oxygen molecule in the gas
phase, is followed by solving the multichannel
time dependent Schrödinger equation. The
transition from the diabatic to the adiabatic
limit is explored by varying the nonadiabatic
coupling terms. By so doing the dissociation
probability dependence on incident energy
changes from a strong monotonic increase in
the diabatic case, to a flat dependence in the
adiabatic case. The influence of electronic
quenching is also studied, based on a numerical
solution of the Liouville von Neumann equation.
The dynamics subject to quenching shows a
stronger initial dependence on incident kinetic
energy leading to saturation. The general trend
is quite similar to the dynamics without quench‐
ing. (Work of Gil Katz and Yehuda Zeiri (34‐36)).

The dynamics of a system incorporating a con‐
ical intersection, in the presence of a dissipative
environment, is studied with the purpose of
identifying observable ultrafast spectroscopic
signatures. A model system consisting of two
vibronically coupled electronic states with two
nuclear degrees of freedom is constructed. Dis‐
sipation is treated by two different methods,
Lindblad semigroup formalism and the surro‐
gate Hamiltonian approach. Pump‐probe expe‐
rimental expectation values such as transient
emission and transient absorption are calcu‐
lated and compared to the adiabatic and di‐
abatic population transfer. The ultrafast popula‐
tion transfer reflecting the conical intersection
is not mirrored in transient absorption mea‐
surements such as the recovery of the bleach.
Emission from the excited state can be sup‐
pressed on the ultrafast time scale, but the exis‐
tence of a conical intersection is only one of the
possible mechanisms that can provide ultrafast
damping of emission (32,33). (Work of David
Gelman and Gil Katz).
DYNAMICS ON METAL SURFACES

OXYGEN DISSOCIATION ON METALS
The dynamics of charge transfer processes of
oxygen on metal surfaces has been investi‐
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Figure 54: Flowchart of the possible events leading to the dissociation of oxygen on aluminum. The asymptotic stable species
are designated as rectangles. The products are in green, the reactants in brown. The red arrows represent charge transfer
events, the blue represent back charge transfer events. The dashed and broken arrows represent secondary less probable
reaction roots.

Work of Solvejg Jorgensen and Faina Dobnikova
in collaboration with Micha Asscher.

PHOTOCHEMISTRY ON SURFACES
A theoretical model to examine steric effects in
electron‐adsorbate interactions was developed.
The model is based on a short‐lived anionic ex‐
cited state formed by vertical photoelectron
transition. An initial wave packet propagates on
the excited‐state potential and is quenched
back to the ground state after a short residence
time. The acquired momentum is the origin for
desorption and dissociation. It is shown by
quantum time‐dependent modeling of the
process that the orientation of the molecule has
a profound effect on the kinematics of the pho‐
todesorption. The Br‐up configuration is calcu‐
lated to have a much larger desorption cross
section. It is predicted that the adsorbed mole‐
cule tilt angle with respect to the surface nor‐
mal is larger for the Br‐up configuration (37).

The photodesorption of NO from NiO is studied
from first principles, with electronic relaxation
treated by the use of the surrogate Hamiltonian
approach. Two nuclear degrees of freedom of
the adsorbate‐substrate system are taken into
account. To perform the quantum dynamical
wave‐packet calculations, a massively parallel
implementation with a one‐dimensional data
decomposition had to be introduced. The calcu‐
lated desorption probabilities and velocity dis‐
tributions are in qualitative agreement with
experimental data. The results are compared to
those of stochastic wave‐packet calculations
where a sufficiently large number of quantum
trajectories is propagated within a jumping
wave‐packet scenario (38). (Work of Christiane
Koch in collaboration with H.‐J. Freund ).
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We organized the conference: Nonadiabatic
Processes on Surfaces, Ein‐Gedi Israel 11‐15
January 2004. Organizers: Ronnie Kosloff
,Yehuda Zeiri, Micha Asscher and Eli Kolodny.

simulate the spectrum of the molecule with the
idea to supply a solid base for the construction
of remote detectors. (39‐43) (Work of Faina
Dubnikova and Yehuda Zeiri).
We organized the International Symposium on
Improvised Explosives. Rosh Hanikra Israel May
2008. Organizers: Yossi Almog, Yehuda Zeiri,
Zippi Tamiri, Ehud Keynan and Ronnie Kosloff.

PUBLIC SERVICE
Improvised explosives are a threat to society.
For example, peroxide‐based explosives have
not been used extensively in civilian or military
applications due to their high sensitivity to me‐
chanical impact. Unfortunately, the ease of syn‐
theses of some of these, particularly triacetone
triperoxide (TATP), diacetone diperoxide
(DADP), and hexamethylene triperoxidediamine
(HMTD), from readily available chemicals makes
them popular for improvised explosive devices
(IEDs). A number of studies have been con‐
cerned with the synthesis, structures, proper‐
ties, and methods of analysis of these and other
cyclic peroxides. Sometimes they are used as
the main charge, but since they are sufficiently
unstable, terrorists generally only use them as
the initiating explosive. These materials are
white, often as innocuous looking as sugar, and
unlike conventional explosives they contain no
nitro groups, nor do they have metallic ele‐
ments, as many initiating explosives do. There‐
fore, there is a great demand for analytical me‐
thodology capable of detecting these materials.
Moreover, since the peroxide‐based explosives
have been used in a large number of suicide
bombings, stand‐off detection methodologies
are essential.
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(7)

(8)
(9)
(10)
(11)

We devoted significant effort to study the ex‐
plosive properties of triacetone triperoxide
(TATP) and diacetone diperoxide (DADP). The
thermal decomposition pathway of TATP was
investigated by a series of calculations that
identified transition states, intermediates, and
the final products. Counterintuitively, these
calculations predict that the explosion of TATP
is not a thermochemically highly favored event.
It rather involves entropy burst, which is the
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Beirat Accordingly we report on two directions
that are currently in progress. Both involve the
issue of the motion of the nuclei, possibly dur‐
ing and then after the pulse. The issue is if one
can have control over the chemistry by control‐
ling the nature of the electronic wavepacket
that is excited. This is discussed in a technical
appendix.

THE RESPONSE OF THE NUCLEI TO UL‐
TRAFAST QUANTUM DYNAMICS OF
ELECTRONS
Motivation for this work
Our work on attosecond electron dynamics has
been described in earlier annual reports to the
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Figure 55: Time‐dependent photoelectron spectrum of the Trp‐Ala‐Ala‐Ala cation, computed as discussed in 1. The energy of
the probe ionizing pulse is 95 eV, its effective duration is sub fs so that broadening of the peaks is due to the pump laser that
needs to have a width larger than the inherent energy width of the non stationary electronic state.

this point are two seminal papers by Weinkauf
and Schlag. They were able to cause a site selec‐
tive localized ionization of a linear peptide and to
demonstrate that dissociation of the ion does
take place within a μs or so and that the dissoci‐
ation was site specific. This work led to the con‐
cept of ‘charge directed reactivity’ namely that
the charge migrates along the backbone of the
peptide and dissociation is an indicator of where
the charge is. Our detailed dynamical computa‐
tions (Remacle and Levine 1998; Remacle, Levine
et al. 1998; Remacle and Levine 1999; Remacle,
Levine et al. 1999) provided in depth support for
this idea. In view of current debates we emphas‐
ize that we showed that while the propagating

The background to our work is a paper written
sometime ago by E. W. Schlag of the TUM and
me. This work was recently reviewed. The expe‐
rimental point made is that biomolecules are
observed to fragment in a conventional electron
impact ionization mass spectrometry. The design
of conventional mass spectrometers means that
these molecules dissociate with a lifetime short‐
er than about a μs. Yet by conventional theory
there are far too many vibrational states so that,
if the available energy is indeed equilibrated
amongst them then the probability that suffi‐
cient energy becomes localized in the dissocia‐
tion coordinate within a μs is negligible. Amongst
the experiments that were designed to examine
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charge is correlated with the charge density on
the molecule the effect is not due to electron
correlation. Rather it reflects a general situation
to be expected in compartmentalized molecules.
Independent theoretical work by Weinkauf and
Schlag led to the same conclusion. They tend to
refer to it as ‘downhill charge transport’.
With the advent of attosecond few cycle laser
pulses there arose the possibility to directly
pump and probe the phenomena. On the ocas‐
sion of the 75th birthday of E. W. Schlag we
wrote a special paper about it showing in par‐
ticular the temporal evolution of the photoelec‐
tron spectrum that can serve as a probe, see
Figure 55.
We have performed detailed computational stu‐
dies of charge migration in the molecules studied
by Weinkauf and Schlag. This showed that the
essence of the phenomena is the preparation of
an electronic wavepacket or, in other words, a
linear superposition of stationary electronic
states. Typical results are shown in Figure 56.
The conclusion that it is an electronic wavepack‐
et was finally settled in our fully ab‐initio studies
with Mathias Nest in which the laser pulse was
part of the Hamiltonian. Previous annual reports
to the Beirat provided extensive documentation
of this work including the control of the motion
of the center of charge.

Figure 56: Charge migration of the hole density created by
selectively ionizing the HOMO of the neutral peptide TrpA‐
laAlaAla. It takes ≈ 0.75 fs for the hole to migrate at the N‐
end (right) and 1.5 fs to be localized again at the Trp‐end
(left).

A second direction is to fully describe the nuclear
wavepacket following an ultrafast electronic ex‐
citation. This is also of theoretical interest be‐
cause the nuclei move coherently on several
electronic states.
Last, we continue the collaboration with the
group of Krausz at the MPQ and are currently
engaged in computations for several molecules
that are of potential experimental interest.

The first direction of the current work, in colla‐
boration with Tillmann Klamroth and Mathias
Nest and with Francoise Remacle is to compute
the force on the nuclei. In a stationary state this
can be done using the Hellmann‐Feynman theo‐
rem. The only practical condition is that the elec‐
tronic wavefunction needs to be accurate
enough because, unlike the energy, the com‐
puted force is not variationally stable. For the
present application we need to derive an analo‐
gue of the Hellmann‐Feynman theorem for non
stationary states and to apply it. A technical re‐
port, attached, provides details.
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retical chemistry conference (The first THEO‐
CHEM meeting), which took place in Jerusalem in
October 2002. This meeting has been a great
success and has paved the way for more success‐
ful meetings since then. Several international
meetings involving members of the center which
took place afterwards are listed in Sec. 4.2 be‐
low. In particular, in March 2005, on the occa‐
sion of the Beirat meeting we held a special
symposium on Biophysical Dynamics where,
apart from several German and other distin‐
guished speakers, most lectures were given by
young faculty members from different Israeli
institutes. This has been a very successful and
inspiring meeting. In 2007 the center organized
a Symposium on molecular conductance and
supported many scientific conferences organized
by its members (see appendix in part IV for de‐
tails).

INTRODUCTION
The scientific activity at the center has always
been intense. Usually, about fifty scientists par‐
ticipate in this activity, including graduate stu‐
dents, post‐doctoral fellows, visitors and faculty.
There have been many added values to this ac‐
tivity, in addition to the many publications sum‐
marizing the research in the various groups. The
Fritz Haber seminar, now running continuously
for over twenty years, has become an “institu‐
tion”, hosting and attracting numerous scientists
‐ from world leaders in their field to graduate
students delivering their first public talk.
The center and its activities have attracted nu‐
merous young scientists to carry out their post‐
doctoral research or graduate studies at the He‐
brew University. Over the years we have bene‐
fited from the presence of many dozens of post‐
doctoral fellows from Europe, the US and other
countries around the world. Even during the dif‐
ficult intifada times in Israel, and especially here
in Jerusalem, there were several foreign post‐
doctoral fellows actively pursuing research at the
Fritz Haber center.

SYMPOSIA SUPPORTED
CENTER (2002‐2008)

BY

THE

The Center and Members have organized nu‐
merous international meetings and symposia
since its foundation. The Center also supports,
generally modestly, symposia in research fields
related to its scientific activities; especially sym‐
posia involving the Center’s members in the or‐
ganizing committees, or as invited speakers. Be‐
low, is the list of meetings supported since 2003.

Our many young excellent graduate students
have always been an enthusiastic and exciting
element in the center. Many of our former grad‐
uate students are now serving as senior scien‐
tists in various industrial companies, as well as in
government and private research laboratories.
Many others are among the leading scientists in
academic institutes in Israel. Many are faculty
members in leading foreign universities.

ISRAEL THEOCHEM
The Fritz Haber Center initiated this first Israeli
meeting on Theoretical Chemistry. It was orga‐
nized by Professors B. Gerber, V. Buch, N. Agmon
and R. Baer. It took place in Jerusalem in 9‐10,
October 2002.

The center has a well established tradition of
organizing and supporting scientific meetings in
Israel on Molecular Dynamics and related fields,
notably those where center members are in‐
volved in the organization (see appendix in part
IV for details). To encourage theoretical chemi‐
stry research in Israel, The Fritz Haber Center has
initiated and organized a comprehensive theo‐

EIN GEDI WORKSHOP II: NON ADIABATIC
PROCESSES AT SURFACES
Prof. Kosloff organized this symposium which
took place at Ein Gedi, 11‐15 January, 2004.
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THE GENTNER SYMOPSIUM, IN HONOR OF
PROFESSOR ERICH SACKMANN: PHYSICS OF
BIOMATERIALS AND SOFT MATTER

SAFED WORKSHOP ON COOLING
THERMODYNAMICS OF SYSTEMS

AND

Professor Kosloff was on the organizing commit‐
tee of this workshop which was held at the Hotel
Merkazi in Safed, August 26‐31, 2007.

Professor Ben‐Shaul was a member of the orga‐
nizing committee of this MINERVA ‐ Gentner
symposium, which took place in the Nirvana ho‐
tel, Dead Sea, March 14‐17, 2004

SAFED SUMMER SCHOOL
FUNCTIONAL THEORY

SAFED WORKSHOP ON QUANTUM DISSIPA‐
TION

ON

DENSITY

Professor Baer was on the organizing committee
of this workshop which was held at the Hotel
Rimonim in Safed, September 1‐6, 2007.

Professor Kosloff was a member of the organiz‐
ing committee of this workshop which was held
at the Hotel Merkazi in Safed, August 29 to Sep‐
tember 4, 2004.

GENTNER SYMPOSIUM 2007 ON TIME DE‐
PENDENT DENSITY FUNCTIONAL THEORY
Professor Baer was the chairman of the organiz‐
ing committee of this MINERVA‐Gentner Sympo‐
sium. Hilton Queen of Sheba, Eilat 16‐21 2007.

FRITZ HABER SYMPOSIUM ON BIOPHYSICAL
DYNAMICS
Professors Kosloff and Agmon were members of
the organizing committee of this workshop,
which was held at the Jerusalem Mt Zion Hotel,
March 13‐14, 2005.

DIFFUSION, SOLVATION AND TRANSPORT
OF PROTONS IN COMPLEX AND BIOLOGI‐
CALS SYSTEMS
Professor Agmon was a member of the organiz‐
ing committee of this ISF workshop. Hilton
Queen of Sheba, Eilat 13‐17 2008.

SAFED WORKSHOP ON QUANTUM THER
MODYNAMICS
Professor Kosloff was on the organizing commit‐
tee of this workshop which was held at the Hotel
Merkazi in Safed, September 17‐19, 2006.

DIFFUSION, SOLVATION AND TRANSPORT
OF PROTONS IN COMPLEX AND BIOLOGI‐
CALS SYSTEMS

TAIWAN‐ISRAEL BINATIONAL MEETING:
DYNAMICS ON MANY LENGTH (AND TIME)
SCALES

Professor Agmon was a member of the organiz‐
ing committee of this ISF workshop. Hilton
Queen of Sheba, Eilat 13‐17 2008.

Professor Levine was on the organizing commit‐
tee of this bi‐national meeting held at the Israel
Academy of Sciences and Humanities in Jerusa‐
lem March 13‐14, 2007.

BAT‐SHEVA DE ROTHSCHILD SEMINAR ON
ULTRAFAST‐ULTRACOLD PROCESSES
Professor Ronnie Kosloff was a member of the
organizing. February 24 ‐ February 29, 2008.

FRITZ HABER DOUBLE‐DAY SYMPOSIUM ON
CONDUCTION IN MOLECULAR SYSTEM

1ST INTERNATIONAL SYMPOSIUM ON IM‐
PROVISED EXPLOSIVES

Professors Baer and Kosloff organized this
double‐day symposium on conduction at Yad
Hashmona, June 10‐11, 2007.

Organizer: Professor Kosloff, May 18 – 22, 2008.
Venue: Rosh Hanikra Holiday Village.
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FROM MACROMOLECULAR TO CELL BIO‐
PHYSICS

DEVELOPING TEACHING MATERIAL
For several years now, groups in the center have
been developing unique teaching aids for quan‐
tum mechanics. The tools can be seen in the cen‐
ter website under the “Science Education” tab.
The tools are Java 3D applets which describe
many aspects of quantum mechanics in a way
that is easily grasped by students and scientists.
Here you will find applets that allow the manipu‐
lation of wave functions, their time evolution,
calculation of correlation functions s and even
the Wigner distribution point of view.

Dr. Daniel Harries was a member of the organiz‐
ing committee. June 3 ‐ June 4, 2008.
GENTNER SYMPOSIUM ON PROTON MOBIL‐
ITY IN CHEMICAL AND BIOLOGICAL SYS‐
TEMS
Professor Noam Agmon is chair of the organizing
committee. February 7 ‐ 12, 2010 in Maagan
Village.

Figure 57: In this applet the simulation of a well known experiment, in which electrons accelerated by an electron gun, shot
at a metal surface on which they impinge and scatter towards a fluorescent screen. A bright dot appears on the screen
where an electron collided with it. The electron impingement continues at a rate determined by the student (the cur‐
rent/Amperes). The student can also control the velocity (Voltage/Volt) of the electrons. The applet is 3 dimensional so the
students can rotate it and see the electron gun and the positions of the metal surface (right panel).

brighter than others. These brighter spots are
formed when many electrons tend to impinge
at the locations where the wavefunction has
maxima. Third, the interference pattern of
bright spots toggles between hexagonal to
square when the student switches the metal
surface serving as a grating from Platinum to
Copper. Fourth, the student can study the de‐
Broglie relation
/ between the particle
aspect, namely the “momentum” , and the
wavy aspect, namely the “wave length” (the
constant is “Planck’s constant”). By changing
the velocity of the electrons shot at the screen,
the student can explore the relation between
velocity and the distance between bright spots
which reflects the wave length.

An example of an applet is described graphically
in Figure 57. It simulates graphically a well‐
known experiment where electrons shot from
an electron gun hit a metal surface and scatter
onto a fluorescent screen. This applet teaches
the students several basic concepts in quantum
mechanics. First, particles such as electrons
have a wavy aspect since they exhibit interfe‐
rence pattern onto the screen. Second, the
quantum mechanical wave function is a proba‐
bility amplitude wave: the student can lower
the rate electrons are shot at the screen and
thus observe each electron separately as it im‐
pinges on the screen in a random location, un‐
correlated with the other electrons. The stu‐
dent will see that some points on the screen are
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ISRAEL‐GERMANY EXCHANGE PROGRAM
OCTOBER 2007‐ SEPTEMBER 2008
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OCTOBER 2006‐ SEPTEMBER 2007
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OCTOBER 2005‐ SEPTEMBER 2006
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OCTOBER 2004‐ SEPTEMBER 2005

•

Visit Covered from relevant Beirat item in the budget.

85

PART II: CENTER ACTIVITIES AND BUDGET

OCTOBER 2003‐ SEPTEMBER 2004
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OCTOBER 2002‐ SEPTEMBER 2003

*Travel to present research to the evaluation committee
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OCTOBER 2001‐ SEPTEMBER 2002
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BUDGET
OCTOBER 2007‐ SEPTEMBER 2008
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OCTOBER 2006‐ SEPTEMBER 2007
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OCTOBER 2005‐ SEPTEMBER 2006
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OCTOBER 2004‐ SEPTEMBER 2005
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OCTOBER 2002‐ SEPTEMBER 2003
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OCTOBER 2001‐ SEPTEMBER 2002
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PART III: STATUS REPORT DECEMBER 2008
• Prof. Satrajit Adhikari (Kolkata, India)
• Dr. Madeleine Pincu (UCLA).

PERSONNEL

POSTDOCTORAL FELLOWS AND
SEARCH ASSOCIATES (2007‐2008)

MEMBERS OF THE CENTER
• N. Agmon, Ph.D., Professor of Theoretical
Chemistry
• R. Baer. Ph.D., Professor of Theoretical Chemi‐
stry
• A. Ben‐Shaul, Ph.D., Sherman Professor of
Theoretical Chemistry
• V. Buch, Ph.D., Professor of Theoretical Chemi‐
stry
• R.B. Gerber, D.Phil., Fiedler Professor of Che‐
mistry
• D. Harries, Ph.D., Senior Lecturer of Theoretical
Chemistry
• R. Kosloff, Ph.D., Sonneborn Professor of Theo‐
retical Chemistry
• R.D. Levine, Ph.D., D.Phil., Max Born Professor
of Natural Philosophy

RE‐

• Dr. Esther Livshits
• Dr. Helen Eisenberg (Israel)
• Dr. Shimshon Kallush (Israel)
• Dr. Jennifer Galanis
• Dr. Y. Kurzweil (Israel)
• Dr. L Cwiklik
• Dr. B. Cwiklik
• Dr. Iad Suan (Israel)
• Dr Michal Steinberg (Israel)
• Dr. Soohyung Park (Korea)
• Dr. Yifat Miller
• Dr. Jiri Sebek
• Dr. Saieswari Amaran
• Dr. Chen Levi

RESEARCH STUDENTS 2007‐2008

THE RESEARCHERS OF THE CENTER

Amshallem, M., PhD, Bar, L., M.Sc., Baratz A.
PhD., Brill, Y., PhD, Buchman, O. PhD, Cohen, A.,
PhD, Cnaani R PhD, Gershon, T PhD, Goldstein,
M., PhD, Granot, R., PhD, Gross, A., PhD, Hassin,
M., PhD, Hirshberg B., PhD., Klein, M., PhD, Mar‐
kowitz, O. PhD, Muscatal, H. PhD, Polity, R., PhD,
Richke N Msc, Razek, Y., Rajwan M, PhD, Sala‐
meh, S. PhD, Safer, Sagi, E, MSc, G. M.Sc., Segev,
E., PhD, Shachar A. N., M.Sc., Shinobo, Ai, MSc,
Shmiloviz‐Ofir M., PHD, Slavin, O. MSc, Steinitz,
D., PhD., Sukenik, S. MSc., Tokarski, S., M.Sc.,
Tzivyon, U.O., PhD, Zmiri, L. MSc. Tzlil S, PhD.

There are over 50 scientists at the Center, includ‐
ing professors, visitors, post‐ doctoral fellows
and graduate students. Two system managers
are responsible for the maintenance and fre‐
quent upgrading of the diverse computing facili‐
ties of the Center and those of its members.

SCIENTIFIC (NON‐FACULTY) STAFF
• Dr. Brina Brauer
• Dr. Faina Dubnikov
• Dr. Tova Feldman
• Dr. Gil Katz

ADMINISTRATIVE‐TECHNICAL
STAFF

VISITING FACULTY FOR 2007/8 (LONG
VISITS)

The center’s administrator is Ms. Geula Levy who
is in charge of the smooth operations of the cen‐
ter. The entire administrative work at the center
which involves following up and allocating funds
to the many budgetary items, the purchase of
equipment, taking care of all the visitors and
students, and coordinating these activities with

• Dr. Mattias Nest (Potsdam, Germany)
• Prof. A. Dell‐Hammerich (University of Illinois)
• Dr. Ch. Koch (Berlin, Germany)
• Prof. F. Remacle (University of Liege)
• Dr. V. Teif (Inst. of Bio‐Organic Chemistry, Bela‐
rus Nat. Acad. Sci., Minsk)
• Prof. D. Neuhauser (UCLA)
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the Hebrew University’s administration ‐ all this
workload is shouldered most efficiently by Ms.
Levy.

NUMBER‐CRUNCHING RESOURCES
There are currently over 250 computer cores,
mostly Intel 32 bit machines running Linux.
These are grouped in 7 distributed memory clus‐
ters, owned by the different members of the
centers but managed by the System Administra‐
tor. Some of the groups have recently purchased
64bit computing environments, and there are
already 16 nodes of 64 bit dual core Optron ma‐
chines. Some of the clusters are connected to
the university grid by the MOSIX software devel‐
oped by Professor Amnon Barak from our com‐
puter science department. This software will be
installed in all clusters of the center and will al‐
low efficient seamless resource sharing by mem‐
bers of the center. Additionally a strong SGI
shared memory computer with 8 2‐CPU diskless
nodes Itanium‐II processors with 64GB shared
memory and a single system image has been
purchased.

Mrs. Eva Guez, the center’s secretary since its
inception, has retired in September 2001. Eva is
still helping us on a part time basis, including in
the preparation of this report.
Our complex and diverse computing services are
taken care of by a professional system manager
helped by a part time assistant system manager.
The current system manager is Mr. Michael Vi‐
lenkin, who performs an excellent job in main‐
taining and upgrading our computational infra‐
structure. Most valuable help in maintaining and
developing the computing facility in the center is
provided by Mr. Max Tkach, who works at the
center part time.
The Institute of Chemistry supports the basic
salary of the system manager (Mr. Vilenkin). The
part time system manager assistant; extra hours,
travel expenses and many other benefits are
paid from the center’s budget.

OTHER USER SERVICES
The computer services were based on a 10‐disk
RAID protected storage system, with about 1.5
Terra‐byte volume. This server provides shared
program access, YP authorization, home directo‐
ry services and POP/IMAP mail services, printing,
group website hosting etc. This server has failed
twice at the end of 2007 and we have decided to
replace it with a new system in 2008. In parallel
we also maintain two Windows 2003 domain
servers with 450 GB disk space that provide ac‐
tive directory services, terminal services (remote
desktop), such as DNS, authorization, home di‐
rectory, FTP, printing, virus protection. of shared
storage for the various users of Windows. In ad‐
dition we have Mac‐OS workstation connected
to the Center Linux authorization system. All the
clusters, workstations and servers are connected
by switched 100Mb Ethernet with a 1Gb back‐
bone network. Laptop owners can use the uni‐
versity installed wireless connection network
with a 54Mb speed.

CENTER COMPUTING RESOURCES
The computer facility of the Center is the prin‐
cipal research tool of all scientists in the center.
Most of the computers are purchased by the
different researchers from their personal grants.
The center offers to the researchers the services
of a System Manager and his assistant.
The System Manager since April 2007 is Mr. Mi‐
chael Vilenkin, and his assistant is Mr. Max
Tkach. They are responsible for the maintenance
and development of our computer services,
which include both equipment of the Center, and
machines used by individual groups. Computa‐
tional research activities in all the groups depend
heavily on the smooth functioning of the unit.
This team also maintains the webpage of the
center.
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PART IV: APPENDICES
LIST OF VISITORS AND SEMINARS 2002‐2008
Below we list the visitors and speakers in the Fritz Haber seminars during the period 2003‐2007. We
also mention the numbers of scientists attending the various workshops and symposiums which the
center has organized in this period.
Date
30.12.01
13.1.02
1.1.02
7.1
11.2.02
625.1.02
8.1.02
10.1
1.2.02
21.1
1.02.02
14.3.02

Speaker
Prof. E.E.B. Campbell, MBI Berlin

Title
Fullerene Collisions

Dr. A. Agnon, Inst. of Earth
Sciences, HU
Dr. M. Roeselova, J. Hyrovsky Inst.,
Prague

Friction and the Brittle Instability

Dr. B. Schaefer‐Burg, Humboldt
Univ., Berlin
Dr. Y. Elran, Weizmann Institute
Dr. P. Jungwirth, Czech Acad. Sci.

25.4.02
2.5.02

Dr. M. Vatasescu, Inst. of Space
Science, Bucharest
Prof. R.B. Gerber, Hebrew Universi‐
ty
Prof. P. Devlin, University of Okla‐
homa
Prof. N. Tishby, Hebrew University
Prof. A. Kuppermann, Caltech

23.5.02

Dr. R. Baer, HU

27.5.02

Prof. A. Goldblum, School of Phar‐
macy, HU

6.6.02

Prof. O. Agam, Hebrew University

16
25.6.02

Dr. E. Geva, University of Michigan

20
21.6.02
24.6.02

Prof. V. Mandelshtam, UC San Di‐
ego
Prof. R. Schweitzer‐Stenner, Univ.
of Puerto Rico
Prof. R. Schweitzer‐Stenner, Univ.
of Puerto Rice
Prof. P. Devlin, Oklahoma State
Univ.
Dr. I. Borukhov, UCLA

29.4.02

23
25.10.02
7
15.11.02
26.11.02
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Electron Photodetachment in Halogen‐Water
Complexes: From Classical to Quantum Descrip‐
tion
Coherent Control
Between Quantum and Classical Mechanics: Se‐
miclassical Calculation of Molecular Dynamics
Large Polyatomic Systems
Cold Molecules
Photochemistry and Formation of New Mole‐
cules in Low‐Temperature Solids
Ice Surface Systems
Principled Selection of Relevant Variables
Quantum Reaction Dynamics for Multiple Elec‐
tronic States
Born‐Oppenheimer Invariants Along Nuclear
Paths
Many Needles in a Haystack: Finding the Global
Optimum and Best Populations on Biomolecular
Systems
Projecting the Kondo Effect: Theory of the Quan‐
tum Mirage
Calculating Quantum Mechanical Solution‐Phase
Vibrational Energy Relaxation & Reaction Rate
Constants
Harmonic Inversion
Structure of Tripeptides in Solution Revealed by
Visible Raman. FTIR and Vibrational Spectroscopy
Tripeptide Structure
Ice Surface Spectra
Linker‐Assisted Biopolymer Aggregation
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3.12.02

Dr. D. Boese, WIS

10.12.02

J. Kazimirski, HU

23
24.12.02
24.12.02

Prof. H.T. Chua, Univ. of Singapore

31.12.02

C. Yinnon, HU

20.11.03

Prof. Y. Band, BG University

26.11
3.12.03
29.12.03

Prof. F. Masnou, CNRS Paris

4.12.03

Development and Assessment of Exchange‐
Correlation Functionals
Search of Low Energy Minima in Water Clusters
Using Diffusion Monte Carlo
Thermodynamics of Cooling

Dr. A. Shurki, USC, LA

Prof. P. Devlin, Oklahoma State
University
Prof. S. Safran, Weizmann Inst.

17
18.12.03
18.12.03

Dr. A. Schiller, Racah Inst. HU

25.12.03

Dr. D. Harris,

1.1.04

Prof. G. Kurizki, Weizmann Inst.

8.1.04

Prof. E. D. Tannenbaum, Harvard
University
EIN‐GEDI WORKSHOP
Non‐Adiabatic Processes on Surfac‐
es Organizers: M. Asscher, E. Ko‐
lodney, R. Kosloff & Y. Zeiri

11
15.1.04

Dr. Hui Tong, Singapore Univ.
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What Can Computers Tell Us About Enzyme Ca‐
talysis?
Hydrogen Bond Chemistry of Carbon Cluster
Complexes ‐ Catalysis, Vesicles, Liquid Crystals
and Gene Delivery
Density Functional Theory for Bose Condensed
Systems
Formation of Ultracold Molecules: What Did We
Learn?
Ice Surface Clusters
Membranes in Periodic Potentials: Physics of Red
Blood Cells
Thermodynamics
Coulomb Blockade and non‐Fermi‐Liquid Beha‐
vior in Quantum Dots
NIH Stressing Macromolecules: Osmotic Action
on the Nanometer Scale
Manipulation of Entanglement and Decoherence
in Molecules
Semiconservative Replication in the Quasispecies
Model
Non‐Adiabatic Processes on Surfaces Organizers:
M. Asscher, E. Kolodney, R. Kosloff & Y. Zeiri Dr.
H.L. Abbott, University of Virginia: Vibrational
State Resolved Dissociative Chemisorption of
Methane on Ni(100) Prof. D. Auerbach, Hitachi
Technologies: Probing Nonadiabatic Coupling in
Molecular Interaction with Surfaces
Prof. R. Baer, HU: Electronic Processes and Tran‐
sition on Surfaces ‐ A Time Dependent Density
Functional Approach Prof. L.S. Cederbaum, Hei‐
delberg:
Beyond Born‐Oppenheimer: Molecular Dynamics
Through A Conical Intersection Prof. D. Chakarov,
Goteborg, Sweden: Photo Physics and Photo
Chemistry of Ice Films on Graphite
Dr. M.P. de Lara‐Castells, Inst. de Mat. y Fisica
Fundamental, Madrid, Spain: Nonadiabatic Ef‐
fects in the Light‐Induced Desorption of O2 from
the TiO2 (110) Surface
Prof. V.A. Esaulov, Lab. des Collisions Atom. and
Molec. Universite de Paris Sud, France: Electron
Transfer Processe in Ion/Atom Scattering on Sur‐
faces
Prof. H.‐J. Freund, Chem. Phys., Max Planck, Ber‐
lin: Photodesorption from Oxides and Deposited
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Metal Clusters: REMPI and 2PPE Investigations
Prof. J.W. Gadzuk, NIST, Gaithersburg: Produc‐
tion and Deterction of Chemically‐Induced Hot
Electrons in Surface Processes: X‐Ray Edges, Dri‐
ven Oscillators, Friction
Dr. E.D. German, Technion: Theory of Dissocia‐
tive Adsorption Kinetics of Diatomic Prof. A.
Gross, Physik Dept., TU Muenchen: Multidimen‐
sional Mixed Quantum‐Clasical Description of the
Laser‐Induced Desorption of Molecules Prof. I.
Harrison, University of Virginia: Photoinduced
Electron Transfer Chemistry and Dissociaiton of
Adsorbed CO2: Harnessing
A‐Scale Molecular Acceleration Towards a Sur‐
face
Prof. E. Hasselbrink, Chem., Duisburg‐Essen:
Non‐adiabatic Pathways in the Dissociative Ad‐
sorption of Simple Molecules in the Al(111) Sur‐
face Prof. U. Hoefer, Physic Dept, Philipps Univ.,
Marburg:
Time‐Resolved Two‐Photon Photoemission of
Ar/Cu‐Interface States Prof. S. Holloway, Surf.
Scie. IRC, Univ. of Liverpool: Dynamics of Spin
Transition in the Adsorption of Hydrogen Atoms
on Metals Prof. A. Hoffman, Technion: Initial
Stages of Oxygen Adsorption on Al(100) Surfaces
Studied by Photoelectron Spectroscopy and Low
Energy Ion Scattering Dr. S. Jorgensen, Inst. of
Chemistry, HU: Adsorbate Orentational Depen‐
dent Photoinduced
Desorption of CH3Br on Ru(001) Dr. A. Kaplan,
Technion & University of Birmingham: Implanting
Atomic Ions into Surface Adsorbed Fullerenes:
The Single Collision Formation and Emission of
Endohedral Complexes Prof. B. Kasemo, Chal‐
mers and Goteborg University: Spontaneous and
Photo‐induced, Non‐adiabatic Procesess on Ex‐
tended and Nanoscale Surfaces Dr. G. Katz, Fritz
Haber, HU: Abstractive Dissociation of Oxygen
Over Al(111): A Nonadiabatic Quantum Model
Dr. Th. Kluener, FH Inst., Berlin:
Theoretical Investigation of Photochemical Reac‐
tions on Surfaces from First Principles Prof. A.C.
Kummel, UC San Diego: Hyperthermal Ejection of
Halogen Atoms from the Reaction of Diatomic
Halogens on the Al(111) Surface: Evidence of A
Vertical Electron Harpooning Mechanism Dr. Y.
Lilach, HU:
Steric Effect in Electron‐Molecule Interaction
Prof. D. Menzel, TU Munich: Ultrafast Charge
Transfer and Localized Bond Breaking at Surfaces
Prof. N. Moiseyev, Technion: Trapping of Elec‐
trons Due to Nonadiabatic Processes Prof. R.
Naaman, Weizmann Inst.: Surprising Electronic
Properties of Two Dimensional Chemical Systems
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29.1.04
15
31.1.04
14
28.2.04
24.2
23.3.04
4.3.04

Dr. A. Vardi, BG University
Prof. T. Seideman, Chemistry,
Northwestern University:
M. Kjellberg,

519.3.04
14
17.3.04

Prof. W. Rethig,
GENTNER SYMPOSIUM on The
Physics of Biomaterials and Soft
Matter Nirvana Hotel, Dead Sea.
Organizers: D. Andelman (TA), A.
Ben‐Shaul (J’lem), S. Safran (Weiz‐
mann) T. Bayerl (Wurzburg), H.
Gaub (Munich), R. Lipowsky (Golm)
and H. Mohwald (Golm)

Prof. A. Nitzan, Chemistry, TAU: Timescale Con‐
siderations in Electron Transfer and Electron
Transmission Dr. I.D. Petsalakis, Theoret. and
Phys. Chem. Inst., National Hellenic Research
Foundation, Athens: Theoretical Study of Adsorp‐
tion of Halogen‐Substituted Benzene on a Si(111)
Surface Prof. U. Peskin, Technion, Haifa: Modula‐
tions of Electronic Tunneling Rates
Through Flexible Molecular Bridges by a Disspa‐
tive Super‐ Exchange Mechanism Prof. P. Saal‐
frank, Chemistry, University of Potsdam: Quan‐
tum Dynamics of Non‐Adiabatic Procesess at
Surfaces Dr. B. Segev, BG University, Beer Sheva:
The Evanescent‐Wave Mirror for Cold Atoms
Prof. T. Seideman, Chemistry, Northwestern Uni‐
versity: Nonadiabatic Vibronic Dynamics as a
Tool. From Surface Nanochemistry to New Forms
of Molecular Machines Dr. G. Theodorakopoulos,
Theoret. and Phys. Chem. Inst., National Hellenic
Research Foundation, Athens: Theoretical Study
of Reactions of Benzene and Dibromobenzene at
a Si(111) Surface Prof. M. Wolf, Freie Univ. Ber‐
lin:
Ultrafast Dynamics of Non‐adiabatic Processes at
Interfaces: From Surface Femtochemistry to Co‐
herent Phonon Excitation Prof. Xiaoyang Zhu,
Univ. of Minnesota: Understanding Electron
Transfer at Molecule‐ Metal Junctions: A Spec‐
troscopic Approach
Second‐sound Solutions in Ultracold Gases
Nonadiabatic Vibronic Dynamics as a Tool

Dr. Ch. Koch, CNRS, Paris

Formation of Ultra Cold Molecules

Dr. E. Pazy, BG University

pin‐Based All‐Optical Quantum Computation
employing Semiconducting Quantum Dots
Photochemistry of Excited State Reactions
Session I: Physics of Cell Adhesion (R. Lipowsky,
Chair) P.G. de Gennes (Curie): Adhesion and Fric‐
tion of Soft Objects and/or cell Motions B. Geig‐
er, (Weizmann):
Mechanosensitive Interactions Association with
Cell Adhesion and Migration R. Merkel (Julich):
Kinetics of Single Bonds Under the Influence of
Piconewton Forces
D. Roux (Bordeau): Adhesion of Colloids on Cells
U. Seifert (Stuttgart):
Pulling on Biopolymers, Adhesion Patches and
Vesicles: Theoretical Case Studies about the Ef‐
fect of Forces in Model Systems M. Tanaka (Mu‐
nich): Polymer Supported Membranes as Bio‐
functional Interfaces and Cell Surface Models
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M. Kozlov (Tel‐Aviv): Focal Contacts as Mechano‐
sensors: A Thermodynamic Model Session II:
DNA Physics(H. Gaub, Chair) A. Minsky (Weiz‐
mann): Physical and Structural Aspects of DNA
Repair: Role of Restricted Diffusion
E. Braun (Technion): From DNA to Transistors by
Sequence‐Specific Molecular Lithography
W. Helfrich (Berlin):
Electro‐Optically Switchable Columnar Liquid
Crystals: Modeling and Conjectured Structure
Session III: Cytoskeleton and Actin(H. Mohwald,
Chair) E. Sackmann (Munich):
Micro‐viscoelasticity of Cells F. Mackintosh (Ams‐
terdam): Elastic Response of Cytoskeletal Net‐
works N. Gov (Weizmann):
Cytoskeletal Control of the Red‐Blood Cell
Membrane C. Safinya (UCSB): Supramolecular
Assembly of Biological Molecules: From Physics
to Biomedical Applications E. Frey (Berlin): Statis‐
tical Mechanics of the Cytoskeleton ‐ Fiber Net‐
works and Intracellular Transport J. Radler (Mu‐
nich):
Bits and Pieces ‐ From Vesicles to Cell Motion A.
Bernheim (Ben Gurion): Biomimetic System for
the Study of Actin Based Movement Session IV:
Macromolecular Assemblies(T. Bayerl, Chair) A.
Bausch (Munich):
Spherical Crystallography W. Gelbart (UCLA):
What is the Pressure in a Virus, and Why? R.
Bruinsma (UCLA): Origin of Icosahedral Symme‐
try in Viruses H. Strey (Amherst):
Nanoporous Materials for Biomedical Applica‐
tions I. Arkin (Jerusalem): Membranes Containing
SARS Coronavirus Proteins S. May (Jena):
Protein‐Induced Demixing of Charged, Binary
Lipid Membranes Session V: Dynamics of Bioma‐
terials (J. Klein, Chair) F. Brochard (Curie):
Vesicles: Transient Pores and Nanotubes R. Gra‐
nek (Ben Gurion): Dynamics of Biopolymer Sys‐
tems in and out of Equilibrium U. Schwarz
(Golm): Stochastic Dynamics of Leukocyte Te‐
thering in Shear Flow H. Diamant (Tel Aviv): Hy‐
drodynamic Interactions in Confined Suspensions
17
21.3.04

S. May (Jena)

23
26.3.04
1.4.04

Prof. L.S. Cederbaum, Heidelberg:

Beyond Born‐Oppenheimer: Molecular Dynamics
Protein‐Induced demixing of Charged, Binary
Lipid Membranes
Beyond Born‐Oppenheimer: Molecular Dynamics

29.4.04

Dr. S. Keinan, Chemistry, Northwes‐
tern
Prof. F. Stoddart, UCLA

6.5.04

Dr. H. Diamant, Chemistry, TAU

Computational Design of Materials
An Integrated Systems‐Oriented Approach to
Molecular Electronics
Confinement Effects on Colloidal Dynamics
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20.5.04
27.5.04

D. Gelman, HU
A. Zemel, HU

28.5
2.6.04
3.6.04

Prof. J. Manz, FU Berlin

411.6.04

Prof. P. Devlin, Oklahoma State
Univ.
Dr. M. Leibscher, FU Berlin

9.6.04
26.7.04
15.8.04
30.7
6.8.04
12.8
10.9.04
29.83.9.04

29.8
23.9.04
21.10.04
25
26.10.04
28.10.04
3
29.11.04
4.11.04

Prof. A. Brokman, HU

Prof. J. Heath, Caltech
Prof. H. Schubert, Fraunhofer Inst.
Pfinztal
Prof. J. Oxley, Rhode Island

Quantum Dynamics of Fast Dissipative Processes
Membrane Perforation Induced by Amphiphatic
Peptides
Coherent Spin Control: Model Simulations for
Dihalogenes in Rare‐Gas Matrices
Critical Morphological Transition by Elastic Inte‐
raction
Ice Surface Structure
Controlling Quantum Rotation: Atom Squeezing
and Molecular Alignment
Molecular Mechanics and Electronics
Explosives
Explosions: Explosives Not Required

Dr. Ch. Koch, CNRS, Paris

Formation of Ultra Cold Molecules

SAFED WORKSHOP on QUANTUM
DISSIPATION Open Problems in
Open Quantum Systems Organiz‐
ers: R. Kosloff (HU) and D. Tannor
(Weizmann) R. Kosloff (HU): Mar‐
kovian Master Equation (Lindblad
Form) D. Tannor (Weizmann)

Markovian Master Equation R. Coalson (Pitts‐
burgh): Spin‐Boson Dynamics U. Kleinekathofer
(Berlin): Markovian Master Equation E. Rabani
(Tel‐Aviv): Quantum Mode‐Coupling Theory E.
Geva (Michigan): Classical Quantum Methods E.
Pollak (Weizmann): Classical Methods R. Kosloff
(HU): Surrogate Hamiltonian Method D. Cohen
(Beer‐Sheva): Quantum Dissipation and Classical
Chaos A. Nitzan (Tel‐Aviv): Molecular Conduction
U. Peskin (Technion): Electron Transfer U. Kleine‐
kathofer (Berlin): Stochastic Unravelling and Exci‐
ton Transfer D. Tannor (Weizmann): Non‐
Markovian Master Equation D. Cohen (Beer‐
Sheva): Driven Systems/Kubo N. Moiseyev
(Technion): Non‐Hermitian Quantum Mechanics
R. Coalson (Pittsburgh): Driven Systems E. Geva
(Michigan): Driven Systems Y. Imry (Weizmann):
Decoherence and Noise Correlators in Mesoscop‐
ic Systems
Surface Science

S. Dittrich, FH Inst. Berlin
Dr. B. Davidovitch, Harvard Div. of
Eng. and Appl. Sci.
Dr. E. Tannenbaum
Dr. D. Barash, Computer Sci., Ben
Gurion Univ.
Dr. J. Palao, University of La Laguna,
Spain
Dr. E. Pazy, Chemistry, BG Universi‐
ty

11.11.04

Dr. O. Alon, Heidelberg

25.11.04

Prof. P. Zdanska, Organic Chem.

Continuum Approach in Studying Nano‐Scale
Surface Phenomena
Modeling Vibrational Predissociation of the van
der Waals Complex ArHF
Computational Prediction of Mutations Causing
RNA Switches
Quantum Molecular Coupling
Making Bosonic Molecules from Fermionic
Atoms Employing Feshbach Resonances: The
Importance of Symmetry Considerations
Effective Orbitals for Complex Problems Methods
and Applications
Academy of Sciences, Czech Republic Statistical
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29.11
6.12.04
4
18.12.04
7
25.12.04
14
16.12.04
16.12.04

and Biochem.
Prof. J.P. Devlin, Oklahoma State
University
Dr. S. Jorgensen, Aarhus University,
Denmark
Dr. A. Yoffe, UCLA

30.12.04

Prof. R. Grimm, Innsbruck Universi‐
ty, Austria
Prof. M. Drewsen, Physics and As‐
tronom., Aarhus University
Prof. D. Lidar, Univ. of Toronto

4.1.05

Prof. A. Mogilner, UC Davis

25.2
3.5.05
3.3.05

Dr. M. Guehr, Freie Univ. Berlin

8.3.05

Prof. T. Saue, Louis Pasteur Univer‐
sity, Strasbourg
The Fritz Haber Symposium on Bio‐
physical Dynamics, Mt. Zion Hotel,
Jerusalem

13
14.3.05

Dr. V. Averbukh, Heidelberg

Interpretation of Complex Scaling Method
Ice Surface Spectra
Single Molecular Reactions on Cold Molecular
Ions
Phenomenologial Model ‐ Size and Shape of the
Single‐Stranded Viral RNA Genome Single‐
Stranded Viral RNA Genome
Laser‐Atom Interactions
Cold Molecular Ion Studies in Traps
Two Problems in the Theory of Open Quantum
Systems Post‐Markovian and Adiabatic Quantum
Dynamics
Multiscale Two‐Dimensional Modeling of Migrat‐
ing Keratocyte Cells
Coherent Dynamis of Small Moleculs in Rare Gas
Crystals
Interatomic/Intermolecualr Coulombic Decay in
Clusters: From Diatomics to Fullerenes
4‐Component Relativistic Density Functions
Theory
Prof. G. Comsa (Bonn), Participant (Beirat) Ses‐
sion I: Biodynamics. Ronnie Kosloff, Chair Prof. H.
Gruebmuller, Goettingen Elaborate pores and
complex machines: Nature’s nanotechnology
benchmarks Victoria Buch: Computational stu‐
dies of ether‐acid solids Gilad Haran: The chemi‐
cal physics of protein folding and association:
Single molecules and more Session II : Benny
Gerber, Chair Yossi Klafter: Single molecule dy‐
namics: An enzyme case Nir Gov: Physics of ac‐
tive membranes and cytoskeleton Haim Diamant:
Folding cascades in a compressed lipid monolay‐
er Session III: Avinoam Ben‐Shaul, Chair Noam
Agmon: Proton pathways in green fluorescent
protein Natalie Questembert‐Balaban: Soft litho‐
graphy for quantitative studies of biological sys‐
tems Raphy Levine: Molecular logic machines
and DNA computing Session IV: Roi Baer, Chair
Misha Koslov: Elastic mechanism of processive
capping of actin filaments by formins
Nir Ben‐Tal: Dynamics of peptide adsorption
onto‐ and insertion into‐ membranes Shelly Tzlil:
Flexible macromolecule‐membrane interaction
and viral budding Leonid Chernomordik: Mem‐
brane fusion: Pathways and inhibitors Session V:
Victoria Buch, Chair Anne Bernheim: Formation
pathway to aster and stars by actin polmerization
Assaf Friedler: Biophysical studies of the tumor
suppressor protein p53: A tool for the develop‐
ment of anti‐ cancer lead compounds Simha
Srebnik: Adsorption behavior of model proteins
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17.3.05

713.4.05

Dr. E. Brown, UCI Molecular Spec‐
troscopy of Atmospheric Systems:
Prof. F. Masnou‐Seeuws, Lab. Ai‐
mee Cotton, Orsay Photoassocia‐
tion of Cold Atoms with Chirped
Laser Pulses
Prof. J. Sadlej, University of Warsaw

814.4.05
917.4.05

Dr. N. Uras‐Aytemiz
Dr. A. van Duin, Caltech ReaxFF,

14.4.05

Prof. F. Brown, Chemistry,

19.4
5.5.05
311.5.05

Dr. U. Poschinger, Physikalisches
Inst., Freiburg
Prof. P. Devlin, Oklahoma State
University
Prof. L. Diosi, Particle and Nucl.
Phys. Inst., Budapest
D. Shemesh, HU Photoionization of
Biological Molecules:
Prof. W.D. Phillips, NIS, Gaithers‐
burg
Y. Miller, HU

7.4.05

17
31.5.05
19.5.05
19
24.5.05
26.5.05
31.5
9.6.05
8.6.05
810.6.05
811.6.05
9.6.05

Prof. M. Gordon, Iowa State Uni‐
versity
Prof. M. Ratner, Northwestern Uni‐
versity
Prof. H. Schubert, Fraunhofer Inst.,
Pfinztal
Prof. J. Oxley, Rhode Island
Prof. I.B. Bersuker, Theoretical
Chem., Univ. of Texas at Austin

10.11.05

Dr. I. Averbukh, Weizmann Institute

17.11.05

Dr. S. Kallush, Fritz Haber, Hebrew
University

24.11.05

Prof. J.M. Gordon, Ben Gurion Uni‐
versity
Dr. N. Gov, Weizmann Institute,
Rehovot

1.12.05

embedded in a polymer brush
Session VI: Noam Agmon, Chair Benny Gerber:
Vibrational spectroscopy and the development of
novel force fields for biological molecules Sandy
Ruhman: Ultrafast spectroscopic studies of bac‐
teriorhodopsin Wolfgang Domcke: Hydrogen
bonds, conical intersections and photostability of
life.
Predictions from Molecular Dynamics Simula‐
tions
Correlation Effects in Coupled Atomic‐Molecular
Condensates

Quantum Chemical Calculations of Spectroscopic
Effects
Acid Hydrate Phases in Nanoparticles
A Transferable Computational Method for Atom‐
ic Scale Dynamical Simulations of Chemical Reac‐
tions
UCSB Simplified Models for Biomembrane Struc‐
ture and Dynamics
Ultra Cold Molecules
Ice Surface Spectra
Quantum Thermodynamics
Conformation Selective Processes
A Bose‐Einstein Condensate in an Optical Lattice
Atomic Physics Meets Solid State
Vibrational Spectroscopy and Photoinduced
Reaction Dynamics of Atmospheric Molecules
Potentials for Solvent Effects and Beyond
Molecular Transport Junctions: Scattering, Dis‐
order and Vibronics
Explosives
Explosions and Explosives
The Jahn‐Teller Effect as a Unique Mechanism of
All The Symmetry Breakings in Molecular Sys‐
tems and Condensed Matter
Optical Kicking: Laser Control of Molecular Orien‐
tation
The Quantum Governor: Automatic Quantum
Control and Reduction of the Influence of Noise
Without Measuring
Solar Photonics for Applications in Medicie, Pow‐
er Generation and Nanomaterial Synthesis
Active Motion and Structural Phases of Cell
Membranes
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9
14.12.05
8.12.05
15.12.05
22.12.05

2.1.06
5.1.06
819.1.06
12.1.06
16
19.1.06
19.1.06
23
31.1.06
26.1.06
2.2.06

19
24.2.06
28.2
3.3.06
8.3.06
16.03.06

23.03.06

30.3.06
30.3
3.4.06
6.4.06
30.4
8.5.06
11.5.06

Dr. S. Karthauser, Center for Nano‐
electronic Systems for Information,
Technology, Julich
Dr. V. Teif, Inst. Biorg. Chem., Bela‐
rus Acad. Sci.
Dr. C.P. Koch, The Fritz Haber, He‐
brew University
Dr. D. Cohen, Physics Dept., Ben
Gurion University
Dr. I.N. Berezovsky, Chemistry, Biol.
Chem., Harvard
Dr. V. Teif, Bio‐Organic Chem. Inst.,
Belarus Nat. Acad. Sci., Minsk
Dr. U. Poschinger, University of
Freiburg
Prof. N. Agmon, HUJI
Prof. V. Vaida, Chemistry Dept, Uni‐
versity of Colorado
Dr. S. Zilberg, Physical Chem., HUJI
Dr. N. Uras‐Aytemiz, Chemistry,
Oklahoma State University
Dr. K. Solntsev, Georgia Inst. of
Technol., GA
Prof. O. Biham, Racah Inst. of Phys‐
ics, HUJI
Dr. K. Breuker, Inst f. Organic Chem.
& Center f. Molecular Sciences,
Innsbruck, Austria
Prof. A. M. Wodtke, Chemistry &
Biochemistry, UCSB

Resistive Switching

Lattice Models for DNA‐Ligand Binding
Making Ultracold Ground State Molecules with
Optical Fields
Linear Response, Absorption of Radiation by
Small Conducting Particles, Conductance of Me‐
soscopic Devices
Physical Origins and Evolution of Protein Stability
and Adaptation
Lattice Models for DNA‐Ligand Binding
Cold Molecule Formation
The Remarkable Dynamics of the Green Fluores‐
cence and its Chromophore
Chemical Reactivity – Light Induced Chemical
Reactions
Design of the Singlet‐Triplet Bistable System
HCl Solvation at Surface and within Methanol
Clusters/Nanoparticles
Excited‐State Proton Transfer: From "Super" Pho‐
toacids to the Green Fluorescent Protein
Molecular Hydrogen Formation and Complex
Reaction Networks on Dust Grains in the Inters‐
tellar Medium
Electrons for the Structural Characterization of
Proteins in the Gas Phase
The "Standard Model" of Chemial Reactivity:
How Well Does It Describe Reactions at Metallic
Interfaces
Is There an Electronic Time Scale in Chemistry

Prof. R.D. Levine, Physical Chem. &
FH Center, Hebrew University
Prof. P. Jungwirth, Czech Academy
of Sciences
Dr. S. Jorgensen, Dept of Physics &
Astron., Aarhus University, Den‐
mark
Prof. A. Millet, Universite Joseph
Fourier, Grenoble

Controlling Reaction Dynamics

Prof. A.I. Burshtein, Chemical Phys‐
ics, Weizmann Institute
Prof. B. Andresen, Niels Bohr Inst.,
University of Copenhagen
Dorit Shemesh, Fritz Haber Inst. &
Dept of Physical Chemistry, HU
Prof. P. Devlin, Oklahoma State
University
Yifat Miller, Fritz Haber Inst. & Dept

Fuel Cells and Finite‐Time Thermodynamic Opti‐
mization of Mitochondrial Chemistry
Dynamics of Photoionization Processes in Biolog‐
ical Molecules
Ice Surface Spectra

Solvation of Ions at Aqueous Interfaces

Theoretical Studies of Organometallic Reactivity:
Pauson‐Khand Reaction and Reductive Elimina‐
tion from Octahedral Pt(IV) Complexes
Non‐Markovian Chemical Kinetics

Vibrational Spectroscopy and Reaction Dynamics
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12
20.5.06
17
25.5.06

28.6
10.7.06
6.7.06
410.9.06
410.9.06

17
19.9.06

411.9.06
2.11.06
16.11.06
23.11.06
30.11.06
14.12.06

21.12.06
28.12.06

4.1.07

8.1.07

of Physical Chemistry, HU
Prof. W.M. Gelbart, Chemistry, UC‐
LA
Prof. B. Honig, Biochem. & Mol.
Biophys. Columbia Univ.
Ayelet Gross, Fritz Haber Center &
Dept of Physical Chemistry, HU
Prof. V. Buch, Fritz Haber Center &
Dept of Physical Chemistry, HU
Dr. J. Lundell, Chemistry, University
of Helsinki
Mr. M. Rajuan, FH Center & Dept of
Physical Chemistry, HU
Prof. U. Buck, MPI Göttingen, Ger‐
many
Dr. B. Abel, Physical & Chemical
Graduate School, Göttingen, Ger‐
many
Quantum Thermodynamisc Work‐
shop, Zefat; Prof. R. Kosloff Orga‐
nizer

Dr. Ch. Koch, Freie Universität, Ber‐
lin
Prof. A. Libchaber, Rockefeller Un‐
ivesity
Dr. V.A. Parsegian, Physical & Struc‐
tural Biology Lab, NIH
Dr. Masha Niv, Weill Medical Col‐
lege, Cornell University
Dr. A. Veksler, Chemical Physics,
Weizmann Institute
Dr. Dan T. Major, Dept of Chemi‐
stry, University of Minnesot
Dr. A. Priel, Dept of Physics, Univer‐
sity of Alberta, Edmonton, Canada
Dr. O. Farago, Biomedical Engineer‐
ing BGU, Beer‐Sheva

of Atmospheric Molecule
Complex Fluids
Coding Binding Specificity on Protein Surfaces:
From Molecules to Cells
Ultra Fast Compression‐Induced Processes of
Impact‐Headed Clusters
Molecular Crystal Structures from Scratch? And a
Quest for HCl Monohydrate Structure
Computer Assisted Methods
Molecular Dynamics for Indirect Chemical Reac‐
tions – The Kinetic Propagator
Cluster Dynamics
Biomolecular Model Systems

R. Kosloff, Hebrew University: Introduction to Quantum
Thermodynamics. D. Tannor, Weizmann Institute: Thermody‐
namic Analysis of Laser Cooling: A Theory of Purity Increasing
Transformations. Y. Rezek, Hebrew University: Reciprocating
Quantum Heat Engines and Refrigerators. I. Averbuck, Weiz‐
mann Institute: Cooling in an Optical Shaker. M Vilensky,
Wiezmann Institute: Laser Cooling in a Bistable Cavity. E.
Boukobza, Weizmann Institute: Thermodynamics of Light‐
Matter Interactions. M. Khasin, Hebrew University: Optimal
Partition of a Composite System. Z. Amitay, Technion, Haifa:
Coherent Control of Multiphoton Excitation Channels and
Information S. Kalush, Hebrew University: The Quantum
Governor E. Frishman, Weizmann Institute: Local Control of
Quantum Computation S. Harel, Hebrew University: Radiation
Scattering from Manifolds Y. Goldfarb, Weizmann Institute:
Complex Bohmian. Y. Weinstein, Technion, Haifa: Algorithmic
Cooling of Spins.

Cold Molecule Formation
Physical Aspects of the Origin of Life Problem
Van der Waals Forces: Cosmic to Cosmetic
Computational Insights into Molecular Mechan‐
isms of Cell Signaling
Phase Separation and Membrane Protrustions
Driven by Actin Polymerization and Adhesion
Transition State Stabilization, Carbon Cα‐Proton
Acidity, and Nuclear Quanum Mechanical Effects
in Enzyme Catalysis
Sub‐cellular Biological Networks: Electrodynam‐
ics Properties of the Cytoskeleton
Meso‐Scale Computer Modeling of Lipid‐DNA
complexes for gene therapy

Dr. V. Averbukh, Theoretical Recent Advances in the Study of Interatomic
Chemistry, University of Heidel‐ Decay in Clusters
berg
Dr. D. Segal, Dept of Chemistry, Non Equilibrium Dynamics in Spin‐Bath
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11.1.07
15.1.‐
15.3.07
18.1.07
22‐
26.1.07
25.1.07
29.1.07
1.2.07
22‐
23.2.07
25‐
26.2.07
11‐
14.3.07
10.4.07
19.4.07
26.4.07
2.5.07
3.5.07
7‐13.5.07
14.5.07

17.5.07

20‐
28.5.07
29.5‐
1.6.07
29.5‐
1.6.07

Columbia University
Models
Dr. J. Shifman, Inst. of Life Design of Protein‐Protein Interfaces
Sciences, HU
Dr. A. Adesokan, UC Irvine
Prof. Z. Amitay, Technion, Haifa

Multiphoton Coherent Control and Informa‐
tion Processing

Prof. B. Honig, Chem. & Bio‐
chem. Columbia University, New
York
Dr. O. Hod, Dept of Chemistry,
Rice University, Houston, USA
Dr. M. Nest, Theoretical Chemi‐
stry, University of Potsam
Ms. S. Yacoby, Physical Chemi‐
stry, HU
Prof. R. Hernandez, Georgia Inst.
of Technology
Prof. L. Tolbert, Georgia Inst. of
Technology
Prof. D. Leitner, Cornell Univer‐
sity
Joseph E. Subotnik, Dept of
Chemistry, UC Berkeley
Dr. A. Heidenreich, School of
Chemistry, Tel‐Aviv University
Y. Kurzweil, Inst. of Chemistry &
FH, HU
A. Cohen, Inst. of Chemistry &
FH, HU
Dr. R. Zangi, Dept of Chemistry,
Columbia University, NY
Prof. D.J. Tobias, Dept of Chemi‐
stry, UC Irvine, CA
Prof. Steven D. Schwartz, Bio‐
phys. & Biochem. Seaver Foun‐
dation Center for Bioinformat‐
ics, Albert Einstein College of
Medicie, NY
Prof. R. Benny Gerber, Physical
Chemistry & FH, HU

Graphene Nanoribbons: New Players in the
Field of Nanoelectronics
Correlation Quantum Dynamics of Electrons
with Multi‐Configurational Wave Functions
Auxiliary and Effective Fields in Molecular
Electronic Structure

Local Correlation Theory: Smooth New
Tricks for a Rough Problem
Extreme Ionization of Clusters by Ultrain‐
tense Laser Pulses
Quantum Memory Effects in Electron Dy‐
namics in Metal Clusters
Ultrafast Dynamics of Electronic States in
Rare‐Gas Matrix Photochemistry
When Hydrophobes Meet Electrolytes: In‐
sights from Computer Experiments
Ions at the Air‐Water and Membrane‐Water
Interfaces
How Enzymes Catalyze Reactions in Atomic
Detail

Vibrational States of Biological Molecules:
Spectroscopy, Dynamics, and Potential Sur‐
faces

Prof. P. Devlin, Oklahoma State
University
Prof. B. Abel, University of
Göttingen
Dr. E. Vöhringer‐Martinez, Uni‐
versity of Göttingen
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31.5.07
5‐10.6.07
5‐10.6.07
17.6‐
1.7.07
19‐
24.6.07
21.6.07
23.6‐
1.8.07
23.6‐
1.8.07
5.7.07
5.7.07

Ester Livshits, Physical Chemistry
& FH, HU
Prof. Mark S. Gordon, Iowa State
University and Ames Laboratory
Dr. B. Njegic, Iowa State Univer‐
sity and Ames Laboratory
Prof. S. Adhikari, Physical Chem.,
Indian Assoc. for Cultivation of
Science, Jadavpur, Kolkata, India
Dr. M. Nest, Potsdam University,
Germany
Dr. Tom Young, Columbia Uni‐
versity, NY
Dr. J. Sadlej, University of War‐
saw
Dr. N. Uras‐Aytemiz, Suleyman
Demirel University, Turkey
Dr. V.B. Teif, Belarus National
Acad. Of Sciences
Dr. A. Dell Hammerich, Chemi‐
stry Dept., Univ. of Illnois Chica‐
go

24.8‐
16.9.07
26.8‐
31.8.07

Prof. P. Salamon, San Diego
State University
Safed Workshop on Cooling and
Thermodynamics of Quantum
Systems. Organized by Ronnie
Kosloff (FH), David Tannor (WIS),
and T. Mor (TECHNION).

2‐8.9.07

Safed Workshop on Density
Functional Theory. Organized by
Leeor Kronik (Weizmann), Roi
Baer (FH/HUJI) and E. Rabani
(Tel Aviv Univ).
Prof. R. Car, Princeton University

6‐8.9.07

A Well‐Tempered Density Functional Theory
of Electrons in Molecules
A General Approach to Intermolecular Inte‐
ractions

Beyond Born Oppenheimer: New Approach
for Conical Intersections

The Role of Active Site Water in Protein Li‐
gand Binding

Defining and Characterizing Dynamic Hydro‐
gen Bonds: An Ab Initio Molecular Dynamics
Study of Aqueous Acidic Solutions and Wa‐
ter

Alicki, R. Inst. of Theoretical Physics & Astrophysics
University of Gdansk, Poland ; Tannor, D. Weizmann
Institute, Rehovot; Dr. Mor, T. Computer Science Dept,
Technion, Israel Inst. of Technology, Haifa; Andresen, B.
Orsted Lab., University of Copenhagen; Boykin, Oscar
P., Electrical & Computer Engineering, University of
Florida; Diosi, L. Research Inst. for Particle & Nuclear
Physics, Budapest; Garcia-Ripoll, J.J, Dpto. De Fisica
Teorica, Facultad de CC. Fisicas, Cuidad Universitaria
s/n, Madrid 28040, Spain, Universidad Complutense de
Madrid; Henrich, Markus, Inst. for Theoretical Physics,
University of Stuttgart; Fernandez, J.M.; Kowalewski,
Markus, Dept of Chemistry
LMU Munchen
; Ritsch, Helmut , Universitaet Innsbruck,Theoretische
Physik, Austria; Roychowdhury, V.P., Dept of Electrical
Engineering, UCLA; Salamon, P. (San Diego, CA)
Dept of Mathematics, SDSU San Diego, CA 92182;
Amitay, Z., Dept of Chemistry, Technion; Averbukh, I.
Weizmann Institute of Science Rehovoth; Davidson N.
Weizmann Institute of Science Rehovoth; Feldmann T,
Fritz Haber Center The Hebrew University of Jerusalem;
Kurizki G. Weizmann Institute of Science Rehovoth;
Nitzan A., School of Chemistry, Tel Aviv University;
Boukobza, E. Weizmann Institute of Science Rehovoth;
Elias Y. Chemistry, Technion ; Weinstein Y. Chemistry,
Technion
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6‐9.9.07
23.9‐
6.10.07
1.11.07
15.11.07
29.11.07

6.12.07
13.12.07
16‐
21.12.07

Prof. M. Head‐Gordon, UC
Berkeley
Dr. Ch. Koch, Freie Universität
Berlin
Prof. M. Baer, FH, HU Jerusalem Born‐Oppenheimer Coupling Terms as Mole‐
cular Fiels
Ms Michael Steinberg, FH, HU Structural Changes of Cytochrome c in the
Jerusalem
Gas Phase
Esteban
Vöhringer‐Martinez, Dynamics of Laser Induced Phase Transitions
University of Göttingen & Max‐ in Water
Planck Inst for Biophysical Che‐
mistry
Dr. Lukasz Cwiklik, Inst of Chem. Segregation of Inorganic Ions at Surfaces of
& FH Center, HU Jerualem
Polar Nonqueous Liquids
Dr. O. Gat, Racah Inst. of Phys‐ Rabi Oscillations on Energy Surfaces: Integr‐
ics, HU
able Phase‐Space Dynamics of Cavity QED
Minerva Gentner Symposium on Adhikari Satrajit, Indian Association for the Cultivation of
Science, Kolkata, India; Argaman Nathan, NRCN, Beer
Time dependent DFT, Quuen of Sheva, Israel; Armiento Rickard, Universitaet Bayreuth,
Germany; Baer Michael, The Hebrew University of JeruSheba Eilat Israel. Organizers:
salem, Israel; Baer Roi, The Hebrew University of JeruIsrael:
salem, Israel ; Band Yehuda, Ben Gurion University,
Beer Sheva, Israel; Bauer Dieter, Max Planck Institute
R. Baer (FH/HUJI),
for Nuclear Physics, Heidelberg, Germany; BonacicE. Rabani (Tel Aviv)
Koutecky Vlasta, Humboldt-Universitat zu Berlin, Germany; Buchman Omri, Hebrew University of Jerusalem,
L. Kronik (WIS)
Israel; Burke Kieron, University of California, Irvine,
Germany:
USA; Casida Mark, Universite Joseph Forunier (Grenoble I), France; Castro Alberto, Free University of BerE. K. U. Gross (Berlin)
lin, Germany; Di Ventra Massimiliano, UCSD, La Jolla,
A. Goerling (Munchen)
California, USA; Dubnikova Faina, The Hebrew University of Jerusalem, Israel; Dunietz Barry D., University Of
Michigan, Ann Arbor, USA; Eisenberg Helen, The Hebrew University of Jerusalem, Israel; Evers Ferdinand,
Forschungszentrum
Karlsruhe,
EggensteinLeopoldshafen, Germany; Garcia-Lastra Juan Maria,
Universidad del Pais Vasco, Colindres, Spain; Gershon
Tamar, Hebrew University of Jerusalem, Israel; Goerling
Andreas, Universitaet Erlangen-Nuernberg, Erlangen,
Germany; Granot Rebecca, The Hebrew University of
Jerusalem, Israel; Grimme Stefan, University of Muenster, Germany; Gross Hardy, Free University Berlin,
Germany; Hod Oded, Rice University, Huston, Texas,
USA; Huang Patrick, Larence Livermore National Laboratory, Livermore, California, USA; Katz Gil, The Hebrew
University of Jerusalem, Israel; Kosloff Ronnie, The
Hebrew University of Jerusalem, Israel; Kraisler Eli, Tel
Aviv University, Israel; Kronik Leeor, Weizmann Institute
of Science, Rehovot, Israel; Krylov Anna, USC, Los
Angeles, California, USA; Kuemmel Stephan, University
of Bayreuth, Germany; Kurth Stefan, Freie Universitaet
Berlin, Germany; Kurzweil Yair, University of California
Berkeley, USA; Levy Ohad, NRCN, Israel; Livshits Ester,
The Hebrew University of Jerusalem, Israel; Makmal
Adi, Weizmann Institute of Science, Rehovot, Israel;
Makov Guy, NRCN, Israel; Meir Yigal, Ben Gurion University, Beer Sheva, Israel; Mukhopadhyay Debasis,
University of Calcuta, India; Mundt Michael, Weizmann
Institute of Science, Israel; Myohanen Petri, University of
Jyvaskyla, Finland; Natan Amir, Weizmann Institute of
Science, Rehovot, Israel; Naveh Doron, Weizmann Institute of Science, Rehovot, Israel; Neuhauser Daniel,
UCLA, Los Angeles, California, USA; Niehaus Thomas
A., Bremen Center for Computational Science, Germany; Nitzan Abraham, Tel Aviv University, Israel; Pehlke
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Eckhard, University of Kiel, Germany; Prezhdo Oleg,
University of Washington, Seattle, Washington, USA;
Rabani Eran, Tel Aviv University, Israel; Rasanen Esa,
Freie Universitaet Berlin, Germany; Reinhard PaulGerhard, Universität Erlangen/Nürnberg, Germany; Rejec Tomaz, Jozef Stefan Institute, Ljubljana, Slovenia;
Rom Naomi, Rafael, Haifa, Israel; Ruggenthaler Michael, Max-Planck-Institute for Nuclear Physics, Heidelberg, Germany; Saalfrank Peter, University of Potsdam,
Germany; Salzner Ulrike, Bilkent University, Ankara,
Turkey; Savin Andreas, CNRS and Universite Pierre et
Marie Curie, Paris, France; Schirmer Jochen, University
of Heidelberg, Germany; Subotnik Joseph, Tel Aviv
University, Israel; Tannor David, Weizmann Institute of
Science, Rehovot, Israel; Thiele Mark, Universitaet Bayreuth, Germany; Ullrich Carsten, University of Missouri,
Columbia, Missouri, USA; van Leeuwen Robert, University of Jyvaskyla, Finland; Vignale Giovanni, University
of Missouri-Columbia, USA; Wang Yong, Bremen Center
for Computational Materials Science, Germany; Yabana
Kazuhito, University of Tsukuba, Japan; Yang Weitao,
Duke University, Durham, North Carolina, USA

24.12.07

3.1.08
7.1.08
24.1.08
4.2.08

7.2.08
14.2.08
18.2.08

21.2.08
3.4.08
10.4.08
14.4.08
15.5.08
18‐
22.5.08

Prof. A. Krylov, Chemistry Dept., Adventures in Fock Space: Dyson Orbitals,
USC, LA
Charge Transfer and Properties of Open‐
Shell Systems
Dr. R. Rohs, Columbia Universi‐ The Role of DNA Structure in Protein‐DNA
ty, NY
Recognition
Prof. S. Malin, Colgate Universi‐ What Are Wave Functions?
ty, Hamilton, NY
O. Markovitch, Inst of Chemistry Who Moved My Proton?
& FH Center HU
Prof. B. Abel, University of Dynamics & Applications of Soft Liquid Beam
Göttinge & Max Planck Inst. for Desorption of Biomolecules with a Laser
Biophysical Chemistry
Dr. O. Furman, Dept of Molecu‐ Exploring the Energy Landscape of Protein‐
lar Genetics & Biotechnology, Protein Binding with Rosetta
Hadassa Medical School, HU
D. Steinitz, Inst of Chemistry & Crystal Reflection – A New Kind of Interfe‐
FH Center (HU)
rometer for Atoms
Prof. J. Manz, Inst. for Chemistry Wavepacket Dynamics Driven by Laser
& Biochem., Freie Universität, Pulses
Berlin
New Directions in Laser Alignment. From
Prof. T. Seideman, Dept of Che‐
High Harmonic Generation to Guided Mole‐
mistry, Northwestern University
cular Assembly
M. Khasin, Inst. of Chemistry HU Efficient Simulation of Quantum Evolution
(Ph.D. Lecture)
Using Dynamics Coarse‐Graining
Prof. R. Podgornik, Inst. Jozef Quenched Disorder and Coulomb Interac‐
Stefan, Ljubljana, Slovenia
tions
Prof. Zhigang Shuai, Chinese Carrier Transports in Organic Semiconduc‐
Academy of Sciences, Beijing
tors: Band vs. Hopping Descriptions
M. Assaf, Racah Inst. of Physics, Noise Enhanced Persistence in Biochemical
HU
Regulator Networks with Feedback Control
1st International Symposium on
Improvised Explosives, Rosh Ha‐
nikra

111

Part IV: Appendices
List of Visitors and Seminars 2002‐2008

22.5.08

26.5.08

3‐4.6.08
16.6.08

19.6.08

24.7.08
31.7.08
4.8.08

6.11.08

10.11.08
12.11.08
27.11.08

29.11.07

2.12.08
4.12.08
6.12.08
18.12.08
13.1.09

Prof. P. Jungwirth, Acad. of Ions at Aqueous Interfaces: From Water Sur‐
Sciences, Czech Republic, Prague face to Hydrated Proteins
Vibrational Energy Relaxation and Multi‐
Prof. E. Geva, Dept of Chem. &
Dimensional Infrared Spectroscopy of a Vi‐
FOCUS Center, Univ. of Michi‐
brational Mode Strongly Coupled to its Envi‐
gan, Ann. Arbor
ronment
Conference in Honor of ABS’s
Birthday –Mishkenot Shaananim
Prof. B. Dunietz, Dept of Chem., Exploring Conductance Switching Properties
University of Michigan, Ann Ar‐ of Molecular and Nano‐Scale Devices – A
Computational Approach
bor
Laser‐Induced Femtosecond Electrical Cur‐
Prof. P. Brumer, Dept of Chem.,
rents in Molecular Wires: From Fundamen‐
University of Toronto
tals to Polyacetylene
Quantum Mechanics Without a Wavefunc‐
Prof. S. Kuemmel, Physics Inst.,
tion: Problems and Prospects in Density
University of Bayreuth, Germany
Functional Theory
Prof. B. Tsukerblat, Dept of Nanoscopic Cluster V15: Spin Frustration
Chem., BGU, Beer Sheva
and Antisymmetric Exchange
Dr. L. Kronik, Dept of Materials Understanding Electronic Properties at Mo‐
& Interfaces, Weizmann Inst. of lecule/Inorganic‐Solid Interfaces of First
Principles
Science
Professor Ruth M. Lynden‐Bell
Towards Understanding Water: Simulations
University Chemical Lab., Cam‐ of Modified Water Models
bridge, UK
Professor Thomas Weinacht
Controlling Molecular Dissociation using
Physics Dept, Stony Brook Uni‐ Strong Laser Fields
versity, NY
Professor Fillipp Furche, Univer‐ Electronic Structure Calculations as a Tool in
sity of California, Irvine
Chemistry
A New Look at Radiation Chemistry of Ma‐
Professor Vladimir Feldman
trix‐Isolated Molecules: Modeling Primary
Moscow State University, Russia
Events in Condensed Phase
Esteban Vöhringer‐Martinez
Dynamics of Laser Induced Phase Transitions
University of Göttingen & Max‐ in Water
Planck Institute for Biophysical
Chemistry
Prof. Svatopluk Zeman, Inst of Initiation Reactivity of the Individual Polyni‐
Energetic Materials, University tro Compounds – Specification of Reaction
of Pardubice, Czech Republic
Center
Prof. Nir Gov, Chemical Physics, Dynamic Instability in an Expanding Cell Cul‐
Weizmann Inst., Rehovot
ture
Dr. Lukasz Cwiklik, Inst. of Che‐ Segregation of Inorganic Ions at Surfaces of
mistry & FH Center, HU
Polar Nonaqueous Liquids
Dr. Michal Sharon, Biological Weighing the Evidence for Structure: Mass
Chemistry,Weizmann Inst. of
Spectrometry of the Degradation Machinery
Science
Prof. David J. Srolovitz, Yeshiva Why Do ZnO Nanoribbons Spontaneously

112

Part IV: Appendices
List of Visitors and Seminars 2002‐2008

College, NY

29.1.09

4.2.09

9.3.09

16.3.09
26.3.09
31.3.09

23.4.09

Bend?
Diploidy, Homologous Recombination Re‐
pair, and the Selective Advantage for Secual
Dr. Emmanuel Tannenbaum, Reproduction in Unicellular Organisms
Chemistry Dept., BGU, Beer‐
Sheva

Prof. Igal Szleifer, Dept of Biol. & Thermodynamics and Kinetics of Protein Ad‐
Chem. Eng., Northwestern U., sorption
Chicago
The Frozen Natural Orbital (FNO) Equation‐
Dr. Arik Landau, Chemistry
of‐Motion Coupled‐Cluster (EOM‐CC) Ap‐
Dept., USC
proach
Dr. Oleg S. Vasyutinskii, Ioffe Orbital Polarization of the Chemical Reaction
Inst., Russian Acad. of Sci., St. Products: Experimental Determination of the
Petersburg
Dynamical Amplitudes and Phases
Prof. Stephen Leone, Dept of X‐Ray Probing of Atomic and Molecualr dy‐
Chemistry, UC Berkeley
namics to the Attosecond Limit
Prof. Martin Zanni, Dept of 2‐D IR Spectroscopy and Isotope Labeling
Chemistry, Univ. of Wisconsin, Defines the Pathway of Amyloid Formation
Madison
with Residue Specific Resolution
Dr. Mary K. Gilles, Lawrence Probing Atmospheric Aerosols by Micro‐
Berkeley National Lab., Berkeley, Spectroscopic Methods
CA

113

Part IV: Appendices
Publications
110. N. Agmon and A.V. Popov, Accurate Solu‐
tion for the ABCS Problem, Physica A 330, 150‐
159 (2003).

LIST OF PUBLICATIONS 2002‐2008
NOAM AGMON

111. N. Agmon and A.V. Popov, Unified Theory
of Reversible Target Reactions, J. Chem. Phys.
119(13), 6680‐6690 (2003).

101. N. Agmon, W. Rettig and C. Groth, Elec‐
tronic Determinants of Photoacidity in Cyano‐
naphthols, J. Am. Chem. Soc. 124, 1089‐1096
(2002).

112. A.V. Popov and N. Agmon, Smoluchowski
Theory as the Leading Term of Reversible Ge‐
minate Dissociation Kinetics, Polish J. Chem. 77,
1659‐1668 (2003).

102. A.V. Popov and N. Agmon, Three‐
Dimensional Simulation Verifies Theoretical
Asymptotics for Reversible Binding, Chem. Phys.
Letts. 340, 151‐156 (2001).

113. V.‐I. Arkhipov and N. Agmon Relation Be‐
tween Macroscopic and Microscopic Dielectric
Relaxation Times in Water Dynamics, Isr.J.
Chem. 43, 363‐371 (2003).

103. B. Cohen, D. Huppert and N. Agmon, Diffu‐
sion‐Limited Acid‐Base Nonexponential Dynam‐
ics, J. Phys. Chem. A 105, 7165‐7173 (2001).

114. A.V. Popov, N. Agmon, I.V. Gopich and A.
Szabo Influence of Diffusion on the Kinetics of
Excited‐State Association‐Dissociation Reac‐
tions: Comparison of Theory and Simulation, J.
Chem. Phys. 120, 6111‐6116 (2004).

104. A.‐V. Popov and N. Agmon, Three‐
Dimensional Simulations of Reversible Bimole‐
cular Reactions: The Simple Target Problem, J.
Chem. Phys. 115, 8921‐8932 (2001).

115. S.‐H. Park, K.‐J. Shin and N. Agmon, Exact
Solution of the Excited‐State Geminate A∗BC∗ +
D Reaction with Two Different, Lifetimes and
Quenching, J. Chem. Phys. 121, 868‐876 (2004).

105. N. Agmon, The Dynamics of Preferential
Solvation, J. Phys. Chem. A, 106 (32), 7256‐7260
(2002).
106. A.V. Popov and N. Agmon, Three‐
dimensional Simulations of Reversible Bimole‐
cular Reactions. II. The Excited‐ State Target
Problem with Different Lifetimes, J. Chem. Phys.
117 (9), 4376‐4385 (2002).

116. N. Agmon, Coupling of Protein Relaxation
to Ligand Binding and Migration in Myoglobin,
Biophys. J. 87, 1537‐1543 (2004).
117. H. Lapid, N. Agmon, M.‐K. Petersen and
G.A. Voth, A Bond‐Order Analysis of the Me‐
chanism for Hydrated Proton Mobility in Liquid
Water, J. Chem. Phys.122 , (2005).

107. A.V. Popov and N. Agmon, Transition Into
Non‐Monotonic Approach to Equilibrium in
Geminate Exchange Reac‐ tions, Chem. Phys.
Lett. 371 (3‐4), 462‐468 (2003).

118. N. Agmon, Elementary Steps in Excited‐
State Proton Transfer, J. Phys. Chem. A 109, 13‐
35 (2005).

108. A.V. Popov and N. Agmon, Exact Solution
for the geminate ABCD Reaction, J. Chem. Phys.
117(12), 5770‐5779, (2002).

119. N. Agmon, Proton Pathways in Green Fluo‐
rescence Protein, Biophys. J. 88, 2452‐2461
(2005).

109. A.V. Popov and N. Agmon, Three‐
Dimensional Simulations of Reversible Bimole‐
cular Reactions. III. The Pseudo‐ Unimolecular
ABCS Reaction, J. Chem. Phys. 118(24), 11057‐
11065 (2003).

120. D. Dantsker, U. Samuni, J.M. Friedman and
N. Agmon, A Hierarchy of Functionally Impor‐
tance Relaxations within Myoglobin Based on
Solvent Effects, Mutations and Kinetic Model,

114

Part IV: Appendices
Publications
32. R. Baer and D. Neuhauser, "Anti‐coherence‐
based molecular electronics: XOR‐gate re‐
sponse", Chem. Phys. 281, 353 (2002).

Biochim. Biophys. Acta: and Proteomics 1749,
234‐251 (2005).
121. S. Park, K.J. Shin, A.V. Popov and N. Agmon
Diffusion‐Influenced Excited‐State Reversible
Transfer Reactions, A*+B=C*+D, with Two Dif‐
ferent Lifetimes: Theories and Simulation, J.
Chem. Phys. 123, 034507 (2005).

33. R. Baer, "Nonadiabatic couplings by time‐
dependent density functional theory", Chem.
Phys. Lett., 364, 75 (2002).
34. R. Baer, "Born‐Oppenheimer Invariants
Along Nuclear Paths", J. Chem. Phys. 117, 7405
(2002).

122. P. Leiderman, D. Huppert and N. Agmon,
Transition in the Temperature Dependence of
GFP Fluorescence: From Proton Wires to Proton
Exit, Biophys. J. 90, 1009‐1018 (2006).

35. H. Szichman and R. Baer, "A five dimension‐
al quantum mechanical study of the reaction
H+CH4®H2+CH3", J. Chem. Phys. 117, 7614
(2002).

123. N. Agmon, Reduced Parameter Set Deter‐
minable from Geminate Kinetics, Chem. Phys.
Lett. 417, 530‐534 (2006).

36. O. Hod, E. Rabani and R. Baer, "Carbon Na‐
notube Closed‐Ring Structures", Phys. Rev. B 67,
195408, (2003).

124. R. Gepshtein, D. Huppert and N. Agmon
Deactivation Mechanism of the Green Fluores‐
cent Chromophore, J. Phys. Chem. B 110,
4434‐4442 (2006).

37 A. Luchow, D. Neuhauser, J. Ka, R. Baer, J.
Chen, V. A. Mandelshtam, "Computing energy
levels by inversion of imaginary‐time cross‐
correlation functions", J. Phys. Chem. A 107,
7175 (2003).

125. N. Agmon, Kinetics of switchable proton
escape from a proton‐wire within green fluo‐
rescence protein, J. Phys. Chem. B 111, 7870
(2007).
126. O. Markovitch and N. Agmon, Structure
and energetics of the hydronium hydration
shells, J. Phys. Chem. A 111, 2253 (2007).

38 D. Walter, D. Neuhauser and R. Baer, "Quan‐
tum Interference in polycyclic aromatic hydro‐
carbon based molecular dynamics", Phys.
Chem., 299, 139 (2002).

127. S Park and N Agmon. Theory and simula‐
tion of diffusion controlled Michaelis‐Menten
kinetics for as taticen‐zymeinsolution. J. Phys.
Chem. B, 2008. In press.

39 C. Liu, D. Walter, D. Neuhauser and R.
Baer,"Molecular recognition and conductance
in crown ether", J. Am. Chem. Soc. 125 (46),
13936 (2003).

128. O. Markovitch and N. Agmon, The distribu‐
tion of acceptor and donor hydrogen‐bonds in
bulk liquid water, Molec. Phys., 2008. In press.

40 R. Baer and D. Neuhauser, "Many‐body scat‐
tering formalism of quantum molecular conduc‐
tance", Chem. Phys. Lett. 374, 459 (2003).
41 D. Neuhauser, R. Baer and R. Kosloff, "Quan‐
tum soliton dynamics in vibrational chains:
Comparison of fully correlated, mean field, and
classical dynamics" J. Chem. Phys. 118, 5729
(2003).

ROI BAER
30. R. Baer and D. Neuhauser, "Phase coherent
electronics: a molecular switch based on quan‐
tum interference", J. Am. Chem. Soc. 124(16)
4200 (2002).
31. R. Baer and D. Neuhauser, "Ab initio con‐
ductance of a molecular wire", Int. J. of Quant.
Chem. 91, 524(2002).

42 W‐Z Liang, R. Baer, C. Saravanan, Y. Shao, A.
T. Bell, M. Head‐Gordon, "Fast Methods for
Resumming Matrix Polynomials and Chebyshev

115

Part IV: Appendices
Publications
Matrix Polynomials", J. Comput. Phys. 194, 575
(2004).

quantum conductance of an alkene wire",
Chem. Phys. Lett., 393, 367 (2004).

43 D. Neuhauser and R. Baer, "A Two‐Grid For‐
malism for the Maxwell Equation", J. Theo. and
Comp. Chem. 2, 537 (2003).

52 R. Baer and D. Neuhauser "Real‐time linear‐
response for time‐dependent density‐functional
theory", J. Chem. Phys. 121, 9803 (2004).

44 S. M. Anderson, D. Neuhauser, and R. Baer,
“Trajectory dependent cellu‐larized frozen
Gaussians (TDCFG), a new approach for semi‐
classical dynamics: Theory and application to
He‐naphthalene eigenvalues”, J. Chem. Phys.
118, 9103 (2003).

53 R. Baer, S. Weiss and D. Neuhauser "En‐
hanced absorption induced by a metallic nano‐
shell", Nanoletters, 4, 85 (2004).
54 Y. B. Band, S. Kallush, and R. Baer, "Rotation‐
al Aspects of short‐pulse population transfer in
diatomic molecules", Chem. Phys. Lett., 23, 392,
(2004).

45 R.Baer, D. Neuhauser, P.R. Zdanska and N.
Moiseyev, "Ionization and high‐harmonic gen‐
eration in aligned benzene by intense circularly
polarized light", Phys Rev A 68, 043406 (2003).

55 O. Hod, R. Baer, and E. Rabani, "Feasible Na‐
nometric Magnetoresistance Devices", J. Phys.
Chem. B, 108, 14807 (2004).

46 C. Saravanan, Y. Shao, R. Baer, P. N. Ross, M.
Head‐Gordon, "Sparse Matrix Multiplications
for linear scaling electronic structure calcula‐
tions in an atom‐centered basis sets using multi‐
atom blocks", J. of Comp. Chem., 24, 618
(2003).

56 M. F. Hawthorne, J. I. Zink,J. M. Skelton, M. J.
Bayer, C. Liu, E. Livshits, R. Baer, D. Neuhauser ,
"Electrical or Photocontrol of the Rotary Motion
of a Metallacarborane", Science, 303, 1849
(2004).

47 R. Baer, D. J. Kouri, M. Baer and D. K. Hoff‐
man "General Born‐Oppenheimer‐Huang Ap‐
proach to Systems of Electrons and Nuclei", J.
Chem. Phys., 119, 6998 (2003).

57 Y. Kurzweil and R. Baer "Time‐dependent
exchange‐correlation current density function‐
als with memory", J. Chem. Phys. 121, 8731
(2004).

48 W.‐Z. Liang, C. Saravanan, Y. Shao, R. Baer, A.
T. Bell and M. Head‐Gordon, "Improved Fermi
Operator Expansion Methods for Fast Electronic
Structure Calculations", J. Chem. Phys. 119 4117
(2003).

58 Y. Kurzweil and R. Baer "Galilean‐invariant
exchange‐correlation functionals with quantum
memory", Phys. Rev B 72, 035106 (2005).
59 R. Baer and N. Siam, "Real‐time study of the
adiabatic energy loss during an atom‐metal
cluster collision", J. Chem. Phys. 121, 6341
(2004).

49 S. Jacobi and R. Baer, "The Well‐Tempered
Auxiliary‐Field Monte Carlo", J. Chem. Phys.
120, 43 (2003).

60 O. Hod, E. Rabani and R. Baer, "Magnetore‐
sistance Devices Based on Single Walled Carbon
Nanotubes", J. Chem. Phys. 123, 051103 (2005).

50 R. Baer, T. Seideman, S. Ilani and D. Neu‐
hauser "Ab‐initio study of the AC impedance of
a molecular junction", J. Chem. Phys. 120, 3387
(2004).

61 I. Ryb and R. Baer, "Combinatorial invariants
and covariants as tools for conical intersec‐
tions", J. Chem. Phys. 121, 10370 (2004).

51 R. Collepardo‐Guevara, D. Walter ,D. Neu‐
hauser and R. Baer, "A Hückel study of the ef‐
fect of a molecular resonance cavity on the

62 R. Baer and D. Neuhauser, "Density func‐
tional theory with correct long‐range behavior",
Phys. Rev. Lett. 94, 043002 (2005).

116

Part IV: Appendices
Publications
74 G. J. Halasz, A. Vibok, R. Baer and M. Baer,
"D‐matrix Analysis of the Renner‐Teller Effect:
An Accurate Three‐State Diabatization for NH2",
J. Chem. Phys. 125, 094102 (2006).

63 O. Hod, R. Baer, E. Rabani, "A parallel elec‐
tromagnetic molecular logic gate", J. Am. Chem.
Soc. 127, 1648 (2005).
64 R. Baer, Y. Kurzweil and L. S. Cederbaum,
"Time‐dependent density functional theory for
non‐adiabatic processes", Isr. J. Chem. 45,
161(2005).

75 O. Hod, R. Baer, and E. Rabani, Inelastic ef‐
fects in Aharonov‐Bohm molecular interferome‐
ters, Phys. Rev. Lett. 97, 266803 (2006).

65 D. Neuhauser and R. Baer, "Efficient linear‐
response method circumventing the exchange‐
correlation kernel: theory for molecular conduc‐
tance under finite bias", J. Chem. Phys. 123,
204105 (2005).

76 R. Baer, K. Lopata and D. Neuhauser, "Prop‐
erties of phase coherent energy shuttling on the
nanoscale", J. Chem. Phys. 126, 014705 (2007).

66 O. Hod, E. Rabani and R. Baer, "Magneto‐
resistance of nanoscale molecular devices", Acc.
Chem. Res. 39, 109 (2006).

77 G. J. Halasz, A. Vibok, R. Baer, and M. Baer,
Conical intersections induced by the Renner
effect in polyatomic molecules, Journal of Phys‐
ics a‐Mathematical and Theoretical 40, F267
(2007).

67 D. Shemesh, R. Baer, T. Seideman and R. B.
Gerber, "Photoionization dynamics of glycine
adsorbed on a Silicon Cluster: "On‐the‐fly" si‐
mulations", J. Chem. Phys. 122, 183704 (2005).

78 K. Lopata, D. Neuhauser, and R. Baer, Curve
crossing and negative refraction in simulations
of near‐field coupled metallic nanoparticle ar‐
rays, J. Chem. Phys. 127, 154714 (2007).

68 S. Jacobi and R. Baer, "Variational grand ca‐
nonical electronic structure method for open
systems", 123, 044112 (2005).

79 E. Livshits and R. Baer, A well‐tempered den‐
sity functional theory of electrons in molecules,
Phys. Chem. Chem. Phys. 9, 2932 (2007).

69 G. J. Halasz, A. Vibok, R. Baer and M. Baer,
"Renner‐Teller nonadiabatic coupling terms: An
ab‐initio study of the HNH molecule", J. Chem.
Phys. 124 081106 (2006).

80 R. Jorn, E. Livshits, R. Baer, and T. Seideman,
The role of charge localization in current‐driven
dynamics, Isr. J. Chem. 47, 99 (2007).
81 R. Baer, On the mapping of time‐dependent
densities onto potentials in quantum mechan‐
ics, J. Chem. Phys. 128, 044103 (2008).

70 E. Livshits and R. Baer, "Time‐Dependent
Density‐Functional Studies of the D2 Coulomb
Explosion", J. Phys. Chem. 110, 8443 (2006).

82 E. Rabani and R. Baer, Distribution of Mul‐
tiexciton Generation Rates in CdSe and InAs
Nanocrystals, Nano Lett. 8, 4488 (2008).

71 Y. Kurzweil and R. Baer, "Quantum memory
effects on the dynamics of electrons in gold
clusters", Phys. Rev. B 73, 075413 (2006).

83 Y. Kurzweil and R. Baer, Adapting approx‐
imate memory potentials for time‐dependent
density functional theory, Phys. Rev. B 77,
085121 (2008).

72 R. Baer and D. Neuhauser, "Theoretical stu‐
dies of molecular‐scale near‐field electron dy‐
namics", J. Chem. Phys. 125, 074709 (2006).
73 R. Baer E. Livshits and D. Neuhauser, "Avoid‐
ing self repulsion in density functional descrip‐
tion of biased molecular junctions", Chem.
Phys., 329, 266 (2006) (contribution in honor of
L. Cederbaum’s Festschrift).

84 R. Baer and E. Rabani, Theory of resonance
energy transfer involving nanocrystals: The role
of high multipoles, J. Chem. Phys. 128, 184710
(2008).

117

Part IV: Appendices
Publications
85 R. Granot and R. Baer, A tight‐binding poten‐
tial for Helium in Carbon systems, J. Chem.
Phys. 129, 214102 (2008).

94. S. Tzlil, J.T. Kindt, W.M. Gelbart and A.
Ben‐Shaul "Forces and Pressures in DNA Pack‐
aging and Release from Viral Capsids” Biophys.
J. 84, 1‐11 (2003)
95. A. Zemel, D.R. Fattal and A. Ben‐Shaul
"Energetics and Self‐Assembly of Amphipathic
Peptide Pores in Lipid Membranes” Biophys. J.
84, 2242‐2255 (2003)
96. D. Harries S. May and A. Ben‐Shaul "Curva‐
ture and Charge Modulations in Lamellar DNA‐
Lipid Complexes" J. Phys. Chem. B 107, 3624‐
3630, (2003)
97. A. Cordova, M. Deserno, A. Ben‐Shaul and
W.M. Gelbart "Osmotic Shock and the Strength
of Viral Capsids" Biophys. J. 85, 70‐74 (2003)
98. D. Harries, A. Ben‐Shaul and I. Szleifer "En‐
veloping of Charged Proteins by Lipid Bilayers"
J. Phys. Chem. B. 108, 1491‐1496 (2004)
99. S. May and A. Ben‐Shaul “Modeling of Ca‐
tionic Lipid‐DNA Complexes” Current Medicinal
Chemistry, 11, 1241‐1258, (2004)
100. S. Tzlil, M. Deserno, W.M. Gelbart and A.
Ben‐Shaul "A Statistical‐Thermodynamic Model
of Viral Budding” Biophys. J. 86, 2037‐2048
(2004)
101. A. Zemel, A. Ben‐Shaul and S. May “Mem‐
brane Perturbation Induced by Amphipathic
Peptides” Biophys. J. 86, 3607‐3619 (2004)
102. S. May, Y. Kozlovski, A. Ben‐Shaul and M.
Kozlov "Tilt Modulus of a Lipid Monolayer" Eur.
Phys. J. 14, 299‐308 (2004)
103. A. Zemel, A. Ben‐Shaul and S. May "Per‐
turbation of a Lipid Membrane by Amphipathic
Peptides and its Role in Pore Formation " Eur.
Biophys. J. 34, 230‐242 (2005)
104. E. C. Mbamala, A. Ben‐Shaul and S. May
"Domain Formation Induced by the Adsorption
of Charged Proteins on Mixed Lipid Mem‐
branes" Biophys. J. 88, 1702‐1714 (2005)
105. C. P. Chen, S. Posy, A. Ben‐Shaul, L. Shapiro
and B. H. Honig “Specificity of Cell‐Cell Adhesion
by Classical Cadherins: Critical Role for Low Af‐
finity Dimerization through ß‐Strand Swap‐
ping” Proc. Nat'l. Acad. Sci. USA. 102, 8533‐
8538 (2005)
106. S. Tzlil and A. Ben‐Shaul “Flexible Charged
Macromolecules on Mixed Fluid Lipid Mem‐

86 O. Hod, R. Baer, and E. Rabani, Magnetore‐
sistance of nanoscale molecular devices based
on Aharonov‐Bohm interferometry, J. Phys. C
20, 383201 (2008).
87 R. Granot and R. Baer, A spline for your sad‐
dle, J. Chem. Phys. 128, 184111 (2008).
88 E. Livshits and R. Baer, A density functional
theory for symmetric radical cations from bond‐
ing to dissociation, J. Phys. Chem. A 112, 12789
(2008).
89 T. Stein, L. Kronik, and R. Baer, Reliable Pre‐
diction of Charge Transfer Excitations in Mole‐
cular Complexes Using Time‐Dependent Density
Functional Theory, J. Am. Chem. Soc. (COM‐
MUNICATION) 131, 2818 (2009).
90 H. S. Eisenberg and R. Baer, A new genera‐
lized Kohn‐Sham method for fundamental
band‐gaps in solids PCCP in press (2009).
91 E. Livshits, R. Baer, and R. Kosloff, The dele‐
terious effects of long‐range self‐repulsion on
the density functional description of O2 sticking
on aluminum, J. Phys. Chem. A in press (part of
Professor R. B. Gerber's Festschrift) (2009).

AVINOAM BEN‐SHAUL
91. D. Harries, S. May and A. Ben‐Shaul, Ad‐
sorption of Charged Macromolecules on Mixed
Lipid Membranes, Colloids and Surfaces A 208,
41‐50 (2002).
92. S. May, D. Harries and A. Ben‐Shaul, Ma‐
croion‐Induced Compositional Instability of Bi‐
nary Fluid Membranes, Phys. Rev. Lett. 89,
268102 (2002).
93. S. May and A. Ben‐Shaul "Membrane‐
Macromolecule Interactions and their Structural
Consequences" In “Planar Lipid Bilayers (BLM’s)
and their Applications”, H.T. Tien and A. L. Ot‐
towa‐Leimanova, editors. Elsevier Science B.V.,
Chapter 10, pp 315‐346, (2003)

118

Part IV: Appendices
Publications
branes:
Theory and Monte‐Carlo Simula‐
tions” Biophys. J. 89, 2972‐2987 (2005)
107. L. Haviv, Y. Brill‐Karniely, R. Mahaffy, F.
Backouche, A. Ben‐Shaul, T. D. Pollard and A.
Bernheim‐Groswasser “Reconstitution of the
Transition from Lamellipodium to Filopodium in
a Membrane Free System” Proc. Nat’l Acad. Sci.
USA 103, 4906‐4911 (2006).
108. S. May and A. Ben‐Shaul “Molecular Pack‐
ing in Cylindrical Micelles” Chapter 2 in: Giant
Micelles. R. Zana and E. Kaler editors. Taylor
and Francis (2006)
109. V. B. Teif, D. Harries, D. Y. Lando, and A.
Ben‐Shaul “Matrix Formalism for Site‐Specific
Binding of Unstructured Proteins to Multicom‐
ponent Lipid Membranes” J. Pep.Sci. 13, xxx
(2007)
110. V. B. Teif, D. Harries and A. Ben‐Shaul
“Matrix Formalism for Sequence‐Specific Biopo‐
lymer Binding to Multicomponent Lipid Mem‐
branes. Chapter X in: Membrane‐Active Pep‐
tides: Methods and Results on Structure and
Function, M. Castanho editor. International
University Line, La Jolla, California, USA (2008)
111. S. Tzlil, D. Murray, and A. Ben‐Shaul, The
"Electrostatic‐Switch" mechanism: Monte Carlo
study of MARCKS‐membrane interaction, Bio‐
physical Journal 95, 1745 (2008).
112. A. Zemel, A. Ben‐Shaul, and S. May, Mod‐
ulation of the spontaneous curvature and bend‐
ing rigidity of lipid membranes by interfacially
adsorbed amphipathic peptides, Journal of
Physical Chemistry B 112, 6988 (2008).
113. A. M. Yoffe, P. Prinsen, A. Gopal, C. M.
Knobler, W. M. Gelbart, and A. Ben‐Shaul, Pre‐
dicting the sizes of large RNA molecules, Pro‐
ceedings of the National Academy of Sciences
of the United States of America 105, 16153
(2008).
114. Y. Ideses, Y. Brill‐Karniely, L. Haviv, A. Ben‐
Shaul, and A. Bernheim‐Groswasser “Arp2/3
Branched Actin Network Mediates Filopodia‐
like Bundles Density and Thicknesses in vitro”
(To be published, preprint available).

VICTORIA BUCH
92. V. Buch Exploration of Multidimensional
Variational Gaussian Wave Packets as a Simula‐
tion Tool, J. Chem. Phys. 117, 4738 (2002).
93. J.P. Devlin, N. Uras, J. Sadlej and V. Buch
Catching HCl in the Act of Ionizing: Observation
of Frozen Solvation Stages on the Cold Ice Par‐
ticle Surface, J. Phys. Chem. A 106, 9374‐89
(2002).
94. J.P. Devlin, N. Uras, M. Rahman and V.
Buch Covalent and Ionic States of Strong Avid at
the Ice Surface, Isr. J. Chem. 39, 261 (1999).
95. J.P. Devlin, C. Joyce and V. Buch Infrared
Spectra and Structures of Large Water Clusters,
J. Phys.Chem. A 104, 1974 (2000).
96. J. Brudermann, U. Buck and V. Buch Iso‐
merization and Melting Transition of Size Se‐
lected Water Nonamers, J. Phys. Chem. A 106,
455 (2002).
97. J.P. Devlin, N. Uras. J. Sadlej and V. Buch
Discrete Stages in the Solvation and Ionization
of Hydrogen Chloride Adsorbed on Ice Parti‐
cules, Nature 417, 269 (2002).
98. V. Buch, J. Sadlej, N. Aytemiz‐Uras and J.P.
Devlin Solvation and Ionization Stages of HCl on
Ice Nanocrystals, J. Phys. Chem. A 106, 9374
(2002).
99. J. Rzepkowska, N. Uras, J. Sadlej and V.
Buch Intermolecular Potentials for Ammonia‐
Aqueous Mixture, J. Phys. Chem. A 106, 1790
(2002).
100. M.W. Severson, J.P. Devlin and V. Buch
Librational Modes of Ice. I, J. Chem. Phys. 119,
4449 (2003).
101. N. Grishina and V. Buch Dynamics of
Amorphous Water, via Migration of 3‐ and 5‐
Coordinated H2O, Chem. Phys. Lett. 379, 418
(2003).
102. J.K. Kazimirski and V. Buch Search for Low
Energy Structures of Water Clusters (H2 O)n n =
20‐22, 48, 123, 293, J. Phys. Chem. A 107, 9762
(2003).
103. C.A. Yinnon, V. Buch and J.P. Devlin A
Monte Carlo Model for Formation of a Mixed
Crystal from Two Solids in Contact, J. Chem.
Phys. 120, 11200 (2004)

119

Part IV: Appendices
Publications
104. N. Grishina and V. Buch Structure and Dy‐
namics of Orientational Defects in Ice I”, J.
Chem. Phys. 120, 5217 (2004)
C. Steinbach, P. Andersson, J.K. Kazimirski, U.
Buck, V. Buch and T.A. Ben Infrared Predissocia‐
tion Spectroscopy of Large Water Clusters: A
Unique Probe of Cluster Surfaces, J. Phys.
Chem., A 108, 6165 (2004).
D. Steinbach, P. Andersson, M. Melzer, J.K.
Kazimirski and V. Buch Detection of the Book
Isomer from the OH‐Stretch Spectroscopy of
Size Selected Water Hexamers, Phys. Chem.
Chem. Phys. 6, 3320 (2004).
105. V. Buch Calculation of Infrared Absorption
Spectra Using Gaussian Variational Wave Pack‐
ets, J. Chem. Phys. 121, 6961 (2004).
106. V. Buch, S. Baurecker, J.P. Devlin, U. Buck
and J. Kazimirski Solid Water Clusters in the Size
Range of Tens ∼ Thousands of H2O: A Combined
Com‐ putational/Spectroscopic Outlook, Int’l
Revs. Phys. Chem. 23, 375‐433 (2004) (invited
review).
107. J.P. Devlin, J. Sadlej, M. Hollman and V.
Buch Solvation Stages of HCl and HBr in Crystal‐
line Phases with Methanol and Small Ethers:
Acid‐Ether Cluster Complexes in Amorphous
and Crystal Phases, J. Phys. Chem. A 108, 2030
(2004).
108. V. Buch, F. Mohamed, M. Krack, J. Sadlej,
J.P. Devlin and M. Parrinello Solvation States of
HCl in Mixed Ether: Acid Crystals: A computa‐
tional Study, J. Chem. Phys. 121, 12135‐12138
(2004).
109. V. Buch Calculation of Infrared Absorption
Spectra Using Gaussian Variational Wave Pack‐
ets, J. Chem. Phys. 121, 6961‐6966 (2004).
110. J.P. Devlin, M. Farnik, M.A. Suhm et al.
Comparative FTIR Spectroscopy of HX Adsorbed
on Solid Water: Ragout‐jet Water Clusters vs.
Ice Nanocrystal Arrays, J. Phys. Chem. A 109,
955‐958 (2005).
111. J.P. Devlin, D.B. Gulluru and V. Buch Rates
and Mechanisms of Conversion of Ice Nanocrys‐
tals to Hydrates of HCl and HBr: Acid Diffusion
in the Ionic Hydrates, J. Phys. Chem. B 109,
3392‐3401 (2005).
112. J.P. Devlin, M.W. Severson, F. Mohamed,
V. Buch et al. Experimental and Computational

Study of Isotopic Effects within the Zundel Ion,
Chem. Phys. Lett. 408, 439‐444 (2005).
113. V. Buch, K. Martonak and M. Parrinello A
New Molecular‐Dynamics Based Approach for
Molecular Crystal Structure Search, J. Chem.
Phys. 123, Art. No. 051108 (2005).
114. P. Jungwirth, D. Rosenfeld and V. Buch A
Possible New Molecular Mechanism of Thun‐
dercloud Electrification, Atmospheric Research
76, 190‐205 (2005).
115. V. Buch Molecular Structure and OH‐
Stretch Spectra of Liquid Water Surface, J. Phys.
Chem. B 109, 17771‐17774 (2005).
116. N. Uras‐Aytemiz, J.P. Devlin, J. Sadlej and
V. Buch HCl Solvation at the Surface and within
Methanol Clusters/Nanoparticles II: Evidence
for Molecular Wires, J. Phys. Chem. B 110,
21751‐63 (2006).
117. V. Buch, R. Martonak and M. Parrinello
Exploration of NVE Classical Trajectories as a
Tool for Molecular Crystal Structure Prediction,
with Tests on Ice Polymorphs, J. Chem. Phys.
124, Art. No. 204705 (2006).
118. N. Uras‐Aytemiz, J.P. Devlin, J. Sadlej and
V. Buch Cl Solvation in Methanol Clusters and
Nanoparticles: Evidence for Proton‐Wires,
Chem. Phys. Lett. 422, 179‐83 (2006).
119. H. Groenzin, I. Li, V. Buch, and M. J. Shultz,
The single‐crystal, basal face of ice I‐h investi‐
gated with sum frequency generation, J. Chem.
Phys. 127, 214502 (2007).
120. V. Buch, T. Tarbuck, G. L. Richmond, H.
Groenzin, I. Li, and M. J. Shultz, Sum frequency
generation surface spectra of ice, water, and
acid solution investigated by an exciton model,
J. Chem. Phys. 127, 204710 (2007).
121. S. Shamay, V. Buch, M. Parrinello, and G. L.
Richmond, At the water's edge: Nitric acid as a
weak acid, J. Am. Chem. Soc. 129, 12910 (2007).
122. J. P. Devlin and V. Buch, Evidence for the
surface origin of point defects in ice: Control of
interior proton activity by adsorbates, J. Chem.
Phys. 127, 091101 (2007).
123. R. Vacha, V. Buch, A. Milet, P. Devlin, and
P. Jungwirth, Autoionization at the surface of
neat water: is the top layer pH neutral, basic, or
acidic?, Phys. Chem. Chem. Phys. 9, 4736
(2007).

120

Part IV: Appendices
Publications
124. V. Buch, A. Milet, R. Vacha, P. Jungwirth,
and J. P. Devlin, Water surface is acidic, Proc.
Natl. Acad. Sci. U. S. A. 104, 7342 (2007).
125. V. Buch, F. Mohamed, M. Parrinello, and J.
P. Devlin, Elusive structure of HCl monohydrate,
J. Chem. Phys. 126, 074503 (2007).
126. V. Buch, F. Mohamed, M. Parrinello, and J.
P. Devlin, A new glance at HCl‐monohydrate
spectroscopy, using on‐the‐fly dynamics, J.
Chem. Phys. 126, 021102 (2007).
127. R. Vacha, V. Buch, A. Milet, P. Devlin, and
P. Jungwirth, Autoionization at the surface of
neat water: is the top layer pH neutral, basic, or
acidic?, PCCP 9, 4736 (2007).
128. S. Bauerecker, P. Ulbig, V. Buch, L. Vrbka,
and P. Jungwirth, Monitoring ice nucleation in
pure and salty water via high‐speed imaging
and computer simulations, J Phys Chem C 112,
7631 (2008).
129. V. Buch, A. Dubrovskiy, F. Mohamed, M.
Parrinello, J. Sadlej, A. D. Hammerich, and J. P.
Devlin, HCl hydrates as model systems for pro‐
tonated water, Journal of Physical Chemistry A
112, 2144 (2008).
130. V. Buch, H. Groenzin, I. Lit, M. J. Shultz,
and E. Tosatti, Proton order in the ice crystal
surface, Proceedings of the National Academy
of Sciences of the United States of America 105,
5969 (2008).
131. A. D. Hammerich and V. Buch, An alterna‐
tive near‐neighbor definition of hydrogen bond‐
ing in water, Journal of Chemical Physics 128
(2008).
132. A. D. Hammerich, V. Buch, and F. Mo‐
hamed, Ab initio simulations of sulfuric acid
solutions, Chemical Physics Letters 460, 423
(2008).
133. Jagoda‐Cwiklik, J. P. Devlin, and V. Buch,
Spectroscopic and computational evidence for
SO2 ionization on 128 K ice surface, Physical
Chemistry Chemical Physics 10, 4678 (2008).

O)n (n = 1, 2, 4) Clusters, Spectrochim. Acta
(Special Issue on Vibrational Spectroscopy) A
58, 887‐898 (2002).
189. M. Petterson, L. Khriachtchev, A. Lignell,
M. Rasanen Z. Bihary and R.B. Gerber HKrF in
Solid Krypton, J. Chem. Phys. 116, 2508‐2515
(2002).
190. Z. Bihary, G.M. Chaban and R.B. Gerber
Vibrational Spectroscopy and Matrix‐Site Geo‐
metries of HArF, HKrF, HXeCl and HXeI in Rare‐
Gas Solids, J. Chem. Phys. 116, 5521‐5529
(2002).
191. H. Yang, N.J. Wright, A.M. Gagnon, R.B.
Gerber and B.J. Finlayson‐Pitts An Upper Limit
to the Concentration of An Complex at the Air‐
Water Interface at 298K: Infrared Experiments
and Ab Initio Calculatons, Phys. Chem. Chem.
Phys. 4, 1832‐1838 (2002).
192. N. Matsunaga, G.M. Chaban and R.B. Ger‐
ber, Degenerate Perturbation Theory Correc‐
tions for the Vibrational Self‐Consistent Field
Ap‐ proximations: Method and Applications, J.
Chem. Phys. 117, 3541‐3547 (2002).
193. S.K. Gregurick, G.M. Chaban and R.B. Ger‐
ber Ab Initio and Improved Empirical Potentials
for the Calculation of the Anharmonic Vi‐ bra‐
tional States and Intamolecular Couplings of N‐
Methylacetamide, J. Phys. Chem. A 106, 8696‐
8707 (2002).
194. Z. Bihary, G.M. Chaban and R.B. Gerber
Stability of a Chemically Bound Helium Com‐
pound in High‐Pressure Solid Helium, J. Chem.
Phys (Communication) 117, 5105‐5108 (2002).
195. M. Bargheer, M.Y. Niv, R.B. Gerber and N.
Schwentner Ultrafast Solvent‐Induced Spin‐Flip
and Non‐Adiabatic Coupling: ClF in Argon Solids,
Phys. Rev. Lett. 89, 108301/1‐4 (2002). 196.
G.M. Chaban, J. Lundell and R.B. Gerber Theo‐
retical Study of Decomposition Pathways for
HArF and HKrF, Chem. Phys. Lett. 364, 628‐633
(2002).
196. M. Bargheer, R.B. Gerber, M.V. Korolkov,
O. Kuhn, J. Manz, M. Schroder and N. Schwent‐
ner Subpicosecond Spin‐Flip Induced by the
Photodissociation Dynamics of ClF in an Ar Ma‐
trix, Phys. Chem. Chem. Phys. 4, 5554‐5562
(2002).

ROBERT B. GERBER
188. G.M. Chaban and R.B. Gerber Ab Initio
Calculations of Anharmonic Vibrational Spec‐
troscopy for Hydrogen Fluoride (HF)n (n = 3, 4),
and Mixed Hydrogen‐Fluoride /Water (HF)n(H2

121

Part IV: Appendices
Publications
197. R.B. Gerber, B. Brauer, S.K. Gregurick and
G.M. Chaban Calculation of Anharnomic Vibra‐
tional Spectroscopy of Small Biological Mole‐
cules, Phys. Chem. Comm. 142‐150 (2002).
198. B. Brauer, G.M. Chaban, S.K. Gregurick and
R.B. Gerber Vibrational Spectroscopy and the
Development of New Force Fields for Biological
Molecules, Biopolymers 68, 370‐382 (2003).
(Speciall Issue in Memory of S. Lifson). 200. J.
Lundell, A. Cohen and R.B. Gerber Quantum
Chemical Calculations on Novel Molecules from
Xenon Insertion into Hydro‐ carbons, J. Phys.
Chem. A 106, 11950‐11955 (2002).
199. P. Jungwirth, R.B. Gerber and M.A. Ratner
Quantum Simulations of Vibrational Dephasing
of Molecules in a Cryogenic Environ‐ ment:
HArF in an Ar Cluster, Isr. J. Chem. (Topical Issue
on Quantum Dynamics) 42, 157‐162 (2002).
200. L. Khriachtchev, H. Tanskanen, A. Cohen,
R.B. Gerber, J. Lundell, M. Pettersson, H. Kilju‐
nen and M. Rasanen A Gate fo Organokrypton
Chemistry: HKrCCH, J. Am. Chem. Soc. (Com‐
munication) 125, 6876‐6877 (2003).
201. N.H. Nahler, R. Baumfalk, U. Buck, Z. Bi‐
hary, R.B. Gerber and B. Friedrich Photodissoci‐
ation of Oriented HXeI Molecules Generated
from HI − Xen Clusters, J. Chem. Phys. 119, 224‐
231 (2003).
202. G.M. Chaban, S.S. Xantheas and R.B. Ger‐
ber Anharmonic Vibrational Spectroscopy of the
F− (H2O)n Complexes, n = 1, 2, J. Phys. Chem. A
107, 4952 (2003).
203. M. Roeselova, P. Jungwirth, D.J. Tobias and
R.B. Gerber Impact, Trapping and Accommoda‐
tion of Hydroxyl Radical and Ozone at Aqueous
Salt Aerosol Surfaces: A Molecules Dynamics
Study J. Phys. Chem. B 107, 12690‐12699
(2003).
204. Z. Bihary, G.M. Chaban and R.B. Gerber
Delayed Formation Dynamics of HArF and HKrF
in Rare‐Gas Matrices, J. Chem. Phys.119, 11278‐
11284 (2003).
205. A. Cohen, J. Lundell and R.B. Gerber First
Compounds with Argon‐Carbon and Argon‐
Silicon Chemical Bonds, J. Chem. Phys. (Com‐
munication) 119, 6415‐6418 (2003).

206. R.B. Gerber Formation of Novel Rare‐Gas
Molecules in Low‐Temperature Matrices, Ann.
Rev. Phys. Chem. 55, 55‐78 (2004).
207. Y. Miller, E. Fredj, J.N. Harvey and R.B.
Gerber UV Spectroscopy of Large Water Clus‐
ters: Model Calculations for H2O)n , n=8, 11,
20, 40, 50 J. Phys. Chem. 55 , 55‐78 (2004).
208. B. Brauer, G.M. Chaban and R.B. Gerber
Spectroscopically‐Tested,
Improved
Semi‐
Empirical Potentials for Biological Molecules:
Calculations for Glycine, Alanine and Proline,
Phys. Chem. Chem. Phys. 6, 2543‐2556 (2004).
209. N.H. Nahler, M. Farnik, U. Buck, H. Vach
and R.B. Gerber Photodissociation of HCl and
Small (HCl)m Complexes In and On Large Arn
Clusters, J. Chem. Phys. 121, 1293‐1302 (2004).
210. R.B. Gerber, G.M. Chaban, B. Brauer and Y.
Miller First Principles Calculations of Anhar‐
monic Vibrational Spectroscopy of Large Mo‐
lecules, in: Theory and Applications of Compu‐
tational Chemisry: The First 40 Years, edited by
C.E. Dykstra, G. Frenking, K.S. Kim and G.E. Sau‐
seria (Elsevier, Holland) (2005).
211. C.A. Brindle, G.M. Chaban, R.B. Gerber and
K.C. Janda Anharmonic Vibrational Spectrosco‐
py Calculations for (NH3 )(NF) and (NH3)(DF):
Fundamental, Overtone and Combination Tran‐
sitions, Phys. Chem. Chem. Phys. 7, 945‐754
(2005).
212. D. Shemesh, G.M. Chaban and R.B. Gerber
Photoionization of Glycine: The First Ten Pico‐
seconds, J. Phys. Chem. A 108, 11477‐ 11484
(2004).
213. Y. Miller, G.M. Chaban and R.B. Gerber
Theoretical Study of Anharmonic Vibrational
Spectra of HNO3, HNO3‐H2O, HNO4: Funda‐
mental Overtone and Combination Excitations,
Chem. Phys. 313 , 213‐224 (2005).
214. D. Shemesh, R. Baer, T. Seideman and R.B.
Gerber Photoionization Dynamics of Glycine
Adsorbed on a Silicon Cluster: ”On‐the‐Fly”’
Simulations, J. Chem. Phys. 122, 184704 (2005).
215. E.C. Brown, A. Cohen and R.B. Gerber Pre‐
diction of a Linear Polymer Made of Xenon and
Carbon, J. Chem. Phys. (Communication) 122,
171101 (2005).
216. A. Adesokan, E. Fredj, E.C. Brown and R.B.
Gerber Anharmonic Vibrational Spectroscopy

122

Part IV: Appendices
Publications
Calculations of 5,6 Dihydrouracil and its Com‐
plex with Water, Mol. Phys. (Special Issue in
honor of J.P. Simons) 103, 1505‐1520 (2005).
217. R.B. Gerber New Chemistry of the Noble
Gas Elements: Novel Molecules, Polymers and
Crystals, Bulletin of the Israel Chem. Soc. Issue
18, 7‐14 (2005).
218. D. Shemesh and R.B. Gerber Different
Chemical Dynamics for Different Conformers of
Biologial Molecules: Pho‐ toionization of Gly‐
cine, J. Chem. Phys. (Communication) 122,
241104‐1 (2005).
219. R. B. Gerber, L. Gonzdlez, and O. Kohn,
Molecular wave packet dynamics (in honour of
Jorn Manz), Chem. Phys. 338, 79 (2007).
220. A. Cohen and R. B. Gerber, Photodissocia‐
tion of F‐2 in solid Ar: Electronic state distribu‐
tion in cage‐exit, Chem. Phys. 338, 200 (2007).
221. M. Bargheer, A. Cohen, R. B. Gerber, M.
Guhr, M. V. Korolkov, J. Manz, M. Y. Niv, M.
Schroder, and N. Schwentner, Dynamics of elec‐
tronic states and spin‐flip for photodissociation
of dihalogens in matrices: Experiment and se‐
miclassical surface‐hopping and quantum model
Simulations for F‐2 and CIF in solid Ar, J. Phys.
Chem. A 111, 9573 (2007).
222. Y. Miller, G. M. Chaban, J. Zhou, K. R. As‐
mis, D. M. Neumark, and R. B. Gerber, Vibra‐
tional
spectroscopy
of
(SO42‐)center
dot(H2O)(n) clusters, n=1‐5: Harmonic and an‐
harmonic calculations and experiment, J. Chem.
Phys. 127, 094305 (2007).
223. Y. Miller, R. B. Gerber, and V. Vaida, Pho‐
todissociation yields for vibrationally excited
states of sulfuric acid under atmospheric condi‐
tions, Geophysical Research Letters 34, L16820
(2007).
224. M. Z. Steinberg, K. Breuker, R. Elber, and R.
B. Gerber, The dynamics of water evaporation
from partially solvated cytochrome c in the gas
phase, Phys. Chem. Chem. Phys. 9, 4690 (2007).
225. A. A. Adesokan, G. M. Chaban, O. Dopfer,
and R. B. Gerber, Vibrational spectroscopy of
protonated imidazole and its complexes with
water molecules: Ab initio anharmonic calcula‐
tions and experiments, J. Phys. Chem. A 111,
7374 (2007).

226. A. Cohen and R. B. Gerber, A 1 fs spin‐flip
in a chemical reaction: Photodissociation of HF
in solid Ar, Chem. Phys. Lett. 441, 48 (2007).
227. D. Schweke, B. Brauer, R. B. Gerber, and Y.
Haas, The vibrational spectra of N‐
phenylpyrrole in the gas phase, in argon matric‐
es and in single crystals, Chem. Phys. 333, 168
(2007).
228. A. A. Adesokan, D. H. Pan, E. Fredj, R. A.
Mathies, and R. B. Gerber, Anharmonic vibra‐
tional calculations modeling the Raman spectra
of intermediates in the photoactive yellow pro‐
tein (PYP) photocycle, J. Am. Chem. Soc. 129,
4584 (2007).
229. L. Sheng and R. B. Gerber, Predicted stabil‐
ity and structure of (HXeCCH)(n) (n=2 or 4) clus‐
ters and of crystalline HXeCCH, J. Chem. Phys.
126, 021108 (2007).
230. L. Pele, B. Brauer, and R. B. Gerber, Accele‐
ration of correlation‐corrected vibrational self‐
consistent field calculation times for large po‐
lyatomic molecules, Th. Chem. Acc. 117, 69
(2007).
231. B. Brauer, F. Dubnikova, Y. Zeiri, R. Kosloff,
and R. B. Gerber, Vibrational spectroscopy of
triacetone triperoxide (TATP): Anharmonic fun‐
damentals, overtones and combination bands,
Spectrochimica Acta Part a‐Molecular and Bio‐
molecular Spectroscopy 71, 1438 (2008).
232. M. Z. Steinberg, R. Elber, F. W. McLafferty,
R. B. Gerber, and K. Breuker, Early Structural
Evolution of Native Cytochrome c after Solvent
Removal, Chembiochem 9, 2417 (2008).
233. M. A. Kamboures, J. D. Raff, Y. Miller, L. F.
Phillips, B. J. Finlayson‐Pitts, and R. B. Gerber,
Complexes of HNO3 and NO3‐ with NO2 and
N2O4, and their potential role in atmospheric
HONO formation, Physical Chemistry Chemical
Physics 10, 6019 (2008).
234. M. A. Kamboures, W. van der Veer, R. B.
Gerber, and L. F. Phillips, Raman spectra of
complexes of HNO3 and NO3‐ with NO2 at sur‐
faces and with N2O4 in solution, Physical Che‐
mistry Chemical Physics 10, 4748 (2008).
235. I. Wolf, A. Shapira, R. Giniger, Y. Miller, R.
B. Gerber, and O. Cheshnovsky, Critical size for
intracluster proton transfer from water to an

123

Part IV: Appendices
Publications
anion, Angewandte Chemie‐International Edi‐
tion 47, 6272 (2008).
236. E. Tsivion, S. Zilberg, and R. B. Gerber, Pre‐
dicted stability of the organo‐xenon compound
HXeCCH above the cryogenic range, Chemical
Physics Letters 460, 23 (2008).
237. D. Shemesh, J. Mullin, M. S. Gordon, and
R. B. Gerber, Vibrational spectroscopy for gly‐
cine adsorbed on silicon clusters: Harmonic and
anharmonic calculations for models of the
Si(100)‐2 x 1 surface, Chemical Physics 347, 218
(2008).
238. G. M. Chaban and R. B. Gerber, Anharmon‐
ic vibrational spectroscopy calculations with
electronic structure potentials: comparison of
MP2 and DFT for organic molecules, Theoretical
Chemistry Accounts 120, 273 (2008).
239. E. Segev, T. Wyttenbach, M. T. Bowers,
and R. B. Gerber, Conformational evolution of
ubiquitin ions in electrospray mass spectrome‐
try: molecular dynamics simulations at gradually
increasing temperatures, Physical Chemistry
Chemical Physics 10, 3077 (2008).
240. L. Khriachtchev, K. Isokoski, A. Cohen, M.
Rasanen, and R. B. Gerber, A small neutral mo‐
lecule with two noble‐gas atoms: HXeOXeH,
Journal of the American Chemical Society 130,
6114 (2008).
241. L. Pele and R. B. Gerber, On the number of
significant mode‐mode anharmonic couplings in
vibrational calculations: Correlation‐corrected
vibrational self‐consistent field treatment of di‐,
tri‐, and tetrapeptides, Journal of Chemical
Physics 128 (2008).
242. H. G. Kjaergaard, A. L. Garden, G. M. Cha‐
ban, R. B. Gerber, D. A. Matthews, and J. F.
Stanton, Calculation of vibrational transition
frequencies and intensities in water dimer:
Comparison of different vibrational approaches,
Journal of Physical Chemistry A 112, 4324
(2008).
243. A. Cohen and R. B. Gerber, Dynamical u <‐
> g electronic state transitions in matrix photo‐
chemistry: Photodissociation of F‐2 in solid Ar,
Chemical Physics Letters 453, 173 (2008).
244. G. von Helden, I. Compagnon, M. N. Blom,
M. Frankowski, U. Erlekam, J. Oomens, B. Brau‐
er, R. B. Gerber, and G. Meijer, Mid‐IR spectra

of different conformers of phenylalanine in the
gas phase, Physical Chemistry Chemical Physics
10, 1248 (2008).
245. Y. Miller and R. B. Gerber, Dynamics of
proton recombination with NO3‐ anion in water
clusters, Physical Chemistry Chemical Physics
10, 1091 (2008).

DANIEL HARRIES
9. S. May, D. Harries and A. Ben‐Shaul. Ma‐
croion‐induced compositional instability of bi‐
nary fluid membranes, Phys. Rev. Lett. 89, art.
no. 268102 (2002).
10. D. Harries, S. May, A. Ben‐Shaul. Adsorp‐
tion of charged macromolecules on mixed fluid
membranes, Coll. Surf. A 208, 41‐50 (2002).
11. D. Harries, S. May and A. Ben‐Shaul. Curva‐
ture and charge modulations in lamellar DNA‐
lipid complexes, J. Phys. Chem. B 107, 3624‐
3630 (2003).
12. D. Harries, V.A. Parsegian. Gibbs adsorp‐
tion isotherm combined with Monte Carlo sam‐
pling to see the action of cosolutes on protein
folding, Proteins 57, 311‐321 (2004).
13. H.I. Petrache, S. Tristram‐Nagle, K. Ga‐
wrisch, D. Harries, V.A. Parsegian, J.F. Nagle.
Structure and fluctuations of charged phospha‐
tidylserine bilayers in the absence of salt, Bio‐
phys. J. 86, 1574‐1586 (2004).
14. D. Harries, A. Ben‐Shaul, I. Szleifer. Enve‐
loping of charged proteins by lipid bilayers, J.
Phys. Chem. B 108, 1491‐1496 (2004).
15. R. Podgornik, D. Harries, H.H. Strey, V.A.
Parsegian. Molecular interactions in lipids, DNA,
and Lipid‐DNA complexes in Gene Therapy ‐
therapeutic mechanisms and strategies, N.
Smyth Templeton edt., 2nd ed. (2004).
16. D. Harries, D. C. Rau, V. A. Parsegian
Soultes probe hydration in specific association
of cyclodextrin and adamantane, J. Am. Chem.
Soc. 127, 2184‐2190 (2005).
17. H. I. Petrache, D. Harries, V. A. Parsegian.
Alteration of lipid membrane elasticity by cho‐
lesterol and its metabolic precursors, Macro‐
mol. Symp. 219, 39‐50 (2005).
18. H. Liang, D. Harries, G. C. L. Wong. Poly‐
morphism of DNA‐anionic liposome complexes

124

Part IV: Appendices
Publications
reveals hierarchy of ion‐mediated interactions,
P. Natl. Acad. Sci. USA 102, 11173‐11178 (2005).
19. H. I. Petrache, I. Kimchi , D. Harries, V. A.
Parsegian. Measured depletion of ions at the
biomembrane interfaces, J Am Chem Soc. 127,
11546‐11547 (2005).
20. J. Galanis, D. Harries, D. L. Sackett, W. Lo‐
sert, R. Nossal, Spontaneous Patterning of con‐
fined granular rods, Phys. Rev. Lett. 96, 028002
(2006).
21. H. I. Petrache, S. Tristram‐Nagle, D. Har‐
ries, N. Kucerka, J. F. Nagle, V. A. Parsegian,
Swelling of phospholipids by monovalent salt J.
Lipid Res. 47, 302‐309 (2006).
22. M.C. Gondre‐יLewis, Petrache HI, C. A.
Wassif , D. Harries, A. Parsegian, F. D. Porter, Y.
P. Loh, Abnormal sterols in cholesterol‐
deficiency diseases cause secretory granule
malformation and decreased membrane curva‐
ture, J. Cell. Sci. 119, 1875 (2006).
23. D. Harries, R. Podgornik, V.A. Parsegian, E.
Mar‐Or, D. Andelman, Ion Induced Lamellar‐
Lamellar Phase Transition in Charged Surfac‐
tants, J. Chem. Phys. 124, 224702 (2006).
24. G. Khelashvili, H. Weinstein, and D. Har‐
ries, Protein diffusion on charged membranes:
A dynamic mean‐field model describes time
evolution and lipid reorganization, Biophys. J.
94, 2580 (2008).
25. D. Harries and J. Rosgen, in Biophysical
Tools for Biologists: Vol 1 in Vitro Techniques,
(2008), Vol. 84, p. 679.
26. D. Harries, A. Heumann, K. Simon, and A.
Kronz, Magnetic processes recorded by garnets
from the AD 79 eruption of Vesuvius, Geochimi‐
ca Et Cosmochimica Acta 71, A382 (2007).
27. P. Gurnev, D. Harries, A. Parsegian, and S.
Bezrukov, Single‐molecule probe of solute‐
specific water release upon association of ada‐
mantane with cyclodextrin, Biophys. J., 36A
(2007).
28. G. Khelashvili, D. Harries, and H. Weins‐
tein, Macromolecule adsorption on charged
bilayers: A dynamic mean‐field model accounts
for the evolution of lateral reorganization and
demixing, Biophys. J., 248A (2007).
29. V. B. Teif, D. Harries, D. Y. Lando, and A.
Ben‐Shaul, Matrix formalism for site‐specific

binding of unstructured proteins to multicom‐
ponent lipid membranes, Journal of Peptide
Science 14, 368 (2008).
30. G. Khelashvili, H. Weinstein, and D. Har‐
ries, Protein diffusion on charged membranes:
A dynamic mean‐field model describes time
evolution and lipid reorganization, Biophysical
Journal 94, 2580 (2008).

RONNIE KOSLOFF
153. D.M. Lockwood, M.A. Ratner and R. Kosloff
Effects of Anharmonicity and Electronic Coupl‐
ing on Photoinduced Electron Transfer in Mixed
Valence Compounds, J. Chem. Phys. 117, 10125‐
101332 (2002).
154. S. Thiel, M. Pykavy, T. Kluner, H.‐J. Freund,
R. Kosloff and V. Staemmler Rotational Aling‐
ment in the Photodesorption of CO from
Cr2O3(0001): A Systematic Three‐Dimensional
Ab Initio Study, J. Chem. Phys. 116, 762‐773
(2002).
155. J.R. Fair, D. Schafer, R. Kosloff and D.J.
Nesbitt Intramolecular Energy Flow and Non‐
adiabaticity in Vibrationally Mediated Chemi‐
stry: Wavepacket Studies of Cl + H2O, J. Chem.
Phys. 116, 1406‐1416 (2002).
156. G. Katz, K. Yamashita, Y. Zeiri and R. Kos‐
loff The Fourier Method for Tri‐atomic Systems
in the Search for the Optimal Coordinate Sys‐
tem, J. Chem. Phys. 116, 4403‐4414 (2002).
157. Ch. P. Koch, Th. Kluner and R. Kosloff A
Complete Quantum Description of an Ultrafast
Pump‐Probe Charge Event in Con‐ densed
Phase, J. Chem. Phys. 116, 7983‐7996 (2002).
158. F. Dobnikova, R. Kosloff, Y. Zeiri and Z.
Karpas Novel Approach to the Detection of Tri‐
peroxide (TATP): Its Structure and Its Complex
with Ions, J. Phys. Chem. 106, 4951‐4956
(2002).
159. R. Kosloff and T. Feldmann A Discrete Four
Stroke Quantum Heat Engine Exploring the Ori‐
gin of Friction, Phys. Rev. E 65, 055102 1‐4
(2002).
160. G. Katz, Y. Zeiri and R. Kosloff Three‐
Dimensional Quantum Time Dependent Study
of the Photodissociation Dynamics of Na...FH/D,
Chem. Phys. Lett. 359, 453‐459 (2002).

125

Part IV: Appendices
Publications
161. Z. Amitay, R. Kosloff and S.R. Leone Expe‐
rimental Coherent Computation of a Multiple‐
Input AND Gate Using Shaped Molecular Wave
Packets, Chem. Phys. Lett. 359, 8‐14 (2002).
162. G. Katz, Y. Zeiri and R. Kosloff Quantum
Dissipative Model for the Collision Induced Ioni‐
zation of In2 Impinging on a Diamond Surface,
Chem. Phys. Lett. 358, 284‐289 (2002).
163. R. Kosloff and M.A. Ratner Rate Constant
Turnovers: Energy Spacings and Mixings, J.
Phys. Chem. B 06, 8479‐8483 (2002).
164. J.P. Palao and R. Kosloff Quantum Compu‐
ting by an Optimal Control Algorithm for Unita‐
ry Transformations, Phys. Rev. Lett. 89, 188501
(2002).
165. J. Vala, Z. Amitay, B. Zhang, S.R. Leone and
R. Kosloff Experimental Implementation of the
Deutsch‐Jozsa Algorithm for Three‐Qubit Func‐
tions Using Pure Coherent Molecular Superposi‐
tions, Phys. Rev. A 66 , 062316 (2002).
166. E. Gershgoren, Z. Wang, S. Ruhman, J. Vala
and R. Kosloff Investigating Pure Vibrational
Dephasing of I3 in Solution: Temperature De‐
pendence of T 2 for the Fundamental and First
Harmonic of ν1 , J. Chem. Phys. 118, 3660‐3667
(2003).
167. E. Gershgoren, Z. Wang, S. Ruhman, J. Vala
and R. Kosloff Investigating Pure Vibrational
Dephasing of I3 in Solution: Temperature De‐
pendence of T 2 for the Fundamental and First
Harmonic of ν1 , J. Chem. Phys. 118, 3660‐3667
(2003).
168. G.R. Darling, R. Kosloff and Y. Zeiri Time‐
Dependent Quantum Calculations of Negative
Ion Formation in Scattering of Atoms from Alka‐
li‐Halide Surfaces, Surf. Sci. 528, 84 (2003).
169. S. Jorgensen and R. Kosloff Two‐Pulse
Atomic Coherent Control , Surf. Sci. 528, 156
(2003).
170. Ch. P. Koch, Th. Klüner, H.‐J. Freund and R.
Kosloff Femtosecond Photodesorption of Small
Molecules from Surfaces: A Theoretical Investi‐
gation from First Principles, Phys. Rev. Lett. 90,
117601 (2003).
171. D. Neuhauser, R. Baer and R. Kosloff Quan‐
tum Soliton Dynamics in Vibrational Chains (To‐
da Lattice): Comparison of Fully Correlated

TDSCF, and Classical Dynamics, J. Chem. Phys.
118, 5729 ‐ 5735 (2003).
172. S. Jorgensen and R. Kosloff Two‐Pulse
Atomic Coherent Control (2PACC) Spectroscopy
of Eley‐Rideal Reactions. An Application of an
Atom Laser, J. Chem. Phys. 119, 149 (2003).
173. Ch. P. Koch, Th. Kl üner, H.‐J. Freund and R.
Kosloff Ab initio Treatment of Electronic Relaxa‐
tion in the Femtosecond Laser Induced Desorp‐
tion of NO/NiO(100), J. Chem. Phys. 119, 1750‐
1765 (2003).
174. T. Feldmann and R. Kosloff The Quantum
Four Stroke Heat Engine: Thermodynamic Ob‐
servables in a Model with Intrinsic Friction,
Phys. Rev. E 68, 016101 (2003).
175. M. Binetti, O. Weiβe, E. Hasselbrink, G.
Katz, R. Kosloff and Y. Zeiri The Role of Non‐
adiabatic Pathways and Molecular Rotations in
the Oxygen Abstraction Reaction on the Al(111)
Surface, Chem. Phys. Lett. 373, 366 (2003).
176. D. Gelman and R. Kosloff Simulating Dis‐
spative Phenomena with a Random Phsae
Thermal Wavefunctions, High Temperature Ap‐
plication of the Surrogate Hamiltonian Ap‐
proach, Chem. Phys. Lett. 129, 381 (2003).
177. J.P. Palao and R. Kosloff Optimal Control
Theory for Unitary Transformations, Phys. Rev.
A 68, 062308 (2003).
178. G. Katz, Y. Zeiri and R. Kosloff Abstractive
Dissociation of Oxygen Over Al(111): A Non‐
adiabatic Quantum Model, J. Chem. Phys. 120,
3931‐3948 (2004).
179. G. Ashkenazi and R. Kosloff String, Ring,
Sphere: Visualizing Wavefunctions on Different
Topoligies, Comput. Sci. & Eng. 6 82‐86 (2004).
180. Ch. Koch, J.P. Palao, R. Kosloff and F. Mas‐
nou‐Seeuws Stabilization of Ultracold Molecules
Using Optimal Control Theory, Phys. Rev. A 70 ,
013402 (2004)
181. D. Gelman, Ch. P. Koch and R. Kosloff Dis‐
sipative Quantum Dynamics with the Surrogate
Hamiltonian Approach. A Compari‐ son be‐
tween Spin and Harmonic Baths, J. Chem. Phys.
121 , 661 (2004).
182. S. Jorgensen and R. Kosloff A Pulse Shaping
Algorithm of a Coherent Matter Wave Control‐
ling Reaction Dynamics, Phys. Rev. A 70 ,
015602 (2004).

126

Part IV: Appendices
Publications
183. E. Luc‐Koenig, R. Kosloff, F. Masnou‐
Seeuws and M. Vatasescu Photoassociation of
Cold Atoms with Chirped Laser Pulses: Time‐
Dependent Calcula‐ tions and Analysis of the
Adiabatic Transfer Within a Two‐State Model,
Phys. Rev. A 70, 033407 (2004).
184. S. Jorgensen, F. Dubnikova, Y. Zeiri, R. Kos‐
loff, Y. Lilach and M. Asscher Theoretical Model‐
ing of Steric Effect in Electron Induced Desorp‐
tion: CH3Br/O/Ru(001), J. Phys. Chem. 108 ,
14056 (2004).
185. T. Feldmann and R. Kosloff Characteristics
of the Limit Cycle of a Reciprocating Quantum
Heat Engine, Phys. Rev. E 70 , 046110 (2004).
186. G. Katz, R. Kosloff and M.A. Ratner Conical
Intersections: Relaxation, Dephasing and Dy‐
namics in a Simple Model, Isr. J. Chem. 44 , 53
(2004).
187. A. Bertelsen, S. Vogelius, S. Jorgensen, R.
Kosloff and M.Drewsen Photo‐Dissociation of
Cold MgH+ Ions Towards Rotational Tempera‐
ture Measurements and Controlled Dissocia‐
tion, Euro. Phys. J. D 31 , 403‐408 (2004).
188. F. Dubnikova, R. Kosloff, J. Almog, Y. Zeiri,
R. Boese, H. Izhaky, A. Alt and E. Keinan Decom‐
position of TATP is an Entropic Explosion, J. Am.
Chem. Soc. 127 , 1146‐1159 (2005).
189. Ch. P. Koch, F. Masnou‐Seeuws and R. Kos‐
loff Creating Ground State Molecules with Opti‐
cal Feshbach Resonances in Tight Traps, Phys.
Rev. Lett. 94 , 193001 (2005).
190. G. Katz, Y. Zeiri and R. Kosloff Nonadiabatic
Charge Transfer Processes of Oxygen on Metal
Surfaces, Isr. J. Chem. 45 , 27 (2005).
191. M.J. Wright, S.D. Gensemer, J. Vala, R. Kos‐
loff and P.L. Gould Control of Ultracold Colli‐
sions with Frequency‐Chirped Light, Phys. Rev.
Lett. 95 , 063001 (2005).
192. A.C.T. van Duin, Y. Zeiri, F. Dubnikova, R.
Kosloff and W.A. Goddard III Atomistic‐Scale
Simulations of the Initial Chemical Events in the
Thermal Initiation of Triacetonetriperoxide, J.
Am. Chem. Soc. 127 , 11053 (2005).
193. S. Jorgensen, M. Drewsen and R. Kosloff
Intensity and Wavelength Control of a Single
Molecule Reaction: Simulation of Photodissoci‐
ation of Cold‐Trapped MgH+, J. Chem. Phys.
123, 094302 (2005).

194. G. Katz, Y. Zeiri and R. Kosloff Role of Vi‐
brationally Excited NO in Promoting Electron
Emission When Colliding with a Metal Surface:
A Nonadiabatic Dynamic Model, J. Phys. Chem.
109,18876 (2005).
195. D. Gelman, G. Katz, R. Kosloff and M.A.
Ratner Dissipative Dynamics of a System Passing
Through a Conical Intersection: Ultrafast Pump‐
Probe Observables, J. Chem. Phys. 123, 134112
(2005).
196. M. Khasin and R. Kosloff Temperature De‐
pendence of Interaction‐Induced Entanglement,
Phys. Rev. A 72, 052303 (2005).
197. D. Gelman and R. Kosloff Minimizing
Broadband Excitation Under Dissipative Condi‐
tions, J. Chem. Phys. 123, 234506 (2005).
198. S. Dittrich, H.‐J. Freund, Ch. P. Koch, R.
Kosloff and Th. Kluener Two‐Dimensional Surro‐
gate Hamiltonian Investigation of Laser‐Induced
Desorption of HO/NiO (100), J. Chem. Phys. 124,
024702 (2006).
199. T. Feldmann and R. Kosloff Quantum Lu‐
brication: Suppression of Friction in a First‐
Principles Four‐Stroke Heat Engine, Phys. Rev. E
73, 025107(R) (2006).
200. E.A. Weiss, G. Katz, R.H. Goldsmith, M.R.
Wasieliewski, M.A. Ratner, R. Kosloff and A.
Nitzan Electron Transfer Mechanism and the
Locality of the System‐Bath Interaction: A Com‐
parison of Local, Semilocal, and Pure Dephasing
Models, J. Chem. Phys. 124, 074501 (2006).
201. G. Ashkenazi and R. Kosloff The Uncertain‐
ty Principle and Covalent Bonding, The Chemical
Educator 11, 67 (2006).
202. S. Kallush and R. Kosloff Quantum Gover‐
nor: Automatic Quantum Control and Reduction
of the Influence of Noise Without Measuring,
Phys. Rev. A 73, 032324 (2006).
203. L. Diosi, T. Feldmann and R. Kosloff On
Exact Identity Bet3ween Thermodynamic and
Informatic Entropies in a Unitary Model of Fric‐
tion, Int’l J. Quant. Information 4, 99 (2006).
204. Ch. P. Koch, F. Masnou‐Seeuws and R. Kos‐
loff Short‐Pulse Photoassociation in Rubidium
Below the D1 Line, Phys. Rev. A 73, 043409
(2006).

127

Part IV: Appendices
Publications
205. Y. Rezek and R. Kosloff Irreversible Per‐
formance of a Quantum Harmonic Heat Engine,
New J. Phys. 8, 83 (2006).
206. U. Poschinger, W. Salzmann, R. Wester, M.
Weidemueller, Ch.P. Koch and R. Kosloff Theo‐
retical Model for Ultracold Molecule Formation
via Adaptive Feedback Control, J. Phys. B: At.
Mol. Opt. Phys. 39, S1001‐S1015 (2006).
207. Ch. P. Koch, R. Kosloff, E. Luc‐Koenig, F.
Masnou‐Seeuws and A. Crubellier Photoassoca‐
tion with Chirped Laser Pulses: Calculation of
the Absolute Number of Molecules per Pulse, J.
Phys. B: At. Mol. Opt. Phys. 39, S1017‐S1041
(2006).
208. S. Kallush and R. Kosloff Improved Me‐
thods for Mapped Grids: Applied to Highly Ex‐
cited Vibrational States of Diatomic Molecules,
Chem. Phys. Lett. 433, 221 (2006).
209. E. Luc‐Koenig, F. Masnou‐Seeuws, and R.
Kosloff, Dynamical hole in ultrafast photoassoc‐
iation: Analysis of the compression effect, Phys.
Rev. A 76, 053415 (2007).
210. R. Cohen, Y. Zeiri, E. Wurzberg, and R. Kos‐
loff, Mechanism of thermal unimolecular de‐
composition of TNT (2,4,6‐trinitrotoluene): A
DFT study, J. Phys. Chem. A 111, 11074 (2007).
211. M. Nest and R. Kosloff, Quantum dynami‐
cal treatment of inelastic scattering of atoms at
a surface at finite temperature: The random
phase thermal wave function approach, J.
Chem. Phys. 127, 134711 (2007).
212. M. Khasin and R. Kosloff, Rise and fall of
quantum and classical correlations in open‐
system dynamics, Phys. Rev. A 76, 012304
(2007).
213. M. J. Wright, J. A. Pechkis, J. L. Carini, S.
Kallush, R. Kosloff, and P. L. Gould, Coherent
control of ultracold collisions with chirped light:
Direction matters, Phys. Rev. A 75, 051401
(2007).
214. M. Khasin, R. Kosloff, and D. Steinitz, Ne‐
gativity as a distance from a separable state,
Phys. Rev. A 75, 052325 (2007).
215. G. Katz, M. A. Ratner, and R. Kosloff, De‐
coherence control by tracking a Hamiltonian
reference molecule, Phys. Rev. Lett. 98, 203006
(2007).

216. S. Kallush, R. Kosloff, and F. Masnou‐
Seeuws, Grid methods for cold molecules: De‐
termination of photoassociation line shapes and
rate constants, Phys. Rev. A 75, 043404 (2007).
217. B. Brauer, F. Dubnikova, Y. Zeiri, R. Kosloff,
and R. B. Gerber, Vibrational spectroscopy of
triacetone triperoxide (TATP): Anharmonic fun‐
damentals, overtones and combination bands,
Spectrochimica Acta Part a‐Molecular and Bio‐
molecular Spectroscopy 71, 1438 (2008).
218. M. Khasin and R. Kosloff, The globally sta‐
ble solution of a stochastic nonlinear Schrodin‐
ger equation, Journal of Physics a‐Mathematical
and Theoretical 41 (2008).
219. J. Oxley, J. Smith, J. Brady, F. Dubnikova, R.
Kosloff, L. Zeiri, and Y. Zeiri, Raman and infrared
fingerprint spectroscopy of peroxide‐based ex‐
plosives, Applied Spectroscopy 62, 906 (2008).
220. M. Khasin and R. Kosloff, Efficient simula‐
tion of quantum evolution using dynamical
coarse graining, Physical Review A 78 (2008).
221. G. Katz, D. Gelman, M. A. Ratner, and R.
Kosloff, Stochastic surrogate Hamiltonian, Jour‐
nal of Chemical Physics 129 (2008).
222. J. P. Palao, R. Kosloff, and C. P. Koch, Pro‐
tecting coherence in optimal control theory:
State‐dependent constraint approach, Physical
Review A 77 (2008).
223. C. Levi, G. J. Halasz, A. Vibok, I. Bar, Y. Zeiri,
R. Kosloff, and M. Baer, An intraline of conical
intersections for methylamine, Journal of Chem‐
ical Physics 128 (2008).
224. Y. Rezek and R. Kosloff, Quantum refrige‐
rator in the quest for the absolute zero temper‐
ature ‐ art. no. 69070F, Laser Refrigeration of
Solids 6907, F9070 (2008).
225. S. Kallush and R. Kosloff, Unitary photoas‐
sociation: One‐step production of ground‐state
bound molecules, Physical Review A 77 (2008).

RAPHAEL D. LEVINE
556. J.L. Sample, P. Chandhar, K.C. Beverly, F.
Remacle J.R. Heath and R.D. Levine Conducting
Arrays of Metallic Quantum Dots: An Experi‐
mental and Computational Study of the Role of
Disorder as Probed by the Surface Poten‐ tial,
Adv. Materials, 114, 124 (2002).

128

Part IV: Appendices
Publications
557. D. Steinitz, F. Remacle and R.D. Levine On
Spectroscopy, Control and Molecular Informa‐
tion Processing, Chem. Phys. Chem. 2, 43
(2002).
558. K.C. Beverly, J.L. Sample, J.F. Sampaio, F.
Remacle J.R. Heath and R.D. Levine Quantum
Dot Artificial Solids: Understanding the Static
and Dynamic Role of Size and Packing Disorder,
Proc. Nat’l Acad. Sci US 99, 6456 (2002).
559. F. Remacle, R. Weinkauf, D. Steinitz, K.L.
Kompa and R.D. Levine Molecular Logic Ma‐
chines by Optical Spectroscopy and Charge Mi‐
gration Along a Molecular Wire Realized as a
Peptide, Chem. Phys. 282, 363 (2002).
560. J.X. Wang, S. Kais and R.D. Levine Real‐
space Renormalization Group Study of the Hub‐
bard Model on a Non‐bipartite Lattice, Int’l J.
Mol. Sci. 3, 4 (2002).
561. F. Remacle, K.C. Beverly, J.R. Heath and
R.D. Levine Conductivity of 2‐D Ag Quantum Dot
Arrays: Computational Study of the Role of Size
and Packing Disorder at Low Temperatures, J.
Phys. Chem. B 106, 4116 (2002).
562. E.A. Torres, D. Baugh and R.D. Levine Ul‐
trashort Time Resolution From Energy Depen‐
dent Interference of Photodissociation Ampli‐
tudes, Chem. Phys. Lett.
563. A. Gross, H. Kornweitz, T. Raz and R.D.
Levine Driving High Threshold Chemical Reac‐
tions During the Compression Interlude in Clus‐
ter Surface Impact, Chem. Phys. Lett. 354, 395‐
402 (2002).
564. J.X. Wang, S. Kais, F. Remacle and R.D.
Levine A Renormalization Group Approach,
565. E.E.B. Campbell, A.V. Glotov, A. Lassesson,
R.D. Levine, Cluster‐Cluster Fusion, C.R. de
l’Acad. des Sci., serie II. Physique 3 , 341‐352
(2002).
566. F. Remacle and R.D. Levine Voltage‐
Induced Non‐Linear Characteristics of Arrays of
Metallic Quantum Dots,. Phys. Rev. Lett. (2002).
567. D. Ben‐Amotz, A.D. Gift and R.D. Levine
Improved Corresponding States Scaling of the
Equations of State of Simple Fluids J. Chem.
Phys. 117 , 4632 (2002).
568. D. Ben‐Amotz, A. Gift and R.D. Levine Up‐
dated Principle of Corresponding States, J.
Chem. Ed. 81, 142 (2004).

569. J.X. Wang, S. Kais, F. Remacle and R.D.
Levine Size‐Effects in the Electronic Properties
of the Finite Arrays of Exchange Coupled Quan‐
tum Dots; A Renormalization Group Approach,
J. Phys. Chem. B 106, 12847‐12850 (2002).
570. R.S. Berry and R.D. Levine Survey of Struc‐
ture, Energetics and Dynamics of Clusters, in
Progress in Experimental and Theoretical Stu‐
dies of Clusters, World Scientific (T. Kondow
and F. Mafu, eds.) p. 1 (2003).
571. F. Remacle and R.D. Levine Voltage‐
Induced Phase Transition in Arrays of Metallic
Nano Dots in Computed Transport and Surface
Potential Structure, Appl. Phys. Letters 82,
4543‐4545 (2003).
572. R.D. Levine Surprisal Analysis as a Dynami‐
cal Tool, Proc. Nat’l Acad. Sci. US 601 (2003).
573. D. Ben‐Amotz and R.D. Levine Updated
Principle of Corresponding States, J. Chem. Ed.
81, 142 (2004).
574. F. Remacle and R.D. Levine Electronic and
Electrical Response of Arrays of Metallic Quan‐
tum Dots, Int. J. Quant. Chem. 99, 743‐751
(2004).
575. F. Remacle and R.D. Levine Current‐
Voltage‐Temperature Characteristisc for 2D
Arrays of Metallic Quantum Dots, Isr. J. Chem.
42, 269‐280 (2003).
576. A. Gross and R.D. Levine Spectroscopic
Characterization of Collision‐Induced Electronic
Deformation Energy using Sum Rules, J. Chem.
Phys. 119, 4283‐4293 (2003).
577. F. Remacle, K.C. Beverly, J.R. Heath and
R.D. Levine Gating the Conductivity of Arrays of
Metallic Quantum Dots, J. Phys. Chem. 107,
13892‐13901 (2003).
578. F. Remacle and R.D. Levine Electronic and
Transport Properties of Arrays of Metallic Quan‐
tum Dots: A Computational Study, Chimie Nou‐
velle 83, 112‐119 (2003).
579. A. Gross and R.D. Levine Collision‐induced
IR Emission Spectra of Impact Heated Clusters,
J. Phys. Chem. 107, 9567‐9574 (2003).
580. F. Remacle and R.D. Levine Electrical
Transmission of Molecular Bridges, Chem. Phys.
Letts. 383, 537‐543 (2004).
581. O. Kafri and R.D. Levine The Thermody‐
namics of Files

129

Part IV: Appendices
Publications
582. F. Remacle, I. Willner and R.D. Levine Na‐
nowiring by Molecules, J. Phys. Chem. B 108 ,
18129‐18134 (2004).
583. F. Remacle and R.D. Levine Conductance
Spectroscopy of Low‐Lying Electronic States of
Arrays of Metallic Quan‐ tum Dots: A Computa‐
tional Study, in Nanoassemblies and Superstruc‐
tures , N. Kotov, Ed., Marcel Dekker, New York
(2005). 378. F. Remacle and R.D. Levine Level
Crossing Conductance Spectroscopy of Molecu‐
lar Bridges, Appl. Phys. Lett. 85, 1725 (2004).
584. A. Gross, M. Kjellberg and R.D. Levine Sys‐
tematics of Collision‐Induced Light Emission
from Hot Matter, J. Phys. Chem. A 108, 8949‐
8953 (2004).
585. F. Remacle and R.D. Levine Quasiclassical
Computations. PNAS 101, 12091‐12095 (2004).
586. F. Remacle and R.D. Levine Electronic and
Electrical Response of Arrays of Metallic Quan‐
tum Dots, Int’l J. Quant. Chem. 99, 743 (2004).
587. H. Kornweitz, A. Gross, G. Birnbaum and
R.D. Levine Probing Electronic Rearrangement
During Chemical Reactions, Physica Scripta 73,
C1‐C5 (2006).
588. F. Remacle, J.R. Heath and R.D. Levine
Electrical Addressing of Confined Quantum Sys‐
tems for Quasiclassical Computation and Finite
State Logic Machines, Proc. Natl. Acad. Sci. USA
102, 5653‐5658 (2005).
589. F. Remacle, I. Willner and R.D. Levine A
Counter by the Electrical Input/Output Stimuli
Activation of an Array of Quantum Dots, Chem.
Phys. Chem. 6, 1239 (2005).
590. F. Remacle, R. Weinkauf and R.D. Levine
Molecule‐Based Photonically Switched Half‐
Adder and the Concatenation of Molecular Log‐
ic Units by Intramolecular Transfer of Energy or
of Charge, J. Phys. Chem. A 110, 177‐184 (2006).
591. E. Katz, R. Baron, I. Willner, N. Richke and
R.D. Levine Temperature Dependent and Fric‐
tion Controlled Electrochemically‐Induced Shut‐
tling Along Molecular Strings Associated with
Electrodes, Chem. Phys. Chem. 6, 2179‐89
(2005).
592. F. Remacle and R.D. Levine Electrical
Transport in Saturated and Conjugated Molecu‐
lar Wires, Faraday Discuss. 131, 45‐67 (2006).

593. G.A. Somorjai and R.D. Levine The Chang‐
ing Landscape of Physical Chemistry at the Be‐
ginning of the 21st Century, J. Phys. Chem. 109 ,
9853 (2005).
594. F. Remacle and R.D. Levine All Optical Digi‐
tal Logic: Full Addition or Subtraction on a
Three‐State System , Phys Rev. A 73, (2006).
595. A. Gross and R.D. Levine Mechanical Simu‐
lation of Pressure and Relaxation to Thermal
Equilibrium of a Hot and Dense Rare Gas Clus‐
ter, J. Phys. Chem. B 110, 24070‐24076 (2006).
596. F. Remacle and R.D. Levine Towards Paral‐
lel Computing: Realization of a Linear Finite
State Logic Machine by a Markovian Stochastic
Process, Eur. Phys. J. D
597. A. Gross and R.D. Levine Characterization
of Evanescent High Pressure During Hypersonic
Cluster‐Surface Impact by the Virial Theorem, J.
Chem. Phys. 129, (194307) (2005).
598. E.W. Schlag, H.L. Selzle, P. Schanen and
R.D. Levine Dissociation Kinetics of Peptide Ions,
J. Phys. Chem. A 110, 8497‐8500 (2006).
599. A. Gross and R.D. Levine A Mechanical
Representation of Entropy of a Large Finite Sys‐
tem, J. Chem. Phys. 125, 144516 (2006).
600. F. Remacle and R.D. Levine An Electronic
Time Scale in Chemistry, Proc. Nat. Acad. Sci.
USA 103, 6793‐98 (2006).
601. F. Remacle and R.D. Levine The Time Scale
for Electronic Reorganization upon Sudden Ioni‐
zation of the Water and Water‐Methanol Hy‐
drogen Bonded Dimers and of the Weakly
Bound NO Dimer, J. Chem. Phys. 125 (2006).
602. A. Gross and R.D. Levine The Entropy of a
Single Large Finite System Undergoing Both
Heat and Work Transfer, Mol. Phys. (2006) (ac‐
cepted).
603. R. Remacle and R.D. Levine Inter‐ and
Intramolecular Level Logic Devices, In: Informa‐
tion Technology (R. Waser, Ed.) (Wiley, 2007).
(to be published)
604. K. Xu, J. E. Green, J. R. Heath, F. Remacle,
and R. D. Levine, The emergence of a coupled
quantum dot array in a doped silicon nanowire
gated by ultrahigh density top gate electrodes,
Journal of Physical Chemistry C 111, 17852
(2007).

130

Part IV: Appendices
Publications
605. R. Remacle and R.D. Levine Inter‐ and
Intramolecular Level Logic Devices, In: Informa‐
tion Technology (R. Waser, Ed.) (Wiley, 2007).
(to be published)
606. F. Remacle, M. Nest, and R. D. Levine, La‐
ser steered ultrafast quantum dynamics of elec‐
trons in LiH, Physical Review Letters 99 (2007).
607. F. Remacle, R. Kienberger, F. Krausz, and R.
D. Levine, On the feasibility of an ultrafast pure‐
ly electronic reorganization in lithium hydride,
Chemical Physics 338, 342 (2007).
608. M. Klein, S. Rogge, F. Remacle, and R. D.
Levine, Transcending binary logic by gating
three coupled quantum dots, Nano Letters 7,
2795 (2007).
609. F. Remacle and R. D. Levine, Probing ultra‐
fast purely electronic charge migration in small
peptides, Zeitschrift Fur Physikalische Chemie‐
International Journal of Research in Physical
Chemistry & Chemical Physics 221, 647 (2007).
610. F. Remacle and R. D. Levine, Towards pa‐
rallel computing: representation of a linear fi‐
nite state digital logic machine by a molecular
relaxation process, European Physical Journal D
42, 49 (2007).
611. A. Gross and R. D. Levine, The entropy of a
single large finite system undergoing both heat
and work transfer, Molecular Physics 105, 411
(2007).

612. F. Remacle and R. D. Levine, Time‐resolved
electrochemical spectroscopy of charge migra‐
tion in molecular wires: Computational evi‐
dence for rich electronic dynamics, Journal of
Physical Chemistry C 111, 2301 (2007).
613. F. Remacle and R. D. Levine, All‐optical
digital logic: Full addition or subtraction o a
three‐state system, Physical Review A 73 M.
Klein, R. D. Levine, and F. Remacle, Principles of
design of a set‐reset finite state logic nanoma‐
chine, Journal of Applied Physics 104 (2008).
614. O. Kuznetz, H. Salman, Y. Eichen, F. Re‐
macle, R. D. Levine, and S. Speiser, All optical
full adder based on intramolecular electronic
energy transfer in the rhodamine‐azulene bich‐
romophoric system, Journal of Physical Chemi‐
stry C 112, 15880 (2008).
615. M. Nest, F. Remacle, and R. D. Levine,
Pump and probe ultrafast electron dynamics in
LiH: a computational study, New Journal of
Physics 10 (2008).
616. E. A. Torres, K. L. Kompa, F. Remacle, and
R. D. Levine, Ultrafast vibrational spectroscopy
and relaxation in polyatomic molecules: Poten‐
tial for molecular parallel computing, Chemical
Physics 347, 531 (2008).

131

Part IV: Appendices
Publications

SAMPLE PUBLICATIONS OF CENTER RESEARCHERS
In this last appendix we present several selected publications by each of the groups of the center.

132

J. Phys. Chem. A 2005, 109, 13-35

13

FEATURE ARTICLE
Elementary Steps in Excited-State Proton Transfer†
Noam Agmon*
Department of Physical Chemistry and the Fritz Haber Research Center, The Hebrew UniVersity,
Jerusalem 91904, Israel
ReceiVed: June 11, 2004; In Final Form: September 25, 2004

The absorption of a photon by a hydroxy-aromatic photoacid triggers a cascade of events contributing to the
overall phenomenon of intermolecular excited-state proton transfer. The fundamental steps involved were
studied over the last 20 years using a combination of theoretical and experimental techniques. They are surveyed
in this sequel in sequential order, from fast to slow. The excitation triggers an intramolecular charge transfer
to the ring system, which is more prominent for the anionic base than the acid. The charge redistribution, in
turn, triggers changes in hydrogen-bond strengths that set the stage for the proton-transfer step itself. This
step is strongly influenced by the solvent, resulting in unusual dependence of the dissociation rate coefficient
on water content, temperature, and isotopic substitution. The photolyzed proton can diffuse in the aqueous
solution in a mechanism that involves collective changes in hydrogen-bonding. On longer times, it may
recombine adiabatically with the excited base or quench it. The theory for these diffusion-influenced geminate
reactions has been developed, showing nice agreement with experiment. Finally, the effect of inert salts,
bases, and acids on these reactions is analyzed.

I. Introduction
Certain aromatic dye molecules undergo a dramatic change
in their acidity upon electronic excitation. Photoacids (such as
hydroxyaryls and aromatic amines) increase their acidity,
whereas photobases (such as nitrogen heteroaromatics) increase
their basicity. The effect has first been investigated by Förster
and Weller,1,2 and several reviews have since been written on
this class of reactions.3-8 When the acidic and basic moieties
exist in proximity within the same molecule, one observes
intramolecular excited-state (ES) proton transfer (PT).9,10 Otherwise, the reaction is intermolecular: either bimolecular or
pseudo-unimolecular, such as in the case of excited-state proton
transfer (ESPT) to solvent. The long-standing interest in the
photoacidity phenomenon is, from basic science perspective,
because it allows the investigation of fast proton-transfer
reactions and, from a practical point of view, as a means of
generating protons at a specified instant of time.
* Corresponding author. E-mail: agmon@fh.huji.ac.il. Fax: 972-26513742.
† Abbreviations: 1OH, 1-naphthol; 1N4S, 1-hydroxynaphthalene-4sulfonate; 2OH, 2-naphthol; 2OMe, 2-methoxynaphthol; 2N6S, 2-hydroxynaphthalene-6-sulfonate; 2N68DS, 2-hydroxynaphthalene-6,8-disulfonate;
4WM, 4 water molecule model; 5CN1, 5-cyano-1-naphthol; 5CN2 or 5CN,
5-cyano-2-naphthol; 6CN, 6-cyano-2-naphthol, etc.; 5CN2OD, deuterated
5CN; 5MS1N, 5-(methanesulfonyl)-1-naphthol; BEBO, bond energy-bond
order; BO, bond order; DCN2, 5,8-dicyano-2-naphthol; DH, Debye-Hückel;
DMSO, dimethyl sulfoxide; DSE, Debye-Smoluchowski equation; ES,
excited state; ESPT, excited-state proton transfer; EtOH, ethanol; EVB,
empirical valence bond; GS, ground state; HB, hydrogen bond; HPTS,
8-hydroxypyrene-1,3,6-trisulfonate; ICT, intramolecular charge transfer; IR,
infrared; IRF, instrument response function; ISM, intersecting-state model;
KIE, kinetic isotope effect; MPK1, multi-particle kernel 1; MS-EVB, multistate empirical valence bond; R2PI, resonance 2-photon ionization; S, solvent
molecule; SSDP, spherical symmetric diffusion problem; TCSPC, timecorrelated single photon counting; TEBO, total effective bond order; TS,
transition state; USA, unified Smoluchowski approximation.

SCHEME 1: Structure of 2OH with the Atom
Numbering Used in This Sequel

SCHEME 2: Cycle of 2OH Excitation and
Photodissociation3

For concreteness, we focus in this review on hydroxyaryls
(ROH, where R is an aromatic ring system) such as 2-naphthol
(2OH, Scheme 1) and its derivatives. The pKa value of 2OH
drops from 9.5 in the ground, S0, electronic state to 2.8 in its
first excited singlet state, S1. (We often designate the ES by an
asterisk and its pKa value by pK/a ). The full cycle that it
undergoes following photon absorption is known as the “Förster
cycle” and is depicted in Scheme 2. In the ground state (GS),
the acid form dominates, and it is converted to an excited 2OH
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SCHEME 3: Structure of Four 2OH Cyano Derivatives
with Their Ground12,13 and the Diffusion Model ExcitedState14 Acidity Constants (Boxed, Upper and Lower
Values, Respectively)

Figure 1. Steady-state fluorescence spectrum of 2OH and its 5-cyano
derivative in pure methanol. Adapted from Figure 4 of ref 17.

molecule by photoexcitation. The latter undergoes a reaction
of ESPT to solvent
kd

R*OH {\} R*O- + H+
ka

V k0

(1.1)

V k′0

Its dissociation rate constant is kd, where 1/kd is typically in the
range of 1-1000 ps. The dissociation process generates the
(R*O-/H+) ion pair at their “contact” distance, a, from which
they may associate with the rate constant ka. The separation of
the partners over a distance r requires overcoming an attractive
electrostatic potential V(r) (in units of the thermal energy, kBT).
Thus, the overall acid constant (equilibrium dissociation constant) is K/a ) kd exp[V(a)]/ka, and pK/a ≡ - log K/a .
Both excited species, R*OH and R*O-, decay to their ground
state in a few (typically, 1-10) nanoseconds, by a combination
of radiative and nonradiative processes (rate constants k0 and
k′0, respectively). The light emitted (termed “fluorescence”
because of the singlet level involved), occurs at different
wavelengths for the acid and base. Because dissociation is more
downhill in S1, the S1 f S0 gap is smaller for the anion, so that
the R*O- fluorescence is red shifted as compared with that of
the R*OH. For example, the peak fluorescence frequencies of
2OH are 350 and 420 nm for the acid and base forms,
respectively.11 These two frequencies, together with the GS pKa,
could allow one to calculate pK/a via this Förster cycle. Such a
determination may be inaccurate, because the solvent relaxes
around the R*OH after excitation, and around the R*O- after
proton dissociation. Some aspects of these relaxation processes
are discussed below, as well as a more accurate diffusion model
for determining the two rate coefficients and hence the pK/a
value.
To probe the reaction over a wider range of photoacidities,
it is useful to consider a whole class of 2OH derivatives. Scheme
3 shows the structure of four cyano-substituted 2OH molecules,
synthesized by Tolbert and collaborators.12 The pKa and pK/a
values are indicated near each structure.13,14 It is evident that
the “electron-withdrawing” CN group makes these molecules
more acidic than 2OH: Slightly so in S0, and more dramatically
so in S1. These dye molecules can thus transfer their proton
not only to water but also to various alcohols. The doubly
substituted CN derivatives (not shown) are almost as strong as
a mineral acid [e.g., pK/a ) -4.5 for 5,8-dicyano-2-naphthol
(DCN2)]. They can undergo proton transfer to various organic
solvents, such as dimethyl sulfoxide (DMSO). Thus the

investigation of ESPT can be extended to a variety of solvents
besides water.15-18
As an example, Figure 1 compares the steady-state fluorescence spectrum of 2OH and 5-cyano-2-naphthol (5CN) in
methanol. 2OH does not transfer its proton to pure methanol,
and therefore only its ROH band (350 nm) appears. For 5CN,
ESPT to methanol does occur. Therefore, in addition to its ROH
band (388 nm) a strongly red-shifted RO- band appears (around
510 nm). In addition, the ROH band is also red shifted with
respect to that of 2OH, which shows that the cyano substituent
stabilizes both forms of the excited 2OH, a phenomenon that
will be discussed below.
During the course of an ESPT reaction (Scheme 2), one may
envision numerous consecutive elementary processes occurring
over some 8 decades in time, from subfemtosecond to submicrosecond time scales. The present report is possibly the first
unified exposition of this sequel, from the fastest to slowest
time scales. Though most of the observations below could be
quite general, some might nevertheless be restricted to naphthol
and similar hydroxy-aromatic derivatives.
The fundamental processes to be discussed include electronic
redistribution upon excitation (subfemtosecond), hydrogen-bond
(HB) rearrangements near the OH group (femtosecond), proton
dissociation followed by proton solvation and mobility (picosecond), geminate recombination of the dissociated proton with
the conjugate photobase, quenching and ES decay (nanosecond).
These slower processes are distinctly diffusion-influenced;19
hence their study also sheds light on the features of such
reactions in solution. These reactions are further complicated
in the presence of salts, bases, or acids. The main theoretical
tools required for treating these reactions are presented, together
with their corresponding experimental verification. At the end,
a few applications of ESPT are mentioned, but their comprehensive discussion requires a separate review article.
II. Electronic Redistribution
The first event that occurs upon excitation is redistribution
of the π electron cloud, producing the electron-density characteristic of the excited S1 state. Weller20 first proposed that this
involves intramolecular charge transfer (ICT) from the oxygen
atom to the aromatic ring system. The reduced electron density
on the hydroxyl group weakens the OH bond, making proton
dissociation more facile, whereas the excess electron density
migrates in naphthols to the distal ring (namely, the one not
attached to the OH group).5,21-25
This description is somewhat misleading, because it creates
the impression that the origin of the enhanced photoacidity is
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SCHEME 4: Five Possible Quinoid Resonance Structures
of 2-Naphtholate in Its GS

calculated29

Figure 2. Correlation of the
gas-phase Mulliken charge
on the oxygen atom of 2OH and its cyano derivatives (5CN, 6CN,
7CN, 8CN and DCN2) with their experimental acidity constants in
solution (see Scheme 3). Adapted from Figure 3 of ref 29.

in the acid form.26 However, if ICT occurs spontaneously, it
should stabilize the R*OH, and this would make its dissociation
more uphill. Therefore, the increase in kd must arise from an
even larger ICT effect on the R*O- anion, where a full formal
charge needs to be delocalized.20,23,27 This has been verified by
ab initio calculations on phenol and p-cyanophenol, whose
dipole moments show a significant decrease in absolute value
upon excitation only for the anionic base.26
Naphthols and their derivatives (as well as ortho- and metasubstituted phenol) have a lower symmetry than phenol, and
therefore the variation in dipole moment is not a good monitor
for the charge distribution. In these cases one could still learn
about the ICT effect by probing the molecular charge distribution
directly. Using the AMPAC 6.55 package,28 we have performed
extensive semiempirical AM1 calculations on gas-phase 2OH
and its cyano derivatives, for both acid and basic forms in their
first 3 singlet states.29 (The study includes the mono-cyano
derivatives and DCN2). Let us consider the observed effects
on the oxygen end and the aromatic rings.
A. Effects at the Oxygen End. From the ICT ansatz, one
may expect a decrease in the electronic charge density on the
oxygen atom upon excitation, which should be larger for the
anion than for the acid and should further increase for more
acidic photoacids. The results in Figure 2 verify this expectation.29 It correlates the Mulliken charges on the oxygen atom
(qO) with the corresponding experimental solution-phase pKa
and pK/a values. For each of the six molecules studied, four
data points are included in the figure: for S0 and S1 (right and
left of the dashed line, respectively) and the acid and base forms
(squares and circles, respectively). For ROH the charge is small
and varies only slightly with the pKa. For RO- the charge is
large and varies more conspicuously, particularly when the
transition from S0 to S1 is considered. The calculation thus
directly verifies the operation of the ICT effect, which is small
for the acid and large for the base.
Additional support for the ICT effect is obtained from the
calculated C-O bond lengths.29 In GS 2OH, it is around 1.37
Å for the acid, shortening to 1.26 Å in the anion. Thus the GS
anion is stabilized by a quinoid resonance structure (Scheme
4), with the negative charge distributed on the indicated ring
sites. Electron-withdrawing cyano substituents further shorten
this bond. Figure 3 shows a remarkable correlation between the
calculated C-O bond lengths in the RO- derivatives and the
GS pKa values. Two distinct correlation lines are observed: The
upper one for S0 and the lower one (more scattered) for S1.

Thus excitation further shortens the C-O bond, indicating an
enhanced double-bond character with increasing ICT effect.

Figure 3. Correlation of the calculated29 C-O bond lengths in gasphase RO- (circles), with the GS solution-phase acidity constant of
2OH and its cyano derivatives. Full line correlates the bond lengths in
S0 whereas the dashed line is for S1. Adapted from Figure 4 in ref 29.

B. Effect on the Aromatic Rings. The charge density that
migrates from the oxygen does not disperse uniformly on the
aromatic rings but is rather directed toward specific sites. Figure
4 shows a color-coded electron-density map of the acid and
base forms of 2OH in their first two singlet states, as deduced
from the AM1 calculations.29 As usual, red represents the most
positive atoms, yellow is neutral, and blue is the most negative.
For ROH, the ring charges are relatively uniform, except at
the sites immediately adjacent to the OH group. There is some
excess electronic charge in position 1 and some deficiency in
position 2. Upon excitation, the charge from the oxygen moves
predominantly to position 3. In particular, there is no electrondensity transfer to the distal ring (the total charge in positions
5-10 remains constant). Although this contrasts with the
conventional view of the ICT effect, it may be due to the lack
of solvent in these calculations (see discussion in section IIIC
below).
The situation is different for the RO- with its formal -1
charge. Already in the GS some of this charge finds its way to
the aromatic ring sites. As compared with GS ROH, the sites
that gain most of the electron density are 1, 3, 6, 8, and 10
(whereas carbon 2 becomes more positive). These electronenriched positions coincide with the location of the excess
charge in the five possible resonance structures of 2-naphtholate
(Scheme 4). The valence-bond picture is thus quite useful for
the GS.
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SCHEME 5: Carbon-Carbon Bond Lenths in
2-Naphtholate S0 (Upper Entries) and S1 (Lower Entries)
States (from Table 8 of Ref 29)

Figure 4. Electron density on 2-naphthol (ROH) and 2-naphtholate
(RO-) in their first two singlet states. From Tables 3 and 5 of ref 29.
Color code: red, most positive; orange, slightly positive; yellow, neutral;
green, slightly negative; blue, most negative.

Upon excitation to S1, we find pronounced changes in the
ring charge densities. In the proximal ring, the electronic charge
diminishes in position 1 and increases in position 3. This is
similar to the behavior observed for ROH, only larger. Unlike
the case of ROH, there is now charge migration to the distal
ring, predominantly to sites 5 and 8 (whereas the charge density
on position 6 diminishes). Though this agrees with the conjecture
of ICT to the distal ring, the valence-bond structures in Scheme
4 are not useful in explaining it (in particular, there is no
resonance structure with negative charge at C5).
C. Experimental pKa Values. The electronic distributions
discussed above explain the large enhancement of photoacidity
by electron-withdrawing cyano substituents on the distal ring.
Because ICT to the distal ring occurs only for the anion, but
not for the acid (where charge migrates to the proximal ring),
these distal substituents are expected to stabilize exclusively
the anionic base. The ES reaction thus becomes more downhill,
resulting in enhanced photoacidity.
The cyano substituents are sensitive not only to the average
charge of the distal ring, but even to the site to site charge
modulations. Thus the charge variations in positions 5-8 of
the 2OH anion (Figure 4) may explain the experimental pKa
values for the corresponding cyano derivatives, as summarized
in Scheme 3. In the GS of RO-, positions 6 and 8 are the most
electronegative, in agreement with the corresponding resonance
structures in Scheme 4. Consequently, the pKa values of 6CN
and 8CN are lower, by 0.4 pK units, than those of 5CN and
7CN. This difference is larger than the error bars for GS pKa
determination.
For the ES, the pK/a values depend on their method of
determination. We believe that the diffusion model analysis of
time-resolved data (section VIA) gives more reliable results than
the traditional Förster cycle or fluorimetric titration methods.2-4
Therefore the diffusion model pK/a ’s are given in Scheme 3.
According to these data, 5CN and 8CN are more acidic (by
about 0.5 pK units) than 6CN and 7CN in their S1 state. This
agrees with the calculation which shows that positions 5 and 8
become the most electronegative in the distal ring (Figure 4).
The agreement holds although the calculation is for gas-phase
molecules, whereas the experimental data are for water.

D. Photoacidity and Aromaticity. The classical explanation
of photoacidity via the ICT effect leaves several open questions:
(a) Why is ES-ICT from the oxygen center larger for the
anion than the ROH form?
(b) Why is the charge in the distal ring enhanced only by
exciting the anion?
(c) Why is photoacidity observed only for aromatic dyes?
To understand these issues, it is useful to consider some basic
notions in the study of aromaticity.30 Small aromatic molecules
often conform to Hückel’s 4n + 2 rule.31 Benzene is an aromatic
molecule (n ) 1) whereas cyclobutadiene, with its 4n π electrons
(n ) 1), is anti-aromatic. As a result, its GS structure is distorted
from square-planar to a rectangle, with two short (“double”)
bonds and two long (“single”) bonds. Although it is known that
it becomes aromatic in its first triplet state (T1), only recently
was it pointed out that cyclobutadiene is a perfectly square
aromatic molecule also in its S1 state.32 Thus the aromatic/antiaromatic character of a small ring system inverts between S0
and S1.
For 2-naphtholate, any attempt to delocalize a pair of oxygen
electrons on the aromatic rings creates a 4n π electron system
(n ) 3), which should possess some anti-aromatic character in
the GS. As a result, the structure should distort, leading to
alternating short/long C-C bonds around the ring. This was
verified by the AM1 calculations,29 which show larger bond
alternation for the GS anion (Scheme 5) than for the acid. In
the ES, we expect the anion to become more aromatic, and this
is indeed manifested by diminishing C-C bond-length alternation (Scheme 5). The reduction in the anti-aromatic character
allows the distal ring of R*O- to accept some of the electron
density from the oxygen, with a net effect of stabilizing the
excited anion.
III. Spectral Shifts: Solvent and Substituent Effects
Changes in electron density may be probed by spectral shifts
in either the absorption or the emission spectra. In addition, a
comparison of the two spectra (e.g., their Stokes shift) reveals
information on nuclear rearrangements that follow the electronic
excitation. Fortunately, 2OH and its derivatives have a simple
molecular structure that allows us to separate the effect on the
hydroxyl moiety from that on the aromatic rings. This facilitates
the comparison with the quantum chemistry results of the
previous section. By monitoring solvent-induced spectral shifts
(“solvatochromic shifs”), we obtain important information
concerning the HBs between solvent molecules and the oxygen
center, for both acid and base forms. These HBs are seen to
respond to modifications in the oxygen charge. Using specific
chemical substitutions on the distal aromatic ring, we probe the
site-specific electron density predicted by the quantum calculations.
A. Differential Solvatochromism Reveals Specific ROH
Solvation. The solvation of the ROH molecule may involve
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TABLE 1: Kamlet-Taft Coefficients (cm-1) for Two Dye
Molecules in the Acid and Anion Forms16,27
S0

S1

molecule

-p0

-b0

a0

-p1

-b1

a1

2OH acid
2OH anion
5CN acid
5CN anion

70
0
150

510
0
680

270
3100
270
?

450
0
1600
0

800
0
1950
0

0
1770
0
940

SCHEME 6: Two Types of Hydrogen Bonds to 2OHa

Figure 5. Differential solvatochromism of 5CN relative to its methoxy
derivative in various pure solvents for excitation36 (open circles) and
emission (full circles). ∆ν is from eq 3.1, and β is the Kamlet-Taft
measure of HB acceptance by the solvent.34 Solvent abbreviation: ACN
) acetonitrile, Et2O ) diethyl ether, MeOH ) methanol, DMSO )
dimethyl sulfoxide, DMFA ) dimethyl formamide. Data from Table
1 of ref 16.

nonspecific dipolar solvation33 and specific solvation, particularly HBs to the hydroxyl group. There might be two such
bonds. The first is a ROH‚‚‚S bond formed with a HB accepting
solvent molecule, S. The second is a RHO‚‚‚HS bond formed
with a protic solvent, HS. We have used solvatochromic
shifts15,16,27 with a Kamlet-Taft analysis34,35 to reveal the major
role played in ROH solvation by the ROH‚‚‚S bond.
For this end, we compared the solvatochromic shifts for 2OH
with its methoxy derivative, 2OMe,27 and similarly for 5CN.15,16
Replacement of the hydroxyl hydrogen by a methyl group
eliminates the ROH‚‚‚S bond, whereas the dipolar effects on
ROH and ROMe are thought to be similar. Consequently, by
subtracting the peak frequencies for the two species

∆ν ) ν(ROMe) - ν(ROH)

(3.1)

one expects to retain only the effect of the ROH‚‚‚S bond. We
call this approach “differential solvatochromism”.
Figure 5 shows a correlation of ∆ν for 5CN with the empirical
Kamlet-Taft parameter β, which depicts the solvent HB
accepting power.34,35 The nice correlation indicates that the effect
of the nonspecific dipolar solvation has indeed been largely
eliminated. The observed red shift (∆ν > 0) of the hydroxy vs
the methoxy compound is commensurate with the ICT ansatz.
Because during the electronic transition there is no time for
nuclear rearrangement, the HB must have been there already in
the GS, and it serves as a probe for the electronic-density change
on the OH group. The hydroxyl group becomes more positive
upon excitation (Figure 2), producing a stronger ROH‚‚‚S bond.
This HB thus stabilizes the ES more than the GS, leading to
the red shift. The stronger the H-bonding propensity of the
solvent (as depicted by its larger β value), the larger the relative
stabilization of the R*OH and hence the larger ∆ν becomes. A
similar behavior is observed for 2OH, but there the shifts are
smaller.27
Interestingly, when comparing the fluorescence and excitation
spectra,36 we observe much larger shifts for fluorescence (see
the larger slope in Figure 5). This is attributed to solvent
relaxation occurring after excitation, and before emission takes
place (probably on the fs time scale). These nuclear rearrangements make the ROH‚‚‚S bond stronger, and therefore more

a
R breaks and β becomes stronger upon excitation, as deduced from
the corresponding Kamlet-Taft R and β parameters.

sensitive to the solvent properties. One possibility is that the
HB length shrinks in the ES.
To verify this conclusion, we have also performed a multilinear regression of the ROH spectral shifts, νi, to the KamletTaft equation34

νi ) νi0 + pi π* + bi β + ai R

(3.2)

where i ) 0, 1 refers to the excitation (S0) and emission (S1)
spectra, respectively. The two additional Kamlet-Taft parameters here are π*, which is a measure of dipolarity effects, and
R, which measures the HB-donating propensity of a protic
solvent. The coefficients pi, bi, and ai reflect solute properties
in the ith electronic state: pi is related to its dipole moment, bi
measures its propensity to donate a HB, and ai describes its
tendency to accept a HB from the solvent in the given electronic
state. These parameters are summarized in Table 1.
Conclusions. Several interesting conclusions follow from this
analysis.15,16,27
(a) νi0 in eq 3.2 is the frequency for a solvent (such as
cyclohexane) for which π* ) R ) β ) 0. ν00 ) 29 400 cm-1
(excitation) and ν10 ) 28 200 cm-1 (emission). Thus fluorescence is red-shifted with respect to absorption already in the
absence of these solvent effects, ν10 < ν00. This contrasts with
the situation for 8-hydroxypyrene-1,3,6-trisulfonate (HPTS),
where ν10 > ν00.37 The latter was attributed to a S1 T S2 level
inversion. By this criterion there is no level inversion in 2OH
and its cyano derivatives.
(b) The values of the pi’s are negative (red shift) and |p1| .
|p0|, indicating an increase in the dipole moment upon excitation.
(c) The values of the bi’s are similar to the slopes of the two
lines in Figure 5. In particular, both are negative (red shift) and
|b1| > |b0|, suggesting charge migration from the OH, which is
followed by shortening of the ROH‚‚‚S bond. b0 - b1 is similar
in magnitude to p0 - p1, suggesting that this single HB
contributes about as much as nonspecific solvation from all other
solvent molecules to the stabilization of the R*OH species.
(d) The a0 parameter is small (and positive) for protic solvents
(HS), whereas a1 vanishes for the fluorescence spectrum. This
suggests a weak RHO‚‚‚HS bond to the hydroxyl oxygen in
the GS, which cleaves in the ES.
The ensuing HB rearrangements following ROH excitation
in water are summarized in Scheme 6. In the GS, two HBs
exist: (i) A strong ROH‚‚‚OH2 bond and (ii) a weak RHO‚‚‚
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Figure 6. Solvatochromism of the naphtholate base correlates exclusively with the Kamlet-Taft R parameter, to which there is greater
sensitivity in the excitation36 than in the emission spectrum.27 Data from
ref 11. Solvent abbreviations as in Figure 5.

HOH bond. Commensurate with the decrease in electronic
charge on the oxygen atom, the first HB becomes shorter and
stronger in the ES, whereas the second one cleaves. Thus the
ICT effect induces changes in HB strengths, probably occurring
on the fs time scale.
Independent Verification. Several independent observations
support the above scenario:
(a) Ab initio calculations on phenol-water clusters38 find a
short ROH‚‚‚OH2 bond (1.97 Å) and a longer RHO‚‚‚HOH bond
(2.12 Å). Moreover, upon excitation to S1, the first one shortens
whereas the second one lengthens (by 0.01 Å).
(b) In a series of combined spectroscopic/ab initio studies of
gas-phase clusters (2OH‚‚‚NH3,39 1OH‚‚‚NH3,40,41 hydroquinone‚‚‚NH3,42 7-hydroxyquinoline‚‚‚NH3,43,44 and 7-hydroxyquinoline‚‚‚OH245), the R*OH‚‚‚NH3 or R*OH‚‚‚OH2 bonds all
appear to shorten upon excitation to S1, typically by 0.01-0.1
Å.
(c) A similar effect is observed in intramolecular ESPT within
hydroxyanthraquinones, where the O‚‚‚O HB shrinks by 0.12
Å or more upon excitation to S1.46,47
(d) Time-resolved IR studies of coumarin-phenol mixtures
in methylene chloride,48,49 revealed the cleavage of the HB
donated from phenol to the carbonyl oxygen of the coumarin
in the sub-200 fs time scale.
B. RO- Solvatochromism. ICT plays an even larger role in
stabilizing the anion, where a full negative charge on the oxygen
needs to be dispersed.
(a) Unlike the acid, where the main stabilization effect is due
to HB accepting solvents (Kamlet-Taft β parameter), here it
is due to HB-donating solvents (Kamlet-Taft R parameter).
Protic solvents (HS) stabilize the anion by forming a RO-‚‚‚HS
bond, so that the solvatochromic shifts for 2-naphtholate
correlate exclusively with the Kamlet-Taft R parameter.27 This
correlation is shown in Figure 6, with the ai parameters given
in the second line of Table 1.
(b) The ai’s for the naphtholate base are very large. The
stabilization of the anion amounts to thousands of wavenumbers,
as compared with hundreds of cm-1 for the ROH acid.
(c) As opposed to the acid, where a larger β parameter leads
to a red shift, in the anion the shift with increasing R is to the
blue. Hence stabilization by the RO-‚‚‚HS bond is more
important in the GS than in the ES. This follows because of
the decrease in the ES charge density on the O- site.
(d) As opposed to the acid, where the sensitivity to β is much
larger in the emission spectrum, for the base the sensitivity to
R decreases significantly in the emission spectrum (as compared
with the excitation spectrum). This must then indicate that the
RO-‚‚‚HS bond is shorter in the GS and thus becomes longer

Figure 7. Fluorescence band position for cyano-2-naphthols: R*OH
in methanol (Figure 4 of ref 17) and R*O- in water (Table 1 of ref
12), plotted as a function of the calculated S0 r S1 energy gap for
optimized S1 of the corresponding gas-phase anion (Table 2 and Figure
1 of ref 29).

upon excitation. Moreover, the effect is more pronounced than
the shortening of the ROH‚‚‚S bond upon excitation of the acid
and should thus be easier to detect by complementary methods.
C. Substituent-Induced Spectral Shifts. Substituents on the
aromatic rings lead to spectral shifts that may serve as a probe
for the electron density at the substitution site. Figure 7 shows
the cyano substituent effect on the peak emission frequency, ν,
of the 2OH acid and anion forms in solution. In the first case
the solvent is methanol, because in water the more acidic
compounds are fully dissociated. In the second case the solvent
is water, because in methanol the least acidic compounds do
not dissociate (see Figure 4 in ref 17). It is difficult to find one
solvent in which both fluorescence peaks are observable for all
five compounds.
It is seen that the introduction of an electron-withdrawing
substituent into the distal ring of 2OH induces a large red shift,
particularly for the anion. This indicates that the substituent
stabilizes the ES more than the GS, in accord with the ICT
ansatz that electron density moves to the distal ring in the ES.
The shift is largest for the most acidic 5CN and 8CN molecules,
in agreement with the electronic charge density in Figure 4 and
the experimental pK/a values in Scheme 3. (An exception is
7CN, for which the red-shift is larger than expected from its
pK/a value.)
Additionally, Figure 7 shows that the substituent-induced
spectral shifts correlate in both cases with the calculated
S0 r S1 energy gap, ∆E-1, in the gas-phase anion, which is
largest for the least acidic 2OH derivative. For the anion, the
gas-phase ∆E-1 is always smaller than the solution-phase
frequency ν, because the polar solvent stabilizes the GS more
than the ES, in which the charge is more dispersed due to the
ICT effect. However, the variation with substituent is nearly
identical (slope of 0.9). Thus the ICT effect appears to be of
similar magnitude for isolated and solvated anions.
The behavior of the acid is somewhat surprising because from
the gas-phase calculations (section II) no correlation is expected.
The S0 f S1 energy gap is identical within computational error
for all cyano substituents (Table 2 of ref 29), and no net charge
was found to migrate to the distal ring. This result is indeed in
better qualitative agreement with gas-phase experiments: Gasphase 2OH has two rotamers, trans and cis, depending on the
OH orientation with respect to the naphthalenic ring. Their 0-0
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transitions occur in the absorption spectrum at 3.792 and 3.831
eV, respectively.50,51 From the R2PI spectrum of 5CN, the values
of 3.698 and 3.736 eV were obtained for the 0-0 transitions of
the trans and cis rotamers, respectively.52 Thus the red shift in
the gas-phase ROH spectrum (ca. 0.1 eV) does appear to be
small in comparison to that in liquid MeOH (ca. 0.4 eV; see
Figure 7).
The fact that the solution-phase frequencies for R*OH
fluorescence are found to correlate with the calculated gas-phase
energies of the RO- suggests that, in solution, the ICT effect
occurs already for the acid form (although it is weaker than for
the anion). Thus one should be careful when projecting from
gas-phase calculations to solution to conclude26 that the literature
is wrong in suggesting ICT for ROH. It is better to reserve
judgment until the solvent is explicitly included in the quantum
calculations.
The substituent effect on the acid form is also evident by
comparing the solvatochromic parameters bi for 2OH and 5CN
in Table 1. The 5-cyano substituent increases -b0 by only about
30%, whereas -b1 increases by a factor of 2.4. Thus the
electron-withdrawing substituent induces some contraction of
the ROH‚‚‚S bond in the GS, and a very significant contraction
in the ES. This, again, would not be expected if there were no
ICT for the acid.26
IV. The Dissociation Event
A central place is reserved in PT reactions for the elementary
dissociation step, whose rate coefficient is denoted by kd. This
step occurs on the picosecond time scale, well after the HB
rearrangements in the ES. One naturally asks what determines
the magnitude of kd for ESPT reactions? Is it governed by the
covalent interactions within the proton-transferring complex or
by the solvent conformation? To address this question, we
consider below structure-reactivity correlations, inter- vs intramolecular rates, the dependence of kd on water concentration,
temperature, and isotopic substitution. From these considerations, it appears that when the PT reaction is slow it is
controlled by the covalent interactions whereas when it is fast
its rate is determined largely by solvent rearrangement.
A. Structure-Reactivity Correlations. For a “family” of
PT reactions, AH + B h A- + BH+, Brönsted and Pedersen53,54
noted that the free energy of activation, ∆G†, correlates rather
nicely with the free energy of reaction, ∆G. Certainly when
the reaction is endothermic, this “driving force” for reaction
reflects the difference in the covalent bond strengths, between
the product BH+ bond and the reactant AH bond. Thus the more
downhill the reaction, the smaller the barrier and the larger the
rate coefficient.
More quantitative “structure reactivity correlations” for PT
reactions were later developed by Marcus55,56 on the basis of
the empirical bond-energy-bond-order (BEBO) model,57 and
by Agmon and Levine58-60 from a mixing entropy argument.
Given an “intrinsic barrier” parameter, ∆G†0 ≡ ∆G†(∆G)0),
the correlation may be written as

∆G† ) ∆G - ∆G†0 ln(n†)/ln(2)

(4.1a)

n† ) [1 + exp(-∆G ln(2)/∆G†0)]-1

(4.1b)

The “Brönsted coefficient”, n†, is the fractional bond order of
the product, BH+ bond, at the transition state (TS). When it is
small, the TS is “early” (typical of exothermic reactions)
whereas when it is large, the TS is “late” (typical of endothermic

reactions). Following Pauling,61 the bond order (BO), n, is
related exponentially to the bond length, r,

n ) exp[- (r - req)/a]

(4.2)

where req is its equilibrium value and a an empirical parameter.
The dissociation rate coefficient is subsequently given by

kd ) k0d exp(-∆G†/kBT)

(4.3)

so that it is controlled by the two kinetic parameters, k0d and
∆G†0, and the thermodynamic “driving force” for the reaction,
∆G.
Unlike the situation for electron-transfer reactions, the above
expressions do not show an “inverted” behavior. Thus kd
increases monotonically with increasing driving force
(∆G f -∞): ∆G† f ∆G when ∆G f ∞, whereas it tends to
zero as ∆G f -∞. In general, there is scarce experimental
evidence for the inverted region in PT reactions. The two known
exceptions62-64 occur in nonaqueous solutions and do not
involve ESPT from the singlet state.
Structure-reactivity correlations for ROH photoacids have
been depicted in several publications,6,16,65-68 some of which
utilize the above relations to fit their data (see original
publications for figures). They do not show an inverted behavior.
Typical values for the kinetic parameters are67 ∆G†0 ) 1.6 kcal/
mol, and k0d ) 2.5 × 1011 s-1. The intrinsic barrier is rather
small, which may again suggest that the barrier occurs mainly
along the solvent coordinate.
More elaborate structure-reactivity correlations include the
intersecting state model (ISM), which has recently been applied
to ESPT from naphthol derivatives.68 This model is based on
intersecting Morse curves with “dressed” Morse parameters,
reflecting the effect of the B moiety on the AH bond (and vice
versa). Again, rather good agreement with experiment was
demonstrated. Another recent extension introduces the solvent
coordinate explicitly as the reaction coordinate.69,70 This approach should be useful for ESPT, in which the solvent plays
a dominant role.
B. Inter- vs Intramolecular PT. The “ultimate” (∆G f -∞)
intermolecular ESPT rate constant, k0d, corresponds to a timeconstant of about 4 ps. This is slower than typical values for
fast intramolecular ESPT10,71-74 by a factor of nearly 100. In
the limit that the PT potential is barrierless, the intramolecular
reaction is thought to be modulated by the heavy atom vibration
(AH‚‚‚B). For example, in jet-cooled (gas-phase) methyl salicylate, Zewail and co-workers10 have observed barrierless
intramolecular ESPT occurring within 60 fs. They have also
observed a low-frequency, 180 cm-1 progression, which they
attribute to bending of the OH‚‚‚O bond. (Its half-period of 90
fs is consistent with the 60 fs time scale of the ESPT). Similarly,
solution-phase femtosecond pump-probe measurements by
Elsaesser and co-workers73 have identified a 470 cm-1 mode,
which is thought to modulate the heavy-atom distance along
the active OH‚‚‚N bond, leading to an intramolecular ESPT time
of 60-80 fs. Theories for vibrationally assisted PT,75-78 in their
simplest form, predict that the rate constant in eq 4.3 gets
multiplied by

[

exp R0 coth

( )]
pω
2kBT

(4.4)

where ω is the frequency of the promoting heavy-atom mode,
and R0 is a constant.
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Returning to intermolecular ESPT, Rini et al.79 have used
femtosecond time-resolved IR techniques to follow the reaction
of HPTS with an acetate ion (B-). At high acetate concentrations, they have observed an ultrafast component, faster than
their 150 fs resolution, which they attribute to a direct reaction
within a preformed ROH‚‚‚B- complex. This component is thus
as fast as intramolecular ESPT, whereas a slower, truly
bimolecular component, proceeds in the picosecond time scale.
The distinction, then, is not between intra- and intermolecular
reactions, but rather between donor-acceptor pairs that are
already connected through a HB when excited or not. When
they are, the reaction can be less than 100 fs and controlled by
modulations of the OH‚‚‚O distance.
It remains to consider the apparent “upper limit” to kd for
the truly bimolecular PT reactions. Rini et al.79 interpret their
results as implying that these reactions are limited by desolvation
of the donor and acceptor, to form a directly H-bonded pair.
This resembles the “inner sphere” mechanism for electrontransfer reactions. Slow PT reactions may proceed via such a
mechanism, but these are controlled by cleavage of the covalent
bond rather than by solvent dynamics.
For fast PT reactions the alternative “outer sphere” scenario
may be more plausible. In this scenario the intimate PT step
occurs when the donor and acceptor are separated by one or
two water molecules. Indeed, proton diffusion is about 4 times
faster than the self-diffusion of water.80,81 It is thus faster to
shuttle the proton than move away the intervening water
molecule. The presence of the donor and acceptor accentuates
the effect, because the lifetime of a water molecule in the first
solvation shell of an ion is larger than in the bulk,82 whereas
the proton may be driven faster than in the bulk by a donoracceptor potential gradient.
Consequently, the rate limiting solvent rearrangements are
likely to be those that are required to solvate the products of
the PT reaction. In particular, for ESPT to solvent from ROH
photoacids most of the attention should be devoted to solvating
the anion. This may be understood in terms of Scheme 6: The
HB donated by the OH moiety becomes stronger upon excitation, whereas the one donated to it possibly cleaves. This
advances that proton along its reaction coordinate but retards
the solvation of R*O-. To induce dissociation into ions, there
is need to increase the coordination number of the anion by
re-forming the cleaved HB.83 This may require more extensive
solvent rearrangements than anticipated in GS simulations of
acid dissociation.84,85
C. Dependence on Water Concentration. Additional evidence for solvent involvement in the dissociation step comes
from a study of ESPT to methanol-water mixtures.17 Figure 8
shows that the dissociation rate coefficient depends on a power,
w, of water concentration over a wide concentration range

kd ) km + kw[H2O]w

(4.5)

and for various photoacids. Here km is the dissociation rate
coefficient for pure methanol. It is 0 for the three weakest
photoacids, which are not capable of transferring a proton to
methanol. Both km and kw increase with photoacidity. A similar
relation was observed earlier86 for the decrease of kd with added
inert salt (in the molar range). In the latter case the correlation
is universal (independent of the chemical identity of the ions)
if the actiVity of water, rather than its concentration, is used.
The first interpretation of the power w was as the number of
water molecules solvating the dissociated proton. Robinson and
collaborators87,88 suggested that four water molecules (4WM)
are required to form the Eigen cation, H9O4+. This interpretation

Figure 8. Dependence of the proton dissociation constant (in s-1) on
water concentration (in M) in methanol/water mixtures for six ROH
photoacids in their S1 state. Data from Figure 12 of ref 17, with new
linear fits spanning the whole concentration range. In parentheses are
the values of w fitted to eq 4.5.

Figure 9. Dependence of the water power w (see Figure 8) on the
photoacid strength.

has some difficulties. First, we find values of w roughly between
1 and 2, not 4 as suggested in the 4WM. Second, w is not
constant but depends on the photoacid. Figure 9 shows a
correlation of w with pK/a : The weaker the photoacid the
larger w. The 4WM would predict that w, as a property of the
equilibrated proton, should be independent of the conjugate base.
Finally, the free energy of transfer of a proton (from water to
the mixture), as deduced from extra-thermodynamic data, is
nearly independent of solvent composition in the water-rich
region.89 Though the proton “sits” on one water molecule, water
and methanol are equally probably as its first-shell ligands.
It appears from Figure 8 that the smallest value of w is around
1, because w does not change appreciably between DCN2 (pK/a
) -4.5) and 5CN (pK/a ) -0.8). The w ) 1 limit may
correspond to the single water molecule on which the proton
resides. For the weaker photoacids, w increases linearly with
increasing pK/a . The weaker the photoacid the smaller the ICT
effect and hence the larger the negative oxide charge that needs
to be solvated. Because the Kamlet-Taft R parameter is larger
for water than for methanol, water will be more effective in
solvating the nascent anion. Thus weak photoacids may require
additional water molecules in the solvation shell of their
conjugated photobases to assist in the dissociation process.
D. Temperature Effect. Another indication that fast ESPT
reactions are solvent controlled comes from the unusual
temperature effect on kd. Weak photoacids, like 2OH, behave
in an Arrhenius fashion, with ln kd linear in 1/T between the
freezing and boiling temperatures of water.87,88,90 Its activation
enthalpy is EA ≈ 11 kJ/mol. There is some downward deviation
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Figure 10. Dependence of the dissociation rate coefficient (in units
of s-1) on temperature, for two photoacids. Data from refs 92 (HPTS)
and 90 (2N68DS). Lines show fourth-order polynomial fits, which were
differentiated analytically to give EA.

Figure 11. Dependence of the activation energy on temperature for
the deprotonation of three different photoacids. Obtained by differentiating the polynomial fits shown in Figure 10.

from the Arrhenius behavior only in supercritical91 or supercooled water.90 In contrast, stronger photoacids such as HPTS92
or 2-hydroxynaphthalene-6,8-disulfonate (2N68DS)90 in water,
and the superstrong DCN2 in alcohols,93 exhibit a strongly
curved Arrhenius plot. This behavior is demonstrated for ESPT
to water in Figure 10, with the extracted activation enthalpies
shown in Figure 11. These results depend delicately on the
polynomial chosen to fit kd(T) in Figure 10, which was then
differentiated analytically to give EA. Yet, qualitatively, it is
clear that EA increases with decreasing T.
This behavior contrasts with the temperature dependence
expected from theories of nonadiabatic PT, where kd is
controlled by proton tunneling.75-78 For example, the hyperbolic
cotangent term in eq 4.4 suggests that EA decreases with
decreasing T, which is just the opposite of the observation in
Figures 10 and 11. This suggests that ESPT to solvent is
controlled by the adiabatic motion of the solvent, whereas proton
tunneling plays a relatively minor role.
Robinson and co-workers87,88 have suggested that the solvent
controls kd via the Debye dielectric relaxation time, τD. This
explanation is too simplistic because, around room temperature,
kd has a much weaker temperature dependence than 1/τD.92
Consequently, Huppert and collaborators90,92,93 have suggested
a switch between solvent control (1/τD behavior) at low
temperatures and proton tunneling at the higher ones.
Yet if we consider the two stronger photoacids in Figure 11
we notice that they have EA ≈ 0 at high temperatures, suggesting
a negligible barrier along the proton coordinate. Moreover,
EA(T) seems to depend relatively little on the photoacid in this
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Figure 12. Dependence of kHd /kDd on the thermodynamic driving force
for ESPT from a series of photoacids to water at room temperature.
Data are conveniently collected in Table 3 of ref 68, except that the
KIE for HPTS is 2.9 and for 5CN2 it is 2.1.

limit. Thus it may be more plausible to assume that the whole
temperature dependence is controlled by the solvent. This
contrasts with the weaker 2OH, which has a large and nearly
T-independent EA above 0 °C, attributable to a barrier in the
proton coordinate. Below 0 °C, the rise in its EA appears to be
more dramatic than for the faster photoacids, commensurate with
our assertion that more water molecules are needed to solvate
the anion of a weaker photoacid.
E. Kinetic Isotope Effects. The kinetic isotope effect (KIE)
is defined as the ratio of the rate constants (k) without and with
isotopic substitution. Most common is the H/D KIE, defined as
kH/kD. In ESPT to water, kHd /kDd , is the ratio of the dissociation
rate coefficient in H2O and D2O.
Many years ago Melaner94 and Westheimer95 have suggested
that, within a reaction series, the KIE should exhibit a symmetric
maximum when ∆G ) 0. Such behavior can be obtained from
the structure-reactivity correlations, e.g., eqs 4.1, if only ∆G†0
varies with isotopic substitution.58-60 The correlation may be
nonsymmetric if also ∆G is isotopically dependent, as observed
for the H2 + X series (X a halogen atom).96 In this case the
KIE decreases faster for negative ∆G values. Interestingly, the
same asymmetry is observed for ESPT to water in Figure 12,
although the data here are less accurate so it is difficult to say
what is the origin of its asymmetry.
Theories for nonadiabatic, tunneling-controlled PT suggest
that the KIE should be large (e.g., 5-50) and depend only
weakly on temperature, possibly in an Arrhenius fashion.97
Figure 13 shows the KIE for the dissociation of excited HPTS
in water. It is relatively small and depends on temperature more
strongly as T is lowered. This discrepancy indicates, again, that
proton tunneling plays a minor role is ESPT to water, so that
the observed KIE may have a large contribution from the HB
dynamics of water molecule clusters surrounding the excited
probe.
V. Proton Mobility
The dissociation process generates a solvated proton that
diffuses in solution. The diffusion constant of a proton in water,
ca. 9.3 × 10-5 cm2/s at room temperature, is at least 4.5 times
larger than any other cation.98 The proton hopping time has been
measured independently using NMR techniques to be in the
range of 1-2 ps.99 The origin of the abnormally high proton
mobility is attributed to the “Grotthuss mechanism”,100-102
whose exact nature has been a source of vivid controversies.80
Understanding the mechanism of proton mobility in water is
important beyond the immediate scope of ESPT, because protons
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3. The activation energy for proton mobility increases steeply
in supercooled water, even though the HB network becomes
more ordered.81 The effect indicates cooperative rearrangement
of HBs, which necessitates several concerted cleavage events.
4. Proton mobility in ice is actually slower than in supercooledwater of the same temperature.109,110
5. Coherent-like proton hopping along preformed chains of
HBs is not likely, because the coordination number of liquid
water is too high (near 4). To become H3O+, the coordination
number of the proton-accepting water molecule should first
decrease to 3.
6. The proton diffusion coefficient at room-temperature is
DH+ ) 9.3 × 10-5 cm2/s. This value is reproduced well by
Einstein’s relation

Figure 13. Temperature dependence of kHd /kDd for ESPT from HPTS
to water.92 The parabolic line is drawn to guide the eye and stresses
the non-Arrhenius nature of these data.

Figure 14. Classical models for proton hopping in water: (I) model
of Bernal and Fowler;103 (II) picture emerging from the work of Eigen
and collaborators.105 Small gray arrows indicate proton hops, whereas
the large white arrow denotes water rotation.

catalyze an immense number of aqueous reactions and serve as
a means for transient energy storage in living systems.
A. Existing Models. Figure 14 summarizes some classical
concepts concerning the mechanism. (I) shows the scenario of
Bernal and Fowler,103 in which a water molecule rotates in the
vicinity of the H3O+ cation. When it achieves the correct
orientation, the proton hops on. (II) is based on the interpretation
by Eigen and DeMaeyer of their studies of proton mobility in
ice.104,105 Because proton was found to migrate faster in ice than
in liquid water, they proposed rapid proton dislocations along
chains of H-bonded water molecules. These two concepts were
combined into a single textbook picture.106
The above concepts were criticized,80,81,107 on the basis of
several arguments:
1. First-shell HBs to H3O+ should not typically be broken,
because they are shorter and stronger than ordinary water-water
HBs.
2. The activation energy for proton mobility is low, about
2.5 kcal/mol at room temperature.98 It is similar to the HB
strength between water molecules, 2.6 kcal/mol, as deduced
from Raman studies.108 Thus a rate determining step must
involve the cleavage of ordinary water-water HBs further away
from the protonated center.

DH+ ) l2/6τH+

(5.1)

where τH+ ≈ 1.2 ps is the proton hopping time as determined
by NMR,99 and l ≈ 2.6 Å is the distance between H3O+ and
the oxygen atom in its first solvation shell.111 This indicates
that proton hops are incoherent, with long intervals between
hops during which memory of where the proton came from is
lost.
7. The unique role ascribed to the strongly solvated H3O+
cation, designated by Eigen as H9O4+,105 has been contested
by Zundel,112,113 who found a broad IR continuum in aqueous
solutions of strong acids. This he attributed to proton fluctuations
within the protonated water dimer, H5O2+. Both cations114 are
observed in simulations of protonated water, as depicted in
Figure 15.
Following these considerations, it was clear that revised
models for proton mobility were required. The next-generation
models arrived in 1995.80,115 The two models depicted in Figure
16 are characterized by nearly isoenergetic Eigen and Zundel
cations.114 Proton moves by rapid interconversion of these
cations, which are driven by second-shell HB dynamics. In
mechanism I, the Zundel cation is dominant, and protons hop
by a double-proton translocation that converts one Zundel cation
into another.115-117 In mechanism II,118 the more stable Eigen
cation is transiently converted into a Zundel cation by cleavage
of a HB donated to the acceptor oxygen atom.80 A new Eigen
cation is stabilized on the acceptor side, by forming a HB to
the donor oxygen. This picture was confirmed by Car-Parrinello
simulations119 and found its way into textbooks.120 A related
scenario was discovered in MD simulations of proton mobility
in ice.121
However, mechanism II still has its problems. Using multistate empirical valence-bond (MS-EVB) potentials,122 efforts
were made to observe the suggested HB cleavage that supposedly reduced the coordination number of the acceptor from 4
to 3.116,123,124 An effect was found, but much weaker than
expected. Possibly, the suggested HB cleavage event occurs
more frequently in the next solvation shell.124 But then there is
more than one such bond to consider.
The reason for the discrepancy is that in mechanism II it is
assumed that the first-shell water ligands behave like bulk water,
possessing a coordination number around 4. This is not true
for the MS-EVB potentials in which the three first-shell
neighbors of the H3O+ ion participate in delocalizing around
30% of the positive protonic charge.124 Consequently, it becomes
electrostatically unfavorable to donate a HB to these oxygen
atoms, leading to an average coordination number of 3.6, rather
than 3.9 as in bulk water.124,125 Because the HB that was
suggested to cleave is not there 40% of the time, its cleavage
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Figure 15. Eigen (yellow) and Zundel (yellow-orange) cations,114 with
their first solvation shells (cyan), as revealed in MS-EVB simulations
of protonated water. HBs are denoted by dashed (cyan) lines. Calculation using the MS-EVB2 program of Schmitt and Voth122,124 and the
gOpenMol visualization software (Laaksonen, 2001).
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Figure 17. Proton-transferring complex, H5O2+ (a), and its first two
solvation shells. In the first-shell (b), six HBs are tracked. In the secondshell (c), 12 HBs are tracked. The two unfavorable HBs from the first
shell (red) are not followed onto the second shell. Reprinted with
permission from ref 126. Copyright 2004. American Institute of Physics.

B. Cooperative Picture of Proton Mobility. To investigate
cooperative effects on proton mobility in liquid water, consider
the first- and second-shell water clusters around the transferring
H5O2+ complex. Figure 17 shows two kinds of HBs participating
in these clusters. The “good” bonds in blue around a given
oxygen atom would stabilize a proton moving to it, whereas
the “bad” bonds in red would destabilize it. The models in
Figure 16 assumed that one bad bond is cleaved in the ratelimiting step. A recent MD study by Lapid et al.126 indicates
that also the good bonds participate, allowing the coordination
number to drop below 3. This occurs in the second shell of the
H5O2+ complex, Figure 17c, so that larger protonated water
clusters than previously anticipated participate in the PT
dynamics.
To proceed, define the average proton reception power of a
given oxygen center in terms of its HB environment, as126
Figure 16. Recently proposed models for proton hopping in water:
(I) Zundel-to-Zundel conversion;115 (II) Eigen-to-Eigen conversion (via
an intermediate Zundel cation).80 In both cases, a HB to the acceptor
side breaks, whereas an equivalent bond is re-formed with the donor
by water rotation (large white arrows).

cannot be the rate-limiting step, and one should consider
H-bonding effects in much larger water clusters.

m ) n1 + n2 - n3

(5.2)

Here ni are BOs calculated from eq 4.2. The (maximum) of
four HBs in which this oxygen participates are divided as
follows: n1 and n2 represent the two good HBs it donates,
whereas n3 is the BO of the bad HB donated to it. Hence n3
receives a negative weight in eq 5.2. The fourth HB is the one
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Figure 18. Proton-transfer dynamics correlates with the HB dynamics
within the first two solvation layers surrounding the H5O2+ complex.
(a) depicts a PT event in the inner complex. The first and last crossings
of nl and nr delimit the existence of the complex (vertical dashed lines).
The zero of time is set at the middle of this interval. The two BO
parameters in (a) and four TEBO parameters in (b) and (c) have been
smoothed to eliminate fast hydrogen atom vibrations.

along which the proton moves; hence it is not counted in the
HB environment. The parameter m is called the “total effective
bond order” (TEBO). The larger its value, the more receptive
the oxygen center toward the migrating proton.
With these definitions, one can characterize the HB environments in the three levels depicted in Figure 17. The inner H5O2+
complex is characterized by the BOs nl and nr, for the donor
(left) and acceptor (right). The TEBO parameters are used for
characterizing the two solvation shells. For the donor and
acceptor sides in the first shell we have m1l and m1r, respectively.
In the second shell, there are two TEBO parameters on each
side that are averaged to give m2l and m2r, respectively. These
four TEBO parameters were calculated during each PT event
using the MS-EVB2 simulation program.124 This program
calculates the potential quantum-mechanically using the best
available MS-EVB parametrization, but the nuclear motion is
classical.
As Figure 18 shows, PT between two water molecules is
characterized by a transient formation of a Zundel cation,
between the first and last times that nl ) nr. Concomitant with
it, the TEBO values of the two solvation layers also coincide.
This behavior is typical for all the PT events investigated. From
the behavior of the TEBO parameters we deduce several
important characteristics of PT events (at least within the MSEVB2 description):
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Figure 19. HB dynamics couples to proton mobility in water. (a)
Before PT, “good” HBs may break (curly orange arrows) on the donor
side (left) whereas “bad” ones break on the acceptor side (right). Several
such events tilt the balance from donor to acceptor. (b) After PT, HBs
form in the second solvation shell (curly green arrows). “Good” HBs
form on the acceptor side and the “bad” ones form on the donor side.
The first shell HBs around the H5O2+ respond mainly by corresponding
stretching/contraction translational motions. Reprinted with permission
from ref 126. Copyright 2004. American Institute of Physics.

1. Changes in HB strengths occur collectively in both
solvation layers.
2. Changes in the outer (second) layer possibly precede those
in the first layer and the H5O2+ complex.
3. Both bad and good HBs contribute to changes in the TEBO
parameters. On the donor side, good bonds are broken and then
bad bonds are formed. On the acceptor side, bad bonds are
broken and then good bonds are formed.
A schematic summary of these HB dynamics is presented in
Figure 19.
VI. Recombination and Quenching
The photoacid saga does not end upon dissociation and
formation of a solvated diffusing proton. This proton can now
participate in an adiabatic recombination reaction (eq 1.1) or
in a nonadiabatic quenching reaction. These two reactions
ka

R*O- + H+ 98 R*OH
kq

R*O- + H+ 98 ROH

(6.1a)
(6.1b)

are characterized by the rate constants ka and kq, respectively.
They were first observed at low pH, where they occur with a
homogeneous distribution of protons. Only more recently was
it realized that they also occur with the geminate proton, which
is the subject of the present section.

Feature Article

J. Phys. Chem. A, Vol. 109, No. 1, 2005 25

SCHEME 7: Suggested Proton-Quenching Mechanism
for 2OH25

In the homogeneous case, the reversibility of ESPT to solvent
was deduced by Weller from fluorometric titrations.2 As the
pH is lowered, the fluorescence band of the acid increases in
intensity at the expense of the red-shifted anion band, ideally
maintaining an isoemissive point. Laws and Brand have
measured the reaction in the time domain, finding biexponential
decay at low pH, which they attributed to reversibility.127 Harris
and Selinger suggested that nonadiabatic proton quenching is a
major player in excited 1OH kinetics.128 They found that both
R*OH and R*O- are quenched by protons, with the latter a
factor >10 faster. The larger charge on the distal ring of the
anion may explain this result. Webb et al.25 suggested that the
dissociated proton attacks the distal ring at the position of highest
electron density, followed by rapid crossing to the GS. For 2OH,
this attack should occur at position 8; see Scheme 7. For 1OH
it occurs at position 5 and kq is about a factor 100 larger.
At neutral pH values, rebinding may occur with the geminate
proton, leading to a nonexponential tail in time-resolved
fluorescence measurements.129 The behavior was explained
quantitatively by a diffusion model described below.130-132 The
model has been extended to include geminate quenching and
different ES lifetimes.133-135 An account of this model, its
numerical treatment, the major analytical results and a comparison with time-correlated single photon counting (TCSPC)
fluorescence data are given below. The exposition shows how
ESPT to solvent provides some of the most convincing examples
of reversible diffusion-influenced reactions.
A. Diffusion Model. The diffusion model for ESPT to
solvent,131 is the simplest treatment of geminate reactions, which
includes the effects of both translational diffusion and reversibility. To these were recently added the effects of quenching
and different ES lifetimes.133-135 In this model the anion is
depicted as a sphere of radius a, with its total charge, z, at the
center. The “contact distance” a is somewhat larger than the
bare van der Waals radius, including at least the first solvation
shell. z is the sum of the negative charge created by dissociation
and those of all charged substituents (e.g., sulfonate groups).
The solvent is assumed to be a homogeneous dielectric medium
of static dielectric constant . Thus the Coulombic potential of
interaction between the proton and the anion (in units of kBT)
at distance r is

V(r) ) -

RD
r

RD ≡

|z|e2
kBT

(6.2)

Here RD is the Debye (or Onsager) distance (when r ) RD the
Coulomb interaction equals to the thermal energy), e is the
electronic charge, and the proton charge is +1. Unlike some
electrostatic treatments of proteins, we do not assume that the
central sphere has a lower dielectric constant than the bulk,
which would have introduced an added repulsion for the
approaching proton. This may be justified because our sphere
includes at least one solvent layer, and not just the bare organic
molecule.
The relative diffusion coefficient D is the sum of the proton
and anion diffusion coefficients. In practice, the anion diffusion

coefficient (ca. 1 × 10-5 cm2/s in room-temperature water) is
often neglected, so that D ≈ DH+. This neglect may compensate
for a possible small reduction in proton mobility close to the
anion.
The bimolecular reactions (dissociation, recombination, and
quenching) are assumed to be isotropic, although there are
clearly different proton binding sites involved. The justification
for this is that rotational diffusion is rather fast, so that specific
sites become “smeared” on the surface of the sphere. As a result
the problem becomes spherical symmetric, depending on the
single coordinate, r, but the fitted rate coefficients include the
effect of a “steric factor”. In addition, all three reactions are
assumed to occur at r ) a. In contrast to electrons or electronic
excitations, which may hop coherently across large distances,
the proton hops incoherently between adjacent water molecules
(section V) until it hits the central sphere. Thus recombination
and quenching are depicted by delta function “sink terms”,
kaδ(r - a)/(4πa2) and kqδ(r - a)/(4πa2), respectively. In
contrast, the R*OH and R*O- ES decay constants (k0 and k′0,
respectively) are r-independent.
Mathematically, one considers the probability density, p(r,t),
for the pair to separate to a distance r by time t after excitation.
The observed (normalized) signals from the excited acid and
anion correspond to the protonation probability, P(t), and the
survival probability of the separated pair,

S(t) ≡ 4π

∫a∞p(r,t)r2 dr

The population that has decayed to the GS is hence
1 - P(t) - S(t). p(r,t) is assumed to obey a spherically
symmetric Debye-Smoluchowski equation (DSE) in three
dimensions, which is coupled to a kinetic equation for P(t),

∂
∂
∂
p(r,t) ) r-2 Dr2e-V(r) eV(r) - k′0 p(r,t) +
∂t
∂r
∂r
δ(r - a)
(6.3a)
[kd P(t) - (ka + kq) p(r,t)]
4πa2

[

]

∂
P(t) ) ka p(a,t) - (kd + k0) P(t)
∂t

(6.3b)

When only the acid form is excited, these equations are subject
to the initial conditions P(0) ) 1 and p(r,t) ) 0. Because
reactions are depicted by the sink terms, a reflective boundary
condition, ∂{exp[V(r)]p(r,t)}/∂r ) 0, is imposed at r ) a. This
sink-term formulation is best suited for analytic work.
B. Numerical Solution to the DSE. The numerical methodology for solving this partial differential equation has been
developed through several earlier publications131,136-138 and will
not be reviewed here. Today, the numerical solution may be
conveniently obtained using the Microsoft Windows application
for solving the spherical symmetric diffusion problem, SSDP
ver. 2.66.139 It allows for immediate graphical comparison with
experimental data.
Several points should be remembered when fitting experimental data:
1. Contact reactivity should be represented as the appropriate
boundary condition (“radiation”, “back-reaction”) at r ) a, rather
than as a delta-function sink.130,131 The Chebyshev propagator137
should then be used for these boundary-value problems.
2. The calculation should be checked for convergence with
respect to the spatial grid and the location of the (artificial) outer
boundary.
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3. Logarithmically increasing time steps are best suited for
diffusional problems. For strongly varying potentials a nonuniform spatial grid (increasing from r ) a outward) will better
sample the potential.
4. The short time decay is controlled by kd, whereas the
intermediate behavior and the long-time tail are sensitive to ka,
D, and V(r). The tail is enhanced by faster recombination, larger
attraction, and slower diffusion.
5. To allow for a unique determination of the parameters,
some of them must be extracted from independent measurements. Typically, one utilizes known experimental values for
T, , RD, and D. This leaves mainly the rate constants as
adjustable parameters.
6. The long-time tail may be sensitive to the effect of
experimental “artifacts”, such as minute quantities of fluorescing
impurities, and spectral overlap between the R*OH and R*Obands. Measures should be taken to correct for these factors.
7. The short time behavior is strongly dependent on the
instrument response function (IRF), which includes the effects
of the laser pulse and detection system. The IRF should be
measured in parallel to the data (ideally, both should have the
same time origin) and convoluted with the calculated kinetics
before comparison with experiment.
C. Analytic Approximation to the DSE. In the absence of
a potential of interaction, V(r) ) 0, an analytic solution to eqs
6.3 could be found,140 even for different ES lifetimes and
geminate quenching.135 This solution is useful in cases where
the dissociation products are neutral, for example, ESPT to
solvent from protonated aminopyrene.65 In ROH acids, there is
typically an attractive potential of interaction that enhances the
recombination. This case can be solved only approximately,133,134
yet the long-time asymptotic behavior may still be obtained
analytically. These solutions are summarized below. For details
on the mathematical derivation the interested reader should
consult the original papers.
It is useful first to define some effective rate constants and
reaction radii. In the presence of a potential, an effective radius
is defined by

aeff ) (

∫a∞eV(r)r-2 dr)-1

appears in the denominator of the approximate Laplace transform,

σ( )

koff a′eff
(-1 ( x1 + β)
2D

(6.9)

Here β is the dimensionless parameter

β≡

(k′0 - k0 - kqoff)4D

(6.10)

(koff a′eff)2

These roots enter into the special function
2

φ(t;σ() ≡ eσ( Dt erfc(-σ(xDt)

(6.11)

where erfc(x) is the complementary error function for a possibly
complex argument, x. The approximate protonation and separation probabilities are finally written as133,134

P(t) )

(

)

φ(t;σ+) - φ(t;σ-)
e-k′0t
φ(t;σ+) + φ(t;σ-) 2
x1 + β
(6.12a)

(

q
e-k′0t (1 + σ+aeff) φ(t;σ+) - 1
S(t) )
σ+ a′eff
x1 + β
(1 + σ- aqeff) φ(t;σ-) - 1
(6.12b)
σ- a′eff

)

Figure 20 compares the approximation from eq 6.12a with
the exact numerical solution of eqs 6.3. For all practical purposes

(6.4)

It reduces to aeff ) a when V(r) ) 0 and to

aeff ) RD/[1 - exp(-RD/a)]

(6.5)

for the Coulomb potential in eq 6.2.
Subsequently, one defines two diffusion-control rate constants,

kD ≡ 4πDaeff

k-D ≡ kDeV(a)

(6.6)

for the association and separation directions, respectively. With
these, in turn, one can define two steady-state “off” rate
constants

koff )

kd k-D
ka + k-D + kq

kqoff )

kd (k-D + kq)
(6.7)
ka + k-D + kq

and two additional effective radii,

a′eff ≡

ka aeff
ka + k-D + kq

aqeff ≡

(ka + kq) aeff
(6.8)
ka + k-D + kq

The approximate solution133,134 to eqs 6.3 can subsequently
written in terms of two roots of a quadratic polynomial that

Figure 20. Protonation probabilities from the diffusion model of ESPT.
Lines, calculated from the numerical solution of eq 6.3 using the SSDP
software,139 are compared with the approximation in eq 6.12a (red
dashed lines) and the long-time asymptotics (blue dash-dot lines) in
eq 6.13a below. Five sets of 1/k′0 values are applied, the largest fits the
experimental data for ESPT from 5CN to DMSO (green circles).16
Adapted from Figure 1 of ref 141. Parameters used: a ) 5.5 Å, RD )
12.1 Å, D ) 1 × 10-5 cm2/s, ka ) 456 Å2, and 1/k0 ) 5.7 ns.
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SCHEME 8: Keto Resonance for the 5MS1M Anion Is
Believed To Shorten Its ES Lifetime13

the agreement is excellent. The approximation is worse at short
times, whereas at long times it converges to the exact asymptotic
behavior, which will be discussed below.
D. Kinetic Transition. The asymptotic behavior can be
deduced from the approximations in eqs 6.12, which become
exact at long times, or directly from the Laplace transform of
the DSE.133,134 It undergoes a “kinetic transition”,141 depending
on the sign of β defined in eq 6.10. Focusing on P(t) exp(k′0t),
one finds two regimes with a sharp transition between them,
characterized by the following asymptotic behavior
1. β < 0, t-3/2 decay
2. β ) 0, t-1/2 decay
3. β > 0, exponential growth
These three types of behaviors are depicted in Figure 20, where
the transition occurs for 1/k′0 ) 2.654 ns.
For a general dissociation-association reaction of the type
AB h A + B, with two different lifetimes for AB and A, this
behavior can be understood as follows. Due to dissociation, AB
decays at long times with the effective rate-constant k0 + kqoff,
whereas A decays at long times only by k′0. These two
effective rate coefficients are exactly balanced at the transition,
β ) 0. When AB decays faster than A (β < 0), the reactive
system is most of the time in state A, hence the term “A regime”.
This is the usual case in ESPT to solvent. Here diffusion effects
have time to evolve, leading to the asymptotic t-3/2 power-law
decay. It reflects the probability of the A-B pair to return to
the origin of their random walk (the normalization factor of
the Gaussian solution for free diffusion in three-dimensions).
When A decays faster than AB (β > 0), there is no time for
diffusional effects to accumulate, and the decay becomes
exponential. In this case the system is most of the time in the
AB state, so it is termed the “AB regime”. It was nevertheless
unexpected that a sharp transition should occur at a finite value
of β and, moreover, that it could be observed experimentally.
To verify this transition experimentally, we searched for ROH
dyes with particularly short anion lifetimes. 1OH substituted at
the 5-position fulfills this criterion. We have studied142 ESPT
from 5-(methanesulfonyl)-1-naphthol (5MS1N),13 whose anion
is shown in Scheme 8. Recall, that proton-quenching for 1OH
is assumed to occur predominantly at position 5.25 The sulfonyl
substituent protects against such an attack, while promoting the
keto resonance shown in the scheme. The keto form is thought
to initiate curve-crossing to the GS, leading to the short ES
lifetime. Moreover, strong HB donors could stabilize the
negative charge on the sulfonyl moiety, hence stabilizing the
keto form, decreasing the lifetime even further. Indeed, we find
that 1/k′0 decreases from 1.85 ns in DMSO to 1.0 ns for EtOH.
Commensurate with this change in lifetime, we observed the
kinetic transition shown in Figure 21: The R*OH decay is in
the A regime for DMSO but switches to the AB regime in EtOH.
Thus far, this is the only example of ESPT in the AB regime.

Figure 21. Kinetic transition in ESPT from 5MS1N to various solvents.
Points are TCSPC data and lines are fits to the DSE. Adapted from
Figure 3 of ref 142, where the various parameters are listed.

E. “A Regime” Asymptotics. Let us now focus in more detail
on the “A regime”, which is the usual case for exited ROH
dyes. The long-time asymptotic behavior (denoted by a ∼) can
be obtained analytically in this regime,134

P(t) ∼ Z 2

{

S(t) ∼ Z 1 +

Keq
(4πDt)

3/2

e-k′0t

(6.13a)

}

[Kqeq(k0 - k′0) + kqe-V(a)]Z 1
e-k′0t
4πD
xπDt
(6.13b)

Here two equilibrium coefficients were defined

Keq ≡ kae-V(a)/kd

Kqeq ≡ (ka + kq) e-V(a)/kd

(6.14)

(for ESPT, K/a ) 1/Keq) and the ultimate “escape probability”,
Z, is given by

Z≡

koff
kqoff

(6.15)

+ k0 - k′0

It is interesting to consider how these general results simplify
when either the lifetimes are equal, no quenching occurs, or
both:
• Equal Lifetimes and No Quenching. In this case132,143
Z ) 1, and S(t) exp(k0t) increases monotonically to unity.
• Equal Lifetimes with Quenching. In this case
Z ) koff/kqoff ) k-D/(k-D + kq), namely, the branching ratio
between escape and quenching. Equation 6.13b then simplifies
to

(

)

Zkqe-V(a) 1
e-k′0t
S(t) ∼ Z 1 +
4πD xπDt

(6.16)

This is the asymptotic solution for irreversible geminate
association (with a rate constant kq) starting from r ) a.19 Instead
of a monotonic increase, there is now a maximum followed by
a t-1/2 decay to the plateau Z. This result would follow if at
long-times the two channels in eqs 6.1 decouple. On the basis
of such intuition, Pines & Fleming first proposed this t-1/2 decay
and verified it experimentally.144
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• Different Lifetimes without Quenching. In this case133 one
can rewrite the survival probability using the more fundamental
rate coefficients

S(t) ∼

(

)

kdkD
kae-V(a)(k0 - k′0) aeff
1+
e-k′0t
Q
Q
xπDt

(6.17)

with Q ≡ kdkD + (kD + kae-V(a))(k0 - k′0). Thus a peak in the
lifetime-corrected anion signal is expected even without quenching, provided that the ES lifetime of the anion is longer than
that of the acid. The amplitude of the peak is then proportional
to ka exp[-V(a)].
The “super” photoacid 5CN can transfer its proton to any
mixture of water and methanol.17 As methanol is added into
water, lowering , the proton attraction to the R*O- increases,
whereas its diffusion constant decreases. These are conditions
that enhance the quenching reaction. In addition, the lifetime
of the anion increases. We used145 methanol/water mixtures to
observe simultaneously the two different power-laws predicted
by eqs 6.13.
Figure 22a shows the TCSPC data for 5CN in 11.2 mol %
of water in methanol. As the lifetime-corrected acid signal
decays, that of the anion rises to a maximum and then decays
to the plateau, Z, in eq 6.15. The lines through the data are
simultaneous fits to the solution of the DSE. Panel b shows the
same data on a log-log scale, after subtracting the constant Z
from the lifetime-corrected anion signal. It is seen how the acid
tends to the t-3/2 law whereas the anion tends to the t-1/2 law,
with the corresponding asymptotic lines (dash-dot) calculated
from eqs 6.13.
F. What Limits the ES Lifetime? Having discussed proton
quenching, it is interesting to ask whether other (unimolecular
or pseudo-unimolecular) chemical reactions contribute to the
nonradiative decay of the excited acid and anion, namely to k0
and k′0. The following suggestions have been made, although
the relative contribution of each is not well established.
1. R*OH Decay. Old 2OH scavenging experiments146 led to
the proposition that H-atoms are formed in the deactivation
process of the photoacid in its singlet state

R*OH f RO + H

(6.18)

In the past few years there is renewed interest in this reaction
channel. It has been suggested to occur in preference to ESPT
for excited phenol in clusters of 2-3 ammonia molecules.147
High level ab initio calculations revealed an intersection between
the ππ* and πσ* states that leads to such radical formation,
with possible subsequent disintegration of the hydrogen radical
into a proton and a solvated electron.148 However, the emission
from naphthols is red shifted in comparison to phenol, so it is
not clear whether the H-atom transfer is an open channel even
in their gas-phase clusters.147 In polar solvents (or with the cyano
substituents) the emission is further red-shifted; hence this
channel is not likely to be important for most cases considered
here.
2. R*O- Decay. Water seems to be particularly efficient in
shortening the anion lifetime, and the question arises whether
this may be attributed to a specific deactivation reaction. For
excited naphtholate, the formation of solvated electrons was
suggested146

R*O- f RO + eaq

(6.19a)

Lee and Robinson have found a maximum in the lifetime of

Figure 22. “A regime” kinetics for ESPT to solvent with different
lifetimes and quenching. Acid (370 nm, blue circles) and base (570
nm, red circles) fluorescence signals from excited 5CN in 11.2 mol %
of methanol are simultaneously fitted to the diffusion model, eqs 6.3
(lines). The dash-dot line in panel (a) is Z from eq 6.15. The dashdot lines in panel (b) are the two asymptotic power laws from eqs 6.13.
Parameters used are a ) 5.5 Å, RD ) 16 Å, D ) 2.2 × 10-5 cm2/s, kd
) 1.9 ns-1, ka/(4πa2) ) 15.2 Å/ns, kq/(4πa2) ) 12 Å/ns, 1/k0 ) 5.7 ns,
and 1/k0 ) 11.3 ns. Adapted from Figures 2 and 3 of ref 145.

excited 2-anilinonaphthalene in alcohol/water mixtures.149 They
interpreted this as implying that nonradiative deactivation
dominates in pure alcohol solutions, whereas aquated electron
formation dominates in pure water. We have observed a similar
trend for the ES lifetime of the 5CN anion;17 see Figure 23.
This, then, may support the formation of solvated electorns as
a deactivation mechanism for the excited anion in pure water.
An alternative deactivation reaction may be

R*O- + H2O f ROH + 2OH-

(6.19b)

There is plenty of ES energy to promote this channel. The R*Oexcitation energy is typically 2-3 eV, whereas water hydrolysis
is endothermic by about 0.6 eV in liquid water, and 1 eV in
small water clusters.150 Water hydrolysis in (H2O)20 clusters was
shown by ab initio calculations to be very sensitive to the HB
topology, leading for some conformations to spontaneous ion
formation.150 Thus, appropriate HB conformations may promote
this deactivation channel also in solution. Photoacids for which
eq 6.19b is dominant may be of practical interest, because
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amplitude decreases, and this is attributed to screening of the
Coulomb attraction between the dissociated proton and the
4-times charged HPTS anion.
Within the framework of the diffusion model in section VIA,
one solves the DSE in eq 6.3a after replacing the Coulomb
potential of eq 6.2 by the Debye-Hückel (DH) screened
potential

V(r) ) -

Figure 23. Dependence of the ES decay rate coefficient of the 5CN
anion on solvent composition in methanol/water mixtures. Adapted from
Figure 14 of ref 17.

Figure 24. Salt effect on the transient fluorescence from HPTS (at
the R*OH frequency, 435 nm) for aqueous solutions of varying NaNO3
concentrations (top to bottom: c ) 0, 12, 24, 47, 85, and 164 mM).
Lines are fits to the diffusion model, with DH screening, adjusted D
and the remaining parameters kept constant: a ) 6 Å, RD ) 28.3 Å,
kd ) 7.1 ns-1, ka/(4πa2) ) 5 Å/ns, 1/k0 ) 5.3 ns, 1/k′0 ) 5.4 ns.
Adapted from Figure 2 of ref 151.

following light absorption they eject a proton on a short time
scale and a hydroxide at longer times.
VII. Salt Effects
Thus far we have focused on the individual kinetic steps for
a single excited photoacid. The problem is made more complex
by the addition of salts. We consider here only salts of strong
electrolytes, which are fully dissociated into ions. These may
be divided into two classes: salts of stronger and weaker acids.
Salts of strong acids are inert, because their anion is a weak
base that does not react readily with the proton. At low
concentrations, such salts only modify the long-range potential,
by screening the Coulomb interaction between H+ and R*O-.
Salts of weaker acids dissociate to give a stronger ionic base,
B-. It may react with the proton, either before or after R*OH
dissociation. The present section extends the fundamental
diffusion model to these two cases. The success of the extended
model lends further support to our basic interpretation of the
kinetics as a reversible geminate diffusion-influenced reaction.
A. Inert Salts. Figure 24 shows the effect of an inert salt
(NaNO3) on the photodissociation kinetics of HPTS in water.151
HPTS is a convenient probe to use, because it exhibits similar
acid and base lifetimes and little proton quenching. The loglog scale emphasizes the long-time t-3/2 decay due to reversible
geminate recombination. With increasing salt concentration, its

RD exp[-κ(r - a)]
r
1 + κa

κ2 ≡

8πe2c
(7.1)
kBT

Here 1/κ is the radius of the “ionic atmosphere” for a univalent
salt of concentration c.98 The same a is used in the electrostatic
and the diffusion problems. Inserting parameters, κa ) 1.97xc
with c in molar, producing a concentration dependence in the
interaction potential.
With all parameters kept at their respective values for pure
water and only κ varying with c, the attenuation of the longtime tail is too strong. However, according to the Kohlraush
law (treated theoretically by Onsager),98 D decreases with
increasing c following a xc dependence. This should enhance
geminate recombination and partly compensate for the increase
in screening. Thus, to obtain the fits in Figure 24, D was adjusted
at each concentration. It was indeed found to decrease, from
9.3 × 10-5 cm2/s in pure water to 7.0 × 10-5 cm2/s at 164 mM
salt,151 following the xc law (albeit with an excessive slope).
B. Salts of Weak Acids. Salts of weak acids are not inert,
because their anion, B-, is a base that can bind a proton.
Common examples are fluoride, F-, and acetate, CH3CO2-.
Their pKa values lie between the GS and ES acidity constants
of the photoacid under consideration, so that they do not react
with it in the GS but do so in its ES.
Three (irreversible) reactive channels are now possible for
the B-:
• Scavenge the dissociated proton from solution
ks

B- + H+ 98 BH

(7.2a)

• Diffuse to pick up the proton from the excited R*OH
kPT

B- + R*OH 98 BH + R*O-

(7.2b)

• Form a HB complex already in the GS

ROH‚‚‚B- + hν f R*OH‚‚‚B- f BH + R*O-

(7.2c)

The first reaction dominates at low B- concentrations, the
second at intermediate concentrations and the last at very large
[B-]. Weller apparently considered only the second reaction
when discussing the acetate effect on the 2OH fluorescence
spectrum.2,152 The reaction in eq 7.2c behaves like intramolecular
PT;66,79 see section IVB. Thus we analyze below the diffusioninfluenced kinetics prevailing in the first two cases.153-157
1. Proton ScaVenging. Proton scavenging in eq 7.2a is
dominant for low salt concentrations, typically 1-20 mM. In
this case the photoacid dissociates before a direct collision with
the scavenger takes place. Goldberg et al. measured the excited
HPTS kinetics in aqueous solutions with varying acetate
concentrations in this range.153 As noted above, HPTS is a “nice”
photoacid for performing such experiments, because k0 ≈ k′0
and kq ≈ 0.
To explain the acetate effect, a -cks p(r,t) term was added
to the DSE in eq 6.3a, where ks is the bimolecular scavenging
rate coefficient in eq 7.2a and c ) [B-]. This is equivalent to
modifying the ES decay rate, replacing k′0 by k′0 + cks. On this
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Figure 26. Direct bimolecular acid-base reaction between a 2N6S
photoacid and 2 M acetate anion in an aqueous solution containing 50
vol % glycerol. Circles are the experimental data, multiplied by
exp(k0t). The line is an IRF-convoluted fit to the Smoluchowski theory
in eq 7.6. Parameters used in the fit are a ) 7 Å,  ) 61, RD ) 9.1 Å,
1/k0 ) 1/k′0 ) 10 ns, kPT ) 9.4 × 109 M-1 s-1, D ) 0.067 × 10-5
cm2/s, and 1/kd ) 12 ns. Extracted from Figure 6 of ref 156.

Figure 25. Scavenger effect on photoacid dissociation. Lines are bestfits to TCSPC data (not shown) of HPTS (acid form) in aqueous
solutions containing various CH3COO- concentrations (indicated):153
(a) semilog scale; (b) multiplied additionally by exp(ckst) and displayed
on a log-log scale. Dotted lines show asymptotics from eqs 6.13a and
7.3. Parameters taken from Table 1 of ref 153: a ) 7 Å, RD ) 28.4 Å,
kd ) 7.5 ns-1, ka/(4πa2) ) 7.5 Å/ns, 1/k0 ) 1/k′0 ) 5.3 ns, ks ) 4.5 ×
1010 M-1 s-1, D ) 9.3 × 10-5 cm2/s.

mean-field level, the many scavenger molecules are represented
by a uniform and constant concentration c. For simplicity, the
effect of varying ionic strength with c was not taken here into
account. The justification for this is not only that c is small (up
to 16.4 mM), but also that screening of the H+/B- interaction
has an opposite effect on the recombination probability than
the screening of the H+/R*O- interaction.
The mean-field DSE was shown to produce a good description of the measured scavenging effect, although an effective c
was used that differs from its true value by about 10%.153 The
best-fit theoretical curves are shown in Figure 25a. The longtime t-3/2 tail, which is due to geminate recombination, is
strongly attenuated by the added scavenger and switches into
an asymptotic exponential decay.
At the time, the solution to the DSE with scavenging was
not known, because it is isomorphic with the two-lifetime
problem. Having worked out the theory in sections VIC-E, all
that is needed is to replace k′0 by k′0 + cks in all of our
equations. Thus, in the usual A regime, P(t) exp[(k′0 + cks)t]
should decay asymptotically according to the t-3/2 law in eq
6.13a. For HPTS the prefactor in eq 6.15 simplifies to

Z ) koff/(koff - cks)

(7.3)

Hence unlike the case of quenching, when Z decreases with
increasing kq, here it increases with increasing cks. This behavior
is demonstrated in Figure 25b. Moreover, the kinetics should
undergo a transition when cks ) koff.
These predictions have not yet been checked experimentally.
They require more accurate data and will hold only if this meanfield description of scavenging is valid over a wide dynamic
range.
2. Direct Acid-Base Reaction. The ES bimolecular reaction
in eq 7.2b dominates at higher base concentrations (1-4 M),

when the initial acid-base distances are sufficiently small to
be covered by diffusion before the proton dissociates. This
reaction has been studied in the time domain in several recent
publications.154-157 Figure 26 shows the ES kinetics of 2-hydroxynaphthalene-6-sulfonate (2N6S) with 2 M acetate in an
aqueous solution containing 50% (by volume) of glycerol.156
The added glycerol slows down the relative acid-base diffusion
and thus enhances the diffusional effects. The lifetime-corrected
fluorescence signal (circles) decays initially fast but then slows
down to a near-exponential decay.
The simplest approach for treating these data155,156 is via the
Smoluchowski theory158 of pseudo-unimolecular (c ≡ [B-] .
[R*OH]) irreversible diffusion-influenced reactions, which is
the most fundamental many-body theory in the field of diffusioninfluenced reactions.19 In the limit that the R*OH is static (and
only the B- diffuse), it is exact159,160 yet provides an excellent
approximation also when the acid moves.161
In this approach, one first solves a DSE for a geminate GS
acid-base pair with a relative diffusion constant D. This is
simpler than eq 6.3a, because we set kd ) kq ) k0 ) 0 and
replace ka by the PT rate constant kPT:

[

]

δ(r - a)
∂
∂
∂
p(r,t) ) r-2 Dr2e-V(r) eV(r) - kPT
p(r,t)
∂t
∂r
∂r
4πa2
(7.4)
whereas ∂P(t)/∂t ) kPT p(a,t). The initial condition is an
equilibrium distribution of the B- around a central R*OH
molecule

p(r,0) ) exp[-V(r)]

(7.5)

whereas P(0) ) 0. The survival probability, S(t), of the unreacted
acid for our irreversible many-body problem is connected with
the solution of eq 7.4 as follows:159,160

S(t) ) exp[-cP(t)] ) exp[-c

∫0tk(t′) dt′]

(7.6)

where k(t) ≡ kPTp(a,t) is the celebrated “time-dependent rate
coefficient”.162
In the absence of an interaction potential, eq 7.4 can be solved
analytically for p(r,t), from which one finds19

k(t) )

[

kD kPT
kPT
1+
φ(t;σ)
kD + kPT
kD

]

(7.7)

Here φ(t;σ) is the function defined in eq 6.11, aσ ) 1 + kPT/kD
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and kD ) 4πDa. Thus k(t) starts from the large value, kPT, and
decays to its asymptotic value, kDkPT/(kD + kPT). Consequently,
S(t) decays initially faster than exponential, becoming exponential at long times.
In the presence of a potential, two useful approximations were
suggested.160 Alternately, the exact k(t) can be obtained using
the SSDP software.139 Here we use the DH potential in eq 7.1,
with κ ) 2.9xc/ Å-1 (c in molar). Although it is not quite
adequate for such a high electrolyte concentration, the screening
is so strong (1/κ ≈ 2 Å for c )2 M) that one may almost
eliminate the potential altogether. To account for the competing
channel in eq 7.2a, we multiply S(t) from eq 7.6 by exp(-kdt),
using a kd that was measured separately in the same solvent
without acetate. For simplicity, geminate proton recombination
is neglected. Figure 26 compares this theory (line) with the
lifetime corrected TCSPC signal of R*OH. An extended
comparison for a whole series of glycerol compositions is given
elsewhere.155,156
The agreement with the Smoluchowski theory is good. For
many years this theory was utilized mainly for fluorescence
quenching,163,164 but unfortunately the initial nonexponential
phase was not conspicuous.165 Nowadays, direct ES acid-base
reactions provide some of the best available examples for the
applicability of the theory.
VIII. pH Effect as a Many-Body Problem
The pH effect on ESPT to solvent formed the basis for the
fluorimetric titration method utilized by Weller to determine
pK/a values.2 The basic assumption is that pseudo-equilibrium
is reached in the reversible ES reaction, as suggested by eq 1.1.
When time-resolved measurements became feasible,127,166 the
data were typically fitted to the biexponential kinetics predicted
from chemical rate equations.167 In view of the nonexponential
kinetics observed for the geminate pair (see above), Huppert et
al.168 raised the question whether the homogeneous reaction
between R*O- and a concentration, c, of protons is truly (multi)exponential. This, in turn, motivated the development of the
many-body theory of reversible diffusion-influenced reactions,
which is described below together with some experimental
verification.169,170
A. Theoretical Model. The theoretical model is the simplest
possible many-body extension of the diffusion model in section
VIA for the reversible C h A + B reaction. We consider only
the GS problem in detail. It applies also to the ES if k0 ) k′0. In
this model, a static C molecule is located at the origin (the
“target problem”). It is a sphere of radius a, surrounded by a
concentration c of identical point particles, B. The B particles
diffuse with a diffusion constant D and interact only with C, or
only with A, via the same spherically symmetric potential, V(r)
(in units of kBT). Ascribing the mobility only to the B’s is a
rather good approximation when dealing with protons.
C may dissociate with a rate constant kd to form an A-B
pair at contact, and then the geminate B competes with all other
B’s for rebinding. When A and B collide they react to form C
with a rate constant ka. However, if C collides with B nothing
happens (a reflecting boundary condition then applies). As for
the geminate problem, no angular dependence is assumed for
the chemical reactivity, so that the spherical symmetry of the
problem is maintained.
Unlike the discussion of salt effects, when a mean-field
approach was applied, one is interested in developing a truly
many-particle treatment to this problem. This means that each
Bi is treated microscopically, its position being defined by its
distance ri from A or from C. The exact problem then involves
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the joint probability density for r1, r2, ..., so that for N particles
an N-dimensional diffusion equation needs to be solved for the
A + B state. This, in turn, is coupled to N other diffusion
equations depicting a given Bi, which is bound to A to form C.
Eventually, one takes the thermodynamic limit when both N
and the volume tend to infinity while maintaining their ratio, c,
constant.
Clearly, this is a formidable problem. One may hope to find
an exact solution only by simulations. An accurate Brownian
dynamics methodology was developed by Edelstein and Agmon,171 first in one dimension and subsequently extended to
three dimensions.172-174 The principles and “tricks” utilized to
perform these simulations, over a wide time range and for many
B particles, can be found in the original publications. Although
the simulations are currently limited to static A or C and no
interaction potential, their availability enabled one to test the
various theories, and eventually converge onto the most promising analytical theory described below. This also motivated a
renewed comparison with experiment.
B. Analytical Results. Of the many analytical approximations
suggested for the many body C h A + B reaction (see ref 173
for an overview), the most accurate description of the GS
reaction is given by the multi-particle kernel 1 (MPK1) theory
of Sung and Lee.175 This solution applies also to the ES reaction
when the ES lifetimes are equal. A convenient starting point is
a convolution relation for the probability, P(t), of observing the
bound state C:

dP(t)/dt ) ckae-V(a)

∫0tΣ(t - τ)[1 - P(τ)] dτ t
kd∫0 Σ(t - τ)P(τ) dτ

(8.1)

The rate kernel, Σ(t), contains memory effects due to the
reversibility of the reaction and the effect of diffusion. Ordinary
chemical kinetics apply when it is a delta function, Σ(t) ) δ(t).
The points to note are that the same rate kernel appears for
both recombination and dissociation terms and that this relation
is formally exact, although the exact Σ(t) is, of course, unknown.
As usual, one takes the Laplace transform, defining F(s)-1
≡ Σ̂(s) ) ∫∞0 Σ(t) exp(st) dt. The function F(s) is sometimes
called the “diffusion factor function”, as it factors out the effect
of diffusion on the kinetics. Starting from the bound state, P(0)
) 1, the Laplace transformed eq 8.1 becomes

P̂(s) )

1 cKeq + (s/kd)F(s)
s 1 + cKeq + (s/kd)F(s)

(8.2)

with Keq from eq 6.14. In the chemical kinetic limit of fast
diffusion F(s) ) 1. Various approximate theories imply different
approximations for F(s).173 However, for asymptotically long
times (s f 0) the terms containing F(s) cancel altogether, and
one gets

P(∞) ) cKeq/(1 + cKeq)

(8.3)

Only in this limit is the chemical kinetic result of general
validity.
The most successful form of F(s), that of the MPK1
approximation,175 is a linear combination of two factor functions

F(s) ≈

cKeq
1
F (s) +
F (s)
1 + cKeq gem
1 + cKeq irr

(8.4)

for the geminate and irreversible problems, Fgem(s) and Firr(s),
respectively. The irreversible solution is given by the Smolu-
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Figure 28. Approach to (quasi) equilibrium in ESPT from 2N68DS
to aqueous solutions containing various HCl concentrations (top to
bottom: 0, 2.5, 5, 10, 20 and 50 mM). Lines were extracted from
multiexponential fits to the data in Figure 27. Dashed lines were
calculated from eq 8.5, using a concentration-dependent Keq calculated
from P(∞) in eq 8.3. Adapted from Figure 7 in ref 169.
Figure 27. Time dependence of 2N68DS fluorescence in aqueous
solutions of varying proton concentrations, top to bottom: 50, 20, 10,
5, 2.5, and 0 mM HCl. Lines are IRF-convoluted multiexponential fits
used to prepare Figure 28. Adapted from Figure 3 of ref 169.

chowski result in eq 7.6, only with an effectiVe concentration,
ceff ) c + K-1
eq , replacing the c there. The exact form for these
two factor functions can be found elsewhere.173,175 When eq
8.4 is inserted into eq 8.2 and the Laplace transform is inverted,
the results are almost indistinguishable from those of threedimensional Brownian simulations of the target problem (without a potential).
The long-time asymptotic behavior of the MPK1 expression
can be obtained analytically

∆P(t) ≡ P(t) - P(∞) ∼

Keq
(1 + cKeq)3(4πDt)3/2

+ ...

(8.5)

It has first been derived from other approximations176,177 and
subsequently shown to be exact.178,179 The approach to the
limiting plateau in eq 8.3 is thus a power law, and not
exponential, as might be expected from chemical kinetics. The
effect of diffusion is indeed difficult to obliterate. It results from
the many cycles of dissociation and recombination. Each
sequential dissociation event produces one B particle at contact
with A, but the remaining B’s have meanwhile progressed closer
to equilibrium. Eventually, the problem approaches the situation
of an A-B pair at contact, immersed in an equilibrium
distribution of B’s. This limit then becomes a “dressed”geminate
problem, retaining the characteristic t-3/2 behavior, albeit with
concentration-dependent coefficients.
For different lifetimes, the whole problem has to be reconsidered. Simulations for the ES problem with different lifetimes
have recently been reported.174,180 The best overall agreement
with these data is obtained by the “unified Smoluchowski
approximation” (USA) of Szabo and co-workers.181 In this
theory, the diffusion factor function becomes a linear combination of two irreversible Smoluchowski-like terms with effective
concentrations. Unfortunately, its long-time behavior could not
be obtained analytically.
C. Comparison with Experiment. Figure 27 shows the effect
of adding increasing amounts of HCl to an aqueous solution of
2N68DS, on its transient fluorescence signal.169 Though theory

assumes equal ES lifetimes, 2N68DS has somewhat different
lifetimes, 9.2 and 12.4 ns for the acid and base, respectively.
This makes the comparison less than quantitative. As seen in
the figure, the lower the pH the larger the quasi-equilibrium
plateau approached by the lifetime-corrected R*OH fluorescence. This again confirms the occurrence of adiabatic proton
recombination with the excited anion.
The limiting plateau agrees semiquantitatively with P(∞) from
eq 8.3, increasing with proton concentration, c. This increase
is not as fast as might be expected because of increasing ionic
screening by the added HCl, which reduces Keq. The dependence
of Keq on c could be explained by the DH potential in eq 7.1,
except that a value of B ) 0.46 M-1/2 was used in κ ) Bc1/2
instead of the theoretical value of 0.33 M-1/2.
To extract the approach to the quasi-equilibrium state, the
data were fitted to a multiexponential function that was
convoluted with the IRF. The fitted function was multiplied by
exp(k′0t) and the constant P(∞) subtracted from it. The results
are shown in Figure 28, and they indeed appear to follow the
t-3/2 behavior in eq 8.5. In a parallel measurement on HPTS
(for which the assumption k0 ≈ k′0 is much better), Pines and
Pines170 were even able to verify that the power on the 1 +
cKeq term in the denominator is indeed 3 (and not 2, as
previously believed).
IX. Conclusion
A combination of experiment, theory, and simulations
unravels the elementary steps involved in the phenomenon of
photoacidity of ROH-type photoacids. These steps begin with
the atosecond intramolecular charge rearrangement, revealed by
quantum chemistry calculations and solvatochromic shifts.
Electronic charge flows from the OH group to the aromatic ring
system, more strongly so in the anion than the acid. This induces
a femtosecond HB rearrangement, strengthening the HB donated
from the OH to the solvent, in preparation of the transfer step.
The PT step itself, which occurs in picoseconds, appears to
depend crucially on the solvent. This is manifested in unusual
dependence of the dissociation rate parameter on water concentration and temperature. The dissociated proton diffuses in
aqueous solutions anomalously fast, each proton hop taking
place in just 1-2 ps. New simulation results point toward a
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collective participation of HBs in the Grotthuss mechanism of
proton mobility.
The dissociated proton continues to engage the excited anionic
base in recombination or quenching reactions. These fast
processes (on the 100 ps to 100 ns time scale) are necessarily
diffusion-influenced. A diffusion model was thus developed that
describes ES reversible geminate recombination, with different
ES lifetimes for acid and base, and with quenching. This model
reveals an interesting kinetic transition. In the more common
“A regime”, it exhibits different long-time power-law kinetics
for acid and base. These effects were verified experimentally.
On the nanosecond time scale, the ES decays to the GS, and
possible nonradiative decay mechanisms were discussed. The
diffusional kinetics is compounded when salts or acids are added
to the solution. This introduces effects of ionic screening, proton
scavenging by basic anions, and many-body competition for
rebinding between the geminate and homogeneous protons.
These were treated theoretically and compared with experimental
data. This motivated the development of a new theoretical
subfield of diffusion-influenced reactions dealing with reVersible
reactions.
This does not yet complete the saga of the excited photoacid,
which may get involved in additional processes at even longer
times. For example, it may undergo intersystem crossing into
the triplet state. The RO- eventually rebinds the proton on the
nanosecond to microsecond time scale once back in the
GS,182-184 completing the cycle in Scheme 2. The present
exposition did not address all possible extensions and applications of the ESPT phenomenon: It only touched the growing
field of ESPT in gas-phase clusters.10,39-45,147 It did not discuss
ESPT in bifunctional compounds,185 which may have an
important role in analytical chemistry of metals.186 ESPT can
also occur in micelles, reverse micelles,187-189 and other
supramolecular assemblies.190 It serves as a useful probe of
membranes, channels, and proteins.191,192 It also occurs naturally
in some proteins, such as the green fluorescent protein.193,194
Given the increasing number of applications of intermolecular
ESPT reactions, it is hoped that the present exposition of the
fundamental steps involved in the cascade of processes triggered
by light excitation of ROH photoacids will be of use in future
studies.
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Bond-order analysis is introduced to facilitate the study of cooperative many-molecule effects on
proton mobility in liquid water, as simulated using the multistate empirical valence-bond
methodology. We calculate the temperature dependence for proton mobility and the total effective
bond orders in the first two solvation shells surrounding the H5 O⫹
2 proton-transferring complex. We
find that proton-hopping between adjacent water molecules proceeds via this intermediate, but
couples to hydrogen-bond dynamics in larger water clusters than previously anticipated. A two-color
classification of these hydrogen bonds leads to an extended mechanism for proton
mobility. © 2005 American Institute of Physics. 关DOI: 10.1063/1.1814973兴

I. INTRODUCTION

Proton mobility in liquid water has attracted much attention in the last century,1 with efforts intensifying during the
last decade. This is demonstrated, for example, by the number of papers on this subject in one special issue.2–5 The
efforts to elucidate the mechanism of proton mobility in water are motivated by the role protons play in acid-base reactions in aqueous solutions, in environmental chemistry, and
in bioenergetics, where energy is transiently stored as transmembranal proton gradients.6
A mechanism for proton mobility was suggested to comprises the following ingredients.1,7,8
共i兲 Cyclic isomerization between the two forms of protonated water: 共a兲 The more stable H3 O⫹ is transiently con⫹
1
verted into H5 O⫹
2 and back; or else 共b兲 one H5 O2 converts
7
directly into another.
共ii兲 This interconversion is coupled to hydrogen-bond
共HB兲 dynamics in the second solvation shell of the H3 O⫹ .
Since the coordination number of H3 O⫹ is 3 whereas
that of liquid water is close to 4, it was conjectured that the
transfer event is preceded by HB cleavage to the acceptor
water molecule, and followed by HB formation to the donor
molecule.1 While this mechanism has found its way into
physical chemistry textbooks,9 the issue is still under active
investigation through molecular dynamics 共MD兲 simulations.
MD simulations of protonated water are complicated by
the need to find a good representation for the interaction
potential. Two major approaches have been invoked: calculation of the potential ‘‘on the fly,’’ at every time step, using
density functional theory,7,8 and use of multistate empirical
valence bond 共EVB兲 potentials.10–20
a兲
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The second method is less costly computationally, hence,
allows one to run sufficiently long trajectories for gathering
the required statistics. The initially implemented two-state
EVB 共Refs. 11 and 12兲 has been extended into multistate
共MS兲 EVB, with parameters calibrated to reproduce ab initio
data on small protonated water clusters and for the proton
solvated in bulk water.15–20 The MS-EVB potential allows
for proton delocalization among several water molecules in a
deterministic fashion. There are important differences between the MS-EVB approaches of Refs. 13–15 and 16 –20
so the reader is referred to these papers for more detail. Additional methodologies are rapidly accumulating,21–23 but
they are of a more phenomenological nature.
Early simulations actually indicated that proton migration involves a concerted double proton transfer 共PT兲 event,
which converts one H5 O⫹
2 moiety into another directly, without a special role for the H3 O⫹ cation.2,7,14,23 However, more
recent Car-Parrinello 共CP兲 path-integral simulations8 indicated the dominance of single PT events. These convert a
H3 O⫹ into a H5 O⫹
2 moiety and back, as first suggested in
Ref. 1.
The question of single vs double PT events (H3 O⫹ to
⫹
⫹
H5 O⫹
2 vs H5 O2 to H5 O2 ) depends on the relative stability of
the two cations. Whereas in Ref. 7 they are nearly isoenergetic, in the MS-EVB algorithm used below17,18,20 H3 O⫹ is
more stable than H5 O⫹
2 by about 1 kcal/mol. One expects
that in trajectories applying this potential, H5 O⫹
2 features as a
transient intermediate structure between two more stable
H3 O⫹ structures.
This difference in stability, in turn, may depend on differences in HB strengths for the different 共protonated兲 water
potentials, with stronger HBs favoring the H3 O⫹ ion. For
example, in a recent analysis of the CP methodology for
liquid water,24 it has been shown that use of a larger fictitious
electronic mass  in the CP Lagrangian artificially produces
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good self-diffusion coefficients D water and radial distribution
functions g(r). When a smaller  is used to better ensure
that the trajectory remains near the Born-Oppenheimer surface, g(r) from the CPMD simulations of water, using two
popular generalized gradient approximations for the density
functional, become too structured compared to experiment
and D water decreases significantly relative to the correct
value. These calculations indicate that the HBs produced by
using larger  values are evidently accidentally weaker 关and
this reduces the structure in g(r) and enhances D water]. A
large  value 共1100 a.u.兲 was used in the CP simulation of
Ref. 7.
It remains to consider the more difficult question,
whether and how the PT events couple to HB dynamics. The
mechanisms discussed in the literature1,7,8 suggested that the
rate determining step is cleavage of the HB donated from a
second-shell water molecule to the first-shell proton acceptor. A variant of this scenario was indeed observed in simulations of proton mobility in ice.25 Instead of complete cleavage and formation of HBs, impeded by the rigidity of the ice
structure, these simulations showed an interplay between
weakening 共increased length兲 followed by the strengthening
共decreased length兲 of the two red HBs in Fig. 1共b兲.
In protonated liquid water simulations, efforts were
made to follow the coordination number of the acceptor and
donor water molecules,2 or else the angle between the donor,
acceptor, and the HB donated to it.19,20 While some evidence
for the suggested role of this HB was detected, the average
change in the coordination number was much smaller than
unity. These results indicate that the rate-limiting step for PT
does not reside solely in the specified HB, as previously
suggested.1,7–9
The assumption that may break down here is that the
first-shell water ligands behave like bulk water, possessing a
coordination number of 3.9. Indeed, femtosecond pumpprobe near-IR measurements suggest that the first-shell water
molecules around cations or anions exhibit slower reorientational times than bulk water,26 indicating stronger HBs. Similarly, the three first-shell neighbors of a H3 O⫹ ion must form
extra-strong HBs to it.27 This helps in delocalizing 20%–
30% of the positive protonic charge on the three first-shell
ligands.20 Consequently, it becomes electrostatically unfavorable to donate a HB to these oxygen atoms.28 The missing
HB leads to the reduction in coordination number, from 3.9
in bulk water to about 3.6 for the first-shell ligands.3,20
Therefore, cleavage of a HB donated to the acceptor
water molecule cannot be rate limiting, because it simply
does not exist for 40% of the time. Rather, evidence for such
behavior has been detected one water layer further away.20
Since there are four first-shell neighbors to a H5 O⫹
2 , and
these are further engaged in up to 12 additional HBs, this
means that a full description of proton mobility in liquid
water involves the participation of larger water clusters than
previously anticipated, at least as large as depicted in Fig.
1共c兲. This agrees with earlier observations of Ohmine and
collaborators29,30 that dynamic processes in water are driven
by large-scale collective motions.
The problem is to follow many HBs simultaneously and
average their effect in an appropriate manner. This is ad-
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FIG. 1. 共Color兲 The proton-transferring complex H5 O⫹
2 , and its first two
solvation shells. In the first shell 关panel 共b兲兴, six HBs are tracked 共see Fig. 3
for their color codes兲. In the second shell 关panel 共c兲兴, 12 HBs are tracked.
The two unfavorable HBs from the first shell 共red兲 are not followed onto the
second shell.

dressed by the ‘‘bond order analysis’’ 共BOA兲 proposed in the
present work. Utilizing it we are able to obtain concrete insight into the microscopic mechanism of proton mobility, at
least within the MS-EVB2 model.
The present work is structured as follows: After briefly
reviewing the simulation methodology 共Sec. II兲, we present
simulation results on the temperature dependence of the proton diffusion coefficient 共Sec. III兲. From it we conclude that
within a limited range of temperatures 共say 280–310 K兲,
there is little change in the mechanism of proton mobility. To
reduce thermal noise, we choose to work at 280 K. The principles of BOA are then outlined in Sec. IV. Its main results
are described in Sec. V. These are based predominantly on
the notion of the total effective bond order 共TEBO兲, which
invokes a two-color classification of HBs. We conclude 共Sec.
VI兲 by suggesting an extended version for the mechanism of
proton mobility in water, which involves the collective reorganization of both types of HBs in the first- and secondsolvation layers of the transferring H5 O⫹
2 complex.
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II. SIMULATION METHODOLOGY

Classical MD simulations of a single proton in a cubic
box of 125 water molecules were run using the Schmitt and
Voth MS-EVB program,4,16,17 version 2.20 The box linear dimension was 15.6 Å 共corresponding to a density of 1.0 gr/cc
at 300 K兲, and periodic boundary conditions were imposed
on its walls. Using time steps of 0.5 fs, a trajectory was
equilibrated for at least 150 ps 共300 000 time steps兲 at the
desired temperature 共NVT ensemble兲. Five different temperatures were used for the calculation of the proton diffusion coefficient D H⫹ , whereas the mechanistic study was
performed at a single temperature, T⫽280 K. After setting
the temperature, the thermostat was turned off and the trajectory was continued at constant energy 共NVE ensemble兲.
In order to quantify D H⫹ , the center-of-excess-charge
共CEC兲 coordinate was utilized in the MS-EVB methodology
as outlined in Ref. 20. The coordinates of the CEC were
tracked from time step to time step. If, at any given time
step, the coordinates varied from the previous step by the
approximate length of a periodic image they were accordingly adjusted. This constructed a trajectory where the CEC
effectively diffused through an infinite space of periodic images relative to an origin in the original MD cell.
D H⫹ was calculated at the five temperatures using similar procedures. For example, at 275 K, 30 starting configurations were collected from a 300 ps NVT trajectory every
10 ps. These configurations were then used to start 500 ps
NVE runs. The mean squared displacement was calculated
for each NVE trajectory and a least squares fit was obtained
between 10 and 50 ps. This interval was chosen so the measurement would be above the nonlinear regime and below
the noisiest portion of the line. The slope was used to estimate D H⫹ . This value was then averaged over the 30 runs.
For the mechanistic study, 13 NVE trajectories, of length
30 ps each, were run after separate NVT equilibrations. The
atomic coordinates were saved every 25 fs. These were
remapped onto the central unit cell with the H3 O⫹ at the
origin. Any water molecule that got broken across the periodic boundaries was reconnected. This gave a corresponding
trajectory file which was suitable for visualization and
analysis.
Using a visualization program 共gOpenMol version 2.2,
by Leif Laaksonen兲, PT events between adjacent water molecules were identified. To avoid possible correlations between events, only the first few events were considered from
each 30 ps trajectory 共which was followed by an equilibration period兲. Aborted or incomplete transfers were not included in this study. We have thus collected an arbitrary set
of 25 clear-cut PT events for analysis.
For each PT event, a trajectory segment was rerun starting at 1–2 ps before and ending 1–2 ps after the event. The
coordinates were then saved at 5 fs intervals, to provide a
more detailed picture of the dynamics, and remapped onto
the central cell as above. These refined trajectories form the
data base for our mechanistic study.
Each of the refined trajectories is characterized by one
H5 O⫹
2 moiety 共composed of the donor and acceptor water
molecules兲. Its first- and second-shell neighboring water

FIG. 2. Temperature dependence of the proton diffusion coefficient in water
共in units of Å 2 /ps) as calculated from classical MS-EVB2 trajectories, with
their corresponding error bars indicated. The dashed line represents a fit to
the experimental data 共Ref. 31兲, multiplied by 0.43. The slope of the straight
dotted line gives the activation energy of 2.7⫾0.1 kcal/mol.

molecules were identified from the atomic Cartesian coordinates via a minimal distance criterion. This procedure was
repeated every time step, so that if a solvent and bulk water
molecules got interchanged the new solvent molecule was
followed. As depicted schematically in Fig. 1, the coordinates of a total of 20 water molecules are tracked every time
step. From them, we calculate the 20 HB distances shown in
the figure as dashed lines. The HBs are separated into donor
and acceptor types, as indicated by the blue and red colors in
Figs. 1共b兲 and 1共c兲.

III. THE TEMPERATURE DEPENDENCE
OF PROTON MOBILITY

Previous MS-EVB simulations have calculated the protic
CEC mean-square displacement, and hence D H⫹ , at
T⫽300 K 共e.g., Fig. 4 in Ref. 2 and Fig. 8 in Ref. 20兲. Here
we extend these studies to obtain the temperature dependence of D H⫹ for the MS-EVB2 model over a range of temperatures, 260–320 K.
Figure 2 shows our results for five temperature values
共squares兲. Due to the classical nuclear dynamics implemented here, the absolute value of D H⫹ is too small in comparison with experiment. It should be noted that quantization
of the MS-EVB model, using the path integral centroid molecular dynamics method, reproduces this quantum effect
very well, which is mainly due to simple mode quantization
of the hydrogen bond.17–19 The ratio of classical to quantum
proton hopping rates was shown in earlier calculations to be
0.56 共Table III in Ref. 17兲. Additionally, there may be some
small contribution to the diffusion rate from correlated proton hops over more than two water molecules that are not
completely captured by the MS-EVB2 model. Here we find
that when we scale the experimental data31 by a factor of
0.43, they coincide with our calculated diffusion constants
共see dashed curve兲. Interestingly, the temperature dependence is curved, and this curvature appears to be reproduced
by our calculation, even though the parameters of the MSEVB model20 were adjusted at 300 K.
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TABLE I. Typical bond orders in water and protonated water. Covalent
bonds are denoted by full lines whereas HBs are dotted.
Bond

BO

Gas-phase O–H
Liquid-phase O–H
H2 O–H⫹
H2 O¯H⫹ ¯OH2
H2 OH⫹ ¯O
H2 O¯H2 O

1
0.9
0.8
0.55
0.3
0.15

A straight line through the calculated points around room
temperature give an Arrhenius activation energy of 2.7 kcal/
mol, slightly larger than the experimental value of about 2.5
kcal/mol.27 With the inclusion of quantum effects, the calculated value is expected to decrease by up to 0.4 kcal/mol 共see
Fig. 10 in Ref. 17兲.
It is interesting that a simplified EVB implementation
gets a similar activation energy.22 This could indicate, as argued below, that the activation energy for proton mobility
reflects the strength of the HB between bulk water
molecules.1 As such, the underlying water potential may be
the most crucial element in determining an accurate value for
the activation energy. It should be noted, however, that other
important quantities, such as the actual value of D H⫹ 共i.e., its
pre-exponential factor兲 as well as the binding and spectroscopic properties of the excess proton, are likely to be more
sensitive to the overall physical accuracy of the model.
IV. BOND-ORDER ANALYSIS

We introduce bond-order 共BO兲 analysis in order to quantify the HB environment around each oxygen atom. The BO
provides a ‘‘gray scale’’ description of HBs, which replaces
their conventional all-or-none definition in terms of cutoff
distances and angles. In addition, it allows us to sum the
contribution from several HBs within a solvation shell, generating a small number of parameters which we use to describe the PT process.
Following Pauling,32 the BO n is related exponentially
to the bond length r,
n⫽exp关 ⫺ 共 r⫺r eq 兲 /a 兴 ,

共1兲

where r eq is ‘‘the’’ equilibrium bond length, which we take
as the value for OH in gas-phase water, 0.956 Å. The parameter a, according to Ref. 33, is 0.35 Å 共the exact value is
immaterial for the qualitative analysis described herein兲. The
Pauling BO varies smoothly between covalent and hydrogen
bonds, with stronger bonds having larger BOs. Typical values are given in Table I. It has been observed that in adjacent
covalent/hydrogen bond pairs, O–H¯O, the total BO is
conserved.33–36
Here we generalize the definition of BO to give the total
effective BO 共TEBO兲 m around an oxygen center. Since we
are interested in protonated water clusters, such as shown in
Fig. 1, we view the HBs as emanating from the protonated
center. As we ‘‘walk’’ out from this center along the HB
network, HBs that stabilize it are directed from hydrogen to
oxygen. Consider, for example, the hydrogen atom H* in

FIG. 3. 共Color兲 The three HBs that enter into the definition of the TEBO in
Eq. 共2兲. n 1 and n 2 , which are donated from the central water molecule, are
depicted in blue. n 3 , which is accepted at the central molecule, is depicted
in red. When H* is positively charged, blue and red correspond to favorable
and unfavorable interactions, respectively.

Fig. 3, which is hydrogen bonded to oxygen O* in the water
molecule H2 O* . We wish to characterize the effective coordination number of this H2 O* due to all other HBs 共i.e.,
excluding H* ¯O* H2 ).
Typically there are up to three such bonds, two of which
are donated by the hydrogens of H2 O* 共their BOs are denoted n 1 and n 2 ), whereas the third 共denoted n 3 ) is accepted
by O* . From the perspective of transferring the proton H* to
the nearest oxygen atom O* , n 1 and n 2 represent favorable
interactions, which stabilize the transferring proton. In contrast, n 3 is an unfavorable, destabilizing interaction. The cumulative effect of these three HBs is thus depicted by the
weighted sum
m⫽n 1 ⫹n 2 ⫺n 3 ,

共2兲

in which n 3 receives a negative weight. Note that if H* is
positively charged, a bond of type n 3 is less likely to exist.
However, n 3 plays an increasing role as one moves further
away from the positively charged center. Thus, the magnitude of m describes how receptive the HB environment
around an oxygen atom is toward accepting a proton. We use
m to characterize the first and second shells around a transferring proton as follows.
Suppose we ‘‘sit’’ on the transferring proton as depicted
in Fig. 1. This proton is flanked by two water molecules, to
its left, (H2 O) l , and to its right, (H2 O) r . The BOs of the
proton to the two corresponding oxygen atoms are denoted
by n l and n r , respectively 关Fig. 1共a兲兴. These constitute the
PT coordinates. The first solvation shell of the central H5 O⫹
2
is subsequently characterized by the total effective BOs, m 1l
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and m 1r , respectively 关Fig. 1共b兲兴. These are defined as in Eq.
共2兲. We note that even this first-shell cluster, depicted in Fig.
1共b兲, is larger than previously considered1,8 because we consider explicitly the dynamics of the two HBs donated by
(H2 O) r and not only of the one accepted by it.
Moving on to the second solvation shell, let us consider
the oxygen atoms l ⬘ and l ⬙ to which Ol donates HBs. They
are characterized by total effective BOs m l ⬘ and m l ⬙ , respectively. Similarly on the acceptor 共right兲 side, see Fig. 1共c兲.
Thus the average m values for the second shell on the left
and right sides are defined by
m 2l ⬅ 共 m l ⬘ ⫹m l ⬙ 兲 /2,
m 2r ⬅ 共 m r ⬘ ⫹m r ⬙ 兲 /2.

共3兲

The 20 HBs generated by our tracking routines have consequently been concatenated into six parameters. These are n l ,
m 1l , and m 2l on the left side of the transferring proton, and
analogously n r , m 1r , and m 2r on its right. We shall monitor
these parameters during PT events in the MS-EVB simulations.
It is also helpful to consider the differences between the
left and right TEBOs,
⌬m i ⫽ ␣ i 共 m il ⫺m ir 兲 ,

FIG. 4. 共Color兲 Five O–H distances within the H5 O⫹
2 complex. Color codes
correspond to Fig. 5 below.

共4兲

where ␣ i is a scaling factor which puts the different layers on
the same scale. One may expect to observe PT when ⌬m i
⫽0, which we verify below.
V. ANALYSIS OF PROTON-TRANSFER EVENTS

Analysis of proton-hopping events was performed at a
single temperature 280 K. While the mechanism of proton
mobility is not expected to change much from 300 K, reduced HB fluctuations may make it easier to detect. As Fig.
2 indicates, the MS-EVB model should be applicable over a
whole temperature range around room temperature including
280 K.
We focus first on the PT event within the protonated
water dimer H5 O⫹
2 with somewhat more detail than previously presented. Consequently, we utilize the TEBO variables to demonstrate how PT within this complex correlates
with the dynamics in the first two solvation shells. All of our
25 PT events are collected as supplementary material,37 from
which only four are utilized in demonstrating the results below. Because our m i values are already averages of 3i HBs
each, the examples presented in the sequel are indeed characteristic.
A. Proton transfer within the central H5 O2¿ moiety

We have monitored the five O–H distances within the
central H5 O⫹
2 complex for each PT event. These distances
are depicted in Fig. 4. r 1 and r 2 are the PT coordinates
within this complex, whereas the other four are the covalent
OH bonds of the two participating water molecules.
Figure 5 shows one of the observed PT events 共trajectory
7a, denoted T7a兲. It is clearly indicative of an initial H3 O⫹
cation which is converted into another via an intermediate
H5 O⫹
2 . Initially, r 1 in panel 共a兲, and r 3 and r 4 in panel 共b兲
assume an average value of 1.055 Å, which is typical to an

FIG. 5. 共Color兲 Proton-transfer dynamics within the H5 O⫹
2 complex in one
sample trajectory 共PT event T7a兲. The five distances shown correspond to
those depicted in Fig. 4. Dotted horizontal arrows mark typical bond lengths
within the H5 O⫹
2 complex, whereas the vertical dashed lines delimit its
existence epoch.
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OH bond within H3 O⫹ . At the same time, r 2 is a HB formed
between H3 O⫹ and water, having a typical value of 1.6 Å.
The two O–H bond lengths of the acceptor water molecule
are then around 0.98 Å, as seen in panel 共c兲. Due to waterwater interactions in the condensed phase, this value is
slightly larger than the gas-phase bond length of 0.96 Å.
At about 1 ps, a rather tight H5 O⫹
2 complex is formed,
with both r 1 and r 2 fluctuating around 1.2 Å 关dotted arrow in
panel 共a兲兴. Interestingly, the four covalent bonds also assume
an intermediate value, around 1.015 Å 关dotted arrows in panels 共b兲 and 共c兲兴. Thus all the O–H bonds give testimony to
the formation of the complex. The complex attempts to separate several times, but succeeds in doing so only at about 3
ps. It is thus rather long lived 共ca. 2 ps兲. This lifetime varies
from event to event, see Sec. V B below.
In the second half of the transfer event, the complex
dissociates to form the product H3 O⫹ . Then r 2 becomes a
covalent bond whereas r 1 is converted into a HB. At the
same time, r 3 and r 4 further reduce to the characteristic water value of 0.98 Å, whereas r 4 and r 5 increase to around
1.05 Å. The PT act is then completed. As previously
suggested,1 it can indeed be regarded as isomerization from a
donor H3 O⫹ , via an intermediate H5 O⫹
2 , to the acceptor
H3 O⫹ .
We mention that in the 25 PT events monitored in this
study there was no indication of a concerted double-proton
transfer event that converts a donor H5 O⫹
2 directly into an
2,7,14,23
acceptor H5 O⫹
As
2 , as suggested in some MD work.
discussed in the Introduction, this may depend on the potential used in the simulations. For MS-EVB2 potential utilized
here,20 particularly when the trajectories are classical, H3 O⫹
is more stable 共hence longer living兲 than H5 O⫹
2 , and this
makes a double PT event less probable. Nevertheless, we do
observe that after PT the OH bonds to the product H3 O⫹
remain excited and may participate in further transfer attempts 关see, for example, the jump in r 5 in Fig. 5共c兲, at 4.2
ps兴. At least for the relatively low temperature considered
here 共280 K兲, such secondary PT attempts occur only well
after the main PT event has terminated.
Finally, it is interesting to consider the amplitude of the
vibrations in the various bonds as time proceeds. The general
anticipation is that the longer bonds are weaker and hence
fluctuate more readily. Panel 共a兲 shows very large fluctuations in the ‘‘soft’’ HBs, which become considerably more
restricted as a HB is converted into a ‘‘rigid’’ covalent bond.
A similar trend is seen in the covalent bonds. For example,
the OH bonds in the donor H3 O⫹ molecule, panel 共b兲, fluctuate wildly. Their fluctuations become more tamed at long
times, after the PT event. Possibly, this may also be due to
the fact that the pyramidal H3 O⫹ disturbs the tetrahedral
water structure around it. This disturbance is mostly alleviated once it is converted into a first-shell water molecule.
B. Lifetime distribution of the protonated dimer

We can use the (n l ,n r ) data collected in the supplementary material37 共upper panels兲 to compute a lifetime distribution for the H5 O⫹
2 complex. This complex was assumed to
exist between the first and last time that n l ⫽n r . The 25

J. Chem. Phys. 122, 014506 (2005)

FIG. 6. Lifetime distribution for the H5 O⫹
2 complex 共histogram兲, with the
exponential fit 共line兲 of Eq. 共5兲.

lifetimes 共兲 thus determined average to 具  典 ⫽375 fs. They
were binned into five equal intervals between 0–1 ps, as
shown in Fig. 6. Two trajectories had  ⬎1 ps and three had
 ⫽0. In the latter case H5 O⫹
2 is better described as a transition state of a direct reaction.
Although the statistics generated by a small number of
events is not particularly good, the lifetime distribution p(  )
does seem to obey an exponential law,
p 共  兲 ⫽A exp共 ⫺  / 具  典 兲 ,

共5兲

and the best fit gives 具典⫽367 fs, very close to its numerical
value. Exponential lifetime distribution is what one expects
from first order kinetics A B, where A and B are the two
forms of protonated water. The average lifetime of the
H5 O⫹
2 , about 370 fs, is around one order of magnitude
shorter than that of the H3 O⫹ cation, which is in accordance
with their energy difference 关ca. 1 kcal/mol 共Ref. 20兲兴. This
ratio may diminish if the nuclear coordinates are propagated
by quantal rather than classical MD.
C. Correlated dynamics within the solvation shells

The main mechanistic result of the present study is the
correlation between the PT dynamics observed in Fig. 5, and
the HB dynamics in the first- and second-solvation shells of
the protonated dimer. These are best depicted by the TEBO
parameters m 1 共for first shell兲 and m 2 共for second shell兲 defined above. In order to eliminate the fast hydrogen vibrations, these curves were smoothed using a three-point moving average filter, through which the data were run three
consecutive times. What is left is the ‘‘backbone’’ oxygen
fluctuations, so that the crossing of corresponding ‘‘left’’ and
‘‘right’’ curves is a better indication of an attempted transfer
event. Results are presented as supplementary material for all
the 25 trajectories,37 three of which are discussed below.
Corresponding to the three panels in Fig. 1, we show in
the three panels of Fig. 7 the smoothed TEBO parameters for
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FIG. 8. 共Color兲 Overlay of the bottom two panels in Fig. 7. Bold and dashed
lines correspond to first and second layers, respectively. See text for further
discussion.

FIG. 7. 共Color兲 Proton-transfer dynamics correlates with the HB dynamics
within the first two solvation layers surrounding the H5 O⫹
2 complex 共see
Fig. 1 for definitions and color codes兲. Panel 共a兲 depicts PT event T9b2,
which is analogous to PT event T7a in Fig. 5共a兲, only in BO coordinates.
The first and last crossings of n l and n r delimit the existence of the complex
共vertical dashed lines兲. The zero of time is set at the middle of this interval.
The two BO parameters 关panel 共a兲兴 and four TEBO parameters 关panels 共b兲
and 共c兲兴 have been smoothed to eliminate fast hydrogen atom vibrations.

the PT coordinates and the first-two solvation layers, for the
trajectory denoted T9b2. Panel 共a兲 shows time evolution of
the PT coordinates. This is the same as Fig. 5共a兲 in terms of
BOs 共but smoothed and for a different PT event兲. The formation and cleavage of the protonated dimer is identified as
the first and last crossing of the two curves. The corresponding times are indicated by the dashed vertical lines. During
the epoch between these lines, there are periods of a tightly
bound dimer 共the lines depicting n l and n r lie close together兲
and other periods of wide fluctuations which may almost be
considered as involving an intervening backward PT step.
This constitutes a ‘‘fluxional complex,’’ 8 which samples
many substates during its lifetime.
The new feature revealed by Fig. 7 is the correlated motion of the different hydration layers. The figure shows that
an analogous behavior to that in panel 共a兲 is observed for the
m i values of layers 1 and 2. Hence one concludes that PT
occurs when all water layers respond in concert. As Ohmine
and collaborators have observed in simulated water
dynamics,29,30 processes in water are driven by large-scale

collective motions. In this paper a cooperative behavior is
demonstrated for proton mobility in water.
A more careful inspection reveals that the curves for the
first layer in panel 共b兲 approach and separate more slowly
than the PT coordinates enter or exit their first and last crossings in panel 共a兲, respectively. In comparison, the second
layer in panel 共c兲 shows an even more sluggish response, the
two lines appearing to ‘‘stick together’’ beyond the epoch
defining the protonated dimer complex. In a sense, the surrounding solvent is ‘‘preparing itself’’ to the PT reaction first,
much as Marcus has envisioned the occurrence of a chargetransfer reaction. As Onsager once commented, reactive
events in water take place from the outside in, as an ‘‘inverted snow ball’’ 共second shell first, inner core last兲.
Additional insight on how the different water-layers participate in the PT event may be gleaned by overlaying the
bottom two panels in Fig. 7. Maintaining the same color
code, Fig. 8 shows that before the complex is formed the two
green curves roughly coincide, m 2l ⬇m 1r 共encircled兲. This
corresponds to a symmetric solvent environment around the
donor H3 O⫹ . After the complex disintegrates, the two blue
curves roughly coincide, m 1l ⬇m 2r 共encircled兲. This indicates the formation of a symmetric solvent environment
around the acceptor H3 O⫹ moiety. The following relation
donor:
dimer:
acceptor:

m 2l ⬇m 1r ,
m 1l ⬇m 1r ,

m 2l ⬇m 2r ,

共6兲

m 1l ⬇m 2r ,

summarizes our observation. It is best appreciated with reference to Fig. 1.
The isomerization times namely, the time to actually
convert H3 O⫹ into H5 O⫹
2 or vice versa can be estimated
qualitatively from Fig. 8. It is seen that the donor environment loses its threefold symmetry about 50–100 fs before
the protonated H5 O⫹
2 is formed 共circle兲. Similarly, the acceptor environment gains its threefold symmetry at about 50–
100 fs after the H5 O⫹
2 dissociates 共circle兲. These times are
appreciably faster than the 370 fs dimer lifetime or the few
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FIG. 9. 共Color兲 Same as Fig. 7 for PT event T10c, which shows a very short
H5 O⫹
2 lifetime.

picoseconds which elapse between proton hops. Thus the
rate limiting process is the concerted reorganization of the
HB environment as revealed by the TEBO analysis.
To see that the above conclusions are not trajectory specific, we present the TEBO parameters along two other trajectories. Figure 9 共event T10c兲 presents an extreme case of
a single crossing event 共at t⫽0), corresponding to a ‘‘direct’’
H3 O⫹ to H3 O⫹ transition 共without a long-lived H5 O⫹
2 intermediate兲. Figure 10 共event T13a兲 is one of the ‘‘worst’’ cases
in our collection in terms of demonstrating the correlation
between the solvation layers. It is similar to Fig. 9 in exhibiting a direct transition, but the curves depicting m 2l and m 2r
fail to separate after this transition. A closer inspection of the
upper panel reveals that this is probably connected with repeated 共nonreactive兲 re-encounters, when n l and n r in the
upper panel nearly touch.
The two cases are compared in Fig. 11, which depicts the
difference ⌬m, between the two curves in each panel, see
Eq. 共4兲. More precisely, we show ⌬m 0 ⬅n l ⫺n r 共inner core,
black兲, ⌬m 1 ⬅1.5(m 1l ⫺m 1r ) 共first layer, red兲, and ⌬m 2
⬅3(m 2l ⫺m 2r ) 共second layer, green兲. The scaling factors
共1.5 and 3兲 were applied to put the data from all layers on a
similar scale. PT is represented by a crossing of the ⌬m
⫽0 line.
In both cases, the first layer follows the inner core very
closely: even the backbone fluctuations in ⌬m 1 and ⌬m 0 are

J. Chem. Phys. 122, 014506 (2005)

FIG. 10. 共Color兲 Same as Fig. 7 for PT event T13a, which shows some of
the worst correlations with second-shell dynamics.

nearly identical. Thus the correlation between these two is so
strong that their response is essentially in concert. The correlation with the second layer is only in the average trend,
having ⌬m 2 ⬎0 before the PT, decreasing to ⌬m 2 ⬍0 afterward. This seems to hold on the average even in the worst
case of T13a. When ⌬m 2 lingers around 0, we obtain repeated transfer events or a period with a tight H5 O⫹
2 complex.
Figure 12 shows the average of ⌬m i over our 25 trajectory data bases. There is some arbitrariness in averaging over
different trajectories. For example, the result depends on the
choice of t⫽0 for each trajectory. Here we maintain the
assignment of t⫽0 at the middle of each interval defining
the H5 O⫹
2 complex. The resulting curves in this figure demonstrate that the collective behavior of the core and first two
layers holds also on the average. Again the PT event is seen
to correlate more strongly with the dynamics in the first layer
than with the second 共the curves for i⫽0 and 1 nearly overlap兲. On the other hand, the averaging procedure has completely obliterated the H5 O⫹
2 intermediate. Since in each trajectory it lives for a different time duration , the flat step at
⌬m i ⫽0 has been replaced by a gradual slope. The resulting
apparently slow (⬇1 ps) conversion of reactant to product
H3 O⫹ conceals the much faster (⬇100 fs) interconversion
between H3 O⫹ and H5 O⫹
2 共which is driven by the slower
reorganization of the environment兲. The figure thus demon-
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FIG. 11. 共Color兲 TEBO parameter difference for the transferring proton and
the two solvation layers, for the trajectories shown in Figs. 9 共top兲 and 10
共bottom兲. These represent favorable and unfavorable cases 共respectively兲 in
terms of the correlation with the second shell.

strates both the utility and drawback of applying averaging
procedures in mechanistic studies.
D. Contribution from individual hydrogen bonds

The above analysis focused on the average BO contribution to the first two solvation shells surrounding the H5 O⫹
2

FIG. 12. 共Color兲 Averaged TEBO difference for the core and two solvation
layers. Same as Fig. 11, only averaged over the 25 trajectories in the supplementary material 共Ref. 37兲. For the second shell 共green兲, a scaling of ␣ 2
⫽4.5 was used.

J. Chem. Phys. 122, 014506 (2005)

FIG. 13. 共Color兲 The contribution from individual HBs to m 2l for PT event
T10c 关see Fig. 9共c兲兴. The TEBO m 2l is half the sum of the four lines in this
figure.

intermediate. It is instructive to bisect this into typical contributions from the different types of HBs in the two hydration layers. Doing so, we lose the self-averaging property of
the m i so that the results discussed below show much larger
variability from one trajectory to another.
The behavior of the first layer, Fig. 1共b兲, resembles to
some extent the behavior observed for PT in ice.25 The
‘‘good’’ HBs (n 1 and n 2 , see Fig. 3兲 seldom break. As the
proton migrates from left to right, they expand on the left
and shrink on the right.1 This leads to the observed decrease
of m 1l 共predominantly before PT兲 and the increase in m 1r
afterwards. In ice, the two ‘‘bad’’ HBs 共of type n 3 ) show the
opposite trend: The one on the left lengthens whereas that on
the right contracts.25 In liquid water, due to the delocalization
of the positive charge, these two bonds are not frequently
observed.20 When they do exist, we often find that the one on
the right cleaves before the transfer and the one on the left
forms afterwards, as suggested in Ref. 1.
In the second layer, one may break down m 2 into the
contribution from n 1 ⫹n 2 and n 3 . Figure 13 shows the result
for event T10c on the donor side for each of the two water
molecules involved (l ⬘ and l ⬙ in Fig. 1兲. It can be seen that
before the PT event 共vertical dashed line兲, one or more of the
‘‘good’’ HBs cleave, reducing n 1 ⫹n 2 abruptly 共blue line兲.
After the PT event, the ‘‘negative’’ HB, n 3 becomes active
共red line兲. A mirror image of this scenario often holds on the
acceptor side.
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The contribution of n 3 to m 2 is very much in line with
the observations of Day et al.19,20 By monitoring the HO¯H
angle of the red HBs in Fig. 1共c兲, they have observed that the
ones on the right break, on the average, concomitant with the
PT event. Thus the HB cleavage event suggested in Ref. 1 as
a rate limiting step for proton mobility does occur, only one
water molecule further away from the protonated center.
What was not previously anticipated is the contribution
of the good HBs, n 1 and n 2 . These, on the average, tend to
cleave on the donor side 共left兲 and reform on the acceptor
side 共right兲. Evidently, their behavior is just the opposite of
that of n 3 . Consequently, the H3 O⫹ first-shell coordination
numbers fluctuate over the larger range of 1– 4, rather than
just between 3 and 4 as assumed before. Clearly, not all these
individual HB cleavage and formation events occur in each
trajectory. What is required for PT is just enough of them to
tilt the balance from the donor to the acceptor side.
E. The extended picture of proton mobility
in liquid water

From the above discussion, an extended picture of proton mobility emerges. A schematic summary of HB rearrangements coupled to the proton hopping act is given in Fig.
14. HBs break and form predominantly within the second
hydration shell 共curly arrows兲, whereas in the first shell they
typically only extend or contract 共straight arrows兲, therefore
showing much stronger correlation with the inner core. The
rate limiting step is likely to be the HB cleavage events
which occur within the second shell. This conclusion is
qualitatively as suggested in Refs. 1 and 7, except that it is
not possible to implicate one single HB as the key player in
the mechanism.
The two types of HBs show opposite behaviors within
the second shell. Prior to PT 关Fig. 14共a兲兴, good HBs cleave
on the donor side and bad HBs cleave on the acceptor side. A
sufficient number of these bonds should remain simultaneously broken in order to break the threefold symmetry
around the donor H3 O⫹ . The cleavage events themselves are
fast 共say, 50–150 fs兲, so that they occur consecutively rather
than simultaneously. The last of these finally tilts the balance
from reactants to products. This explains why the activation
energy for proton mobility 共Sec. III兲 is so close to the HB
strength in liquid water 共2.6 kcal/mol兲,38 although it is a collective breaking of HBs and not the cleavage of a single HB
that drives the PT.
Finally, following the PT event, good HBs form on the
acceptor side, whereas the bad ones reform on the donor side
关see Fig. 14共b兲兴. This terminates the fluctuations of the proton within the H5 O⫹
2 complex. It localizes the proton on the
acceptor H3 O⫹ moiety and establishes a new threefold symmetry around it. The temporal division may be less sharp
than depicted, as some of the HB dynamics occurs also during the lifetime of the complex.
VI. CONCLUSIONS

The elucidation of the mechanism of proton mobility in
water is a basic problem of physical chemistry,9 with far
reaching consequences, for example, in fuel-cell technology

FIG. 14. 共Color兲 HB dynamics couples to proton mobility in water. Before
PT, panel 共a兲, HBs mainly break 共second shell, curly orange arrows兲 or
expand 共first shell, straight orange arrows兲. Good HBs may break on the
donor side 共left兲 whereas bad ones break on the acceptor side 共right兲. Around
the donor H3 O⫹ , two bonds expand, whereas the central O–O bond contracts to form the H5 O⫹
2 complex 共not shown兲. As the complex disintegrates
to form the product H3 O⫹ , panel 共b兲, this central bond expands, whereas the
two other HBs in the first shell contract 共straight green arrows兲. HBs now
form in the second solvation shell 共curly green arrows兲, predominantly the
good ones on the acceptor side and the bad ones on the donor side. Some
bonds may have reformed during the lifetime of the H5 O⫹
2 intermediate
共bottom left兲.

and biology. Previous discussions were based on the combination of experiment and chemical intuition,1 on qualitative
visualization of short trajectories,7,8 or focused on a single
HB.2,19,20 A method for systematic analysis of the cooperative behavior of many HBs was lacking. The present work
introduced BOA, a method which is both intuitive and easy
to implement.
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Utilizing BOA, we could track the cooperative behavior
of the 18 HBs surrounding the transferring H5 O⫹
2 complex.
We find that this complex is almost always an intermediate
separating the donor and acceptor H3 O⫹ moieties. The transition between these structures indeed couples to HB dynamics, but within considerably larger water clusters than previously anticipated.
As PT progresses, the TEBO diminishes on the donor
side and increases on the acceptor side. This appears to occur
in concert within the first and second solvation shells. In the
first shell one observes predominantly stretching and contraction of HBs, and the correlation with the PT act is very
strong. In the second shell there are more HB cleavage and
formation events, and the correlation is only on average. One
may nevertheless conjecture that the ‘‘rate limiting step’’ lies
in the second shell. The collective accumulation of several
consecutive HB cleavage events there eventually tilts the
balance from one form of protonated water to the other.
The TEBO is constructed by dividing the HBs into two
types: The blue bonds emanate from the protonated center
and thus stabilize it, whereas the red bonds which are directed toward the protonated center destabilize it. The analogy with Moses parting the Red Sea1 is now two colored:
The red sea parts in front of the proton and closes behind its
back, whereas the blue sea parts in his rear and forms up
front.
The above conclusions may depend on several aspects of
our simulation methodology. One concern may be the utilization of one particular MS-EVB potential. Judging from the
excellent value obtained for the activation energy of proton
mobility 共2.7 kcal/mol at room temperature兲, this potential
appears to yield quite realistic results. A second concern is
the neglect of quantum effects on the nuclear dynamics. We
anticipate that these could reduce the activation energy by
about 0.3 kcal/mol but, as previously noted,7 the influence on
the mechanism itself may not be dramatic. An increase in
temperature 共from the value of 280 K considered herein兲
could also make a difference in the details of the mechanism.
Given the above reservations, the conclusions in this
work are not expected to be the final word on the proton
mobility mechanism. The classical MS-EVB2 calculations
serve to demonstrate the utility of our TEBO approach. Since
it is easily applied to trajectories of any origin, it may be
interesting to apply this method to different temperatures and
simulation methodologies in the future. Finally, the BOA
may be useful in analyzing proton mobility near and through
biological membranes and channels, topics of great interest
for proton-driven bioenergetics.6
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ABSTRACT In green ﬂuorescent protein, photo-excitation leads to excited-state proton transfer from its chromophore, leaving
behind a strongly ﬂuorescing anion, while the proton is commonly thought to migrate internally to Glu-222. X-ray data show that the
protein contains more extended hydrogen-bonded networks that can support proton migration (i.e., proton wires). Here we study
the temperature-dependence of the transient ﬂuorescence from both the acid and anionic forms up to 15 ns. At low temperatures,
we ﬁnd that the (lifetime-corrected) ﬂuorescence of the acidic form decays asymptotically as t1/2, following quantitatively the
solution of a one-dimensional diffusion equation for reversible geminate recombination with quenching. This indicates proton
migration along the internal proton wires. A small degree of geminate proton quenching is attributed to the formation of the
zwitterion by proton migration on a side-branch of the proton wire. Above 230 K, the ﬂuorescence kinetics undergo a transition,
exhibiting an asymptotic t3/2 decay, and the quenching effect disappears. We interpret these ﬁndings as evidence for
a conformational change enabling the rotation of Thr-203, which eventually allows the proton to escape to the exterior solution.

INTRODUCTION
The green ﬂuorescent protein (GFP) of the jellyﬁsh Aequorea
victoria has attracted great interest as a biological ﬂuorescent marker and as one of the few examples of excited-state
proton transfer (ESPT) in nature (1–4). Formation of the wildtype chromophore (p-hydroxybenzylidene-imidazolidinone)
occurs via post-translational cyclization followed by autooxidation within a tripeptide unit (Ser-65, Tyr-66, Gly-67) of
the 238 amino-acid sequence. X-ray diffraction (5,6) revealed
that the chromophore (Cro) is protectively housed along a
coaxial helix threaded through the center of an 11-stranded
b-barrel. It is covalently anchored and effectively secluded
from the aqueous solvent surrounding the protein. Additional
noncovalent coupling of the Cro to the protein backbone is
facilitated via an extended hydrogen-bond (HB) network.
At room temperature (RT), wild-type (wt) GFP exhibits
two main absorption peaks with maxima at 398 nm (band A)
and 478 nm (band B). The ratio of the absorption bands
depends weakly on the pH. As the pH increases, the B-band
gets stronger while maintaining an isosbestic point indicative
of two-state kinetics. At RT there are two emission peaks in
the steady-state ﬂuorescence spectrum, a very weak band at
460 nm and a very strong band at 510 nm. Time-resolved
emission showed a decrease in the 460-nm emission
concomitant with a rise in the 510-nm emission. This has
been interpreted (7,8) as evidence for ESPT from the
hydroxyl of Tyr-66 (R*OH form, A-state, 460 nm), resulting
in the green ﬂuorescence of the anion (R*O form, 510 nm).
Previous time-resolved studies of excited GFP focused on
the complex decay of the emission at short times up to 150 ps
(7–10). Leiderman et al. (11) have extended the ﬂuorescence
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measurements to long-times (up to 10 ns), because this time
regime can reveal important facets of the recombination
reaction between the conjugate base and the diffusing
proton. Our experience with ESPT in homogeneous solutions (water, alcohols, dimethylsulfoxide) shows that this
reaction is reversible in the excited state (ES), and thus it is
possible to monitor the probability that the dissociated and
solvated proton, which diffuses with a diffusion constant D,
will recombine geminately with the deprotonated base (12,13).
The theoretical formulation for this process in d-dimensions
leads to the asymptotic (;) long-time behavior of the normalized ﬂuorescence signal, If (t;l), at the wavelength l characteristic of the protonated Cro:


If ðt; lÞ expðt=t f Þ;Keq =ð4pDtÞ :
d=2

(1)

Here K*eq is the ES equilibrium constant for the protonation
reaction whereas t f is the ﬂuorescence lifetime of the deprotonated form.
In solution, one consistently ﬁnds t3/2 asymptotics (13),
which is commensurate with the three-dimensional character
of the homogeneous solution (d ¼ 3 in Eq. 1). A surprising
ﬁnding of Leiderman et al. (11) was that a similar behavior is
observed for wt-GFP at RT. This was unexpected from the
prevailing model (14,15) of irreversible proton migration
along a short HB network connecting Tyr-66, via a water
molecule and the hydroxyl of Ser-205, to the carboxylate of
Glu-222. In Leiderman et al. (11), the t3/2 decay was interpreted as evidence for three-dimensional proton diffusion.
Since there was no effect of proton scavengers on the
kinetics, it was concluded that the diffusion occurs inside the
protein. These proton scavengers can be relatively high
concentrations (0.4 M) of ﬂuoride or acetate anions, which
are added to the buffer solution.
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A more detailed examination of the x-ray data (5,6)
was consequently initiated (16). It was not possible to ﬁnd
three-dimensional HB arrays, which could support threedimensional proton diffusion inside the GFP barrel. However,
linear chains of HBs (i.e., proton wires) were found to be
more prevalent within the GFP than previously reported.
These proton wires involve a few crystallographic water molecules plus mainly oxygen atoms on amino-acid side chains
as well as backbone carbonyls.
Two functionally relevant proton wires were observed:
1. A rather long proton wire continues from Glu-222 via the
buried Asp-82 to Glu-5, which is located on the bottom
of the b-barrel (Fig. 1). Except for one water molecule
along this pathway, all of the HB lengths are below 3 Å.
This unique arrangement should facilitate proton migration along this pathway even at low temperatures.
2. In addition, it was found that the rotation of the Thr-203
side chain establishes an HB net from the OH of Tyr-66
to the backbone carbonyl of His-148, from which the
proton can easily hop outside (Fig. 2).
The various possibilities for proton migration in GFP can be
explored by monitoring its transient ﬂuorescence as a function
of temperature. Here we extend the transient ﬂuorescence
work (11) from RT to a wide temperature range, 87–291 K.
Interestingly, we ﬁnd a transition from the t3/2 decay at RT
to a t1/2 behavior below ;230 K. The implications are that at
low temperatures the proton migrates within the protein,
possibly along the one-dimensional HB chain of Fig. 1. The
transition at higher temperatures is ascribed to a conforma-

FIGURE 2 Rotation of the Thr-203 side chain in wt-GFP (Protein
DataBank ﬁle 1GFL (5)) by 120° establishes a transient proton escape route
(blue) connecting the OH of Tyr-66 to the backbone carbonyl of His-148
(its side chain was rotated by 13°). Adapted from Fig. 5 of Agmon (16).
Other notations are as in Fig. 1.

tional change within the protein, which allows proton exit
possibly via the threonine gateway of Fig. 2.

MATERIALS AND EXPERIMENTAL METHODS
Sample preparation and characterization
wt-GFP samples are a gift from Prof. S. J. Remington, University of Oregon.
The stock solution of 10 mg/ml included 0.3 M NaCl, and was stored under
refrigeration. Glycerol (purchased from Fluka, Buchs, Switzerland) was
added to the solution to prepare 12%, 30%, and 60% (by volume) glycerolwater mixtures. Glycerol is habitually used to protect the sample under
cryogenic conditions. The pH of the sample was 7.9.
Samples were placed in a 1-mm optical path-length quartz cell. The
temperature of the irradiated sample was controlled by placing it in a liquid
nitrogen cryostat with thermal stability of ;61 K. The absorbance at 397
nm was typically 0.1 OD. Steady-state ﬂuorescence spectra at low temperature were taken using CVI SM-240 spectrometer (CVI Spectral Products,
Putnam, CT) with ;2 nm resolution.

Time-resolved measurements

FIGURE 1 A proton pathway in GFP (16) leads from Glu-5 on the bottom
of the b-barrel (not shown), via an inward-pointing aspartate (Asp-82), the
backbone carbonyl of Gln-69, the hydroxyl of Ser-72, the buried Glu-222,
and Ser-205 to the hydroxyl of Tyr-66 on the GFP Cro. A short side-branch
of the HB pathway (yellow) connects to the N2 atom of the imidazolidinone
ring, whose protonation leads to zwitterion formation. Atomic coordinates
from Protein DataBank ﬁle 1GFL (5) with the HB O–O distances in Å.
(Color code: Carbon atoms, gray; oxygens, red; nitrogens, blue.) Hydrogens
are not depicted, since they are unobservable in the x-ray structure.
Biophysical Journal 90(3) 1009–1018

Time-resolved ﬂuorescence was acquired using the time-correlated singlephoton counting (TCSPC) technique, the method of choice when sensitivity,
large dynamic range, and low intensity illumination are important criteria in
ﬂuorescence decay measurements. For excitation we used a cavity-dumped
Ti:sapphire femtosecond laser (Mira, Coherent, Santa Clara, CA), which
provides short pulses (80 fs), operating at the second harmonic generation
frequency (spectral range of 380–400 nm) and a relatively low repetition rate
(500 kHz). A low rate might be important to ensure that the GFP is fully
relaxed before re-excitation. The excitation pulse energy was reduced by
neutral density ﬁlters to ;1 pJ. We checked the sample before and after
time-resolved measurements, not ﬁnding noticeable irradiation-induced
changes in the absorption spectra or the transient emission decay. We conclude that, under our irradiation conditions, no sample deterioration could be
detected.
The TCSPC detection system is based on a Hamamatsu 3809U photomultiplier (Hamamatsu City, Japan) and an Edinburgh Instruments TC900
computer module (West Lothian, United Kingdom) for TCSPC. The overall
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instrumental response function (IRF) was ;40 ps (full-width halfmaximum). The large dynamic range of the TCSPC system (more than
four decades) enables us to accurately determine the non-exponential photoluminescence decay proﬁles of wt-GFP ﬂuorescence. Measurements were
taken at 10-nm spectral width at two frequencies: l ¼ 450–455 nm (R*OH
kinetics) and l ¼ 505–525 nm (R*O kinetics), as well as at l ¼ 485 nm
(stabilized RO, see below). The latter was used to determine the ES
lifetime, t f ¼ 1/kf. The lifetime-corrected signals, If(t;l) exp(t/t f), when
measured at the frequencies of the acid and the anion and normalized, are
denoted below by P(t) and 1 – P(t), respectively.

dPðtÞ=dt ¼ ka pða; tÞ  kd PðtÞ:

Note that the quenching reaction does not enter here because
it leads exclusively to the ground-state, whereas P(t)
represents the R*OH population. The initial conditions for
the two equations are those of a bound pair,
Pð0Þ ¼ 1;

The diffusion model
We utilize a mathematical model for the description of the
coupled geminate reactions


R OH




kd
ka





R O 1H
1

1

kq

R O 1 H / ROH;

ð2Þ

depicting reversible proton binding/unbinding in the ES and
proton-induced quenching. All other channels of the ES
decay are lumped into the ﬂuorescence lifetime t f, which is
assumed to be identical for both R*OH and R*O. The effect
of ES decay in this case is simply to multiply the calculated
kinetics without decay by exp(t/t f). Thus, we need to solve
the kinetics of Eqs. 2 without the ES decay.
Since the reaction under consideration is inherently fast, it is
not possible to neglect the diffusive transport of the proton,
which couples to the reactions under consideration. In the
diffusion model (12,13), one assumes that the proton can
execute spherically symmetric diffusive motion in a
d-dimensional space. At the contact distance, r ¼ a, it may
associate with the excited base with a rate coefﬁcient ka or
dissociate from it with a rate coefﬁcient kd. The competing
irreversible quenching reaction (rate coefﬁcient kq) is assumed,
for simplicity, to occur at the same contact distance a. The
potential V(r) (in units of the thermal energy, kBT) describes the
proton-anion interaction as a function of their separation, r. In
solution-phase studies (13), a Coulomb (or screened Coulomb)
potential was used but, as we shall see below, this is
inapplicable for the protein interior. The association (equilibrium) constant is given by K*eq ¼ ka eV(a)/kd, which includes
the effect of the potential at the contact distance.
The mathematical depiction of this problem utilizes the
d-dimensional spherically symmetric Smoluchowski equation
@pðr; tÞ
1d @ d1 VðrÞ @ VðrÞ
¼ Dr
r e
e pðr; tÞ;
@t
@r
@r

(3)

for the probability density, p(r, t), of the geminate proton to
be separated by a distance r from the Cro by time t after
excitation. This partial differential equation is coupled to
a kinetic equation (i.e., an ordinary differential equation) for
the binding probability, P(t), of the Cro and the proton,

pðr; 0Þ ¼ 0:

(5)

The boundary condition (17) for p(r, t) at r ¼ a couples the
reversible and irreversible reactions:
gd a

THEORY

(4)

d1

De

VðaÞ

@ VðrÞ
e pðr; tÞjr¼a ¼ ðka 1 kq Þpða; tÞ  kd PðtÞ:
@r
(6)

At the boundary, the (excited) Cro population is depleted by
both association and quenching reactions. The geometric
factor gd ¼ 1, 2p, and 4p for d ¼ 1, 2, and 3, respectively.
Some limiting cases of this equation can be solved
analytically (see below). However, for arbitrary times and
potentials one needs to solve Eq. 3 numerically, and this is
conveniently done using the Windows application (18) for
solving the Spherically Symmetric Diffusion Problem
(SSDP, Ver. 2.65). Its graphical interface allows one to convolute the theoretical solution with the IRF and compare with
the time-resolved experimental data.
Analytic solution
A central result of the present analysis is that, below a critical
temperature (of 230 K), the ﬂuorescence signal from the
excited GFP Cro behaves as if the proton diffuses in one
dimension—namely, d ¼ 1 in Eqs. 3 and 6. In this case, the
above equations admit an analytic solution in several
limiting cases. The simplest case is that of no potential
(unbiased diffusion) and no quenching, V(r) ¼ 0 and kq ¼ 0.
This problem has been solved two decades ago (17). Interestingly, we will see that this simple case almost sufﬁces
to describe our low temperature results.
We present this solution below, mainly to show (19) that
from the time dependence of P(t) it is possible to determine
only two combinations of the threepparameters,
kd, ka, and D.
ﬃﬃﬃﬃ
These combinations are kd and ka = D, both having units of 1/
time. It is not possible to determine ka and D independently,
because these two parameters depend also on the units of r,
whereas our data depends only on time. Thus, although
diffusion is indispensable in explaining the data, the diffusion
constant itself can be determined only from measurements
that sample the spatial distribution, p(r, t).
The analytic solution can be conveniently obtained (17) by
the Laplace transform method. It depends on two roots of
a quadratic equation
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2
2
(7)
ka =D6 ka =D  4kd ;
l6 ¼
2
which may be either real or complex conjugated. The
binding probability is then given by
Biophysical Journal 90(3) 1009–1018
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PðtÞ ¼

pﬃ
pﬃ
1
½l 1 Vðl tÞ  l Vðl 1 tÞ;
l 1  l

(8)

where the function V(z) is deﬁned by
VðzÞ [ expðz ÞerfcðzÞ;
2

(9)

and erfc(z) is the complementary error function of a complex
variable, z. From a ﬁt to Eq. 8 one could determine l6, and
from their product and sum,
pﬃﬃﬃﬃ
(10)
l 1 l ¼ k d ; l 1 1 l  ¼ k a = D :
pﬃﬃﬃﬃ
Thus, the solution depends only on kd and ka = D.
The long-time asymptotic behavior of P(t) can be obtained
directly from that of erfc(z); see Abramowitz and Stegun
(20). This can be worked out even when V(r) 6¼ 0, provided
that V(r) / 0 as r / N (21, 22). It leads to Eq. 1 with K*eq
¼ ka eV(a)/kd. Thus, when only the long-time asymptotics is
measured, its slope allows us to determine only a single
parameter, which is the ratio of the two parameters in Eq. 10.
More general cases with kq 6¼ 0 and/or a linear potential,
V(r) ¼ ar, can also be worked out analytically (23, 24, 25),
though the solution becomes more complicated. In these
cases the additional parameters that could possibly be
determined p
from
toﬃﬃﬃthe
ﬃﬃﬃﬃ ﬁts p
ﬃ complete time-dependence of
P(t) are kq = D and a D.
RESULTS
Anion ﬂuorescence
Most of the ﬂuorescence intensity in GFP is due to its anionic
form. Fig. 3 shows the steady-state emission of wt-GFP dissolved in aqueous solutions containing different amounts of
glycerol and excited at the 396-nm ROH absorption maximum. Qualitatively, the spectrum is similar for both
solutions. It consists of a strong and narrow band, located
at ;510 nm at RT and blue-shifting by ;5 nm at the lowest
T. This is attributed to R*O formed by the photodissociation of R*OH. Separated from it by an iso-emissive point,
a smaller band at 485 nm grows with decreasing temperature.
This band has previously been observed at 77 K (7). Now we
see that it appears rather abruptly below ;230 K.
The transient ﬂuorescence decay at these two frequencies
and at low temperatures is shown in Fig. 4. The data were
corrected for the ES decay using the radiative decay rate
constant, kf ¼ 0.35 ns1, as determined at 485 nm for T ,
230 K (when this band is observed). Both traces in Fig. 4
increase initially with the IRF (inset). However, the signal at
485 nm soon ﬂattens off (meaning that it exhibits a pure exponential decay, exp(kft)), whereas that at 512 nm exhibits
an extended rise that tracks the decay of the ROH signal at
460 nm (see below). Moreover, its decay at long-times is
slightly faster than that of the 450-nm band, resulting in the
small maximum seen in the ﬁgure.
These observations indicate that the two bands represent
two types of R*O populations:
Biophysical Journal 90(3) 1009–1018

FIGURE 3 Steady-state emission from wt-GFP in a (A) 60% (v/v) and
(B) 12% (v/v) glycerol-water solution at different temperatures (indicated),
after irradiation at 396 nm.

1. The decay at 485 nm arises from a species that does not
undergo an ES reaction, and thus its ﬂuorescence rises with
the IRF and decays with the ES lifetime. Because the
excitation spectrum at this frequency follows the absorption
spectrum of RO rather closely (see Fig. 3 B in (8)), one
concludes that it is due to direct excitation of ground-state
RO. Possibly the protein conformation of this species, or
the absence of an available proton within the protein, prevent its conversion to ground-state ROH, which characterizes the majority of the protein molecules in the sample.
2. The 510-nm band represents the species that exists as ROH
in the ground-state and converts from R*OH to R*O in
the ES. Therefore its ﬂuorescence signal rises with a delay,
which is determined by the magnitude of kd. At long-times
it decays slightly faster than the 485-nm band. We attribute
this to quenching of the excited Cro by the geminate
proton, a familiar effect for excited bases formed by ESPT
(13). In contrast, the protein molecules emitting at 485 nm
do not contain an available proton within their barrel
structure that could interact with the Cro.
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convert to the 485-nm population during the ES lifetime, so that
the conformational change must occur on a longer timescale in
the ground-state. Hence, this population is decoupled from the
low-T ES acid-base reaction, and could thus be ignored in the
treatment of the ES kinetics. In contrast, the main 510-nm band
continues shifting and widening to the red also above 230 K.
Thus its broadening could involve less localized protein modes
with a wider distribution of barrier heights.
Acid ﬂuorescence

FIGURE 4 Transient TCSPC ﬂuorescence at 485 nm (87 K or 151 K) and
512 nm (110 K) in a 60% (v/v) glycerol-water solution. Data corrected for
ES decay using kf ¼ 0.352 ns1. Dashed straight line to guide the eye. Inset
shows the data on an expanded scale with the line representing the IRF convoluted with a constant.

Interestingly, the 485-nm peak appears rather abruptly as T is
lowered below ;230 K. This transition could indicate the onset
of a protein conformational change. The blue shift, and its
enhancement at low T, suggests ground-state stabilization of
the anionic species. Because the transient signal at 485 nm is
a pure exponential, the population emitting at 510 nm does not

The ROH emission occurs around 460 nm. It is barely seen in
the steady-state spectrum (Fig. 3) because it is ;500 times
weaker than the anion emission. Nevertheless, its intensity is
sufﬁcient for TCSPC measurements. The central result of the
present work is the temperature-dependence of the timeresolved ﬂuorescence for wt-GFP (Fig. 5). Here we present
results in 30% glycerol-water (v/v) solutions, although we have
obtained qualitatively similar data for other glycerol contents
(12% and 60%). The data are multiplied by exp(kft), where kf ¼
0.35 ns1 was determined from the pure exponential decay of
the emission from the directly excited anion at 485 nm. For the
acid form it is not possible to measure kf directly due to its rapid
decay, so we apply the same value, assuming that (like the
485-nm band) it has no temperature-dependence.
Interestingly, the transient R*OH emission (450 nm)
exhibits a transition at ;230 K. (Note that this temperature is

FIGURE 5 Time-resolved emission
from wt-GFP in a 30% (v/v) glycerolwater solution at the different indicated
temperatures (in K). Circles are TCSPC
data corrected for the ES lifetime. Lines
are ﬁts to the diffusion model in Eqs.
3–6 using the SSDP software (18) with
the parameters in Table 1. The calculated P(t) was convoluted with the
measured IRF. (A) Low temperature
ROH ﬂuorescence at 450 nm on a linear
500-ps timescale, normalized to unity at
the peak. (B) Same data on a 10-ns time
window and a log-log scale, with
curves shifted each by ;0.12 log units
along the intensity scale for clearer
visibility of the long-time tails. (C)
Anion (RO) ﬂuorescence, measured at
505–510 nm, depicted on both short
and long (inset) timescales. (D) Same as
B, above the transition temperature. The
two dashed lines depict t1/2 and t3/2
decay, illustrating the transition.
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close to the transition temperature of the 485-nm band in Fig.
3). The data below this temperature are presented in Fig. 5, A
and B. Fig. 5 A gives the short time behavior on a linear
scale, whereas Fig. 5 B shows the long-time behavior on
a log-log scale (with data shifted vertically for clarity). It
exhibits a power law asymptotic decay as in solution-phase
ESPT (13), except that the power is t1/2 rather than t3/2.
This strongly suggests that the proton is migrating along onedimensional proton wires within the protein.
To check this hypothesis, we have ﬁtted the data to the onedimensional diffusion model, solving Eq. 3 numerically for
d ¼ 1 to obtain P(t) (lines). The same calculation is used to
compare 1 – P(t) with the RO kinetics, as measured in the
505–510 nm range (Fig. 5 C). The parameters, collected in
Table 1, correspond in a ﬁrst approximation to free diffusion
(V(r)  0) with the simplest reversible boundary condition
(i.e., kq  0). As shown in the Theory section and in Agmon
(19), theptransient
traces in this limit allow one to determine kd
ﬃﬃﬃﬃ
and ka = D. It is not possible, from an experiment containing
only temporal information, to determine independently the
two spatially dependent parameters, ka and D. In liquid
solutions D is known from mobility measurements, but within
the protein D is unknown.
To achieve a global ﬁt, which agrees simultaneously with
the kinetics at both acid and base wavelengths, we have
introduced two additional effects. First, we included a small
proton quenching effect with a rate coefﬁcient, kq, which is
typically 4% of ka. It accounts for the decrease in the R*O
signal at long-times (Fig. 5 C, inset). Such a decrease can also
be explained by increasing kf, but in our case kf has been
determined independently from the decay of the 485-nm
peak, and was found to be temperature-independent (below
230 K). Note that our depiction of the quenching reaction is
least accurate at short times, because Eq. 6 assumes that it
occurs at the same contact distance as dissociation and recombination, whereas it probably takes place at a site on the
TABLE 1 Parameters for ﬁtting the time-resolved ﬂuorescence
in Fig. 5 to the one-dimensional diffusion model (d = 1) in Eqs.
3–6; temperature-independent parameter: kf = 0.35 ns1
Temperature (K)
86.8
110.1
124
134
147
159
171
184
196
208
223
232
246
257
269
281

kd (ns1)

k2a =D ðns1 Þ

kq/ka

aka (ns1)

21
21
22.3
26
28
29
33
35
41
49
52
58
55
50
38
40

34
9.6
7.2
7.2
5.3
3.2
2.9
2.4
2.9
2.6
3.6
5.8
4.8
5.8
4.8
6.4

0.06
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.02
0.02
0
0
0
0
0

0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.54
0.35
0.60
0.17
0.17
0
0
0
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back ring of the Cro (on atom N2 in Fig. 1). However, at
longer times the proton migrates sufﬁciently far that the
difference in distance to the two sites becomes relatively
small.
The second effect is a weak linear attractive potential (in
one dimension), V(r) ¼ ar. It enhances the tail of the R*OH
signal, which is otherwise diminished by the quenching
effect. We ﬁnd that the attracting Coulomb potential traditionally used for ESPT in solution (13) is inadequate, as it
leads to excessive recombination at short and intermediate
times, even if a much larger dielectric constant is used for the
interior of the protein than commonly assumed. The success
of electrostatic considerations on nanometric scales is contrasted with their inadequacy on the molecular scale.
By ﬁtting the time-resolved kinetics,
one
pﬃﬃﬃﬃ
pﬃﬃﬃﬃcan determine
pﬃﬃﬃﬃ at
most ﬁve parameters: kf, kd, ka = D, kq = D, and a D. The
radiative decay rate constant, kf, was kept constant throughout
the whole temperature range at the value obtained for the 485nm band below 230
pﬃﬃﬃK.
ﬃ This leaves us with four adjustable
parameters, kd, ka = D, kq/ka, and aka (Table 1). The last two
parameters were found to be temperature-independent below
200 K. Above it, they decrease to zero over a rather small
temperature range. Thus, below 200 K we adjust only two
parameters at each temperature. The good ﬁts obtained
simultaneously to both ROH and RO kinetics on all
timescales lend credibility to the one-dimensional diffusion
model below 230 K.
Above this temperature, the one-dimensional model
deteriorates with increasing T (Fig. 5 D). There is a switchover to steeper decay occurring at earlier times with
increasing T. Above 270 K, the long-time tail seems to
approach the t3/2 asymptotic behavior (dashed line) as
previously reported (11). This could indicate that, on these
timescales (say, t . 300 ps at RT), the proton is exiting from
the protein (16) either irreversibly or reversibly, after
executing three-dimensional diffusion in the external solution. Commensurate with the proton exit event, the protonquenching process is eliminated (see red curve in Fig. 5 C,
inset), and kq decreases to zero.
Another signal of the transition temperature is seen in the
temperature-dependence of the dissociation rate constant in
Fig. 6. At very low T, kd is nearly constant, suggesting the
involvement of a quantum tunneling effect. Then kd
increases with increasing T up to 230 K, where it reaches
a maximum. Possibly the conformational change occurring
near the transition temperature modiﬁes the HB network
around the Cro in a way that slows the dissociation process at
higher T. At this stage, however, we do not analyze this
temperature-dependence quantitatively, because an IRF of
40 ps can distort the fast dissociation process.
DISCUSSION
GFP is a protein that is attracting considerable interest, and
thus its ﬂuorescence has been rather intensively studied.
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FIGURE 6 Temperature-dependence of the proton dissociation rate constant from excited wt-GFP obtained by the present diffusion model ﬁtting
(see Table 1).

Almost invariably the focus was on the R*O band, which is
important for biotechnology (2). The weaker R*OH band
was studied at short times (100 ps) to demonstrate the
ESPT phenomenon (7–10), but its long-time behavior remained unexplored until recently (11). In addition, there were
no systematic studies of the temperature-dependence. Here
we presented a ﬁrst report of the temperature-dependence of
the transient ﬂuorescence from wt-GFP, with particular
emphasis on the R*OH band up to t . 10 ns.
We ﬁnd that the transient ﬂuorescence kinetics exhibit
a transition around 230 K. Below it, there is t1/2 asymptotic
decay, with the whole time-dependence ﬁtting quantitatively
to a one-dimensional diffusion model for a geminate reversible reaction, indicating that the proton is migrating along
one-dimensional proton wires within the protein. Above 230
K, the long-time behavior switches to a steeper t3/2 decay,
suggesting a conformational change that allows the proton to
escape to a region from which its probability of return to the
active site is much more limited.

Proton wires
It is commonly assumed that proton conduction within
proteins occurs along proton wires, which are specialized HB
networks for transporting protons within proteins. Such wires
are used to conduct protons to, from, or between active sites
in enzymes or across the cell membrane in proton pumps
(26,27). Evidence for proton wires is typically obtained from
x-ray structures and mutagenesis work. However, we are not
aware that proton motion along such networks has ever been
recorded in real-time.
Below 230 K, wt-GFP seems to be frozen into two major
conformations in its ground electronic state. The minority is
locked in the anionic state, giving rise to the 485-nm ﬂuorescence band. When excited, it decays mono-exponentially
with a rate constant kf ¼ 0.35 ns1, which is independent
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of temperature in this range, allowing us to obtain a reliable
value for the ES lifetime, t f ¼ 1/kf.
The majority of the population is in the ROH state, in which
the OH of Tyr-66 is connected to a rather rigid HB network.
Its ﬂuorescence shows a remarkably slow decay with the
ubiquitous t1/2 tail characteristic of reversible proton migration in one dimension. The anion shows a small excess decay
(over that of the directly-excited minority form at 485 nm),
suggesting a small degree of quenching by the dissociated
proton. This interpretation is corroborated by ﬁts to a onedimensional diffusion model for reversible dissociationassociation with quenching (Fig. 5 B). Rigorously speaking,
the t1/2 asymptotics should hold only in the absence of
quenching and for potentials that decay to zero at inﬁnity. For
a linear potential (as employed here), the asymptotic behavior
shows transitions between various forms, such as t3/2, t1/2
and exponential (23–25). In the present case, however, the
competing quenching reaction is minimal (kq/ka  0.04). It
affects the long-time behavior only marginally in our observation time-window, causing minor deviations from the t1/2
behavior.
Thus, in accordance with the prevailing mechanism for
proton migration in GFP (14,15), the proton is transferred in
the ES from Tyr-66 to Glu-222. However, this transfer is
reversible and probably continues beyond Glu-222. The
pathway up to Glu-222 involves only two intermediate
proton acceptors: water and Ser-205. Irreversible transfer
along this route should result in biexponential kinetics. Conceivably, longer HB chains are required to allow the diffusional power-law to evolve, such as the one continuing
from Glu-222 to Asp-82 (Fig. 1 and (16)).
Our measurements, devoid of a characteristic length-scale,
cannot determine how far within the protein the proton
migrates. This fundamental question might, however, be
addressed in combination with mutagenetic work. If the
proton-wire could be bisected at points progressively closer to
the proton release point, the power law should terminate by
a ﬂat plateau at progressively shorter times. Alternatively,
blocking of proton entry might lock the Cro in its RO state
indeﬁnitely, precluding the observation of ESPT altogether.
The possibility that proton migration is not limited to a single
linear pathway follows from the observation of proton
quenching. Quantum chemistry calculations (28) suggest that
the GFP Cro is actually a bifunctional compound (29), with the
N2 nitrogen on the imidazolidinone enhancing its basicity in
the ES. Attack of the geminate proton on this site will form the
zwitterion (30), which decays rapidly via conical intersection to
the ground-state (31). Indeed, Fig. 1 shows an HB connecting
a water molecule along the Asp-82–Glu-222 pathway to N2
(yellow), and this could allow the formation of the dark
zwitterion as manifested in the quenching kinetics.
The possibility of seeing proton-wires using ESPT could
potentially be utilized to map out conjectured pathways in
other proteins, by artiﬁcially tailoring an ESPT Cro at a
location where connection to the HB pathway could be
Biophysical Journal 90(3) 1009–1018
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made. The formation of the desired connection could be
veriﬁed by x ray, and proton migration along the pathway
could then be studied by time-resolved ﬂuorescence.
Proton exit
As the temperature is increased above 230 K, the probability
of the geminate proton to return to the dissociation site on
Tyr-66 and rebind diminishes, and then the ﬂuorescence
signal from the protonated Cro drops below the t1/2 behavior
observed for T , 230 K (Fig. 5 D). This could result from
a conformational transition occurring within the protein, one
which is also connected to the disappearance of the 485-nm
band in Fig. 3. This conformational change does not occur
instantly upon excitation, but rather with some delay, which is
manifested in the residual t1/2 kinetics observed at intermediate times before the conformational change. The delay
time increases with decreasing T, until it eventually becomes
inﬁnite below 230 K. Clearly, in a complex protein structure
many different conformational changes may occur. Here we
focus on one such change that has been noted in comparing
the x-ray structures of the protonated and deprotonated forms
of wt-GFP (14).
It is known that the side chain of Thr-203 can assume two
conformations in wt-GFP. In the ROH form, Thr-203 points its
OH group away from that of Tyr-66. In the RO form, the Thr203 side chain is rotated by 120°, so that its OH forms a HB to
the phenoxide, ROHO. This is demonstrated in Fig. 2. If
this rotational motion freezes below 230 K, there would be
a fraction of the population which is trapped indeﬁnitely in the
RO state, giving rise to the 485-nm band. Moreover, it has
been noticed (16) that the rotated Thr-203 forms a short HBnetwork leading from Tyr-66 to the backbone carbonyl of
His-148, as seen in Fig. 2. This group is already on the surface
of the protein, which should allow for facile proton escape to
solution. In the ground-state, the majority of the population is
in the ROH state. Below 230 K, the threonine switch does
not open after photoexcitation, so that the ROH releases its
proton to the long proton wire of Fig. 1. Above 230 K, the
switch opens (with a delay of a few 100 ps), and then the proton
hops across the short HB connection seen in Fig. 2 to the
external solution.
As noted before (11), the steeper decay at the higher temperatures shows a t3/2 dependence, which could be indicative of
proton diffusion in three-dimensional space with reversible
recombination (13). Diffusion is now taking place outside the
protein, with occasional reentry and rebinding to the excited Cro
(16). However, this reversible exit scenario is at odds with the
experimental ﬁnding of essentially zero effect for relatively high
concentrations of external proton scavengers (11).
An alternative interpretation may be that proton exit is
irreversible, because it is difﬁcult for it to ﬁnd its way back
into the small hole on the protein surface. Indeed, pH jump
experiments (32,33) suggest that proton entry from bulk
solution occurs on the 100-ms timescale. Thus, in this scenario,
Biophysical Journal 90(3) 1009–1018
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after the proton escapes it can no longer affect the Cro ﬂuorescence. The subsequent non-exponential decay might then arise
from a different effect, such as an inhomogeneous distribution
in the Thr-203 side-chain angle which determines the exit rate.
An independent evidence for proton exit comes from the
observation of cessation of geminate quenching above 230 K
(Fig. 5 C, inset). The dissociated proton outside the protein
cannot reach the N2 site at the back side of the Cro, where the
quenching occurs. The lifetime of the R*O formed by protic
dissociation (510-nm band) then increases, coinciding with
that of the directly excited RO population (485-nm band).
These conclusions do not contradict the transient IR
measurements of Stoner-Ma et al. (34), which indicate that
Glu-222 gets (partially) protonated in deuterated GFP at RT
on a 300-ps timescale. Until the Thr-203 switch opens,
the proton wanders along the internal proton wire(s), in
accordance with the fact that the one-dimensional diffusion
model still ﬁts the data at short times in Fig. 5 D. At 281 K
we observe the transition to the t3/2 decay at 300 ps, while
for deuterated GFP this should occur even at later times.
Thus we expect the transient IR signal to start decreasing at
longer times.
The 230 K transition
An interesting observation is the transition in GFP
steady-state and transient ﬂuorescence around 230 K. It is
manifested at three different characteristic wavelengths:
485 nm

The emission at 485 nm is attributed to anionic GFP, which
does not get reprotonated even after long residence times in
the ground-state. This small peak in the emission spectrum
(Fig. 3) disappears abruptly near 230 K.
510 nm

Emission at this wavelength is attributed to the GFP anion,
which is formed in the ES from the acidic R*OH form.
Unlike the 485 K population, its ﬂuorescence signal at shorttimes grows with a delay. At long-times and above 230 K,
the decay at both wavelengths is exponential with a time
constant of ;2.9 ns. Below 230 K, the emission at this
wavelength decays faster, which we attribute to quenching
by the geminate proton. Thus the quenching reaction in Eq. 2
bears evidence to the 230 K transition.
450 nm

The weak emission at 460 nm is attributed to excited GFP
in its R*OH form. The transient kinetics show two signatures
of the 230 K transition:
1. At short-times, the dissociation reaction is enhanced as
the temperature is lowered from RT to 230 K, but it
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slows down again upon further decrease in T. This results
in the maximum in kd depicted in Fig. 6. (This maximum
may nevertheless be an artifact of the ﬁnite-width IRF.)
2. At long-times, we observe the switchover from the t3/2
decay above 230 K to the t1/2 behavior below it, as
discussed in detail above.
The accumulation of several different experimental
evidences for the transition temperature indicates that there
might be an observable change in the protein structure
around T ¼ 230 K. It may therefore be interesting to remeasure the x-ray diffraction of a wt-GFP sample above and
below this temperature to check this possibility.
Proton re-entry
Our ﬂuorescence measurements, which follow the ES on
a 20-ns timescale, do not probe the proton reentry process.
Here, two types of measurements are relevant. By monitoring the transient absorption of the ROH band, one can follow
its ground-state recovery after the ES deprotonation process.
It was found to proceed nearly in parallel to ES decay, with
a time-constant of 3–4 ns (35). In contrast, pH-jump experiments (33) indicate that proton entry into anionic GFP
mutants occurs on the much slower 100-ms timescale. It
could be that the two kinds of experiments track different
GFP populations. If the R*O decays before proton exit has
occurred, reprotonation by the geminate proton can be very
fast. However, for those GFP molecules that have lost their
proton, reprotonation requires proton entry from solution,
which is a much slower process.
Two proton wires connecting the Tyr-66 OH with the
protein surface are depicted in Figs. 1 and 2. As discussed in
Agmon (16), the protein surfaces near their end-points have
completely different characteristics. The short pathway in Fig.
2 ends on a hydrophobic surface patch, which should not be
attractive to protons. The long pathway in Fig. 1 ends at Glu-5
on the bottom surface of the GFP barrel. This face contains
many Glu and Asp residues, which could serve to collect
protons from solution. The structure of this pathway is
analogous to that of the D-pathway in cytochrome-c oxidase,
which serves to conduct protons into the active site of that
protein. By homology, proton reentry into GFP from solution
at RT could proceed mainly along the long pathway in Fig. 1.
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so many proton-wires that its behavior appears threedimensional (11). The unique combination of proton wires
with an ESPT Cro within the same protein allows one to
follow these proton migration processes in real-time using
transient ﬂuorescence, which was not achieved in studies of
other proteins thus far.
Our ﬁndings are consistent with the mechanism suggested
in Agmon (16), where GFP under normal conditions acts as
a proton pump. In this scenario, photo-excitation induces
rotation of the Thr-203 side chain leading to proton ejection to
solution (Fig. 2). The proton is then replenished in the groundstate from another face of the protein via the long internal
proton wire of Fig. 1. From this viewpoint, GFP has similar
features to those of bacteriorhodopsin (br), for example,
which makes it an efﬁcient proton pump. Both proteins have
a Cro that utilizes light energy to induce proton transfer: ESPT
in GFP and ground-state PT in br. Both proteins couple PT
and conformational change to ensure the directionality of the
transfer process. The isomerization occurs within the Cro in br
or right next to it (Thr-203) in GFP. Both have postulated exit
and entry paths for the proton along intraprotein proton wires.
These wires are not clearly visible in br, which has many labile
water molecules. Remarkably, in the rigid GFP barrel these
proton conduction pathways are much more stable, so that
they could be inferred (16) directly from the x-ray structure
(Figs. 1 and 2). The combination of more stable proton wires,
with the faster PT occurring in the ES, could actually make the
proton-pumping cycle in GFP faster than that of br.
If these conjectures can be corroborated, GFP mutants might
have a new line of applications, because proton pumping proteins are candidates for devices capable of direct light conversion into proton gradients (36). GFP is considerably more
rigid than known membrane proton pumping proteins, so that it
may be expected to exhibit higher stability in such devices.
In marine biology, bioluminescence (which derives its
excitation energy from a chemical reaction) is actually a much
more prevalent phenomenon than bioﬂuorescence. It has
recently been suggested that ESPT plays a role also in bioluminescence, e.g., from aequorin and coelenterazinebased photoproteins in general (37). Thus, the detailed study
of ESPT in photoproteins may be essential also for understanding bioluminescence phenomena on the molecular
level.
We thank S. James Remington for a gift of wt-GFP.

CONCLUSION
The robust GFP barrel structure seems unique in maintaining
an extended network of internal proton wires, without the
need for slower water entry to complete these chains. Commensurate with these structural features, our kinetic results
suggest that the proton migrates along such wires at low
temperatures on the nanosecond timescale. At higher temperatures it might escape to the external solution after a delayed
conformational change (16), or become distributed over
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ABSTRACT
The distribution of rates of multiexciton generation following photon absorption is calculated for semiconductor nanocrystals (NCs). The rates
of biexciton generation are calculated using Fermi’s golden rule with all relevant Coulomb matrix elements, taking into account proper selection
rules within a screened semiempirical pseudopotential approach. In CdSe and InAs NCs, we find a broad distribution of biexciton generation
rates depending strongly on the exciton energy and size of the NC. Multiexciton generation becomes inefficient for NCs exceeding 3 nm in
diameter in the photon energy range of 2-3 times the band gap.

Multiexciton generation (MEG) is a process where several
excitons are generated upon the absorption of a single photon
in semiconductors.1 MEG is of potential significance for
improving the efficiency of light harvesting devices, such
as solar cells.2 Strict selection rules and competing processes
in the bulk allow generation of multiexcitons at energies of
n × Eg where Eg is the band gap and n > 3; however, truly
efficient MEG is observed only for n > 5.3 It was suggested2
that nanocrystals (NCs), where quantum confinement effects
are important, may exhibit MEG at lower values of n
(typically 2-3).2 Indeed, MEG in NCs has been reported
recently for several systems,4–8 showing that the threshold
was size and band gap independent.5,6,8 However, more recent
studies have questioned the efficiency of MEG in NCs, in
particular for CdSe9 and InAs.10 The goal of the present
Letter is to address this controversy.
The theory of MEG in bulk is based on the concept of
impact ionization.11 The absorbed photon creates two charge
carriers: a negative electron and a positive hole, each having
an effective mass depending on the band structure of the
crystal. The lighter particle of the pair takes most of the
kinetic energy and eventually looses part of this energy by
creating additional charge carriers (see Figure 1). For NCs,
a similar mechanism exists and several theoretical approaches, some based on a coherent MEG5,7,12 and others
on an incoherent MEG13,14 have been proposed. A condition
for efficient MEG common to all approaches is that the rate
of exciton decay be smaller than the rate of multiexciton
generation γ1 < Γ (see Figure 1). In solids, the principal
†
‡
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Figure 1. Impact ionization mechanism for biexciton generation
in NCs. After absorption of a photon at time t ) 0 an exciton
(electron-hole pair) is formed. This exciton can either decay to
the band edge within time scale of γ1-1 ≈ 1 ps15 or within Γ-1 to
a biexcitonic state. A biexciton decays to the band-edge at rate γ2
≈ 2 ps-1.13 In this example, the excited electron e- (hole h+) decays
to a negative (positive) three-particle entity called a trion t- (t+).

mechanism for exciton decay is the phonon-assisted carrier
relaxation, with lifetimes of the order of subpicoseconds to
picosecond.15 Somewhat unexpectedly, experimental investigations of exciton decay in CdSe and PbSe NCs indicate
that the rate of near-band edge exciton decay is of the same
order of magnitude as seen in bulk and even grows as the dot
size decreases.16 At photon energies well above twice the
gap, the threshold energy for biexciton generation, the density

of hole and electron states is usually high and it is reasonable
to expect that near-bulk relaxation rates apply as well.
Despite the initial existing theoretical and experimental
work, there is not yet available a detailed reliable theoretical
estimate of MEG rates. Such a feat requires: (a) A quantitative accurate account of the electronic structure of the NC,
especially the highly excited states. (b) A description of the
dense manifold of single and multiexcitonic states. (c) A
theory of electron correlation that can explain the formation
of multiexcitons fully consistent with the single particle
electronic structure. So far, theoretical treatments of MEG
in NCs have not met all three requirements at once: the work
in ref 14 is based on a tight-binding model which may not
be accurate enough at high excitation energies and the ab
inito calculation17 of MEG rates in small clusters is not of
obvious relevance for NCs.
In this Letter, we present a framework that meets the above
requirements. Using an atomistic semiempirical pseudopotential method that captures realistically the density of
electronic states, we deduce the density of excitons and
biexcitons and calculate the Coulomb matrix elements even
at energies high above the band gap. The detailed framework
we develop allows us to study the effect of NC size (up to
a diameter of ∼3 nm and ∼2000 electrons), photon energy
(up to 3Eg), and composition (CdSe and InAs NCs) on the
process of MEG.
We consider MEG for two prototype NCs, CdSe (II-VI)
and InAs (III-V). The local screened pseudopotentials were
fitted to reproduce the experimental bulk band gap and
effective masses for CdSe18 and InAs,19 neglecting spin-orbit
coupling.20 Furthermore, ligand potentials are used to
represent the passivation layer.18 The resulting single-particle
Schrödinger equation is solved in real space by the filterdiagonalization (FD) technique.21 FD allows construction of
an eigensubspace of all energy levels up to 3Eg above the
Fermi energy. From this, the density of states (DOS) is
calculated by energy binning. As a check on the FD we also
employed an alternative Monte Carlo method22 which
computes directly the DOS

Figure 2. The density of single excitons (DOSX) and biexcitons
(DOSXX) in various CdSe (upper panels) and InAs (lower panels)
NCs.

consider because of the strict selection rules dictated by the
exciton-biexciton coupling elements.
The process of MEG involves the conversion of an exciton,
of say spin up,
|Sivav 〉 ) a†ivaav|0〉

π-1ImTr[(e - H + iγ)-1]

(for the results shown, γ ) 0.1 eV). Using binning or selfconvolutions of the DOS, the exciton (DOSX) and biexciton
(DOSXX) density of states can be determined.
The calculated DOSX and DOSXX are shown in Figure
2 for CdSe and InAs NCs for various sizes. The excitonic
threshold occurs by definition at E ) Eg. The two methods
of calculating the DOSX agree well, indicating that the FD
method is well converged, and all states are generated within
the energy window up to 3Eg. The biexcitonic threshold is
2Eg. For higher energies the DOSXX grows with energy at
a considerably faster rate than the DOSX, overtaking it at
scaled energies which only slightly depend on the size and
composition of the NCS (between 2.3 and 2.5 Eg). The onset
of MEG in PbSe at around 2.2Eg has been attributed to this
crossing.13 However, it still remains an open question whether
this crossing is indeed relevant for efficient MEG. As we
argue below, DOSXX is not the relevant density of states to
B

to a biexciton
cσbσ′
†
†
|Bjσkσ′
〉 ) abσ′
acσ
ajσakσ′|0〉

which is a state of two coexisting excitons. Here |0〉 is the
ground-state determinant wave function where all hole states
†
are occupied by electrons; atσ (atσ
) are electron annihilation
(creation) operators into the molecular orbital ψt(r) with spin
σ (obtained from the pseudopotential calculation). In the
following, we use the index convention that i, j, and k
designate hole orbitals; and a, b, and c electron orbitals while
r, s, t and u are general orbital indices. The rate of decay of
a single exciton into biexcitons is give by Fermi’s golden
rule:
Γiav )

∑

2π
|Wbkcj,σσ′|2δ[(εa - εi) - (εb - εk + εc - εj)] (1)
p jkbcσσ′ ia

where
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〈

Wbkcj,σσ′
) Sav
ia
iv |

∑

1
†
†
bσcσ′
Vrsutarσ′′
auσ′′′
atσ′′′asσ′′|Bjσkσ′
2
rsutσ′′σ′′′

〉

(2)

and
Vrsut ) ∫∫ d3r d3r ′ [ψr(r)ψs(r)ψu(r ′ )ψt(r ′ ) ⁄ |r - r ′ |] (3)

Here  is the dielectric constant of the NC, estimated from
ref 23 for CdSe and ref 19 for InAs. Deploying Fermionic
commutation rules and energy conservation requirements,
it is possible to develop the matrix element in eq 2 and show
that the decay of exciton Sia,† to biexciton involves either
the decay of the electron at ψa or the decay of the hole at ψi
but not both: one of the two particles is active while the
other is a spectator. The simultaneous involvement of both
particles in the process is a higher order perturbation term
and is neglected in the present treatment. The process we
consider therefore involves a decay of the electron (hole) in
state ψa (ψi) of energy εa (εi) to a negative (positive) three
particle charged state called a trion. The trion is composed
of two electrons (holes), respectively, in states ψb and ψc
(ψj and ψk) and a hole (electron) in state ψi (ψa). The trion
must have the same energy as the parent electron (hole) so
εa ) εb + εc - εj (εi ) εk + εj - εb). The total decay rate
can be written as the sum of rates Γia ) Γ+
i + Γa , given by
Fermi’s golden rule:

∑

Γ+
i )

4π
|(2Vjikb - Vkijb)|2δ(εi - (εk + εj - εb))
p jkb

Γa )

4π
|(2Vacjb - Vabjc)|2δ(εa - (εb + εc - εj))
p cbj

∑

(4)

In Figure 3, we show calculation results based on this theory
for CdSe (left panels) and InAs (right panels) at two sizes

of NCs for exciton energies in the 2-3Eg range. Each point
in the figure represents an exciton |Sis〉 of a scaled energy
(εa - εi)/Eg. The lowest panel depicts the density of trion
states (DOTS): positive trions are black points with DOTS
F+
ia )

∑ δ(ε + ε
i

b - εk - εj)

jkb

and negative trions are red points with DOTS
Fia )

∑ δ(ε

a + εj - εb - εc)

cbj

All results shown were obtained using a window representing
the δ function of width 0.06 eV (results were not sensitive
to widths above this value). It is seen that the number of
black points is much smaller than the number of red points.
Similar to the situation in the bulk, the low mass particle
takes most of the exciton energy, which for both CdSe and
InAs is the electron. Thus there are many more negative
trions in resonance with the electron than positive trions in
resonance with the hole. In the bulk the lighter particle takes
most of the kinetic energy because both must have equal
momentum. In NCs with strong confinement, this same result
is due to the fact that the DOS near the band edge grows
with the particle mass, so heavier (lighter) particles have a
large (small) density of states near the band edge.
The upper panels in Figure 3 show the decay rate for each
exciton (see eq 4): Γ+ia via a positive trion or Γ-ia via a negative
trion. An effective Coulomb matrix element, defined as
(
Wia( ) √pΓ(
ia ⁄ (2πFia)

is shown in the center panels.

( (middle panels), and DOTS F(
Figure 3. The rate of exciton-biexciton transition given by eq 4 (upper panels), Coulomb coupling Wia
ia
(lower panels) in the energy range of 2-3Eg for two NCs of CdSe (left panels) and InAs (right panels). Black (red) points represent
excitons decaying to electron (hole) + positive (negative) trions.
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with NC size D at a given scaled energy E/Eg. However,
since the band gap decreases with increasing NC size, a
similar plot at a given absolute energy yields an opposite
effect.
There are two main factors that influence the dependence
of MEG rate on the size of the NC, the DOTS and the
effective coupling W(ia. The DOTS increases with energy and
mildly with D while the effective coupling decreases strongly
with D (due to the decreasing Coulomb matrix element and
the increasing dielectric constant) and is nearly excitonenergy independent. The MEG rate, which is proportional
to the product of the two, inherits its dependence on the
energy from the DOTS while its dependence on D from W(
ia.
The number of final excitons produced by a photon can
be estimated using a kinetic model and is given by
Figure 4. Left: the average rate of exciton to biexciton transition
in various InAs (upper) and CdSe (lower) NCs vs the photon energy.
Right: the average number of excitons generated in various InAs
(upper) and CdSe (lower) NCs.

There are several important conclusions drawn from the
results shown in Figure 3:
(a) In CdSe the DOTS increases at a given scaled energy
as the size of the NC grows. In InAs this behavior is much
weaker. At a given energy the DOTS of a NC increases with
size, however, at a scaled energy, since Eg decreases with
size, such size dependence is weaker. In InAs the strong
confinement makes Eg highly sensitive to size causing a
reduced sensitivity of the DOTS as a function of the scaled
energy. Overall there are fewer trion states for InAs
compared to CdSe because Eg is smaller in the former NC;
thus the absolute energy probed and the corresponding DOTS
are lower.
(b) The effective coupling W(ia for a given exciton is nearly
energy independent, approximately equals to 0.1-1 meV
depending on the size of the NC, with a spread that decreases
with NC size and spans 1-2 orders of magnitude. NCs of
smaller diameter D exhibit larger coupling elements. However, the coupling is not proportional to D-1 as expected
when the states scale linearly with D (for example, for a
particle in a sphere).
(c) The rate of exciton-biexciton transition at a given
exciton energy spans 4-6 orders of magnitude, depending
on the specific exciton (i and a). Thus, conclusions regarding
the MEG process require the calculation of the rate for all
excitons in a given energy and may not be drawn from a
limited arbitrary set of excitons. We find that due to quantum
confinement, the smaller NCs span a larger range of rates.
In addition, smaller NCs have smaller DOTS but larger W(
ia.
The net effect of combining the two quantities into the rate
results in a larger rate for smaller NCs at a given scaled
energy.
In Figure 4 (left panels) we show the average rate of
exciton to biexciton transition for various InAs and CdSe
NCs. Two averaging schemes are used yielding similar
results. One is a straightforward arithmetic average (solid
lines) and the other is an oscillator strength weighted average
(dotted line). As discussed above, the transition rate decreases
D

Nex(E) )

∑p

ia(E)(2Γia + γ) ⁄ (Γia + γ)

ia

where pia(E) is the probability of generating the exciton Sia
and γ ) 3 ps-1 is the decay rate of a single exciton to its
lowest state.24 We plot Nex(E) for InAs and CdSe NCs in
Figure 4 (right panels). MEG should be observed when Γia
> γ as is the case for the smallest NCs. For larger NCs the
efficiency of MEG decreases significantly in InAs and
somewhat less so in CdSe. This is consistent with known
results for bulk and is in agreement with recent experimental
results on CdSe9 and InAs10 for NCs of D g 5 nm. The
measurement on CdSe NCs with D ) 3.2 nm7 is a border
case, and we predict that MEG may occur for this system
depending on the value of γ. Our results disagree with one
experiment, namely, the positive MEG in InAs8 at D ) 4.3
nm. We argue that the onset of MEG should be observable
only for energies larger than 3Eg but not at 2Eg where our
prediction for the exciton-biexciton transition rate is approximately 0.01 ps-1. Other materials require explicit
calculation of the MEG rate; however, we anticipate that a
similar picture will emerge.
In summary, we have carried out detailed calculations of
the exciton-biexciton transition rate using Fermi’s golden
rule for CdSe and InAs NCs at different sizes and in the
energy range of 2-3Eg. We use the highly reliable semiempirical atomistic electronic structure method and introduce
Coulomb coupling between excitons and biexcitons in a
consistent way via a perturbation theory. We do not find
evidence that the MEG is correlated with the crossover of
DOSX and DOSXX, since the relevant density of states
entering Fermi’s golden rule is the DOTS. We predict that
there is a wide spread of rates (several orders of magnitude)
for different excitons at a given energy dominated by decay
to negative trions. The average rate is strongly size and
energy dependent. For CdSe and InAs NCs with diameter
larger than 3 nm, we argue that MEG below 3Eg is of low
efficiency, but at higher energies or smaller NCs, MEG can
become efficient.
Acknowledgment. This research was supported by the
Converging Technologies Program of The Israel Science
Foundation (Grant Number 1704/07) and The Israel Science
Foundation (Grant Number 962/06).
Nano Lett., Vol. xx, No. x, XXXX

References
(1) Vavilov, V. S. SoV. Phys. Usp. 1962, 4, 761.
(2) Nozik, A. J. Physica E 2002, 14, 115.
(3) Kolodinski, S.; Werner, J. H.; Wittchen, T.; Queisser, H. J. Appl. Phys.
Lett. 1993, 63, 2405. Christensen, O. J. Appl. Phys. 1976, 47, 689.
(4) Schaller, R. D.; Klimov, V. I. Phys. ReV. Lett. 2004, 92, 186601.
Klimov, V. I.J. Phys. Chem. B 2006, 110, 16827. Schaller, R. D.;
Sykora, M.; Pietryga, J. M.; Klimov, V. I. Nano Lett. 2006, 6, 424.
Murphy, J. E.; Beard, M. C.; Norman, A. G.; Ahrenkiel, S. P.; Johnson,
J. C.; Yu, P. R.; Micic, O. I.; Ellingson, R. J.; Nozik, A. J. J. Am.
Chem. Soc. 2006, 128, 3241. Pijpers, J. J. H.; Hendry, E.; Milder,
M. T. W.; Fanciulli, R.; Savolainen, J.; Herek, J. L.; Vanmaekelbergh,
D.; Ruhman, S.; Mocatta, D.; Oron, D.; Aharoni, A.; Banin, U.; Bonn,
M. J. Phys. Chem. C 2007, 111, 4146.
(5) Ellingson, R. J.; Beard, M. C.; Johnson, J. C.; Yu, P. R.; Micic, O. I.;
Nozik, A. J.; Shabaev, A.; Efros, A. L. Nano Lett. 2005, 5, 865.
(6) Schaller, R. D.; Petruska, M. A.; Klimov, V. I. Appl. Phys. Lett. 2005,
87, 253102. Beard, M. C.; Knutsen, K. P.; Yu, P. R.; Luther, J. M.;
Song, Q.; Metzger, W. K.; Ellingson, R. J.; Nozik, A. J. Nano Lett.
2007, 7, 2506.
(7) Schaller, R. D.; Agranovich, V. M.; Klimov, V. I. Nat. Phys. 2005, 1,
189.
(8) Schaller, R. D.; Pietryga, J. M.; Klimov, V. I. Nano Lett. 2007, 7,
3469.
(9) Nair, G.; Bawendi, M. G. Phys. ReV. B 2007, 76, 081304.
(10) Ben-Lulu, M.; Mocatta, D.; Bonn, M.; Banin, U.; Ruhman, S. Nano
Lett. 2008, 8, 1207.

Nano Lett., Vol. xx, No. x, XXXX

(11)
(12)
(13)
(14)
(15)
(16)

(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)

Antoncik, E. Czech. J. Phys. 1957, 7, 674.
Shabaev, A.; Efros, A. L.; Nozik, A. J. Nano Lett. 2006, 6, 2856.
Franceschetti, A.; An, J. M.; Zunger, A. Nano Lett. 2006, 6, 2191.
Allan, G.; Delerue, C. Phys. ReV. B 2006, 73, 205423. Allan, G.;
Delerue, C. Phys. ReV. B 2008, 77, 125340.
Henry, C. H.; Lang, D. V. IEEE Trans. Electron DeVices 1974, 21,
745. Englman, R.; Jortner, J. Mol. Phys. 1970, 18, 145.
Woggon, U.; Giessen, H.; Gindele, F.; Wind, O.; Fluegel, B.;
Peyghambarian, N. Phys. ReV. B 1996, 54, 17681. Klimov, V. I.;
McBranch, D. W. Phys. ReV. Lett. 1998, 80, 4028. Wehrenberg, B. L.;
Wang, C.; Guyot-Sionnest, P. J. Phys. Chem. B 2002, 106, 10634.
Schaller, R. D.; Pietryga, J. M.; Goupalov, S. V.; Petruska, M. A.;
Ivanov, S. A.; Klimov, V. I. Phys. ReV. Lett. 2005, 95, 196401.
Isborn, C.; Kilina, S.; Li, X.; Prezhdo, O. V. Submitted for publication.
Rabani, E.; Hetenyi, B.; Berne, B. J.; Brus, L. E. J. Chem. Phys. 1999,
110, 5355.
Williamson, A. J.; Zunger, A. Phys. ReV. B 2000, 61, 1978.
Kim, J. N.; Wang, L. W.; Zunger, A. Phys. ReV. B 1998, 57, R9408.
Toledo, S.; Rabani, E. J. Comput. Phys. 2002, 180, 256. Wall, M. R.;
Neuhauser, D. J. Chem. Phys. 1995, 102, 8011.
Baer, R.; Seideman, T.; Ilani, S.; Neuhauser, D. J. Chem. Phys. 2004,
120, 3387.
Wang, L. W.; Zunger, A. Phys. ReV. B 1996, 53, 9579.
Hendry, E.; Koeberg, M.; Wang, F.; Zhang, H.; Donega; C. d. M.;
Vanmaekelbergh, D.; Bonn, M. Phys. ReV. Lett. 2006, 96, 057408.

NL802443C

E

THE JOURNAL OF CHEMICAL PHYSICS 128, 044103 共2008兲

On the mapping of time-dependent densities onto potentials
in quantum mechanics
Roi Baera兲
Department of Physical Chemistry and the Fritz Haber Center for Molecular Dynamics, The Hebrew
University of Jerusalem, Jerusalem 91904 Israel

共Received 26 September 2007; accepted 14 November 2007; published online 24 January 2008兲
The mapping of time-dependent densities on potentials in systems of identical quantum mechanical
particles is examined. This mapping is of significance ever since Runge and Gross 关Phys. Rev. Lett.
52, 997 共1984兲兴 established its uniqueness, forming the theoretical basis for time-dependent density
functional theory. Beyond uniqueness there are two important issues: existence, often called
v-representability, and stability. We show that v-representability for localized densities in turn-on
situations is not assured and we give a simple example of nonexistence. As for stability, we discuss
an inversion procedure and by computing its Lyapunov exponents we demonstrate that the mapping
is unstable with respect to fluctuations in the initial state. We argue that such instabilities will plague
any inversion procedure. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2822124兴
A fundamental conjecture lying at the very heart of
quantum mechanical density functional theory 共DFT兲 is the
property of v-representability 共VR兲 of a given density function, namely, the existence of a system of N identical particles that has this density in its quantum ground state.1 This
and a related issue, of “noninteracting” VR, have been explored in several important works.1–8 The main result is that
VR in DFT is not guaranteed in general even for reasonable
looking densities in real-space. However, for discretized systems, such as systems on lattices, it was shown in a series of
developments that all densities are noninteracting VR.1,4 The
same is true 共but with uniqueness problems兲 for finitedimensional spaces.8,9
A similar issue arises in time-dependent 共TD兲 DFT when
the “density on potential mapping” 共DoPM兲 is considered.
Runge and Gross10 共RG兲 proved uniqueness, while Mearns
and Kohn11 found that VR cannot be guaranteed in temporal
sinusoidal density fluctuations. This crack in TDVR was partially healed when van Leeuwen considered “switch-on
densities”12 showing that VR is assured in a variety of important cases. A third aspect of the DoPM, largely neglected
up to now, is its chaotic nature. This issue is important in
practical attempts to apply DoPM.13 Recently the issue of
stability of the DoPM has come up “through the back door”
when it was realized that the optimized effective potential
procedure suffers from instabilities.14–17
The present study explores VR, uniqueness, and stability
in “switch-on” densities. First, we show by example that in
finite lattice models TDVR is not guaranteed. Next, we consider a real-space system represented on a grid. We find that
although VR is formally assured, it is impossible to carry out
DoPM due to inherent instabilities which are coupled to near
singularities.
Let us start by considering VR in general following Ref.
12. Suppose we are given a three-dimensional particle dena兲
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sity n共r , t兲, t 艌 0 of Ne particles and a compatible initial state
0 such that the following two conditions hold:
n共r,0兲 = 具n̂共r兲典t=0,

ṅ共r,0兲 = ⵜ · 具ĵ共r兲典t=0 ,

共1兲

where n̂共r兲 and ĵ共r兲 are the operators of density and current
density at r and 具·典t ⬅ 具共t兲兩 · 兩共t兲典. Denoting F̂ = T̂ + Û as the
sum of kinetic energy T̂ and interaction energy Û
= 21 兺i,jv12共兩ri − r j兩兲 of the particles we want to find the potential v共r , t兲 for which the Schrödinger equation

冋 冕

i˙ 共t兲 = F̂ +

册

v共r,t兲n̂共r兲d3r 共t兲,

共0兲 = 0

共2兲

yields a TD wave function 共t兲 for which n共r , t兲 = 具n̂共r兲典t. An
implicit equation for v follows from Heisenberg’s equations
D̂v共r,t兲 = − 具关F̂,关T̂,n̂共r兲兴兴典t − n̈共r,t兲,

共3兲

where D̂ is a linear “Hermitian” operator on potentials
D̂v共r , t兲 = 兰具关n̂共r⬘兲 , 关T̂ , n̂共r兲兴兴典tv共r⬘ , t兲d3r⬘. van Leeuwen
showed that in real space, under conditions that the density
drops to zero at infinity, D̂rsv = −ⵜ · 共n ⵜ v兲. The integral form
for D̂ is useful in finite basis calculations. In real space and
Fourier grid applications the operator is, in fact, essentially
positive definite. Because of this latter property, VR is assured in TDDFT 共D̂ is invertible兲 and Eq. 共3兲 combined with
Eq. 共2兲 gives the DoMP.12
Before we analyze more fully the real-space case, let us
first consider a simple two-site system with wave function
 = 共1 2兲T. We now show that this system is not VR. The
Schrödinger equation is
i˙ 共t兲 = Ĥ共t兲,

Ĥ共t兲 = V共t兲ˆ z + ˆ x ,

共4兲

where i 共i = x , y , z兲 are the Pauli matrices:
128, 044103-1
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FIG. 1. 共Color online兲 The density n共t兲 共left兲 and x共t兲
for the two-level system case study.

ˆ x =

冉 冊
0 1
1 0

,

ˆ y =

冉 冊
0 −i
i

0

,

ˆ z =

冉 冊
1

0

0 −1

,

共5兲

having the well-known cyclic commutation relations 2iˆ x
= 关ˆ y , ˆ z兴. A term proportional to y was not included in the
Hamiltonian; it corresponds to the presence of magnetic vector potentials.
The density is n̂ = 共ˆ z + 1兲 / 2 共clearly, knowing the density
at one site is sufficient兲. The analog of the RG theorem in
this case states that given a density n共t兲 and a compatible
initial state 共0兲 obeying conditions analogous to Eq. 共1兲:
n共0兲 ⬅ 具n典t=0,

ṅ共0兲 ⬅ 具y典t=0 ,

共6兲

the potential V共t兲 is uniquely determined. From Heisenberg’s
equations n̂¨共t兲 = 2共Vˆ x − ˆ z兲 so the potential V共t兲 affects n̈共t兲
and the analog of Eq. 共3兲 for this system is

x共t兲V共t兲 = n̈共t兲/2 + z共t兲 ⬅ f共t兲,

共7兲

where x共t兲 = 具共t兲 兩 ˆ x 兩 共t兲典. Clearly, f共t兲 = n̈共t兲 / 2 + 2n共t兲 − 1
is determined solely by the given density. V共t兲 is determined
directly from Eqs. 共7兲 and 共4兲, obtaining the nonlinear
Schrödinger equation
i˙ 共t兲 =

冉

冊

f共t兲
ˆ z + ˆ x 共t兲.
x共t兲

共8兲

This is a direct analogy to the combination of Eqs. 共3兲 and
共2兲 in the real-space system. Solving this equation yields the
mapped potential V共t兲 = f共t兲 / x共t兲. Indeed this potential is
unique. Existence, however, is not assured because x共t兲 is
not a positive definite. Thus at some tc the denominator may
vanish while the numerator does not. This happens whenever
the system localizes on one site. It also happens when
Re 1*2 vanishes, as seen in the following example. Consider the given density:
n共t兲 = 共1 +  cos t兲/2,

共9兲

with  = 0.8 and  = 2. The density has the property that
n共0兲 = 9 / 10 and ṅ共0兲 = 0; thus a compatible initial state is the
real state 共0兲 = 共3 1兲T / 冑10. It is periodic with period of T
= 1 but we will only consider a small fraction of the first

period, t 苸 关0 , 0.04兴. The density in this time interval is given
in Fig. 1 共left兲, smooth and almost constant. The value of f共t兲
is almost constant as well, equal to ⬃−0.7. Still, looking at
x, one sees that it quickly drops from an initial value of 0.6
to zero at tc ⬇ 0.04. At this time the SE blows up and the
potential becomes undefined. In conclusion, here is a case
where a naïve time-dependent density on a 共two-site兲 lattice
is non-v-representable.
What about circumventing this, forcing an approximate
solution in Eq. 共7兲? A standard approach due to Tikhonov18 is
to replace f / x by V = x f / 共2x + ␣兲, where ␣ ⬎ 0 is small,
leading to the regularized Schrödinger equation
i˙ 共t兲 =

冉

冊

f共t兲x共t兲
ˆ z + ˆ x 共t兲.
x共t兲2 + ␣

共10兲

This gives an approximate density ñ共t兲. If the difference
⌬n共t兲 = n共t兲 − ñ共t兲 is small, we can be satisfied with ñ as an
approximation. Sometimes this works. But it can also fail. In
our case, a small value of ␣ 共10−8兲 leads to insurmountable
numerical instabilities even when stiff solvers for Eq. 共10兲
are used. Lowering the value of ␣ to 10−4 leads to large
divergence in precision as t ⬎ tc 关Fig. 2 共left兲兴.
The reason for the large deviances near and after t ⬎ tc is
a result of instability of Eq. 共8兲, as shown by a Lyapunov
analysis,19 whose details will be described in a later publication. The wave function at time t 共t兲 =  + i is decomposed
into its real and imaginary parts. If a fluctuation ␦ = ␦
+ i␦ is formed at this time it will evolve under the linearized
equation 共兩␦˙ 典 兩␦˙ 典兲T = L̂共兩␦典 兩␦典兲T, where

冉 冊 冉
0

L̂ =

Ĥ

− Ĥ 0

−

冊

f ˆ z兩典具兩ˆ x ˆ z兩典具兩ˆ x
. 共11兲
2x − ˆ z兩典具兩ˆ x − ˆ z兩典具兩ˆ x

The stability of Eq. 共8兲 is determined by the eigenvalue of L̂
having the largest real part 共t兲 = ⬘ + i⬙. If ⬘ ⬎ 0 then there
t
will be fluctuations that grow in proportion to e+兰0⬘共t⬘兲dt⬘.
⬘共t兲 is called the local Lyapunov exponent.19 Denoting the
local Lyapunov exponent for Eq. 共8兲 by 共t兲 = −⌳共t兲f共t兲 / 2x
we calculated numerically ⌳共t兲. This quantity, shown in

FIG. 2. 共Color online兲 共Left兲 The error in density when
␣ = 10−4. 共Right兲 The nonexplosive coefficient of the
maximal local Lyapunov exponent.
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Mapping of time-dependent densities

FIG. 3. 共Color online兲 共Left兲 The density as a function of time for the model problem. 共Right兲 The calculated mapped potential.

Fig. 2 共right兲, is positive and grows more or less linearly with
t. Since f共t兲 is almost constant, with a value near −0.7, we
find that in the vicinity of tc, where x共t兲 drops near zero the
Lyapunov exponent ⬘共t兲 becomes huge and positive, rendering Eq. 共8兲 highly chaotic near tc: any small fluctuation in the
wave function will cause a large change in the density which
in turn causes the wave function to change even more and
thus will build itself into a large density fluctuation growing
exponentially with time, as indeed seen in Fig. 2.
After considering the two-level system, let us return to
real space using the combination of Eqs. 共3兲 and 共2兲. The first
problem one encounters is that in any typical quantum mechanical system there are regions where the density is very
small 共the asymptotes, for example兲 and this causes near singularities in D̂ 关D̂ is positive definite except for a trivial
singularity in that D̂v = 0 whenever v共r兲 = const, but this is
easy to handle兴. These near singularities lead to an ill-posed
Eq. 共3兲. Thus some sort of regularization is needed. We can
use Tikhonov’s regularization for the inverse of D̂
= 兺ndn兩wn典具wn兩 共written in terms of its eigenvalues dn and
eigenvectors 兩wn典兲 replacing D̂−1 by
D̂−1 → 兺 i共dn兲兩wn典具wn兩,

共12兲

n

where i共dn兲 = 关dn / 共d2n + ␣兲兴 ␣ ⬎ 0 is the small regularization
parameter. In any application the value of ␣ must be chosen
carefully as a compromise between two Platonic ideals: precision and stability.
As in the two-level system, the problem one encounters
is that small errors 共incurred by Tikhonov regularization兲 are
sometimes amplified by the unstable nature of the nonlinear
time propagation. We performed a stability analysis of the
Lyapunov type here as well. A fluctuation in the wave funct
tion will grow in time approximately as e兰0⬘n共兲d, where n⬘
t
is the Lyapunov exponent. If the 1 / t兰0n⬘共兲d is positive, the
solution is unstable, i.e., fluctuations will grow exponentially.
We give now an explicit example where this happens 共such
an example was not difficult to find: practically any attempt

to map a potential for a given density failed in a similar
manner兲. Consider a one-dimensional particle of unit mass in
a Harmonic potential well V共x兲 = 21 x2 with time-dependent
density:
n共x,t兲 = 共cos 共t兲0共x兲 + sin 共t兲1共x兲兲2 ,

共13兲

where 0共x兲 and 1共x兲 are the ground and first excited states
of this potential. We choose the function 共t兲 = t4 / 共1 + t3兲.
Since ˙ 共0兲 = 0, 0共x兲 can be taken as the initial state. We took
 = 2 / 100 and considered only short times relative to the
period 共i.e., t Ⰶ 100兲 so here too only relatively gentle perturbations of the density are considered. The density as a function of x and t is shown in Fig. 3 共left兲.
We solve the inversion equations, Eqs. 共2兲 and 共3兲, on a
grid, spanning the range x 苸 关−3 , 3兴 and using N = 16 points.
The representation is based on the Fourier grid approach,
employing periodic boundary conditions.20 The nonlinear
time propagation was implemented using two different methods, which gave almost identical results, namely, the explicit
fifth order adaptive step size Runge-Kutta 共ERK兲 and a third
order implicit Runge-Kutta 共IRK兲 method. The latter is
suited for stiff problems. We took ␣ = 10−12 for regularization: eigenvalues of D̂ much larger than 10−5 are treated almost exactly while those much smaller than 10−6 are almost
completely neglected. This means that D̂ has a condition
number of about 106 and therefore is not too susceptible to
roundoff errors 共which are of the order of 10−13兲. The deviance between the given densities n共x , t兲 and 兩共x , t兲兩2, ⌬n
⬅ maxi苸grid兩ni共t兲 − 兩i共t兲兩2兩 is shown in Fig. 4. In the ERK
calculation a moderate monotonic increase in the error is
abruptly broken and a catastrophic increase is seen at tc
= 5.5. This is accompanied by huge increase in calculation
time since the time step of the adaptive algorithm quickly
drops to a minute value due to the instability. In the IRK the
algorithm does not explode but halts at time t = 5.6 where it
becomes impossible to converge the self-consistent IRK iterations. We have computed the eigenvalues of the Lyapunov
operator L̂ for this problem. These are given in Fig. 4 共right兲,
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FIG. 4. 共Color online兲 共Left兲 The density deviance ⌬n共t兲 using two numerical propagators: IRK and ERK. 共Right兲 The local Lyapunov exponents 共positive real
parts兲 for several times.

where the Lyapunov exponents are seen to be positive and
fast growing as t approaches t = 5.6.
In summary, we have considered two issues of the
DoPM. First, the issue of v-representability on a lattice,
where we showed by an example that it is not guaranteed. It
is noteworthy that in DFT, v-representability is assured on
lattices but not in real space while in TDDFT we find the
situation is exact opposite.12 Then, we considered the issue
of stability by computing Lyapunov exponents. We gave two
cases where the mapping of densities on potentials is highly
unstable even in cases of “innocent looking” densities. The
physical meaning of the instability is that the potential at
time t Ⰷ 0 is unstable with respect to errors in the initial state.
Thus, any inversion procedure is amenable to instabilities.
For TDDFT, the broader consequence here is that XC potentials vXC关n兴共r , t兲 are likely to be extremely sensitive functionals of the density n especially in strongly time-dependent
problems.
Finally, we point out that these two issues, namely, the
stability and existence 共VR兲, are most likely intimately connected. Indeed, we find in our two-site lattice example that
the instability is greatly amplified near the instant where the
inversion procedure becomes singular. In non-timedependent DFT it can be argued that instabilities in the
DoPM are related to the existence of non-VR densities. The
latter correspond to external potentials that are generalized
functions4 and thus there exist sequences of 共ensemble兲 VR
densities that converge to a non-VR density, while the associated sequence of potentials will not converge. Furthermore,
the ill conditioning of the DoPM in DFT can also be seen as

following from the fact that the linear response spectrum has
an accumulation point at zero and thus the inverse linear
response 共density to potential mapping兲 is infinitely ill conditioned.
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to this work. We also thank one of the 共anonymous兲 referees
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stability and v-representability in DFT. This work was
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This Invited Article reports extensions of a recently developed approach to density functional
theory with correct long-range behavior (R. Baer and D. Neuhauser, Phys. Rev. Lett., 2005, 94,
043002). The central quantities are a splitting functional g[n] and a complementary
exchange–correlation functional EgXC[n]. We give a practical method for determining the value of
g in molecules, assuming an approximation for EgXC is given. The resulting theory shows good
ability to reproduce the ionization potentials for various molecules. However it is not of suﬃcient
accuracy for forming a satisfactory framework for studying molecular properties. A somewhat
diﬀerent approach is then adopted, which depends on a density-independent g and an additional
parameter w eliminating part of the local exchange functional. The values of these two parameters
are obtained by best-ﬁtting to experimental atomization energies and bond lengths of the
molecules in the G2(1) database. The optimized values are g = 0.5 a1
0 and w = 0.1. We then
examine the performance of this slightly semi-empirical functional for a variety of molecular
properties, comparing to related works and experiment. We show that this approach can be used
for describing in a satisfactory manner a broad range of molecular properties, be they static or
dynamic. Most satisfactory is the ability to describe valence, Rydberg and inter-molecular chargetransfer excitations.

I.

Introduction

In density functional theory (DFT), a system of non-interacting Fermi particles is set up to have the same density as a
system of ‘‘usual’’ electrons, interacting through the Coulomb
repulsion. The non-interacting particles must be subject not
only to the attractive forces of the nuclei of the molecule but
also to artiﬁcial forces that are designed to ensure the equality
of densities. These forces include an average (Hartree) meanﬁeld force and an additional force described by the ‘‘exchange–correlation (XC) potential’’. The XC potential is derived
from a universal density functional, the Kohn–Sham XC
density functional.1–4 This functional is extremely complicated
and intricate on which barely a handful of exact or nearly
exact properties and sum rules are known (so called ‘‘formal
properties’’5). To build a useful theory based on the density,
humans must rely on simple approximations to the XC functional which abide to as many as possible exact properties.
Any practical density functional strives to, but actually
cannot ever achieve the Platonic ideal of the Kohn–Sham
XC functional. Nevertheless, there has been great success in
developing a series of ‘‘approximate XC functionals’’ which
grow in complexity but allow more formal properties to be
satisﬁed and oﬀer increasingly greater precision.5 These start
oﬀ from local density functionals (LSDA) based on the known
properties of the homogeneous electron gas (HEG),2,6–9 mov-
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ing into the realm of inhomogeneous densities, both for
exchange and correlation, described by the density gradient2,10–15 (gradient expansion and generalized gradient approximations GEA, GGA, respectively) and then reaching
orbital functionals that include explicit forms of Hartree–Fock
exchange4 and/or the non-interacting kinetic energy density16
(often referred to as meta-GGA). Application of these approximations have had great success in describing the chemical
bond to good accuracy, including the equilibrium structure,
the bond energy and the vibrational–rotational properties of a
broad variety of molecules.5,17–21
However, with increased testing, it has become evident that
whenever quantities other than energy are computed, namely
static or dynamical response properties, many popular approximations to the functionals lead to unacceptably large
errors or even wrong physical behavior. Examples of such
failures are: (1) static polarizability for example is often greatly
exaggerated in elongated molecules;22 (2) the electronic charge
distribution does not allocate integer electron charge to weakly
interacting subsystems as it should;23,24 (3) excitation energies
to states of charge transfer character, are poorly described;25
(4) Rydberg excitation energies are usually severely underestimated; (5) small anions are often erroneously predicted to
be unstable.26
These problems in the popular approximate functionals of
DFT have been studied in the past and were found to be
related to self-interaction errors.13,27,28 They hamper many
potential uses of DFT: studying highly excited electronic
states, charge transfer reactions in biological systems and
photo-harvesting materials and even in molecular electronics,
where DFT based predictions sometime exhibit huge errors in
predicted currents.
This journal is
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To the practical problems mentioned above, we add the
related issue, namely the failure to reproduce exactly established formal consequences of the exact functionals. For
example, (6) the eﬀective Kohn–Sham potential vs(r) must,
in the large r limit be of the form29 const + O(1/r); (7) for an
N electron system, the electron removal energy Egs[N  1] 
Egs[N] must be equal exactly to eHOMO[N], the energy of the
highest occupied molecular orbital (HOMO) in the non-interacting N electron system;30 and (8) the eﬀective Kohn–Sham
potential must have derivative discontinuities31 (these ensure
the integer electron charge in weakly interacting systems). In
many density functionals these exact properties were sacriﬁced
in order to have the theory reproduce exactly the homogeneous electron gas ground-state energy which is known to
high accuracy using quantum Monte Carlo methods.32
Recently, several new approaches that tackle the deﬁciencies
described above, associated with the long-range self-repulsion,
were developed. One venue is the self-repulsion correction
which is imposed using optimized eﬀective potentials.33–36
These approaches are often numerically demanding. Another
approach is the development of hybrid functionals that explicitly remove self-repulsion.37–43 These approaches are based
on the long-range corrected (LC) functional of Iikura et al.37
which was found to overcome many of the above deﬁciencies.
In order to improve the performance of ground-state calculations, a ‘‘Coulomb attenuation method’’ (CAM) was introduced.38 The best CAM introduces a functional with
outstanding ground-state energy predictions but without the
exact long-range behavior. The advantages of the correct longrange behavior are however extremely important for producing a more balanced functional, as is evident in the extremely
successful applications of the LC functional TDDFT44 (here
referred to as TDLC).
The development of a more balanced functional is thus the
purpose of this paper. The only way we could do this is to stick
to the correct long-range behavior, even at the price of
deviating slightly from the exact HEG limit. We thus try to
ﬁnd a way to improve the LC performance without losing the
property of correct long-range behavior and without introduction of a large number of parameters. Continuing previous
theoretical work42 where we introduced the splitting density
functional g[n] and the complementary exchange–correlation
functional EgXC[n], we now attempt to put these concepts to
work. We ﬁrst study the nature of the functional g[n]. For this
functional we present some exact results for the HEG. We then
give a practical, general method for determining g[n] for any
general non-homogeneous case, assuming an approximation
to EgXC is known. The resulting theory is applied to several
molecules. Despite reasonable success at describing ionization
potentials, we conclude the method is not suﬃciently accurate
for general use, mainly because of our lack of knowledge of the
functional EgXC[n]. To continue, we abandon the approach of
ﬁnding the exact g for each system and instead turn to a semiempirical 2-parameter approach. This functional is based on
LYP correlation energy augmented by subtracting a small
amount of the local g-exchange energy14 and a combination of
exact long-range exchange with a local exchange. The parameters g and w are determined by a ﬁt to 54 molecules of the
G2(1) set.45 The main feature of the resulting functional is its
This journal is
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balanced applicability, or its well-temperedness: while admittedly it is not highly accurate for any particular electronic
property, it is reasonably accurate for a broad range of such
properties. All calculations reported in this paper were
done using a modiﬁed version the quantum chemistry code
Q-CHEM 2.0.46 The necessary modiﬁcations were done with a
lot of help and support of Dr Yihan Shao of the Q-CHEM
company.

II. Theory
The theory for removing the self-repulsion eﬀects in DFT is
described in ref. 42. We give a brief overview, changing the
Yukawa descreening with error-function descreening. We start
by considering an expression of the XC energy using an
extension of the well-known adiabatic connection theorem.9,30,47 For this, we consider a family of N particle systems
continuously parameterized by a parameter 0 r g o N,
all having the same ground-state density n but in each system
the particles interact via a diﬀerent descreened two-body
interaction:
ug ðrÞ ¼

erfðgrÞ
;
r

ð1Þ

For large inter-particle distances gr c 1, the particles of
system g repel just like electrons, but at short distances the
repulsion is moderated and non-singular. Each system g has a
unique ground-state wave function Cg (assuming v-representability). The system with g = N is the original Coulomb
interacting system, having the wave function CN. The system
with g = 0 corresponds to non-interacting particles with C0, a
Slater determinant of N spin–orbitals. The adiabatic-connection theorem states:
ZZ
Z 1
nðrÞnðr0 Þ
^ g0 jCg0 idg0  1
EXC ½n ¼
hCg0 jW
drdr0 ; ð2Þ
2
jr  r0 j
0
^g ¼ 1
where W
2

P
i6¼j

2 2

wg ð^
rij Þ, wg ðrÞ ¼ p2ﬃﬃp eg r . The development in

ref. 42 can be used for expression (2) resulting in the following
expression for the XC energy:
g
EXC ½n ¼ KXg ½n þ EXC
½n

ð3Þ

Where the explicit exchange is with respect to a Coulomb tail:
Z
1
jP½nðr; r0 Þj2 ug ðjr  r0 jÞd3 rd3 r0
KXg ½n ¼ 
ð4Þ
4
P[n](r,r 0 ) is the density matrix of non-interacting particles. The
second term, called the g-XC is given by:
g
EXC
½n ¼ hCgsZjY^ g jCgs i
1

nðrÞnðr0 Þyg ðjr  r0 jÞd3 rd3 r0
2

ð5Þ

Where yg(r) = erfc(gr) is the complementary error-function
P
screened potential,Yg ¼ 12 yg ðjri  rj jÞ and Cgs is the exact
i6¼j

ground state wave function of the system. This g-XC energy
functional can also be written as an integral involving the XC
Phys. Chem. Chem. Phys., 2007, 9, 2932–2941 | 2933

pair correlation function gXC(r,r 0 ):
Z
1
g
EXC
½n ¼
nðrÞgXC ðr;r0 Þyg ðr  r0 Þnðr0 Þd3 rd3 r0
2
A.

ð6Þ

c of homogeneous densities

For the HEG the g-XC energy per particle be separated into
two terms:
~egXC ðnÞ ¼ ~egC ðnÞ þ egX ðnÞ

ð7Þ

(here and henceforth we use a superscript tilde to denote
speciﬁc quantities pertaining to the HEG), where the Savin’s
exchange energy per particle for the complementary errorfunction potential is:48
~egX ðnÞ ¼

kF
2p  pﬃﬃﬃ  



1
2 p
1
3
erf

 q2
 1 þ ðq2  2Þ 1  e q2
q
q
2
ð8Þ

Fig. 1 The parameter g as a function of the density parameter rs for
the fully polarized and unpolarized homogeneous electron gas.

where q = g/kF and kF is the local Fermi wave-vector at the
density n. In the HEG we only need the energy per particle,
and these can be expressed using the pair correlation function:
Z
1
~egXC ¼ ~egC þ ~egX ¼ n g~XC ðrÞyg ðrÞd3 r
ð9Þ
2

Then, using an approximate functional for inhomogeneous
densities EgXC, we search for g that obeys:

Applying (3) to the HEG gives:

Besides the use of an approximate XC functional here there is
an additional approximation made, since we use in eqn (13)
the same g for calculating both E[N] and E[N  1].
The value of g for which DE is zero was calculated by
solving eqn (13) for several molecules. As an example of such a
calculation, we show in Fig. 2 the results of the deviance DE(g)
as a function of g for N2 and its close ions. We should note that
for the many systems in which we applied this approach we
have found only one case where the DE(g) had no root. This
was the cation Na2+.
Using the scheme given above, we estimated the values of g
for several molecules, as shown in Table 1. We ﬁnd g in the
same range as those of the homogeneous gas taken at typical

~egXC ¼ ~eXC  ð~eX  ~egX Þ

ð10Þ

where ~eXC (~eX) is the HEG XC (exchange) energy per electron.
Combining with eqn (9) we ﬁnd:
~egXC  ~egX ¼ ~eC ðnÞ

ð11Þ

where e~C is the correlation energy per particle in the HEG.
Since the HEG pair correlation functionalg̃XC(r) has been
parameterized to high accuracy,49 this equation can be solved
for g, thus enabling the determination of g for the HEG.24 The
result of the calculation is given in Fig. 1, shedding light on the
‘‘mysterious g parameter’’. Evidently, it is strongly density
dependent. In metallic densities (rs usually lies in the range 1 o
1
rs o 5) g takes values from the interval 10
; 1 . We also note
that the function is smooth and monotonic. The value of g for
unpolarized HEG (total spin zero) is higher, but not by much,
than the value for the fully spin-polarized gas.
B

DEðgÞ  eHOMO ðN; gÞ þ ½Egs ðN; gÞ  Egs ðN  1; gÞ
¼0

ð13Þ

c of inhomogeneous densities

What about inhomogeneous densities like in molecules? It is
nearly impossible to compute EgXC[n] for a given non-homogeneous density, so it is tempting to try and use the results for
the HEG. But in trying to do so, we stumble on a diﬃculty of
assigning g to the density inhomogeneous n. An attempt is to
use an ‘‘average density’’ or average rs met with diﬃculties as
described in detail in ref. 24 We have discovered a practical
approach to address this issue as follows. We make use of an
exact relation:50
eHOMO ðNÞ ¼ Egs ðNÞ  Egs ðN  1Þ;
2934 | Phys. Chem. Chem. Phys., 2007, 9, 2932–2941

ð12Þ

Fig. 2 The deviation DE as a function of g (see eqn (13)), for N2 and
its ions (calculated using cc-pVTZ basis set).
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Table 1 An estimate of g for various molecules, obtained by satisfying eqn (13). The calculated ionization potential (IP) for two values of w in eqn
(16) and the IP calculated by B3LYP are shown in comparison with experiment (all energies in eV). Basis set used cc-pvtz
Molecule

g/a1
0

IP experimental52,53/eV

Li2
N2
O2
F2
Na2
P2a
S2
Cl2
BeHb
CO
HF
HCl
NH3
PH3
Mean
RMS

0.3
0.6
0.7
0.7
0.4
0.8
0.5
0.5
0.6
0.6
0.7
0.5
0.5
0.4

5.1
15.6
12.1
15.7
4.9
10.6
9.4
11.5
8.2
14.0
16.0
12.8
10.2
9.9

a
For P2, g changes from 0.8 to 1 a1
0 when the value of w changes from 1 to 0.9.
changes from 0 to 0.1.

w=0
eHOMO/eV

w = 0.1
eHOMO/eV

B3LYP
DSCF/eV

0.1
1.0
1.2
0.8
0.2
0.4
0.4
0.3
0.2
0.3
0.4
0.0
0.6
0.6
0.5
0.6

0.0
0.6
0.9
0.4
0.1
0.3
0.2
0.0
0.1
0.1
0.0
0.3
0.4
0.4
0.2
0.4

0.2
0.0
0.7
0.1
0.3
0.0
0.2
0.1
0.2
0.0
0.0
0.2
0.5
0.6
0.2
0.3

b

For BeH, g changes from 0.6 to 0.7 a1
0 when the value of w

valence densities of molecules. One noticeable fact is that the
dimers of alkali metal atoms have a low value of g. This is not
unreasonable since these molecules have low valence electron
densities and according to the result for the HEG (Fig. 1),
lower densities are associated with smaller values of g.
To check whether the value of g in Table 1 can lead to a
good description of electronic structure of atoms and molecules, we compared the value of the ionization potential (IP)
obtained at the canonical g against experimental IPs. This too
is shown in Table 1. The calculated vertical IPs agree well with
experimental results, however there are some large deviations
exaggerating the IP by as much as 1.2 eV, occurring at N2, O2
and F2. For other species the deviance is usually considerably
smaller. The root-mean-square (RMS) deviance from experiment is 0.6 eV. In an attempt to lower the RMS error, we
allowed w in eqn (16) to assume a non-zero value, namely
w = 0.1, for which we found signiﬁcant improvement for the
IP that have the same quality as those of B3LYP. Similar
quality can be seen in related functionals.38,41,51

The size consistency problem discussed in the previous section
and also the insuﬃciently accurate results for atomization
energies prompt us to take a diﬀerent approach. We try to
determine a single value of g applicable for all systems. This
approach was also taken in previous similar works.37,42 We
also need to establish some form for EgXC. Simply taking a
constant Rvalue of g and using an LDA approach, namely
g
EXC
½n  ~egXC ðnðrÞÞnðrÞdr, as was done in ref. 42 does not
give satisfactory results for description of the chemical bond in
a broad database of molecules. Experimenting with various
options, we found that the inaccuracies could be signiﬁcantly
reduced when density gradients are added and the Savin
exchange weakened. Thus, we come up with the following
two parameter recipe:
Z
g
EXC
½n  ½egC ðnðrÞ; jrnðrÞjÞ þ ~egX ðnðrÞÞnðrÞdr
ð15Þ

C.

for the g-XC energy. For eC we take a GGA type functional
(the LYP energy14) and we subtract from it a small part of the
Savin exchange energy:

Size consistency problem

The next test of this approach would be to compute atomization energies. Here we immediately stumble upon a problem.
Consider an atom A with ground-state density nA(r) denoted
gA = g[nA] and an atom B with density nB(r) and gB = g[nB].
When both atoms are taken together at inﬁnite separation the
density is nA  B(r) = nA(r) + nB(R + r), where R is very large.
Evidently, this system too has a parameter gA  B. In general,
when we use an approximate functional EgXC, there is no
practical way to ensure that size consistency is obeyed:
g

g

g

AB
A
B
EXC
½nAB  ¼ EXC
½nA  þ EXC
½nB 

ð14Þ

This is in contrast to the case when g is independent of
the density. Breaking size consistency is usually unacceptable
and it has serious consequences for atomization energy
calculations.
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III. A semi-empirical functional

egC ðn; jrnjÞ ¼ eLYP
egX ðkF ðnÞÞ
C ðn; jrnjÞ  w~

ð16Þ

For homogenous densities the parameter w is zero when the
proper g is used (see below). However, we ﬁnd in the calculations described below that for non-homogeneous systems a
non-zero (but small) value of w considerably improves the
overall performance of the functional. We see this already
when considering the IP calculation in Table 1 using a factor
of w = 0.1.
The parameters w and g were determined by ﬁtting to basic
thermochemical (experimental) data in a standard benchmark
list of molecules, such as G2(1), including 54 molecules.45
The following procedure, inspired by other semi-empirical
functionals4 was taken. For each molecule in the G2(1) list we
computed the minimizing nuclear conﬁguration (bond lengths)
Ri(g,w) and the corresponding atomization energy Di(g,w),
Phys. Chem. Chem. Phys., 2007, 9, 2932–2941 | 2935

where i = 1,2,. . .,54. This was done for several values of g and
w. The quality of correspondence to experiment is obtained
from the RMS errors:
DD ðg; wÞ2 ¼

54
1 X
ðDi ðg; wÞ  Di ðexpÞÞ2
54 i¼1

ð17Þ

54
1 X
DR ðg; wÞ2 ¼
ðRi ðg; wÞ  Ri ðexpÞÞ2
54 i¼1

A single number summarizing this is the average of relative
errors:
0
1
1 @ DD
DR A
ð18Þ
Dðg; wÞ ¼
þ
2 min Di min Ri
i

i

By minimizing D we found the optimized parameters:
g ¼ 0:5 a1
0

w ¼ 0:1

ð19Þ

Using norms other than L2, i.e. L1 norm, max norm and
relative errors gave similar results although the optimal value
of g and w changed a bit, the choice of eqn (19) always led to
almost identical performance. We thus chose the parameter
values of eqn (19) and these will be used throughout the rest of
the paper. The resulting functional will be referred to in this
paper as ‘‘this’’ functional. The performance of this functional
for atomization energies and bond lengths is shown in Table 2.
Since the atomization energy is proportional to the number of
bonds in the molecule and since bond lengths in diﬀerent
molecules change within a factor of 3 throughout the database, we present here the relative errors. Comparing this
functional with B3LYP, we see that the latter is clearly superior in most cases. The RMS error in bond lengths is 2% for
this functional, considerably larger than in B3LYP (1%) but is
still very useful. The RMS atomization energy of this functional is 7% while that of B3lYP is 5%. Next, consider
harmonic vibrational wavenumbers for several diatomic molecules shown in Table 3. We compare results derived from this
functional to B3LYP and experiment. The performance of this
functional is much less satisfying than B3LYP. Evidently,
there is a tendency to overestimate the frequencies, by 6%
on the average. The RMS error in this functional is much
larger than B3LYP and reaches 10%. CAM-B3LYP description of vibrational frequencies was recently examined,39 showing a much smaller RMS error than this functional although it
too has a strong tendency to overestimate the frequencies.
We conclude that this functional is obviously inferior to
B3LYP, CAM-B3LYP and other related functionals38,41,51 for
describing the chemical bond (energy, and shape of potentials
surfaces). However, the results do show that this functional is
in fact capable of yielding a reasonably good description of the
chemical bond. Since we aim at a well-tempered approach, we
continue to show that this functional maintains a reasonable
description of molecular properties often better than the other
functionals.
A.

Ionization potentials and electron aﬃnity

Equipped with this functional, with 2 parameters that were
determined by considering only atomization energies and
2936 | Phys. Chem. Chem. Phys., 2007, 9, 2932–2941

equilibrium bond lengths, we proceed to examine its predictive
power with respect to other properties. First, we check the
issue of IPs. The results of IPs for the molecules also considered in Table 1 are shown in Table 4. We ﬁnd that the IP
calculated by the DSCF method in this functional is of similar
quality to B3LYP. However, for calculating molecular properties, the closeness of the HOMO energy to the IP is more
important. Here this functional is clearly superior to B3LYP,
having a smaller RMS by a factor of 10.
A related test is electron aﬃnity (EA). Here, the methods
which give correct long-range behavior, such as B3LYP, do
not do as well. Once again the EA can be estimated in two
ways: as the energy diﬀerence between the anion and the
neutral (DSCF) and as the energy of the HOMO orbital of
the anion, calculated in the stable ionic nuclear conﬁguration.
In Table 5 we show the electron aﬃnity calculated in these two
ways. In this functional, the RMS errors in EA are similar in
magnitude to the errors in IP. The performance is better than
in B3LYP. Like in the case of IPs, the HOMO in B3LYP is a
very bad estimate (usually leading to unstable anion prediction
in this database). For this, both estimates are reasonable,
although the DSCF method has smaller RMS error.

B. Hydrogen bonding
An important class of chemical bonds with importance to
biology and materials science is hydrogen bonds. These involve a relatively weak interaction between a hydrogen (which
is chemically bonded to an electronegative ‘‘donor’’ atom) and
an electronegative ‘‘acceptor’’ atom. In this paper we do not
consider the hydrogen bond in great detail and following
ref. 39 we mainly test the donor–acceptor distance for a few
hydrogen-bonded systems. We used for this the calculation daug-cc-pVTZ basis and the results are shown in Table 6. We
ﬁnd that this functional predicts shorter bond lengths than
actually measured (opposite to B3LYP ), similar to CAMB3LYP39 with errors on the order of 0.02 Å. These errors are
relatively small (less than 1%) and thus quite acceptable.
For the water dimer, we also calculated the equilibrium
dissociation energy using this functional and obtained 5.9 kcal
mol1 (counterpoise corrected). Compared to experiment54
and high-level ab initio calculations55,56 our result is about
15–20% too high. Unfortunately, the corresponding values
calculated using other functionals (LC, CAM-B3LYP) were
not reported.

C. Static polarizability
One of the most important detrimental eﬀects of self-repulsion
is seen when static polarizability of elongated molecules is
estimated by DFT methods. It was found that in this case local
functionals lead to greatly exaggerated values.57 The work of
van Faassen et al.58 established benchmark systems for this,
examining long linear arrays of various types of oligomer
units. One such case is where the oligomer unit is the H2
molecule and another is polyacetylene where each oligomer is
C2H4. We examined these systems using the geometry of
ref. 58 and a cc-pVDZ basis set. In both cases, it was shown
This journal is
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Table 2 Performance on G2(1) database. cc-PVTZ basis was used
Atomization energy
1

H2
LiH
CN
N2
F2
Cl2
O2
P2
S2
Si2
BeH
Li2
CH
3
CH2
CH3
CH4
NH
NH2
NH3
OH
H2O
HF
LiF
C2H2
C2H4
C2H6
HCN
CO
HCO
H2CO
H3COH
NO
N2H4
H2O2
CO2
SiH2
SiH3
SiH4
PH2
PH3
SH2
HCl
Na2
NaCl
SO
SiO
CS
ClF
ClO
Si2H6
H3CSH
H3CCl
Mean
RMS

Bond length

Exp./kcal mol

This (%)

B3LYP (%)

Exp./Å

This (%)

B3LYP (%)

104
58
179
227
38
57
118
116
98
74
48
26
84
189
306
420
82
182
297
107
233
142
139
404
562
711
313
261
279
376
513
153
437
268
392
154
226
324
153
241
182
107
19
99
122
191
172
62
62
533
473
395

1
1
3
2
23
10
13
10
5
10
16
21
4
1
1
2
2
0
1
0
2
2
2
2
2
1
1
0
1
1
1
6
1
2
1
3
1
2
1
1
3
4
20
8
2
2
9
2
2
2
2
2
1
7

6
0
1
0
1
7
4
2
2
1
18
20
1
0
0
1
6
2
0
1
3
4
4
1
1
1
1
3
1
2
2
1
0
2
2
1
0
1
2
0
1
3
12
9
0
4
5
7
1
2
1
2
1
5

0.741
1.596
1.172
1.098
1.412
1.987
1.208
1.893
1.889
2.246
1.343
2.673
1.120
1.085
1.079
1.094
1.036
1.024
1.012
0.970
0.958
0.917
1.564
1.203
1.339
1.536
1.064
1.128
1.080
1.111
0.956
1.151
1.446
1.475
1.162
1.514
1.468
1.480
1.428
1.421
1.328
1.275
3.079
2.361
1.481
1.510
1.535
1.628
1.570
1.470
1.329
1.785

4
1
1
0
2
1
1
1
0
0
2
2
2
2
2
2
3
2
2
3
2
3
1
0
1
0
3
0
6
2
3
0
1
3
1
2
3
2
1
1
3
2
2
1
1
1
0
0
1
3
1
0
1
2

0
0
0
0
1
2
0
0
2
2
0
1
1
0
0
0
1
1
1
1
1
1
1
0
1
0
1
0
5
0
1
0
0
1
0
1
2
1
0
0
2
1
1
1
2
1
1
2
2
1
2
1
0.7
1

that HFT somewhat overestimates polarizability per unit but
gives reasonable results.57,59 The fact that long-range selfrepulsion was involved was discussed in ref. 58 and later by
others.42,60,61 In Fig. 3 we show our results for these two
systems. It is seen that B3LYP suﬀers from similar ailments as
seen in local functionals, although to a smaller degree. In
contrast this functional gives results which are close to HFT
and are therefore physically correct. Similar quality of results
(but on a conjugated system) were reported for the LC
functional of Iikura et al.37
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D.

Valence and Rydberg excitations

The use of the DFT functionals as adiabatic functionals for
TDDFT is common practice62–72 (although recently some attempts were made to go beyond the adiabatic functionals73,74). For
valence excitations with a dominant 1-electron excitation character the results are often of high quality. This will be also seen in
the several examples we show here. However, functionals which
suﬀer from long-range self-repulsion (LSDA, GGA, B3LYP) will
not correctly describe charge-transfer and Rydberg excitations.
Phys. Chem. Chem. Phys., 2007, 9, 2932–2941 | 2937

Table 3 Harmonic vibrational energies and the relative errors for this
and B3LYP functionals

H2
LiH
N2
F2
Cl2
P2
Li2
HF
LiF
CO
Mean
RMS

Exp./cm1

This (%)

B3LYP (%)

4401
1406
2359
917
560
781
351
4138
910
2170

3
4
6
30
7
10
1
0
1
5
6
10

1
0
3
10
6
2
3
1
1
1
0.7
5

To check the performance of this functional for describing
excitation energies, we have applied it to several standard
benchmark molecules, comparing the results to experimental
excitation energies, results of TDHF, adiabatic TDB3LYP
and results reported by Tawada et al. (TDLC).44 The deviance
of the diﬀerent methods from experimental results are shown
in Fig. 4. All the results, except those of Tawada et al. were
calculated using the modiﬁed version of Q-CHEM 2.0 discussed above.46 We used a high quality d-aug-cc-pVTZ basis
set, except for C6H6 where the basis set aug-cc-pVTZ supplemented with an additional diﬀuse set centered on the nuclear
center of mass, as described in ref. 75. The TDLC results
pertain to a Sadlej+ basis,76 which is smaller than ours. We
also performed calculations in the Sadlej+ basis set and
obtained similar, but somewhat less satisfactory results than
shown for the larger more complete basis set.
We now describe brieﬂy the results shown in Fig. 4. As seen,
usually TDHF gives very poor results (except for C2H4). The
TDB3LYP functional allows good description of the valence
states in some molecules but always severely underestimates
Rydberg excitations. Overall, the two theories which correct

for long-range repulsion (TDLC and this functionals) seem to
be much more balanced than TDB3LYP and TDHF: they
allow uniformly reasonably good description of valence and
Rydberg excitations. The present functional seems to slightly
outperform the TDLC functional in most molecules, except
C6H6. Yet in the latter case, when Rydberg states are compared, a Sadlej+ basis is inappropriate, as center-of-mass
orbitals are actually very important.77 A curious result, which
we do not understand, is that this functional also has a large
error for the ﬁrst triplet state of C6H6. For other valence states
of this molecule it performs well.
Considering that the parameters of this functional were
optimized for the ground state of the G2(1) database, they
perform surprisingly well for excited states.
E. Inter-molecular charge-transfer excitation
Spurious self-interaction can impair the description of chargetransfer interactions. The benchmark test for such a problem is
the model of Dreuw et al.,25 where C2H4 and C2F4 molecules
are considered at a large distance apart, R. One of the excited
states involves transfer of charge from C2F4 to C2H4 and this
state is of interest. The ﬁnite basis set in the model calculation
artiﬁcially stabilizes the anionic state of C2H4, so it serves as
an excellent model for charge-transfer benchmarks. The intermolecular charge-transfer excitation energy must depend
asymptotically on the distance between the two molecules as:25
lim DEðRÞ ¼ EAðC2 H4 Þ þ IPðC2 F4 Þ 

R!1

1
R

ð20Þ

Indeed, as reported25 TDB3LYP could not reconstruct this
behavior, as seen in Fig. 5, where the TDB3LYP excitation is
too low by many electron volts and clearly deviates from a
straight line in the large-R limit. On the other hand, the results
of this functional follow the straight line very closely and the
inﬁnite R limit yields an excitation energy of 13.1 eV, which is
close to the correct result: in the same basis we calculated the

Table 4 Ionization potentials of selected species and the deviance of this and B3LYP functionals. Basis set: cc-pVTZ
Molecule

IP exp.53/eV

BeH
CH
NH
OH
CN
NO
F2
Li2
O2
H2O
C2H4
H
He
Li
B
Be
C
N
O
F
Mean
RMS

8.2
10.6
13.5
13.0
13.6
9.3
15.7
5.1
12.3
12.6
10.7
13.6
24.4
5.4
8.3
9.3
11.3
14.5
13.6
17.4

DThis
eHOMO/eV

DB3LYP
eHOMO/eV

DThis
DSCF/eV

DB3LYP
DSCF/eV

0.1
0.9
0.9
0.9
0.3
0.0
1.2
0.2
0.5
0.7
0.0
1.7
3.3
0.1
0.2
0.6
0.7
1.4
1.1
1.9
0.8
1.0

2.8
3.7
4.5
4.5
3.2
3.4
4.7
1.5
3.9
4.4
3.2
5.0
42.0
1.8
3.3
3.1
4.2
5.1
4.7
5.6
5.7
10.0

0.1
1.3
0.1
0.1
0.4
0.5
0.2
0.0
0.2
0.2
0.3
0.5
0.5
0.1
0.2
0.4
0.0
0.2
0.1
0.0
0.1
0.4

0.2
0.2
0.0
0.0
0.5
0.8
0.1
0.2
0.5
0.2
0.2
0.1
0.4
0.2
0.3
0.3
0.1
0.1
0.3
0.1
0.1
0.3
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Table 5 Electron aﬃnity of selected species and the deviance of this and B3LYP functionals. Basis set: aug-cc-pVTZ
Molecule

EA experimental53/eV

BeH
CH
NH
OH
CN
NO
O2
H
F2
Li
B
C
O
F
Mean
RMS

0.7
1.2
0.4
1.8
3.9
0.0
0.5
0.8
3.0
0.6
0.3
1.3
1.5
3.4

DThis
eHOMO/eV

DB3LYP
eHOMO/eV

DThis
DSCF/eV

DB3LYP
DSCF/eV

0.1
0.4
0.6
0.5
0.7
0.1
0.3
0.7
2.5
0.0
0.4
0.4
0.5
0.2
0.5
0.8

1.7
2.5
2.4
2.9
2.7
2.3
3.2
1.8
1.0
1.2
1.7
2.5
2.9
3.6
2.3
2.4

0.4
0.1
0.0
0.0
0.3
0.3
0.6
0.0
0.8
0.2
0.1
0.1
0.2
0.2
0.1
0.3

0.2
0.0
0.1
0.1
0.1
0.2
0.5
0.1
3.0
0.1
0.1
0.0
0.1
0.0
0.2
0.8

Table 6 Hydrogen bond dimer distances for several species

(HF)2
(CO)(HF)
(OC)(HF)
(H2O)2
Mean
RMS
a

Ab initioa/Å

This/Å

B3LYP/Å

2.73
2.95
2.99
2.93b

0.03
0.02
0.01
0.03
0.02
0.02

0.02
0.06
0.00
0.01
0.02
0.03

Values taken from ref. 39.
have also been published55.

b

Smaller ab initio estimates, of 2.91 Å,

EA and IP of the two molecules, obtaining the results shown in
Table 7. The value of EA + IP around 13 eV is completely
consistent with the excited state data.

IV. Summary and discussion
We have developed in this paper a semi-empirical approach to
DFT which makes use of an explicit exchange term (eqn (4))
The functional has two empirical parameters and we used the
G2(1) database to optimize their values. Then we tested the
resulting functional in a variety of other settings, showing that
it is balanced and robust across many types of molecular
properties. Such a functional does a reasonable job at describing the chemical bond (although it is surely not the best choice
for ground-state chemical dynamics), it is capable of describing a variety of electronic properties and excited electronic
states. We believe that such a balanced approach to DFT is
possibly very useful for a variety of ﬁelds, such as photochemistry and biochemistry, molecular electronics, materials
science.
One point of formal concern is the fact that this functional is
not exactly consistent with the homogeneous electron gas, as
other functionals are.37–43 Our initial approach—that of adjusting g—was indeed designed to have this exact property
conserved, without giving up the correct long-range behavior
of the potential. However, we found that in practice that
theory did not give suﬃciently good results. The reason is
that we do not have a good approximation for the functional
This journal is
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Fig. 3 Polarizability (a30) as a function of length for a chain of H2
molecules (top) and polyacetylene (bottom).

EgXC in non-homogeneous densities (see eqn (5)). The optimal
way to proceed then is to try and improve EgXC beyond the
homogeneous case, perhaps by introducing a proper gradient
approximation. Since we have a practical way of determining
g[n] once EgXC is given, this may be a viable way to proceed. In
Phys. Chem. Chem. Phys., 2007, 9, 2932–2941 | 2939

Fig. 4

The energy deviation of calculated vertical excitations from experimental excitations (the latter taken from ref. 78) for several molecules.

input and in-depth discussions on these issues. We acknowledge support from the Israel Science Foundation.
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Predicting the sizes of large RNA molecules
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We present a theory of the dependence on sequence of the
three-dimensional size of large single-stranded (ss) RNA molecules.
The work is motivated by the fact that the genomes of many
viruses are large ssRNA molecules— often several thousand nucleotides long—and that these RNAs are spontaneously packaged
into small rigid protein shells. We argue that there has been
evolutionary pressure for the genome to have overall spatial
properties—including an appropriate radius of gyration, Rg—that
facilitate this assembly process. For an arbitrary RNA sequence, we
introduce the (thermal) average maximum ladder distance (具MLD典)
and use it as a measure of the ‘‘extendedness’’ of the RNA
secondary structure. The 具MLD典 values of viral ssRNAs that package
into capsids of fixed size are shown to be consistently smaller than
those for randomly permuted sequences of the same length and
base composition, and also smaller than those of natural ssRNAs
that are not under evolutionary pressure to have a compact native
form. By mapping these secondary structures onto a linear polymer
model and by using 具MLD典 as a measure of effective contour length,
we predict the Rg values of viral ssRNAs are smaller than those of
nonviral sequences. More generally, we predict the average 具MLD典
values of large nonviral ssRNAs scale as N0.67ⴞ0.01, where N is the
number of nucleotides, and that their Rg values vary as 具MLD典0.5 in
an ideal solvent, and hence as N0.34. An alternative analysis, which
explicitly includes all branches, is introduced and shown to yield
consistent results.
branched polymer 兩 ladder distance 兩 radius of gyration 兩
secondary structure 兩 viral RNA

V

ery little is known about the native size and conformation of
large (103–104 nt) single-stranded (ss) RNA molecules, a
category that includes the genomes of ssRNA viruses. This represents a challenging physical problem, because complementary base
pairing gives rise to branched secondary structures whose complexity increases with length. Almost all theoretical and experimental
studies of the structures of ssRNA sequences have been devoted to
exploring the secondary and tertiary structures of smaller (101–102
nt) ssRNAs, such as tRNAs (1, 2) and ribozymes (3, 4), or of large
ssRNAs that are complexed with proteins in ribosomal subunits (5, 6).
Yet the native structures of large ssRNAs are also of biological
importance; the most prevalent form of viral genome is ssRNA, and
these molecules are necessarily thousands of bases long to code for
several proteins. There has been extensive work to determine the
secondary and tertiary structures of small (102 nt) subsequences of
ssRNA viral genomes, because of their importance in, for instance,
genome replication or packaging (7, 8). Some studies have explored
specific long-range tertiary interactions in these ssRNAs (9). By
contrast, investigations of the overall native 3D sizes of viral-length
ssRNAs have been very limited (10), and no theoretical models that
predict the sizes of long ssRNAs from their primary sequences have
yet appeared in the literature.
Spontaneous in vitro self-assembly has been demonstrated for
several ssRNA viruses (11, 12). In each case, the infectious virions
can form in a buffer solution containing only the capsid protein and
the viral genome, indicating that there is no thermodynamic barrier
to assembly. We therefore expect there cannot be a large disparity
between the native size of a viral ssRNA genome and that of its
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0808089105

capsid—and that, by optimizing genome size, there will be an
enhancement in the efficiency of virion assembly, and thus of viral
reproduction and infectivity. Accordingly, we argue that there has
been selective pressure on the ssRNA genome to have a size
appropriate to its protective shell.
The size of an ssRNA is determined by its tertiary structure,
which is determined by its secondary structure, which is determined
by its primary sequence. Consequently, it is natural that there are
two levels of coding in the primary sequence of a viral ssRNA
molecule. Not only do its individual genes need to code ‘‘in the usual
way’’ for their protein products, but the overall (many-gene)
sequence must give rise to a secondary/tertiary structure consistent
with a size that enables the genome to be packaged within the
capsid. Related arguments have been made in refs. 13–15. Because
of these unique selective pressures, the size of ssRNAs of selfassembling viruses should be different from the average size of
random (or other nonviral) ssRNAs having the same length and
base composition.
Owing to their sequence-dependent branched structure, the sizes
of ssRNAs cannot be understood by using the simple models
available for linear homopolymers, such as dsDNA (see, however,
ref. 5, in which RNA size and shape are described by the configurational statistics associated with an ‘‘equivalent’’ semiflexible
polymer). The simplest model for a linear homopolymer is the
freely jointed chain, in which the molecule is represented as a series
of equal-length rigid links connected by flexible joints. In this
model, the two intrinsic properties that determine the size of the
molecule are the length of the links, or Kuhn length (b), and the
contour length (L), which is b times the number of links. Treating
the L ⬎⬎ b polymer as a statistical object yields a well known scaling
relationship for the root-mean-square radius of gyration, Rg (16):
Rg ⬃ b1⫺L,
with  ranging between one-third for poor solvents, where polymer–
solvent interactions are unfavorable (leading to polymer collapse),
to approximately three-fifths for good solvents, where polymer
excluded volume effects dominate. In ‘‘ideal’’ solvents, the attractive and repulsive interactions between distant polymer segments
cancel, and  ⫽ 1/2.
For ssRNAs, L, of course, still plays a fundamental role; but
because of the dependence of secondary structure on primary
sequence, it is necessary to identify alternative intrinsic properties
of this branched heteropolymer that determine its overall size. To
address this problem, we propose a mapping between certain
coarse-grained secondary structure features of large ssRNA molecules and those of linear homopolymers, thereby enabling a
predictive correlation between primary sequence and 3D size. In
particular, we associate with an arbitrary sequence an ensembleAuthor contributions: A.M.Y., C.M.K, W.M.G., and A.B.-S. designed the research; A.M.Y.
and P.P. performed the research; A.M.Y., P.P., and A.B.-S. contributed analytical tools;
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average maximum ladder distance (具MLD典) and argue that the
corresponding ssRNA molecule behaves like a linear polymer of
contour length 具MLD典, and hence whose radius of gyration scales
as
Rg ⬃ b 1⫺具MLD典 .
The angled brackets indicate a thermal (i.e., Boltzmann-weighted)
average taken over the entire ensemble of possible structures. The
MLD, which will be defined more precisely in Results, is a measure
of the length of the longest direct path across an RNA secondary
structure. We find that b is only weakly dependent on sequence,
whereas the 具MLD典 values are significantly smaller for viral ssRNA
genomes than for nonviral sequences, both random and evolved, of
the same length and composition.
Methods
Because secondary structures of large ssRNAs are difficult to
determine experimentally, and because we wish to calculate average properties of the thermodynamic ensemble of secondary structures associated with each of a large number of widely varying
sequences, we use predictions of the secondary structure made by
RNAsubopt, a program in the Vienna RNA Package, Version 1.7
(17). To evaluate robustness, we compare the results from RNAsubopt with those from three other RNA folding programs:
RNAfold (also from the Vienna RNA Package); mfold, Version 3.1
(18); and a program we developed that employs a deliberately
simplified energy model.
RNAsubopt, RNAfold, and mfold incorporate detailed empirically derived estimates of the free energy changes associated with
loop closure and base stacking to estimate the free energies of
nonpseudoknotted secondary structures formed from GC, AU, and
GU base pairs; the restriction against pseudoknots means that, for
any secondary structure in which base i is paired to base j, no base
between i and j can pair with one outside that segment. Each base
pair thus creates a domain that effectively isolates all bases between
them from those lying outside. This ‘‘domain separation’’ is necessary for all programs that fold large RNA sequences, because it
reduces an intractable problem to one whose computation time
scales as N3 (19), where N is the number of bases. Base stacking
energies are estimated from melting experiments on short oligoribonucleotide duplexes [double-stranded (ds) segments] and are
incorporated into a nearest-neighbor model that takes into account
the identity and orientation of adjoining base pairs. The free
energies of ss loops are determined by the type of loop (hairpin,
bubble, bulge, or multibranch); the base pair(s) closing the loop; the
number of unpaired bases in the loop; and, often, the identity and
sequence of those unpaired bases. Entropy is accounted for both
explicitly, in the entropy penalties for loop closures, and implicitly,
in the use of free energies rather than internal energies for base
stacking. The simple folding program we developed incorporates
only six stacking energies (GC:GC, AU:AU, GU:GU, GC:AU,
GC:GU, and AU:GU; no distinctions are made for orientation or
order), contains no pairing energies, and ignores loop entropy
penalties and all other details.
RNAfold and mfold determine the best possible set of paired
bases, i.e., the combination yielding the minimum free energy
(MFE); reversing this process (‘‘backtracking’’) provides the structure. Even with the exclusion of pseudoknots, the number of
possible secondary structures of a long RNA sequence is enormous
(⬃1.86N) (20), yielding an extremely high density of states. This,
together with the close energy spacing of structures near the MFE,
necessitates that RNA, at thermodynamic equilibrium, be viewed
not as a single MFE secondary structure but instead as an ensemble
of many secondary structures. By using RNAfold, we find that the
frequency of appearance of the MFE structure within the ensemble
is extraordinarily small, ⬃10⫺0.01N for randomly permuted sequences [see supporting information (SI) Fig. S1].
16154 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0808089105

McCaskill developed an algorithm that determines the equilibrium partition function for an ensemble of RNA secondary
structures (21), exploiting the domain separation described
above. This procedure, which has been incorporated into
RNAfold, gives the pairing probability for every base pair that
can be formed by a sequence. From this, one can obtain
ensemble averages for any property that can be calculated
directly from the pairing probabilities.
Some of the quantities we wish to determine, such as MLD,
cannot be calculated from the pairing probabilities because they can
only be measured from the individual secondary structures. Obtaining an exact value for the 具MLD典, therefore, would require
measuring the MLD of every secondary structure in the ensemble
and then thermally averaging. Because the number of secondary
structures involved is so large, it is impossible to do this. However,
an algorithm developed by Ding and Lawrence, first featured in
their Sfold program (22) and incorporated subsequently into RNAsubopt (23), allows one to randomly generate secondary structures
with probabilities in proportion to their Boltzmann weight. If a
sufficient number of structures (we use 1,000) are created, one can
accurately estimate the true ensemble average of any property by
calculating the average value of this property within the generated
subset. Thus, for any property X, its ensemble-average value, 具X典, is
1,000

calculated as 具X典 ⫽ ¥ Xi /1,000. To verify that these subsets are
i⫽1

representative of the ensemble as a whole, properties were identified whose ensemble averages could be exactly determined by using
RNAfold, e.g., the percentage of bases in pairs (PBP), the maximum average ladder distance (MALD) (a measure similar to
具MLD典), and the average ladder distance (ALD) (an alternate
measure of size that explicitly includes branches). The exact thermally averaged values generated by RNAfold were, for each
sequence, compared with the estimated thermal averages calculated from the representative subset generated by RNAsubopt. The
differences were insignificant: For both the random ssRNAs of
lengths 2,500–7,000 and the viral ssRNAs, the discrepancies in
具PBP典, MALD, and 具ALD典 averaged 0.03%, 0.3%, and 0.2%,
respectively.
This thermal averaging is not available within mfold. Instead,
after forming the MFE structure, mfold generates a list of all
possible base pairs that can be formed by the sequence, excluding
those present within the MFE structure. Then, for each of these
base pairs, the lowest energy structure containing that base pair is
determined. This results in a list of fewer than N2 structures, all
higher in energy than the MFE structure. Mfold can be configured
to output the 999 lowest energy structures from this set, and the
MFE structure. We then calculate a Boltzmann-weighted average
of any value X (AX) as:

冘

1,000

AX ⫽

i⫽1

⌬G i

X ie ⫺ kT

冒冘

1,000

⌬G i

e ⫺ kT ,

i⫽1

with ⌬Gi the free energy of the ith structure relative to that of the
MFE one. Again, this average MLD (AMLD) does not represent
a true ensemble average; rather, it is a thermal average over an
arbitrary subset of the ensemble.
For all sequences, we generated both true ensemble-average
pairing probabilities with RNAfold, and representative subsets of
the thermal ensemble with RNAsubopt. To check for robustness,
ensemble-average pairing probabilities were generated with our
simplified energy model, and arbitrary subsets of the ensemble were
generated with mfold. Viral ssRNA sequences were obtained from
the National Center for Biotechnology Information Genome Database (www.ncbi.nlm.nih.gov). Randomly permuted ssRNA sequences were generated by using a Fisher–Yates shuffle driven by
a Mersenne Twister random number generator (24) implemented
Yoffe et al.

Table 1. Differences in 具MLD典s and 具ALD典s between viral and
random sequences

phage Qß ssRNA genome, 4215 nt

Viral taxon
Bromoviridae RNA2
Bromoviridae RNA1
Leviviridae
Sobemovirus
Luteoviridae
Tymovirus
Tobamovirus

B

A

C

G
G
G
G
G

A

20

G
A

A

A

C
C

G

40

3'

C

A

G

C
A

A
A

A

A

C
A
C

G
G
G

A

C A

G

A

C
C

C
C

A
A A

A
5'

10

Fig. 1. Predicted secondary structures of ssRNAs. (A) Enterobacteria phage
Qß (in the Leviviridae family) ssRNA. (B) Randomly permuted ssRNA. Each is
⬇4,000 nt in length and shown to the same scale. The MLDs of these structures
are 221 and 368, respectively. (These are representative of their respective
ensemble averages: The 具MLD典 of the phage Qß ssRNA is 240, and the 具MLD典
of 4,000-base random ssRNAs is 361.) The yellow overlays illustrate the paths
associated with the MLDs (see text and the 50-nt example depicted in C). 具MLD典
values were calculated with RNAsubopt; figures were drawn with mfold.

in C⫹⫹ (25). Yeast (Saccharomyces cerevisiae) genomic sequences
were obtained from the Saccharomyces Genome Database (www.yeastgenome.org).
Results
The current RNA folding programs are known to have limited
accuracy for long sequences (26). For our purposes, however, it is
not necessary that all, or even most, of the individual pairings be
correctly predicted. Rather, the predicted structures need only be
sufficiently accurate to capture the coarse-grained features that
determine 3D size. Our question therefore becomes the following:
Can the relative sizes of large ssRNAs be predicted from computational estimates of appropriate properties of their secondary
structures?
To make such estimates, we must identify a coarse-grained
characteristic of the secondary structure that dictates 3D size. The
single characteristic of a secondary structure that most obviously,
and directly, meets this criterion is its ‘‘extendedness.’’ Fig. 1 A and
B show, respectively, ‘‘typical-looking’’ viral and random ssRNAs of
about the same length. It can be seen that the random ssRNA is
strikingly more extended. The ssRNA in Fig. 1A is from a virus in
the Leviviridae family. Additional representative structures, from
the Bromovirus, Tymovirus and Tobamovirus genera, are shown in
Figs. S2 and S3.
This difference in the extendedness of secondary structures
translates into a difference in 3D size. To evaluate extendedness as
Yoffe et al.

8
8
9
9
17
9
22

2,891
3,265
3,780
4,199
5,725
6,300
6,425

⫺2.3
⫺1.4
⫺3.0
⫺1.4
⫺2.8
⫺2.7
⫹0.6

⫺2.5
⫺1.9
⫺3.5
⫺1.9
⫺3.1
⫺3.5
⫹0.1

A
A

C

C

Mean Z
score,
具ALD典†

A A A

G

ssRNA, 50 nt

Mean Z
score,
具MLD典†

*Number of sequences analyzed.
†The number of standard deviations separating the 具MLD典 or 具ALD典 of each
viral ssRNA from the 具MLD典 or 具ALD典 predicted for random sequences of the
same length, averaged for each taxon (RNAs 1 and 2 of the Bromoviridae are
analyzed separately).

random ssRNA, 4000 nt

30

No. seq.*

Mean N,
nt

a candidate characteristic, a quantitative measure of this property
is required. Bundschuh and Hwa introduced ladder distance as a
measure of the distance between arbitrary bases in ssRNA secondary structures (27). The ladder distance, LDij, is the number of base
pairs (‘‘rungs’’ on a ‘‘ladder’’) that are crossed along the most direct
path in the secondary structure that connects bases i and j. Because
ds sections are essentially stiff rods, whereas ss sections are floppy,
only ds sections are counted in this measure of distance. To
characterize the overall size of RNA secondary structures using a
single quantity, we introduce maximum ladder distance (MLD),
which is the largest value of LDij for all combinations of i and j. In
other words, it is the ladder distance associated with the longest
direct path across the secondary structure. This is illustrated in Fig.
1C, with an MFE secondary structure of an arbitrary 50-nt-long
sequence, whose MLD happens to be 11. The MLD paths of this
secondary structure and of those in Fig. 1 A and B are illustrated
with yellow overlays.
To evaluate its usefulness as a predictive measure of size, we
determined ensemble-average MLD (具MLD典) values in six viral
taxa (listed in Table 1), all of whose virions consist simply of an
ssRNA genome encased within a protein shell. The viruses of five
of the taxa each have a fixed-radius spherical (T ⫽ 3 icosahedral)
shell made up of 180 copies of a single gene product, the capsid
protein. Their ssRNAs range in size from 3,000 to 7,000 nt, but the
outer diameters of their capsids are all 26–28 nm (28, 29). By
contrast, the viruses of the remaining taxon, the Tobamoviruses,
assemble into cylindrical shells of fixed radius (18 nm) but variable
length (averaging ⬇300 nm). Thus, unlike the genomes of the
icosahedral viruses, those of the Tobamoviruses are not required to
fit into a shell of fixed size; longer ssRNA lengths simply lead to
longer (fixed-diameter) cylinders (30). From our starting conjecture, one would predict that the Tobamoviruses are not under
selective pressure to have RNAs that are particularly compact. In
addition, because all five taxa of icosahedral viruses have capsids of
approximately the same size, one would expect the divergence
between the size of the viral and random ssRNAs to increase with
sequence length.
The average composition of the individual viral ssRNAs analyzed
here (not including the Tymoviruses, whose compositions are
atypical for the viruses examined in this study) is 24.0% G, 22.1%
C, 26.9% A, and 27.0% U. However, we must account not only for
the average composition, but also the average discrepancy in
composition between bases potentially able to pair, i.e., G and C,
A and U, and G and U. This composition discrepancy (again, not
including the Tymoviruses) is 2.9 percentage points for %G ⫺ %C,
2.9 for %A ⫺ %U, and 4.0 for %G ⫺ %U (e.g., whether an
individual viral ssRNA contained 22% G and 26% C, or 26% G and
22% C, its %G ⫺ %C difference would be 4 percentage points). To
PNAS 兩 October 21, 2008 兩 vol. 105 兩 no. 42 兩 16155
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Fig. 2. Log–log plot of 具MLD典 vs. sequence length for viral and randomly
permuted ssRNAs. The viral ssRNAs are identified by the symbols listed in the
key (Inset). The Bromoviridae analyzed here are from the Bromovirus and
Cucomovirus genera. The straight line is a least-squares fit to the 具MLD典 values
computed for random sequences of lengths 2,500, 3,000, 4,000, 5,000, 6,000,
and 7,000 nt; the vertical lines show the standard deviations. 具MLD典 values
were calculated with RNAsubopt.

allow for a balance between these two averages—nucleotide percentages and their differences for pairing bases—we chose the
‘‘virus-like’’ composition 24% G, 22% C, 26% A, and 28% U for
the randomly permuted sequences. With this composition, we
generated and analyzed 500 random sequences of length 2,500 nt,
500 of length 3,000 nt, and 300 in each of the lengths 4,000, 5,000,
6,000, and 7,000 nt. The 具MLD典 of each viral and random sequence
was determined with RNAsubopt.
The 具MLD典 values of the icosahedral viral RNAs are systematically smaller than those of the random RNAs, as can be seen in the
log–log plot of 具MLD典 vs. sequence length displayed in Fig. 2. Each
individual viral ssRNA is designated with a symbol indicating its
taxon. The genomes of the Bromoviruses and Cucomoviruses are
multipartite; they are divided among four different ssRNAs. Results are shown for the longest and second-longest of these, identified by convention as RNAs 1 and 2, which package into separate
(but apparently identical) capsids. Also plotted are the average
具MLD典 (具MLD典) values of the various lengths of random sequences,
and their standard deviations; the result is approximately linear
(R2 ⫽ 0.993), with a slope indicating 具MLD典 ⬃ N0.67⫾0.01 over this
range.
These scaling relationships for random ssRNAs are close to the
N0.69 variation obtained numerically by Bundschuh and Hwa for a
similar measure of distance, by using an energy model in which only
Watson–Crick pairings are allowed, the interaction energy is the
same for all pairs, and entropy is ignored (27). Their measure of
distance is the ladder distance between the first and (N/2 ⫹ 1)th
base, averaged over all structures in the ensemble for a random
sequence of uniform composition and then over many sequences.

For each viral ssRNA, we calculated the Z score of the 具MLD典,
i.e., the number of standard deviations separating its 具MLD典 from
the predicted 具MLD典 values of random sequences of identical
length. The latter is determined from the regression equation
plotted in Fig. 2 (see SI Text). The mean Z score of each taxon is
listed in Table 1. Those of the icosahedral viruses range from ⫺1.4
to ⫺3.0, indicating their RNAs have 具MLD典 values that are different
from and smaller than the 具MLD典 values predicted for equal-length
random RNAs. Further, a linear regression analysis of Z score vs.
sequence length for the icosahedral viral RNAs shows a significant
negative slope with a confidence interval ⬎95%, implying that the
relative compactness of these RNAs, all of which are required to fit
into capsids of approximately the same size, increases with sequence length.
The average Z score of the 具MLD典 values of the Tobamovirus
ssRNAs is ⫹0.6. It is striking that these ssRNAs, which package into
cylindrical capsids of variable length, have more extended secondary structures and larger 具MLD典 values than those of the icosahedral viruses. For both the icosahedral viruses and the Tobamoviruses, there appears to be a correspondence between the predicted
secondary structures of their genomes (see Fig. S3) and the size and
shape of the capsids into which the genomes must fit. We hypothesize that, to facilitate viral assembly, ssRNA sequences of selfassembling icosahedral viruses have evolved to have relatively small
具MLD典 values and that these smaller 具MLD典 values give rise to
smaller Rg values.
These results suggest that the differences found between the viral
and random RNAs do not occur simply because the viral RNAs are
of biological origin (each is a positive-sense, directly translated
messenger RNA); otherwise, one would not see a difference
between the results for the icosahedral and cylindrical viruses. To
examine this further, we analyzed 500 ssRNAs that are the transcripts of consecutive 3,000-base sections on yeast (S. cerevisiae)
chromosomes XI and XII. These yeast-derived sequences were
included to represent biological RNAs that, although evolved, have
not been subjected to selective pressures to have a particular overall
size and shape. Our findings, compiled in Table 2, show that the
具MLD典 values of the yeast-derived RNAs are approximately the
same as those of the random RNAs, indicating that the differences
between the random and viral ssRNAs do not result merely from
the biological origin of the latter.
As mentioned earlier, the composition of the random RNAs was
chosen to match, on average, that of the viral RNAs as closely as
possible. However, many individual viral RNAs differ significantly
in composition from the random RNAs, raising the question of
whether the same differences in 具MLD典 would be seen if the viral
RNAs were each compared with random RNAs of identical
composition. To test the sensitivity to composition of the 具MLD典
values of the random RNAs, we analyzed 3,000-base randomly
permuted RNAs of uniform (25% G, 25% C, 25% A, 25% U)
composition. The results, listed in Table 2, show that the 具MLD典 is
insensitive to small composition changes. Further, the average
composition of the yeast RNAs differs significantly from that of
both sets of random RNAs, yet their 具MLD典 values are approximately the same.

Table 2. Composition-dependence of 具MLD典
Composition,* %
Type of ssRNA
Random, viral-like composition
Random, uniform composition
Yeast-derived†

No. seq.

N, nt

G

C

A

U

具MLD典

500
500
500

3,000
3,000
3,000

24
25
19

22
25
19

26
25
31

28
25
31

299 ⫾ 38
296 ⫾ 36
300 ⫾ 46

*The randomly permuted ssRNAs of each type are of identical composition; for the yeast ssRNAs, the mean
composition is listed.
†These are ssRNA transcripts of successive 3,000-base sections of yeast (S. cerevisiae) chromosomes XI and XII.
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Fig. 3. Same as Fig. 2, but with 具ALD典, calculated with RNAfold, replacing
具MLD典. 具ALD典 is a measure of size that explicitly includes all branches.

observed) of dsRNA is ⬇60 nm (32), modeling the duplex
sections as rigid bodies is an excellent approximation. The ss
loops, on average, contain approximately six ss bases, and thus
we estimate that a typical bubble has approximately three ss
bases on each side; the persistence length of ssRNA is likely
similar to that of ssDNA, approximately two bases (33).
From this mapping between secondary structures and effective linear polymers, it follows that the Rg of an ssRNA molecule
with an arbitrary sequence should be determined by
1⫺  
1⫺ 
Rg ⬃ b eff
L eff ⬃ b eff
具MLD典 ⬃ 具MLD典.

Combining the last equation with our earlier result, 具MLD典 ⬃
N0.67, yields
Rg ⬃ 具MLD典  ⬃ N 0.67.
For a non-self-avoiding linear chain,  ⫽ 0.5, in which case, Rg ⬃
N0.34; for a self-avoiding linear chain,  ⬇ 0.6, giving Rg ⬃ N0.40.
This approach can be broadened by mapping the ssRNA
secondary structures onto an alternate polymer model system
that accounts for all possible paths across the structure, and thus
includes all branches. For any ideal polymer, linear or branched,

Rg ⬃

冓

b
N2

冘冘
N

N

L ij

i⫽1 j⫽1

冔

1

⁄2
,

where Lij is the distance along the backbone between monomers
i and j (34). Proceeding as above, we obtain

Rg ⬃

冓

b eff
N2

冘冘
N

N

i⫽1 j⫽1

冔 冓

L ij,eff ⬃

1
N2

冘冘
N

N

i⫽1 j⫽1

LD ij

冔

1

⁄2
1
⬅ 具ALD典 ⁄2,

where Lij,eff has been replaced by LDij in the second step. The
ALD is the average ladder distance, i.e., the average of the N2
pairwise ladder distances in an RNA secondary structure, and
具ALD典 is its ensemble average. By using values for 具ALD典
calculated exactly from the pairing probabilities generated by
RNAfold, we have repeated the analysis shown in Fig. 2. The
results are equivalent, with 具ALD典 ⬃ N0.68⫾0.01 and Rg ⬃ N0.34,
and demonstrate that the differences between random and viral
ssRNAs are preserved when branches are explicitly included (see
Fig. 3 and the Z scores of the 具ALD典 values in the last column
of Table 1). As with MLD, ALD is robust with respect to the
energy model. Results obtained with the simplified folding
program (具ALD典 ⬃ N0.68⫾0.01) are shown in Fig. S6.
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How likely is it that the predicted differences in 具MLD典 between
viral and nonviral RNAs are present in actual RNAs? RNAsubopt
and all similar programs that predict RNA structure have the
capability, in principle, to find all possible non-pseudoknotted
structures. Thus, the accuracy of RNAsubopt (its ability to properly
sample from the ensemble) depends not on what structures it is able
to predict (it can predict all of them, barring those with
pseudoknots), but rather on the energies it assigns to them, which
are determined by its energy model. As mentioned earlier, we only
require that RNAsubopt be sufficiently accurate to predict general
coarse-grained features of the RNA secondary structure, such as
具MLD典. To evaluate whether our findings are specific to RNAsubopt
(and therefore possibly an artifact of the particular energy model on
which RNAsubopt is based), we compared viral and random ssRNAs
by using mfold, which is similar to RNAsubopt but differs somewhat in
both its energy model and the structures it samples from the ensemble.
Whereas the 具MLD典 values generated by RNAsubopt are different
from the AMLD values generated by mfold, both showed the same
systematic difference in MLD between viral and random ssRNAs, and
approximately the same scaling relationships for random sequences
(AMLD ⬃ N0.74⫾0.01 for mfold, see Fig. S4).
To further test the robustness of these predictions, we compared random and viral ssRNAs using our simplified RNA
folding program. This program does not determine individual
secondary structures, and consequently does not permit calculation of 具MLD典. However, it does determine pairing probabilities, which allows calculation of the maximum average ladder
distance (MALD) of the entire ensemble of structures, which is
the maximum value of the ensemble averages of the N2 ladder
distances associated with each N-base sequence. We find that
this program—like those discussed above, which are based on
more realistic energy assignments—also predicts systematic differences between random and viral RNAs, giving smaller
MALD values for viral sequences than for nonviral ones (see Fig.
S5). Thus, even a highly simplified energy model that merely
takes into account nearest-neighbor interactions is sufficient to
reveal a fundamental difference between the secondary structures of viral and randomly permuted ssRNA sequences. With
this simplified model, for random sequences of lengths 2,000–
4,000, MALD ⬃ N0.66⫾0.02.
The folding programs we employ cannot produce structures
that contain pseudoknots. Although pseudoknots are known to
occur in viral RNAs, such as those that form 3⬘-terminal
tRNA-like structures (8), they are typically local (involving bases
separated by ⬍102 nt along the sequence); accordingly, ignoring
them should not significantly affect our prediction of overall size.
Evidence has been found for longer-range pseudoknots, such as
kissing hairpins connecting bases separated by as many as 400 nt
(31), but even these are close relative to the overall length of viral
genomes. In any event, our aim is to develop a zeroth-order
theoretical model that captures the determinants of overall size,
with pseudoknots, kissing hairpins, and other details included
later as necessary.
To translate 具MLD典 into Rg, it is useful to map the RNA
secondary structures onto polymer models whose configurational statistics are well understood, such as ideal linear and
‘‘star’’ polymers. By using the simplest idealization, as in the
freely jointed chain model discussed above, we can replace
structures like the two shown in Fig. 1 A and B by linear chains
whose effective contour lengths (Leff) are given by their 具MLD典
values. To complete this mapping, we model the duplex sections
as the rigid links of the chain, and the ss bulges, bubbles, and
multibranch loops as the flexible joints that connect them. The
effective Kuhn length (beff) is thus the average duplex length in
the ssRNA secondary structure, a property that is approximately
the same (5 bp) for all sequences examined. This corresponds to
an average RNA duplex length of 1–2 nm. Because the persistence length (a measure of the length scale at which bending is

Discussion
Our goal has been to develop a generic, qualitative picture of
how the 3D sizes of large ssRNAs depend on their sequences.
Accordingly, we have identified coarse-grained features of RNA
secondary structures (具MLD典 and 具ALD典) that can be used to
predict variations in Rg that can be systematically compared with
experimental measurements.
Although we have focused on the role of genome size on
assembly, other properties, such as total charge (35), also play a
role. It is clear, however, that the intrinsic size of the RNA in
solution must be an important factor in determining the free
energy of encapsidation and hence in controlling the degree of
spontaneity of the process.
The smaller 具MLD典 values and 具ALD典 values of viral ssRNAs
(relative to those of random sequences) cannot be explained by
smaller values of 具PBP典. With the exception of the Tymoviruses,
the 具PBP典 values of the individual viral ssRNAs are all close to
(within one percentage point) or larger than the 具PBP典 values of
random sequences. For random ssRNAs (of lengths 2,500–
7,000), the overall average value of 具PBP典 is 62.0; for the viral
ssRNAs the values of 具PBP典 are 63.3 (Bromovirus/Cucomovirus
RNA2), 64.2 (Bromovirus/Cucomovirus RNA1), 68.4 (Leviviridae), 65.9 (Sobemovirus), 61.8 (Luteoviridae), 45.0 (Tymovirus), and 64.3 (Tobamovirus). Note also that the Tymovirus
ssRNAs, despite their relatively low 具PBP典 values, exhibit approximately the same range of 具MLD典 and 具ALD典 values as those
of the comparable-length Luteoviridae ssRNAs.
The 具MLD典 and 具ALD典 of a secondary structure result from
its connectivity, which is in turn determined by its branching
properties. The viral ssRNAs form more compact secondary
structures than random ssRNAs in part because the former have
significantly more (relative to sequence length) higher-order

branches (those that are junctions for four or more duplexes).
Among the viral ssRNAs, as the number of higher-order
branches per unit sequence length increases, the Z scores of their
具MLD典 and 具ALD典 values become more negative. We are
currently examining viral sequences to determine whether they
share common patterns that give rise to the formation of these
higher-order branches.
In predicting the native sizes of ssRNAs, we have assumed that
their secondary structures are in thermodynamic equilibrium.
Extensive in vitro studies indicate that, as ssRNAs are transcribed, they typically misfold into kinetically trapped states (36).
However, more recent work, on the transcription of hairpin
ribozyme sequences in yeast, has shown that not-yet-elucidated
cofactors present in the nucleus strongly inhibit kinetic trapping
in vivo, thereby increasing the importance of thermodynamic
stability in determining the folded state of ssRNA (37). Similar
factors may be operative in the cytoplasm of host cells infected
by messenger–sense ssRNA genomes, from which viral ssRNA
transcripts are synthesized by RNA-dependent viral replicases
(as opposed to the usual DNA-dependent RNA polymerases).
These considerations suggest that the thermodynamic ensembles
we have used to estimate viral genome sizes are indeed relevant
to overall size and hence to capsid packaging efficiencies.
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ABSTRACT The binding of the myristoylated alanine-rich C kinase substrate (MARCKS) to mixed, ﬂuid, phospholipid membranes is modeled with a recently developed Monte Carlo simulation scheme. The central domain of MARCKS is both basic
(z ¼ 113) and hydrophobic (ﬁve Phe residues), and is ﬂanked with two long chains, one ending with the myristoylated N-terminus.
This natively unfolded protein is modeled as a ﬂexible chain of ‘‘beads’’ representing the amino acid residues. The membranes
contain neutral (z ¼ 0), monovalent (z ¼ 1), and tetravalent (z ¼ 4) lipids, all of which are laterally mobile. MARCKS-membrane
interaction is modeled by Debye-Hückel electrostatic potentials and semiempirical hydrophobic energies. In agreement with
experiment, we ﬁnd that membrane binding is mediated by electrostatic attraction of the basic domain to acidic lipids and membrane penetration of its hydrophobic moieties. The binding is opposed by conﬁgurational entropy losses and electrostatic
membrane repulsion of the two long chains, and by lipid demixing upon adsorption. The simulations provide a physical model
for how membrane-adsorbed MARCKS attracts several PIP2 lipids (z ¼ 4) to its vicinity, and how phosphorylation of the central
domain (z ¼ 113 to z ¼ 17) triggers an ‘‘electrostatic switch’’, which weakens both the membrane interaction and PIP2
sequestration. This scheme captures the essence of ‘‘discreteness of charge’’ at membrane surfaces and can examine the
formation of membrane-mediated multicomponent macromolecular complexes that function in many cellular processes.

INTRODUCTION
A delicate balance between the energetic and entropic contributions to the membrane adsorption free energy is exhibited
in various biological processes (1,2). One important example is the ‘‘electrostatic switch’’ mechanism underlying
the membrane binding of several proteins, including the
myristoylated alanine-rich C kinase substrate (MARCKS)
(3,4). This natively unfolded protein is thought to bind
electrostatically to anionic lipids in the inner leaﬂet of the
plasma membrane through its relatively small (25 residues)
but strongly charged effector domain (ED), which comprises
13 basic residues (5–7). The effector domain also contains
ﬁve phenylalanine residues. One end of the ED is connected
to a ﬂexible, 151-residue long, polypeptide chain, hereafter the
‘‘loop’’, ending at the myristoylated N-terminus. A comparably long ﬂexible chain, hereafter the ‘‘tail’’, originates at
the other end of the ED, ending at the C-terminus (Fig. 1).
Electrostatic attraction between the basic residues along
the ED and the acidic membrane lipids, such as the multivalent phosphatidylinositol 4,5 bisphosphate (PIP2) and the
monovalent phosphatidylserine (PS) molecules, provides the
major driving force for membrane adsorption of MARCKS.
In addition, MARCKS-membrane binding is enhanced by the
hydrophobic insertion of the ﬁve phenylated ED residues,
as well as of the myristoylated N-terminus anchor. On the
other hand, and apart from the loss of translational entropy
attendant upon any adsorption process, two entropy loss
mechanisms can detract from the free energy of membrane
Submitted February 29, 2008, and accepted for publication April 25, 2008.
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binding: i), The lower conformational freedom of the
adsorbed protein because of excluded volume repulsive interactions with the membrane surface. This entropy loss involves mainly the long tail and loop chains, but also, though
to a lesser extent, the ED. ii), The reduced ‘‘mixing entropy’’
of the lipid membrane resulting from the protein-induced
sequestration of charged lipids, primarily PIP2, and their localization to the vicinity of the basic protein domain.
MARCKS adsorption is also expected to be opposed by
electrostatic repulsion of the moderately negatively charged
tail and loop from the acidic membrane. Similarly subtle
interplays between energetic and entropic contributions to
protein-membrane binding are likely to be encountered in a
variety of signaling events (5,8).
Experiments suggest that the basic protein domain binds
preferentially to the multivalent lipid PIP2, ;3 PIP2 molecules per adsorbed protein (9–11). The PIP2 charge (which
generally varies between 3 and 5 (12), ) is assumed to
have a valence of z ¼ 4 in this and previous studies, implying that a few multivalent lipids are sufﬁcient to provide
full electrostatic neutralization of the 13 ED charges (5,12).
This is especially signiﬁcant considering that the PIP2 concentration in the plasma membrane is just ;1%, whereas the
concentration of monovalent acidic lipids (primarily PS) is
typically 10–30%. PIP2, an important signaling lipid, acts at
several levels to regulate cell structure and metabolism (13).
For example, phospholipase C (PLC) hydrolyzes PIP2 lipids
in response to hormonal signals, yielding two fragments that
serve as intracellular second messengers (8). PIP2 may also
interact with actin-binding proteins, thereby regulating cytoskeleton-membrane attachment (14). It is thus believed that
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by binding to PIP2 lipids, MARCKS controls their accessibility for interaction with other cellular proteins (15–17).
Indeed, phosphorylation of three serine residues in the
MARCKS-ED by protein kinase C (PKC) reduces its net
charge from 113 to 17. The decrease in electrostatic attraction between MARCKS and membrane is thought to
contribute to the dissociation of MARCKS from the plasma
membrane, exposing the PIP2 lipids to hydrolysis by PLC
and other reactions. This reversible binding of MARCKS
to the lipid membrane underlies the ‘‘electrostatic-switch
mechanism’’ (3,18), whose analysis is one of our major goals
in this study.
We recently presented a theoretical approach for modeling
the adsorption of charged ﬂexible polymers onto mixed,
oppositely charged, ﬂuid membranes (19). We showed there
that the Rosenbluth Monte Carlo (MC) scheme for simulating
polymer statistics in solution (20,21) can be extended and
applied to model the interaction of polymers with multicomponent ﬂuid membranes. This modeling scheme, which
we also use in this study, allows and thus explicitly accounts
for lipid mobility within the membrane plane, and hence for
possible local changes in lipid composition, in response to
interactions with nearby peripheral macromolecules (see also
(22,23)). In a previous study (19), we described in detail how
thermodynamic and conﬁgurational characteristics of the
polymer-membrane system can be derived from the simulation data, demonstrating the approach for a relatively simple
model system; a 20-segment-long positively charged homopolyelectrolyte, interacting with mixed membranes containing
neutral, monovalent, and polyvalent acidic lipids. The emphasis there has been on the theoretical-computational background as well as on the differences between polymer
binding to ﬂuid versus ‘‘frozen’’ membranes and versus
uniformly charged surfaces.
The conceptual framework and computational algorithms
developed in Tzlil and Ben-Shaul (19) are applied here to
study the considerably more complex and biologically more
relevant process of MARCKS binding to ﬂuid membranes
composed of neutral, monovalent (e.g., PS) and tetravalent
(PIP2) lipids. In addition to simulating the adsorption of our
MARCKS (heteroplymeric) model, we also study its phosphorylated isomer, thus modeling the ‘‘myristoyl-electrostatic-switch’’ mechanism. A related protein of interest is the
mutant MARCKS-FA, in which all the phenylalanines of the
MARCKS-ED peptide are replaced by the less hydrophobic
alanine residues (10).
Several theoretical-computational studies, including atomiclevel binding calculations (4,24,25), statistical-thermodynamic
analyses (22,23,26,27), as well as a very recent transfer matrix formulation (28), have addressed some of the questions
of interest here, primarily the localization of speciﬁc membrane lipids mediated by peripherally bound macromolecules. However, as far as we are aware of, none of these
works has explicitly been concerned with the binding of
ﬂexible proteins to multicomponent ﬂuid membranes, which
Biophysical Journal 95(4) 1745–1757
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constitutes our general goal in this study. Speciﬁcally, our
detailed simulations of membrane-MARCKS binding are
intended to yield new and additional insights into the
mechanisms underlying the adsorption of charged, unstructured, proteins onto mixed ﬂuid membranes, with particular
emphasis on: i), The role of lipid mobility, especially in
connection to PIP2 sequestration. ii), A detailed examination
of the interplay among the various electrostatic, hydrophobic,
and entropic contributions to protein-membrane binding. iii),
A further examination of the electrostatic switch mechanism
as pertains to MARCKS. The simulations analyzed in the
next sections, even for our approximate protein-membrane
model, are computationally quite demanding. Focusing on
the major issues of biophysical interest, we have thus chosen
to analyze here the adsorption of MARCKS, its FA mutant,
and their phosphorylated isomers, on three representative
membranes of interest, corresponding to different proportions of the neutral, monovalent, and tetravalent lipids (PC:
PS:PIP2 ¼ 89:10:1, 99:0:1 and 90:10:0).

THEORY AND SIMULATION MODEL
MARCKS domains
In solution, owing to the electrostatic repulsion between its charged residues,
MARCKS-ED (residues 152–176 of MARCKS), like other polyelectrolytes,
is expected to be relatively stretched compared to a similarly long uncharged
peptide (29,30). Experiment reveals that upon adsorption, the MARCKS-ED
assumes an extended conformation (31), which could be even more extended
than in the bulk solution due to the additional electrostatic repulsion between
the ‘‘neutralizing’’ acidic lipids localized in the adsorption zone.
Contrary to the strong attraction of the basic domain to the membrane, the
loop (residues 1–151) and tail (177–332) chains emanating from the ED are
expected to be repelled from the membrane owing to two mechanisms. The
ﬁrst is entropic, resulting from the lower conﬁgurational freedom of the
chains due to excluded volume interactions with the membrane surface.
Secondly, the chains are moderately acidic and are thus electrostatically
repelled from the acidic membrane. (The loop carries 24 negative and 10
positive residues, implying a net charge of z ¼ 14; roughly randomly
spread along the chain. The corresponding numbers for the tail are 35 and
17, and hence z ¼ 28.) As we shall see in the next section, our calculations
indicate that the electrostatic repulsion is weaker than that due to excluded
volume interactions. They also suggest that these repulsions are not strong
enough to modify the extended and ‘‘ﬂat’’ conﬁgurations of the basic domain
due to its strong electrostatic attraction and hydrophobic binding to the membrane. Consequently, since its ED-bound end resides generally near the
membrane surface, the tail may be regarded as an end-grafted polymer. The
loop is grafted to the membrane at both ends, one connected to the basic
domain and the other—the myristoylated N-terminus—hooked to the membrane’s hydrophobic core.
As in our previous study, we use here an approximate, ‘‘coarse grained’’
model of the protein, treating it as a freely jointed chain of charged, hydrophobic, and neutral beads, according to the amino acid sequence; all beads
are of the same diameter d (19,31). The lipid membrane is modeled as a
perfectly ﬂat two-dimensional (2D) hexagonal lattice, with lipid headgroups
occupying all of its lattice sites. Since the distance between nearest neighbor
lipid headgroups is generally comparable to the spacing, d, between amino
acid side chains along the protein backbone, we further simplify the model
and set the minimal interlipid distance equal to d. In the numerical simulations, we use a membrane lattice constant of d ¼ 8.66 Å (corresponding
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to a lipid membrane where the area per headgroup is 65 Å2; see Tzlil and
Ben-Shaul (19) for additional details).
The amino-acid sequence of the central basic domain is shown in Fig. 1.
This sequence as well as those of the long tail and loop chains were taken
from Swiss-Prot database (32). Our MARCKS simulation model accounts in
detail for the position and character (charge and degree of hydrophobicity) of
the amino acids along the ED. It also accounts for the exact positions of the
charged residues along the tail and the loop, but all their other residues (most
of which are alanines and prolines) are modeled as identical, electrically
neutral, beads. Owing to the substantial computational difﬁculty of simulating the interaction among the long (332-segment, heteropolymeric) intact
MARCKS with the three component ﬂuid membrane, we have separately
simulated the conformational statistics and membrane binding characteristics
of the loop, of the ED, and of the tail. In other words, we have treated the
loop, ED, and tail as noninteracting chains, except for (grafting) boundary
conditions imposed on the tail and the loop, as detailed below. This approximation is supported by the notion (later conﬁrmed by our simulations)
that the relatively short ED binds strongly, both electrostatically and hydrophobically, to the lipid membrane with all its segments lying nearly ﬂat on
its surface. Although linked to the ED, the tail and loop hardly affect the
conformational statistics of the adsorbed ED, or the spatial distribution of the
lipids in its vicinity.
Another difference between our simulations of ED-membrane versus tailmembrane and loop-membrane simulations involves the treatment of the
lipid membrane. Although we explicitly account for lipids’ mobility and their
redistribution in the membrane upon adsorption of the ED, in simulating the
tail and the loop, we model the membrane as a uniformly charged surface,
with all lipids carrying the same average partial charge. In this approximation, the tail and the loop experience the same electrostatic potential everywhere across the 2D membrane surface, and their charged residues cannot
induce local changes in lipid composition. This ‘‘uniform membrane approximation’’ thus sets an upper bound to the electrostatic repulsion energy
between membrane and chains. To asses the importance of this interaction,
we have carried out additional simulations in which all chain segments are
electrically neutral. Detailed results will be given in subsequent sections, yet
we can mention that the neutral and charged chains reveal very similar
behaviors and just a small difference in chain-membrane repulsion energy
(;1 kcal/mole), supporting our approximate treatment of loop-membrane
and tail-membrane interactions.
The boundary conditions imposed on the loop and the tail are: i), The ﬁrst
segment of the loop (corresponding to the myristoylated N-terminus) is always found at the membrane’s plane. ii), The last (151th) segment of the loop
is kept ﬁxed at the (average) position of the ﬁrst (152th) ED segment, i.e.,
very close to the membrane’s surface. iii), The position of the ﬁrst (177th)
tail’s segment is ﬁxed at the (average) position of the last (176th) ED
residue. As argued above, subject to these boundary conditions, the protein-

1747
membrane binding free energy can be expressed as a sum of three contributions,

DF ¼ DFED 1 DFloop 1 DFtail ;

(1)

with each term representing the difference between the free energy of the
corresponding domain in its adsorbed state and as a free polymer in solution.
Note that DF is essentially ‘‘the standard free energy of adsorption’’, and
thus does not include the loss of translational entropy of the (‘‘united’’)
protein upon binding. The change in translational entropy depends, of
course, on peptide concentration and affects the adsorption isotherms and
related properties; as discussed in the next section.
The tail’s contribution to DF is

DFtail ¼ DEtail  TDStail ;

(2)

where the ﬁrst term accounts for the electrostatic repulsion from the membrane, whereas the second (and as it turns out, more important) term reﬂects
the loss of conformational entropy experienced by the tail upon grafting its
ﬁrst segment to the membrane. Similarly,

DFloop ¼ DEloop  TDSloop 1 DEmyr ;

(3)

involves an electrostatic repulsion term and a conformational entropy loss
term that now accounts for grafting both ends of the loop. The hydrophobic
insertion energy of the myristoylated N-terminal anchor, DEmyr ; provides the
largest contribution to the loop’s binding free energy.
The myristoyl insertion free energy has been estimated experimentally as
DFmyr  8 kcal=mole ¼ 13:5 kB T (3), where kB is Boltzmann’s constant
and T is the absolute temperature. This estimate is based on measurements of
the partitioning of a short end-myristoylated peptide, comprising the ﬁrst 15
groups of the Src protein, between solution and an electrically neutral lipid
membrane. Besides the hydrophobic interaction of the myristoyl chain,
DFmyr includes the loss of conformational freedom experienced by the rest
of the peptide upon adsorption. For a freely jointed chain of length
pﬃﬃﬃN,
ﬃ the
corresponding entropy loss is estimated theoretically as DS ¼ kB ln N (33),
so that for the above peptide TDS ¼ 0:5ln15 ¼ 1:35 kB T. We have also
estimated this entropy loss based on our MC simulation scheme and found
TDS ¼ 1:7 kB T. Using this latter estimate, we conclude that DEmyr ¼
13:5  1:7 ¼ 15:2 kB T; and later employ this value in our calculations.

Interaction potentials
The basic residues of the MARCKS-ED peptide (12 lysines, K in Fig. 1, and
one arginine, R) are represented in our model by spherical beads with a unit
positive charge in their center. The tail and the loop are modeled as freely

FIGURE 1 Schematic representation of an
adsorbed MARCKS protein. Circles enclosing
the 1 symbol and open circles denote basic and
electrically neutral amino acids, respectively.
The hydrophobic phenyl groups that tend to
insert into the membrane’s hydrophobic core
are represented by hexagons. Also illustrated
are neutral and several acidic lipid headgroups,
represented by circles enclosing one (e.g., monovalent PS) or four (tetravalent PIP2) negative
charges. The amino acid sequence of the basic
domain is shown explicitly. For the long tail and
loop sequences (not shown) see, e.g., SwissProt database (32).

Biophysical Journal 95(4) 1745–1757

1748

Tzlil et al.

jointed chains of beads (all of diameter d), carrying acidic, basic, and neutral
residues, as dictated by the known amino acid sequences of these chains. For
comparison, we have also calculated the energetic and conformational
properties of equally long tail and loop chains comprising only neutral beads.
Upon adsorption, MARCKS-ED acquires an extended conformation and
the binding is enhanced by the insertion of the ﬁve phenylalanines (F) into the
membrane’s hydrophobic core (31). These residues are represented by
spherical beads that can partly penetrate the hydrophobic core. A similar
model is used for the more weakly binding leucine (L) residue. In certain
control experiments, the phenylalanines of MARCKS-ED were substituted
by alanines (A); the corresponding peptide is known as MARCKS-FA-ED.
The experiments showed that this substitution reduces substantially the extent of PIP2 sequestration. To compare our simulations to these experiments,
we shall model this peptide using a weaker hydrophobic interaction potential,
as detailed below.
As noted earlier, MARCKS detaches from the membrane upon phosphorylation of three serine (S) groups residing in its ED, reducing its net
charge from 113 to 17. We shall model the phosphorylated state of
MARCKS-ED by assigning a charge of z ¼ 2 to the three serine residues
located in the centers of the corresponding beads. We now turn to a more
detailed description of the various potentials used.

Excluded volume interactions
There are no restrictions in our model on the angles between successive
bonds along the polymers representing the three protein domains, but we do
account for excluded volume interactions between (all pairs of) nonbonded
chain segments. This short-ranged repulsion is modeled using the truncated
and shifted Lennard-Jones potential:


uLJ ðrÞ ¼

4e½ðs=rÞ  ðs=rÞ  1 e if
0
if
12

6

r$2 s
1=6 : (4)
r#2 s
1=6

We set 21=6 s ¼ d and e ¼ 0:1 kB T; thus ensuring the onset of steep repulsion
as soon as r falls below d (34).
The membrane surface is treated as an impenetrable wall to all the polar
protein groups, implying a minimal distance of d/2 between polymer and
lipid charges. The (centers of the) hydrophobic residues (Phe, Ala, and Leu)
are allowed to penetrate the membrane interface down to z ¼ 0; as described
below.

Electrostatic interactions
The charged amino acids are treated as spherical beads with point charges
residing in their centers. Similarly, the charged lipids are treated as disks
bearing point charges at their centers. Although the charged residues of
MARCKS-ED are always located in the aqueous region, they generally reside very near the membrane-water interface. This is due to the electrostatic
attraction of the basic residues to acidic membrane lipids, as well as to their
pulling toward the membrane by the membrane-inserted phenylalanines (31).
To account for the proximity of the protein charges to the membranewater interface, we use here a recent extension of Debye-Hückel (DH) theory
due to Netz (35), in which the presence of a dielectric discontinuity is explicitly taken into account. Closed-form expressions for the modiﬁed DH
potentials are available for geometries such as the membrane-water interface
in which the dielectric constant on one side of the boundary (i.e., the hydrophobic membrane core) is negligible compared to that of the other side
(the aqueous solution). The interaction potential between two ionic charges
q and q9 at distance r apart, located at distances z and z9; respectively, from
the interface is then given by (35)

uDH ðr; z; z9Þ ¼ qq9lB

e

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
k r 14zz9
e
1 qq9lB pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
:
r
r 2 1 4zz9

kr
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In Eq. 5 and hereafter, unless otherwise speciﬁed, the interaction potentials
and all other energies are measured in units of kB T; and distances will be
measured in units of d. lB ¼ e2 =ekB T is the Bjerrum length where e is the
elementary charge and e is the dielectric constant of water, and k1 is the
Debye screening length. In all calculations, we use lB ¼ 7.14 Å, appropriate
for water at room temperature, and k1 ¼ 10 Å, which corresponds to typical
physiological conditions (monovalent ionic strength of ;0.1 M). Notice that
at the interfaceðz ¼ z9 ¼ 0Þ; the interaction becomes twice as large as the
interaction with no dielectric boundary. We shall use Eq. 5 for all relevant
electrostatic interactions, i.e., between protein charges, membrane charges
and membrane-protein charges.
We also account for the effect of a nearby dielectric boundary on the Born
self-energy, (assuming, as in Eq. 5, that the dielectric constant within the
membrane is negligible compared to that of water). Explicitly, the charging
energy of an ion of charge q located at a distance z from the membrane,
relative to its value in solution, is given by (35)
2

uself
DH ðzÞ ¼

2kz

q e
lB
:
2
2z

(6)

Note that this excess Born energy implies an effective repulsion of the ionic
charges from the membrane.
The assumption underlying Eqs. 5 and 6, that a sharp boundary separates
the high (water) and low (hydrocarbon membrane core) dielectric media, is,
of course, an approximation. The hydrocarbon-water interface, containing
the various lipid headgroups, is of nonzero thickness and its ‘‘effective’’
dielectric constant is intermediate between those of water (;80) and of the
membrane interior (;2). Furthermore, it is inhomogeneous and depends on
lipid composition. In using Eqs. 5 and 6, we assume that the effect of this
narrow interfacial shell on electrostatic interactions in the aqueous region is
small compared to those implied by the presence of an inﬁnite low dielectric
medium beyond the interface boundary.

Hydrophobic interactions
Our model allows the hydrophobic residues to partly penetrate into the
membrane’s hydrophobic core. To this end, we use simpliﬁed square-welllike potentials for all hydrophobic residues. We determine their depth, Dh ; so
as to reproduce the molar partition coefﬁcient of the relevant amino acid, as
measured by Wimley and White (for speciﬁc peptides interacting with
neutral membranes) (36). Explicitly, the hydrophobic amino acids are allowed to insert down to distance d=2 ’ 4.3 Å, (corresponding, roughly, to
the size of a phenyl group), and their interaction potential with the membrane
is given by

8
< N
uh ðzÞ ¼ Dh
:
0

z,0
0 # z # d=2 :
z . d=2

(7)

Using our simulation scheme to model the partition coefﬁcients of the
peptides studied by Wimley and White (36), we derived the following well
depth values: Dh;leu ¼ 2:4 kB T; Dh;ala ¼ 0:7 kB T; and Dh;phe ¼ 3:5 kB T. Additional details are given in Appendix A.
It should be noted that we neglect hydrophobic interactions due to the
membrane penetration of hydrophobic residues in the loop and tail regions,
because neither region contains an appreciable local density of hydrophobic
residues, and because entropic and electrostatic repulsions are expected to
outweigh any potential hydrophobic contributions.

Thermodynamic and structural properties
From the simulations, we derive both structural characteristics of the proteinmembrane system, e.g., dimensions of the adsorbed protein and thermodynamic properties such as adsorption free energies and their various components.
The theoretical-computational background underlying these calculations
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has been described in our earlier work (19). Skipping most details of the
computational algorithm, we brieﬂy outline below the basic physical assumptions of our thermodynamic model and the procedures used to derive
structural and thermodynamic averages of interest.

Thermodynamic model
We ﬁnd it computationally convenient to classify the (numerous) conﬁgurations of the macromolecule-membrane system according to the position of
a particular polymer segment (or, alternatively, the center of mass) from the
membrane plane. Quite arbitrarily, we have chosen to classify these conﬁgurations according to the distance, z1 ; of the ﬁrst (equivalently, the last)
polymer segment from the membrane. We use

qðz1 Þ ¼ + exp½Uðm; ajz1 Þ

M

to denote the partition function of an adsorbed macromolecule with a given
z1 ; where Uðm; ajz1 Þ ¼ UðmÞ 1 Uðajm; z1 Þ is the potential energy corresponding to a speciﬁc membrane-polymer conﬁguration; Uðajm; z1 Þ denotes
the energy of a polymer in conformation a; whose ﬁrst segment is ﬁxed at
distance z1 from the membrane plane, interacting with a membrane in a given
lipid conﬁguration m. Uðajm; z1 Þ includes the self-energy of the polymer
(i.e., the sum of its intersegment potentials), as well as its interaction energy
with the membrane. UðmÞ is the interlipid interaction energy.
All simulations involving the MARCKS-ED peptide refer to its adsorption on mixed ‘‘ﬂuid’’ (as opposed to ‘‘frozen’’) membranes. The various
lipid species comprising a ﬂuid membrane are laterally mobile and can thus
adjust their local composition in response to interactions with peripheral
molecules. In particular, the highly basic MARCKS-ED is expected to sequester acidic lipids, especially PIP2 molecules, localizing them to its immediate vicinity. On the other hand, as noted above, the electrostatic
interaction of the (very long and sparsely charged) tail and loop chains with
the membrane is rather weak. Consequently, their tendency to modify the 2D
distribution of the acidic lipids is much weaker. Thus, in simulating their
interaction with the membrane surface, we use a simpler, ‘‘uniform membrane’’ model, whereby the total membrane charge is evenly shared among
all its constituent lipids, corresponding essentially to a homogeneously
charged planar surface with a uniform surface potential. Note that the uniform membrane involves only one lipid conﬁguration and the sum over m in
Eq. 8 is, of course, redundant. It should be understood that all the forthcoming equations that involve summation over m refer to ﬂuid membranes;
the uniform membrane may be regarded as a (degenerate) special case.
We use lto denote the thickness of the adsorbed layer, deﬁned here as the
distance ðz1 . lÞ from the membrane surface beyond which DF practically
vanishes. (Alternative deﬁnitions can be given, e.g., in terms of the surface
excess (19).) The average partition function of an adsorbed macromolecule
is thus
ð1Þ

Z
¼ ð1=lÞ

l

qðz1 Þdz1 :

(9)

0

For z1 . l; the polymer no longer interacts with the membrane, and hence
Uðm; ajz1 Þ ¼ UðmÞ 1 UðaÞ. In this limit qðz1 . lÞ ¼ qðNÞ ¼ qð0Þ qb ; where

q

ð0Þ

¼ + exp½UðmÞ

(10)

m

ð1Þ M

(12)

where g ¼ u=qb ¼ expðmÞ is the absolute activity, and j ¼ qð0Þ 1 gqð1Þ is
the two-state (empty and occupied) partition function of one membrane cell.
Using NLP to denote the number of adsorbed macromolecules, the fraction of
occupied cells (or the ‘‘surface coverage’’) is u ¼ NLP =M ¼ NLP ða=AÞ.
From the thermodynamic relationship NLP ¼ @lnJ=@m ¼ @lnJ=@lng; it
then follows that u ¼ gqð1Þ =j; yielding the Langmuir-like adsorption isotherm
ð1Þ

ð1Þ

u
gq
q
DF
;
¼ ð0Þ ¼ u
ð0Þ ¼ ue
1u
q
qb q

(13)

where
ð1Þ

ð0Þ

DF ¼ lnðq =qb q Þ

(14)

is the adsorption free energy, per macromolecule.
From the MC simulations we derive qb ; qð0Þ ; and all the qðz1 Þ values,
using which we calculate qð1Þ (Eq. 9) and the adsorption free energy DF (Eq.
14). Similarly, the statistical average, ÆAæ; of any thermodynamic or structural
property of the adsorbed macromolecule can be calculated using

Z

Z

l

ÆAæ ¼

l

qðz1 ÞÆAðz1 Þædz1
0

qðz1 Þdz1 :

(15)

0

Partition coefﬁcients
The adsorption-free energies derived from the simulations can be related to
experimentally measurable molar partition coefﬁcients, Ka ¼ ½LP=½L½P;
where [LP], [L] and [P] are, respectively, the concentrations of lipid-protein
complexes (i.e., adsorbed proteins), total lipid, and free protein in solution.
Expressing these concentrations in terms of the number of molecules (NLP ;
etc.), we have

½LP[NLP =V; ½P[NP =V ¼ u=n; ½L[NL =V ¼ ðA=aL Þ=V;
(16)
where aL (typically ;65 Å2) is the average cross-sectional area per lipid
headgroup. For low concentrations of proteins in solution (u ¼ NP n=V  1),
and correspondingly small values of membrane coverage (u ¼ NLP a=
NL aL  1), Eq. 13 yields u ¼ uexpðDFÞ; and hence
ð1Þ

is the partition function of the free membrane, and

qb ¼ + exp½UðaÞ

ð0Þ

Jf ¼ ðjÞ ¼ ½q 1 gq  ;

(8)

m;a

q

membrane, of total area A, is regarded as a 2D array of M ¼ A=a noninteracting cells, all of the same area, a; and of the same lipid composition, each
cell capable of accommodating one adsorbed macromolecule. We may also
assign a volume to these adsorption cells, n ¼ al; where l is the thickness
of the surface layer. The membrane is in equilibrium with a bulk solution of
volume V containing NP macromolecules. Consistent with modeling the
surface layer as a 2D lattice, we treat the bulk solution as a three-dimensional
array of V=n cells. Assuming dilute solution behavior, the chemical potential
of the macromolecules is then given by m ¼ lnqb 1 lnu; where u ¼
NP n=V is the volume fraction of macromolecules in solution.
Treating the membrane as an open system with respect to macromolecule exchange, the grand-canonical partition function of our model system
above is

(11)

a

is the conformational partition function of the macromolecule (with its ﬁrst
segment ﬁxed at some arbitrary point) in the bulk solution.
The thermodynamics of protein adsorption on a ﬂuid membrane is adequately described in terms of a simple lattice model, as follows. The lipid

Ka ¼

½LP
q
DF
¼ laL f ð0Þ ¼ laL e :
½L½P
qb q

(17)

To compare our calculations with experimentally determined Ka values, we
note that DF is measured here in kB T values, and that laL is a molecular
volume, (e.g., for a typical membrane layer thickness of l ¼ 10 d ¼ 86:6 Å
and lipid area of 65 Å2, we have laL ’ 5630 Å3). Experimentally measured
DF values are generally expressed in kcal/mole (1 kcal/mole ’ 0:6 kB T at
Biophysical Journal 95(4) 1745–1757
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room temperature), and the concentrations, e.g., [P], in moles per liter, so that
the units of Ka are ½M1 . For the representative value of laL above, we ﬁnd
Ka ð½M1 Þ ¼ 3:39 3 expðDF ðkcal=moleÞ=0:6Þ.

RESULTS AND DISCUSSION
Several series of MC simulations were carried out for
MARCKS, its MARCKS-FA mutant (where the ﬁve phenylalanines of the ED are replaced by alanines) and their phosphorylated isomers (where the net charge on the ED is 17
rather than 113). Results are presented for the MARCKSED peptide as well as for the intact MARCKS. Focusing
mainly on the role of PIP2 lipids in MARCKS-membrane
interaction, we have chosen three representative membrane
compositions:
A binary, PC:PS ¼ 90:10, membrane containing 90%
neutral (e.g., phosphatydylcholine, PC) lipids and 10%
monovalent acidic (e.g., PS) lipids. (Typical concentrations of PS in biomembranes are 10–30%).
ii. A ternary membrane, PC:PS:PIP2 ¼ 89:10:1, containing
neutral, monovalent, and 1% tetravalent PIP2 lipids,
corresponding to typical physiological concentrations.
iii. A PC:PIP2 ¼ 99:1 membrane, which contains 1% PIP2
lipids but no PS. This last case is of interest for comparative purposes, as well as because it has been studied
experimentally as a special model system.
i.

All simulations were carried out for a single protein domain (the effector domain, the tail or the loop) interacting
with a 50 3 50 hexagonal membrane cell, with periodic
boundary conditions. This membrane cell is large enough to
accommodate each of the adsorbed macromolecules studied.
(Note
that
pﬃﬃﬃﬃﬃﬃﬃ
ﬃ the spatial dimensions of the tail and the loop are
; 150 , 12; ED is, of course, smaller.) In all cases, the
simulations ran over no less than 1 million MC steps, thus
ensuring good convergence of the binding free energies and
their components. More speciﬁcally, this ensured convergence to within a fraction of a percent for the PS containing
membranes, and to within about 1% for the PC:PIP2 ¼ 99:1
membrane. As explained in the previous section, thermodynamic and structural data (for MARCKS-ED and its isomers)
were calculated by integrating the results of simulations
corresponding to different values of z1 ; with z1 sampled in
steps of Dz1 ¼ d=2.
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Structural properties
Fig. 2 shows two typical simulation snapshots of MARCKSED adsorbed on a ﬂuid membrane, exhibiting its tendency to
stretch along the membrane surface, with the phenyl side
chains inserted into the hydrophobic core. Also apparent is
the localization of PIP2 lipids to the vicinity of the adsorbed
peptide. Not entirely obvious from the two snapshots depicted in Fig. 2, but clearly revealed by our quantitative
calculations (as described in more detail below), is that the
presence of monovalent PS lipids in the membrane hardly
affects the sequestration of PIP2. To demonstrate the role
of the phenyl residues in stretching MARCKS-ED parallel
to the membrane plane, we show in Fig. 3 the distribution, PðzÞ; of chain segments along the membrane normal, for
MARCKS-ED and MARCKS-FA-ED in their adsorbed
state. This distribution is calculated using
 Z l
Z l
qðz1 Þnðzjz1 Þdz1 N
qðz1 Þdz1 ;
(18)
PðzÞ ¼
0

0

where nðzjz1 Þdz is the average number of polymer segments
located between Rz and z 1 dz; given that the ﬁrst segment is
N
ﬁxed at z1 ; N ¼ 0 nðzjz1 Þdz is the total number of polymer
segments (19). The ﬁgure shows very clearly that owing to
the anchored phenyl groups, MARCKS-ED lies ﬂat on the
membrane, whereas the less hydrophobic peptide MARCKSFA-ED extends signiﬁcantly toward the aqueous medium.

Lipid redistribution
Let ci ðrÞ denote the local concentration of lipid species i, at
distance r from the center of the polymer’s adsorption zone,
i.e., from the projection of the average center of mass position
onto the membrane plane. The (differential) enrichment
ðiÞ
factor of lipid species i is deﬁned as the ratio ci ðrÞ=c0 between its local concentration and its average membrane
ðiÞ
concentration c0 ; reﬂecting the extent to which the adsorbed
protein sequesters the lipid i (19,37). In Fig. 4, we show the
enrichment factor of i ¼ PS and PIP2 lipids for MARCKS-ED
and MARCKS-FA-ED and their phosphorylated isomers,
when adsorbed on any of the three types of membranes
considered here. We note that the concentration of PIP2
within the interaction zone (extending from r ¼ 0 to r ; 6) is
signiﬁcantly higher than its average membrane value. On the
FIGURE 2 Typical simulation snapshots of
MARCKS-ED adsorbed on a PC:PIP2 ¼ 99:1
membrane (a), and on a PC:PS:PIP2 ¼ 89:10:1
membrane (b). Red and green spheres represent
positively charged and neutral amino acids,
respectively. Purple beads denote the hydrophobic phenylalanines. PIP2, PS, and PC lipids are
represented by blue, yellow, and white spheres,
respectively. Notice the insertion of the phenyl
groups into the lipid membrane and the localization of PIP2 lipids to the polymer vicinity.
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FIGURE 3 Segment distribution along the membrane normal of adsorbed
MARCKS-ED (left) and MARCKS-FA-ED (right), as a function of the
distance z (in units of d) from the membrane surface. The solid and dashed
curves correspond, respectively, to the nonphosphorylated and phophorylated isomers. All results are for the PC:PIP2 ¼ 99:1 membrane. (Similar
results were obtained for the PC:PS:PIP2 ¼ 89:10:1 membrane.)

other hand, PS enrichment is negligible in all cases. A detailed explanation to this behavior was given in our previous
work (19). Qualitatively, the difference is due to the fact that
the mixing entropy loss associated with the transfer of four
PS lipids from the bulk of the membrane into the interaction
zone is much larger than the demixing entropy penalty inﬂicted by the transfer of one tetravalent PIP2 molecule. The
contribution of both processes to electrical neutrality is, of
course, the same. Interestingly, a very recent theoretical

FIGURE 4 Enrichment factor of charged lipids as a function of the radial
distance from the (membrane projection of the) protein’s center of mass.
Results are shown for MARCKS-ED (a and c) and MARKCS-FA-ED
(b and d) adsorbed on the PC:PS:PIP2 ¼ 89:10:1 membrane (a and b), and
the PC:PS ¼ 90:10 and PC:PIP2 ¼ 99:1 membranes (c and d). The arrows
indicate the lipid species enriched and the type of membrane considered; e.g.,
‘‘PC:PS (PS)’’ labels the enrichment of PS lipids in the PC:PS ¼ 90:10
membrane. The solid and dashed (PIP2) curves correspond to the nonphosphorylated and phophorylated isomers, respectively. The dashed-dotted
and dotted curves correspond to the (minor) enrichment of PS by these isomers.
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study, dealing with the lateral diffusion of charged basic
peptides (e.g., MARCKS-ED) on a mixed lipid membrane
containing oppositely charged mono- and multivalent lipids
arrives at similar conclusions, though from a different—
kinetic—viewpoint (38). Explicitly, this dynamic mean-ﬁeld
study indicates that the peptide sequesters and strongly binds
the multivalent lipids, diffusing with those ‘‘bound lipids’’
as an ‘‘inseparable’’ cluster. The monovalent lipids, on the
other hand, bind only weakly and transiently, and cannot
follow the motion of the cluster. Their lateral distribution in
the membrane is thus barely affected by the adsorbed protein,
consistent with our observation regarding the enrichment
factor of mono- versus multivalent lipids (Fig. 4). It should
be stressed, however, that highly charged macromolecules
adsorbed on moderately (oppositely) charged membranes
can induce substantial modulations of lipid charge, even
if the constituent lipids are monovalent; see, e.g., Harries
et al. (22).
within the interThe average number of PIP2 molecules
R
action region is given by nPIP2 ¼ cPIP2 ðrÞ2prdr. Integrating over the local PIP2 concentration we ﬁnd that nPIP2 ﬃ 4
PIP2 lipids are sequestered per one adsorbed MARCKS-ED
peptide, comparable to the values known from experiment
(9,39). The calculated enrichment factor for the MARCKSFA-ED peptide is somewhat smaller, ;3 PIP2 per adsorbed
peptide. Note, however, that we also ﬁnd a lower binding free
energy for MARCKS-FA-ED as compared to MARCKSED, resulting (for the same bulk concentrations) in a smaller
number of adsorbed peptides (see below).
Fig. 5 shows rðrÞ; the radial distribution of MARCKS-ED
segments. As expected, the lateral dimensions of the polymer
(rmax ; 6) correlate closely with the dimensions of the region
enriched by charged acidic lipids. We also note that the extent
of this region is not affected by phosphorylation, which is not
surprising because phosphorylation dramatically reduces the
number of adsorbed peptides (see below), but hardly affects

FIGURE 5 Surface density of chain segments as a function of the radial
distance from the protein’s center of mass. The solid and dashed curves
correspond to the nonphosphorylated and phosphorylated MARCKS-ED
isomers, respectively. Results are shown only for the PC:PS:PIP2 ¼ 89:10:1
membrane. Similar results were obtained for the other membranes.
Biophysical Journal 95(4) 1745–1757
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the dimensions of those which remain bound to the membrane.
In Fig. 6, we show a typical spatial conﬁguration of the
intact MARCKS on the lipid membrane. The snapshot is, in
fact, a superposition of three separate snapshots, corresponding to the ED, tail, and loop domains, tailored together
at their appropriate boundaries. In this particular case, the tail
and loop were modeled as neutral chains, yet it should be
noted that charged chain conﬁgurations appear very similar.
The similar conﬁgurational statistics of the charged and
neutral chains are in line with the notion above that membrane-chain repulsion is primarily due to excluded volume
(rather than electrostatic) interactions.

Binding free energies
In this section, we present the calculated binding free energies of MARCKS, MARCKS-ED, and their FA mutants,
both before and after phosphorylation, all for our three representative membrane compositions. The major results are
summarized in Table 1, which lists also the relevant energetic
and entropic contributions to the DF values. Comparisons
with some available experimental results are presented and
analyzed.
As argued with regard to Eq. 1, expressing DF as a sum of
contributions arising from the loop, tail, and effector domains
is generally a good approximation. By adopting this scheme,
we cannot examine possible intramolecular interactions between the different MARCKS domains, as suggested by
some authors (40). Also, this approximation might be less
appropriate for strongly acidic membranes, in which case the
moderately acidic tail and loop chains may experience strong
electrostatic repulsion from the membrane, which, in turn,
could (‘‘nonadditively’’) interfere with the conﬁgurational

FIGURE 6 Typical snapshot of the MARCKS protein model, demonstrating the extended conﬁgurations of the long ‘‘tail’’ and ‘‘loop’’ domains, as
distinguished from the membrane bound central basic domain. Green and red
spheres represent here neutral and positively charged amino acids, respectively. The myristoyl anchor is represented by a yellow sphere. PIP2, PS, and
PC lipids are represented by blue, purple, and white spheres, respectively. (In
this particular snapshot, the tail and loop chains are electrically neutral.
Charged chain conﬁgurations appear similarly extended.)
Biophysical Journal 95(4) 1745–1757
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and energetic behavior of the basic domain. However, for the
physiologically relevant membrane compositions of interest
here, our calculations suggest that such coupling between
the ED and the two ﬂexible chains is quite unlikely. Good
qualitative and reasonable quantitative agreement between
the predictions of our simulations and available experimental
results provides additional support to the validity of Eq. 1. To
substantiate these remarks, we begin our analysis with the
loop and tail free energies. Recall that we simulate their adsorption using the uniformly charged membrane model, and
that the ﬁrst tail segment and both ends of the loop are
grafted to the membrane. More precisely, being chemically
connected to the ED, the ﬁrst segment of the tail (residue 177
of MARCKS) is kept ﬁxed at distance d from the membrane,
which corresponds to the average position ÆzED
25 æ  d; of the
last ED segment (residue 176) . A similar boundary condition
is imposed on the last segment of the loop; its ﬁrst segment is
bound to the membrane through the myristoyl anchor.
Tail and loop contributions

In the Theory section, we have estimated the myristoyl insertion energy as DEmyr ¼ 15:2 kB T ¼ 9:1 kcal=mole;
providing a substantial contribution to the binding energy of
the intact protein. Opposite contributions to the binding free
energy arise from the repulsive, excluded volume and electrostatic, interactions of the tail and loop chains with the
membrane. Our simulations show that their sum, DEelec
tail1loop 
TðDStail 1 DSloop Þ; is typically approximately equal to
DEmyr , thus largely reducing the overall contribution,
DFtail1loop ¼ DEmyr 1 DEelec
tail1loop  TðDStail 1 DSloop Þ; of the tail
and loop domains to the binding free energy; e.g., for the
(relatively strongly charged) PC:PS:PIP2 ¼ 89:10:1 membrane
we found DEelec
tail1loop  TðDStail 1 DSloop Þ ¼ 7:5 kcal=mole; and
hence DFtail1loop ¼ 9:1 1 7:5 ¼ 1:6 kcal=mole.
Table 1 reveals that DEelec
tail1loop  TðDStail 1 DSloop Þ ¼
DFtail1loop  DEmyr is rather similar for the three types of
membranes, even though their average charges are quite
different. This implies that the contribution to tail and loop
repulsion associated with the loss of conﬁgurational chain
entropy, (TðDStail 1 DSloop Þ), is considerably larger than
that due to direct electrostatic repulsion (DEelec
tail1loop ). This
conclusion is further supported by our additional simulations
in which all tail and loop segments were modeled as being
electrically neutral, in which case DEelec
tail1loop [ 0. Here, for
all membranes, we found TðDStail 1 DSloop Þ ¼ 5.7 kcal/mole,
yielding DFtail1loop ¼ T(DStail 1 DSloop)  DEmyr ¼ 5.7 
9.1 ¼ 3.4 kcal/mole, only 1.8 kcal/mole smaller than its
value (1.6 kcal/mole) for the strongly charged membrane
(see Table 1). The difference between these two values represents the direct electrostatic repulsion energy of (both) the
tail and the loop from the membrane, indicating that its
contribution to DF is indeed small. This justiﬁes the assumption embodied in Eq. 1 regarding the additive contributions to DF of the three protein domains.
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TABLE 1 Adsorption free energies and their various components, for MARCKS-ED, MARCKS-FA, and their phosphorylated (‘‘Phos’’)
isomers on PC:PS:PIP2 ¼ 89:10:1, 90:10:0, and ¼ 99:0:1 membranes
PC:PS:PIP2 ¼ 89:10:1

PC:PIP2 ¼ 99: 1

PC:PS ¼ 90:10

Nonphos

Phos

Nonphos

Phos

Nonphos

Phos

MARCKS

DF
DFED
DEED
TDSED
KaED ½M 1 
DFtail1loop
DEelecð1LeuÞ
DEBorn
DEPhe
nPIP2

9.1
7.5
25.5
18
2 3 106
1.6 (3.4)
17.3
0.4
8.6
3.65

5.3
3.7
18.0
14.3
3 3 103
1.6(3.4)
12.9
0.8
5.9
2.97

7.2
4.6
24.4
19.8
2 3 104
2.6 (3.4)
16.8
0.5
8.1
4.45

4.8
2.2
14.5
12.3
2 3 102
2.6(3.4)
9.3
0.6
5.8
2.8

4.3
2.7
12.5
9.8
4 3 102
1.6 (3.4)
5.8
0.3
7.0
0

2.7
1.1
6.7
5.5
3 3 101
1.6(3.4)
2.7
0.4
4.4
0

MARCKS-FA

DF
DFED
DEED
TDSED
KaED ½M 1 
DFtail1loop
DEelecð1LeuÞ
DEBorn
DEAla
nPIP2

5.4
3.8
15.0
11.2
4 3 103
1.6 (3.4)
15.1
0.4
0.3
3.08

3.4
1.8
8.8
7.0
1 3 102
1.6(3.4)
9.0
0.2
0.05
2.63

3.8
1.2
9.5
8.3
4 3 101
2.6 (3.4)
9.6
0.3
0.2
3.5

3.3
0.7
5.8
5.1
1 3 101
2.6 (3.4)
6.0
0.2
0.05
2.5

2.5
0.9
2.6
1.7
8
1.6 (3.4)
2.6
0.1
0.1
0

2.0
0.4
1.2
0.8
4
1.6(3.4)
1.3
0.1
0.01
0

DEPhe and DEAla are the contributions due to the hydrophobic insertion of (all) the phenylalanine and alanine residues, respectively. DEBorn is the Born selfenergy and DEelec ¼ DE  DEPhe=Ala  DEBorn is the electrostatic contribution to the binding. (The small contribution of the single leucine residue is not
included in the Phe/Ala contribution but rather added to the electrostatic energy). nPIP2 is the number of PIP2 lipids sequestered into the adsorption region. The
number in parenthesis (3.4) for DFtail1loop is the value obtained for electrically neutral tail and loop chains. All energies in kcal/mole.

A noteworthy result of the simulations is that for the
electrically neutral chains, DSloop  3DStail ; which is not very
surprising considering that the tail is grafted to the membrane
at one end whereas the loop is grafted at both ends. Interestingly, the value derived from the simulations, TDStail 
ð5:7=4Þ kcal=mole=0:6 ¼ 2:4 kB T; agrees nearly perfectly
with the theoretical estimate (33) for the entropy
pﬃﬃﬃﬃloss of an
end grafted chain of length N ¼ 156; DS ¼ kB ln N ’ 2:5 kB .
Experiment versus simulation

From Table 1, it is apparent that for the nonphosphorylated
protein on the PC/PS/PIP2 and PC/PIP2 membranes
DFtail1loop ð;2 kcal=moleÞ is considerably smaller than DFED ;
the binding free energy of MARCKS-ED, which implies that
DFED  DF. In other words, for these protein-membrane
systems, the binding free energy of the intact MARCKS and
the MARCKS-ED peptide are of similar magnitudes, within
1  2 kcal=mole of each other. This ﬁnding agrees reasonably
well with experimental measurements of Ka ; the partition
coefﬁcients of the peptide and protein between solution and a
PC:PS ¼ 90:10 membrane. Speciﬁcally, it was found that
Ka  6 3 103 M1 for MARCKS-ED (41), and Ka  104 M1
for the intact MARCKS (42), implying DFðMARCKSÞ 
DFðMARCKS-EDÞ  0:3 kcal=mole.
Partition coefﬁcients of MARCKS and MARCKS-ED
were also measured (using different methods (41,42)) for
several other PC:PS membrane compositions. One intriguing
ﬁnding is that upon increasing [PS] from 10% to 20%, the

binding constant of MARCKS-ED increases ;1000-fold
(reﬂecting the stronger attraction of its basic residues to the
membrane), whereas the corresponding increase in MARCKS
binding is only ;10-fold. The more moderate enhancement
of MARCKS binding may be attributed to the concomitant
increase in the electrostatic repulsion of the tail and loop
chains from the membrane (S. McLaughlin, Stony Brook
University, personal communication, 2007). We have not
carried out systematic simulations of PC/PS membranes and
thus cannot test this behavior quantitatively.
Our calculations may be compared to binding measurements of MARCKS and MARCKS-ED to electrically neutral
membranes, which yielded Ka ¼ 2.6 3 103 M1 (or DF ¼
4:7 kcal=mole) (42) and Ka  50 M1 (DF  2:3 kcal=
mole) (41), respectively. The difference, D(DF) ¼ 4.7 
(2.3) ¼ 2:4 kcal=mole; may be interpreted as the binding
free energy of the tail and loop domains to the neutral membrane. Our simulations of the electrically neutral tail and loop
(whose interactions with charged and neutral membranes are no
different) yield a comparable value: DFtail1loop ¼ 3:4 kcal=mole.
In Table 1, we also report our estimates, based on Eq. 17,
for the molar partition coefﬁcients, Ka ¼ ½LP=½L½P; of the
MARCKS-ED peptide, its FA mutant, and their phosphorylated isomers. (In all cases aL ¼ 65 Å2, with lin the range 5 d–
15 d, depending on the system modeled, so that KaED ð½M1 Þ ¼
3.39(l/10 d) 3 expðDFED ðkcal=moleÞ=0:6Þ.) These values
may be compared to experimental results obtained for similar
systems, as shown for several cases in Table 2.
Biophysical Journal 95(4) 1745–1757
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TABLE 2 Measured and calculated binding constants, in M 1 . M and M-ED stand for MARCKS and MARCKS-ED, respectively
PC:PS:PIP2 & protein
(Experiment reference)

100:0:0 & M-ED
(41,44)

100:0:0 & M
(42)

93:6:1 &
M-ED (9)

Ka (experiment)
Ka (simulation)

50

2.6 3 103

5 3 105

(See text)

89:10:1 &
M-ED

90:10:0 &
M-ED (41,44)

90:10:0 &
M (42)

99:0:1 &
M-ED (44)

2 3 106

6 3 103
4 3 102

1.1 3 104
6 3 103

1 3 106
2 3 104

PC:PS:PIP2 ¼ 89:10:1, etc., denote the membrane composition.

Electrostatic-hydrophobic coupling

We close this section with a few comments on the insertion
energies of the hydrophobic ED residues, aiming to highlight
certain aspects of their coupling to electrostatic effects. The
difference in adsorption free energy upon replacing a phenylalanine group of a short, uncharged peptide by alanine was
determined experimentally as 1.3 kcal/mole (36) (see Appendix A). On the other hand, the ratio between the partitioning of MARCKS-ED and MARCKS-FA-ED to PC/PS ¼
10:1 membranes was found to range between 6 and 10, implying a difference of 0.22–0.27 kcal/mole in the binding free
energy per residue (43,44). For a different membrane, PC/
PIP2 ¼ 99:1, this ratio was found to be 300, corresponding to
a free energy difference of 0.7 kcal/mole per residue (45).
From our calculations, as given in Table 1, we conclude that
the difference in the binding energy per residue, DðDFÞ ¼
ðDFMARCKS-ED  DFMARCKS-FA-ED Þ=5; ranges between 0.36
and 0.74 kcal/mole, comparable to the experimental results.
The difference between the measurements involving the
short hydrophobic peptides and those for MARCKS-ED may
be attributed to the different ‘‘environments’’ surrounding
the phenylalanine residues in the two types of peptides, as
well as to their different sizes. This explanation is supported
by the fact that our calculated values of DðDFÞ above, which
agree with the measured values for the MARCKS peptides
(43,44), were derived using hydrophobic insertion potentials
based on measurements involving the short hydrophobic
peptides (36), (Appendix A). Qualitatively, the apparent
discrepancy above between the two experimental values of
DðDFÞ can be explained as being due to the presence of
charged amino acids (which tend to avoid the hydrophobic
core) around the phenyl groups. The charged groups are
‘‘repelled’’ from the membrane surface due to their unfavorable Born energy, thus diminishing the ability of the
phenyl groups to insert into the hydrophobic core. On the
other hand, the inserted phenyl groups pull the charged amino
acids of MARCKS-ED toward the membrane and hence to
oppositely charged lipids, resulting in a larger contribution to
the adsorption free energy as compared to MARCKS-FA-ED
(shown in Table 1).
Adsorption isotherms—‘‘electrostatic-switching’’
Experiments reveal that under typical physiological conditions (bulk concentration of ;1 mM), MARCKS-ED efﬁciently inhibits PIP2 hydrolysis by phospholipase C (10,45),
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indicating that all PIP2 lipids are bound. After phosphorylation, whereby the net charge on the ED drops from 113 to
17, the peptide desorbs, exposing the PIP2 molecules to
enzymatic reactions. Our goal in this section is to examine
this behavior based on the DF values reported in Table 1. To
this end, we use the Langmuir adsorption isotherm, Eq. 13,
but with a minor redeﬁnition of u. Namely, because we are
primarily interested here in PIP2-containing membranes, we
now use u to denote the fraction of protein-bound PIP2
molecules. More precisely, u is calculated as the ratio


nPIP2 ð½P=ð½PIP
2 Þ; where ½P and ½PIP2  are the surface
concentrations of membrane bound proteins and PIP2 lipids,
respectively. Interpreting nPIP2 as the number of PIP2 lipids
sequestered and bound by one membrane adsorbed protein
(or peptide), then u ¼ 1 means that all such lipids are protein
bound (possibly shielded from enzymatic attack). In the
calculations reported below, we have used nPIP2 ¼ 3. More
details on the calculation are given in Appendix B.
To calculate u as a function of the equilibrium volume
fraction (bulk concentration) of proteins, u; we rewrite Eq.
13 in the form
DF

u¼

ue
DF
1 1 ue

(19)

and calculate the adsorption isotherms using the binding free
energies from Table 1. (The relationship between the volume
fraction and the molar concentration is given in Appendix B).
Adsorption isotherms for representative cases involving
MARCKS, MARCKS-FA, MARCKS-ED, MARCKS-FAED, and their phosphorylated isomers are shown in Fig. 7. In
addition to the two PIP2-containing membranes, adsorption
isotherms are also shown for the PC:PS ¼ 90:10 membrane,
in which case u in Eq. 19 is simply the fraction of membrane
area covered by adsorbed proteins.
For all membranes considered in Fig. 7, the intact proteins
adsorb more strongly than the corresponding ED peptides,
owing to their larger binding energies. We also note, as expected, that phosphorylation greatly weakens the binding.
Similar behavior is predicted upon replacing the phenylalanines by alanines. For bulk protein concentrations of, say,
u ; 1mM; our calculations suggest that u is nonzero only for
the PIP2-containing membranes. Speciﬁcally, for this bulk
concentration of MARCKS in equilibrium with a PC/PS/
PIP2 ¼ 89:10:1 membrane, we ﬁnd that u ¼ 1; i.e., the ratio
between membrane-bound proteins to PIP2 lipids is ;1:3. If
a membrane-bound protein indeed sequesters and binds ;3
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FIGURE 7 Adsorption isotherms for the MARCKS-ED
peptide (left) and intact-MARCKS protein (right). The
fraction of occupied adsorption membrane sites (which
equals the fraction of bound PIP2s in membranes containing
these lipids) is plotted here as a function of the MARCKS
concentration in solution, for PC:PS:PIP2 ¼ 89:10:1 (black
or green), PC:PIP2 ¼ 99:1 (blue), and PC:PS ¼ 90:10
(purple) membranes. The solid, dashed, and dash-dotted
curves correspond to MARCKS (peptide and protein),
MARCKS-FA, and the phosphorylated MARCKS, respectively.

PIP2s, it is reasonable to assume that it will shield them
from hydrolyzing enzymes. After phosphorylation u drops
sharply, implying partial exposure of these lipids to enzymatic attack, as suggested by the ‘‘electrostatic-switch’’
mechanism.
For bulk protein concentrations of, say, u ; 10 mM (as
found in some brain tissue cells, see Gambhir et al. (10) and
references therein) we ﬁnd that MARCKS adsorbs efﬁciently
on the PC:PS ¼ 90:10 membrane as well.
We are not aware of experimental results pertaining exactly to the systems we studied, yet comparing our results to
those derived for two somewhat different systems reveals
similar trends. More than 90% inhibition of PIP2 hydrolysis
in a PC:PS:PIP2 ¼ 66:33:1 membrane has been observed for
0.1 mM MARCKS-ED in solution, and ;50% inhibition
with 0.3–0.5 mM MARCKS-ED for a PC:PS:PIP2 ¼
83:17:0.15 membrane (10,45). For bulk protein concentrations in this regime (0.1–1 mM), our simulations of
MARCKS-ED indicate u ; 1 for the PC:PS:PIP2 ¼ 89:10:1
membrane, and u ; 0:2  0:5 for the PC:PIP2 ¼ 99:1
membrane (Fig. 7).
Many experimental studies so far have focused on the role
of PIP2 in the binding of basic proteins and peptides to acidic
membranes (5,6,17). One, still somewhat controversial issue,
is whether polybasic peptides are adsorbed via nonspeciﬁc
electrostatic attraction to the oppositely charged membrane,
or speciﬁcally need polyvalent lipids to mediate their binding, (see Discussion in McLaughlin (5)). Our calculations
cannot resolve this issue, yet they suggest that the bound
proteins indeed sequester PIP2 molecules, which signiﬁcantly enhances their binding as compared to membranes
devoid of these multivalent lipids.
CONCLUDING REMARKS
Using a detailed, albeit coarse-grained, ‘‘molecular-level’’
model to describe the conﬁgurations of the ﬂexible
MARCKS protein, we have carried out several series of
Monte Carlo simulations, mimicking MARCKS binding to
mixed, ﬂuid, lipid membranes. Particular emphasis was devoted to the role of lipid lateral mobility and the ability of the

adsorbed proteins to sequester and bind the multivalent acidic
PIP2 lipids. We found that MARCKS adsorbs effectively on
membranes containing ;1% of these lipids, attracting them
to their vicinity. Upon phosphorylation, which halves the net
charge on the basic domain, the binding is weakened substantially. Depending on the protein concentration in the cell,
the phosphorylation may induce a sharp transition from a
state where the PIP2s are shielded by the adsorbed protein to a
state where they are exposed to enzymatic attack, thereby
initiating their role as second messengers in signal transduction events.
On a more general level, the simulations demonstrate the
subtle interplay between the various entropic and energetic
contributions to the binding free energy of MARCKS and
other ﬂexible proteins. For instance, we found that the sum of
conﬁgurational entropy losses experienced by the ﬂexible
loop and tail chains counterbalance most of the binding energy gained due to the myristoyl anchor. Our simulations
have also revealed an interesting correlation between the
hydrophobic attraction of the effector domain due to the
phenylalanine side chains and the electrostatic attraction of
the basic residues to acidic lipids.
Many of the ‘‘quantitative’’ conclusions derived from our
simulations depend sensitively on estimates of such quantities like the hydrophobic membrane insertion energies of the
myristoyl anchor or the phenylalanines, the use of DH electrostatic potentials, or the depiction of the protein as a freely
jointed chain of spherical beads. Any error in estimating these
quantities may affect the numbers obtained. Furthermore,
although we allow for lateral lipid mobility, our simulations
do not explicitly account for kinetic timescales, such as the
diffusion times of different lipid species, or the rates of
protein adsorption-desorption, whose relative magnitudes
can play a major role in determining the extent of acidic lipid
binding and protein-membrane interaction (46). Notwithstanding these reservations, we reiterate that our main goal
here has been to explore and highlight some of the most
general qualitative mechanisms underlying the adsorption
of charged and unstructured proteins on oppositely chargedmixed-ﬂuid membranes. Our approximate model has unambiguously revealed the crucial role played by lipid mobility
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and polyvalent lipid sequestration in protein-membrane interaction, and demonstrated the delicate balance between the
electrostatic, hydrophobic, and entropic components of this
interaction.
APPENDIX A
Our parameterization of the well depths Dh appearing in the hydrophobic
interaction potentials deﬁned in Eq. 7 is based on two series of experiments
performed by Wimley and White (36). In one series of experiments
(Experiment I), partition coefﬁcients (or, equivalently, transfer free energies
DG0 ) were measured for a series of peptides of different lengths: acetyl-WL,
acetyl-WLL,. . ., acetyl-WL6 (W, tryptophan, L, leucine), ﬁnding that DG0
increases linearly with peptide length, with a slope of 0.56 kcal/mole, which
was interpreted as the free energy of transferring leucine from membrane
to water. The second set of experiments (Experiment II) involved pentapeptides of the form acetyl-WLXLL, where X is one of the 20 natural amino
acids. The transfer free energies for the amino acids of interest here are: 1),
For X ¼ A ¼ alanine, DGWLALL ¼ 4:08 6 0:03 kcal=mole; 2), For X ¼ F ¼
phenylalanine, DGWLFLL ¼ 5:38 6 0:02 kcal=mole; 3), For X ¼ L ¼ leucine,
DGWLLLL ¼ 4:81 6 0:02 kcal=mole; 4), For X ¼ W ¼ tryptophan, DGWLWLL ¼
6:10 6 0:02 kcal=mole.
Using our simulation to mimic Experiment I, we found that Dh;leu ¼
2:4 kB T ¼ 1:44 kcal=mole reproduces the slope DðDG0 ðWLn ÞÞ ¼
0:56 kcal=mole mentioned above. Using this Dh;leu in simulating Experiment
II-3, we found Dh;trp ¼ 4:7 kB T ¼ 2:82 kcal=mole. Then, using these two
values to simulate Experiments II-1 and II-2, we determined Dh;ala and Dh;phe ;
respectively. Although not needed for our MARCKS simulations (since W
does not appear in MARCKS-ED), we have carried out a ‘‘control simulation’’ corresponding to Experiment II-4, ﬁnding that our previously determined Dh;leu and Dh;trp indeed reproduce the experimental DGWLWLL . Based
on the procedure outline above, we found: Dh;leu ¼ 2:4 kB T ¼ 1:44 kcal=mole,
Dh;ala ¼ 0:7 kB T ¼ 0:42 kcal=mole; and Dh;phe ¼ 3:5 kB T ¼ 2:1 kcal=mole.

APPENDIX B
Recall that on PIP2-containing membranes, each adsorbed protein sequesters
nPIP2  3  4 PIP2 lipids (hereafter, for concreteness, we assume nPIP2 ¼ 3),
which on the bare membrane spread over an (average) area ã; possibly larger
than the projected area of an adsorbed protein. (For example, in a membrane
containing 1% PIP2, the average area enclosing three PIP2s is ã  300 d2 ;
whereas the area ‘‘shaded’’ by one adsorbed MARCKS-ED is a  100 d2
(see Fig. 4). For the intact MARCKS, our calculations yield a ’ ã  300 d2 .)
In the lattice model formulation leading to Eq. 13, the deﬁnition of u as the
fraction of bound PIP2s simply means that the membrane is an array of
adsorption cells of area ã; accommodating no more than one adsorbed
protein.
If a , ã; then when all PIP2s are bound (u ¼ 1), there is an ‘‘excess
membrane area’’ (ã  a per adsorbed peptide), which, in principle, may
accommodate additional proteins. Yet, adsorption onto these PIP2 deﬁcient
regions—which is mediated by the insertion of hydrophobic side chains into
the bilayer’s core, and/or by electrostatic attraction to the monovalent PS
lipids—is relatively weak, and therefore not included in our calculation of u
for the two PIP2 containing membranes. The minor contribution to adsorption from these regions can be estimated based on adsorption isotherms for
the PC:PS ¼ 90:10 membrane; as shown below. (Of course, for membranes
containing higher concentrations of PS, this contribution can be signiﬁcant.)
Choosing the area per molecule equal to ã (as deﬁned above) enables direct
comparison between membranes containing PIP2 with those depleted of this
lipid.
For comparison with experiment, recall that u [ nNP =V ¼ n½P in Eq. 13
is the volume fraction of proteins in solution, which is proportional to their
molar concentration ½P=N0 ; N0 is Avogadro’s number and n ¼ la ﬃ
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10 3 8:66 3 pð5:5 3 8:66Þ2 Å3, corresponding to a molar volume of
400 M1 ; so that for a typical bulk concentration of proteins (around
1 mM), u  4 3 103 (We have again used here rmax ¼ 5:5 d ¼
5:5 3 8:66 Å; l 10 d is the calculated thickness of the adsorption layer.)
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Macroion adsorption on a mixed, fluid, lipid membrane containing oppositely charged lipids induces
local changes in lipid composition at the interaction zones, and gradients at their boundaries. Including
these effects in the free energy of the macroion-dressed membrane we derive its spinodal equation, and
show that nonideal lipid mixing can lead to (lipid-mediated) attraction between macroions and lateral
phase separation in the composite membrane. The critical nonideality for this transition is substantially
smaller than that of the bare lipid membrane, decreasing with macroion size and charge. That is, the
lipid membrane is destabilized by macroion adsorption.
DOI: 10.1103/PhysRevLett.89.268102

Biomembranes are two-dimensional (2D) fluid mixtures, composed of various lipid species and membraneassociated proteins. Since the lipids are mobile, the
membrane can respond to interacting macromolecules
by locally changing its composition. Consider, for instance, the adsorption of a highly charged cationic protein
onto a membrane containing a small fraction of anionic
lipids, initially randomly dispersed among nonionic lipids. Upon adsorption, anionic lipids diffuse into the interaction zone (thus displacing neutral lipids) so as to
minimize the electrostatic interaction free energy. For
two infinite, oppositely charged, planar surfaces this
minimum is reached when their charge densities are
equal [1,2], allowing maximal release of counterions
into the bulk solution. Similar principles govern macroion
adsorption, with variations depending on the macroions’
(finite) size, shape, and charge. More significantly, the
‘‘lipid demixing’’ induced by macroion adsorption is
partially inhibited by the concomitant entropy loss. The
actual composition profile of the annealed, macroiondressed, membrane is governed by the balance between
these opposing forces [3].
Local changes in lipid composition were reported for
both protein-membrane [4,5] and DNA- (cationic) membrane [6] systems. Experiments also indicate that, upon
adsorption, charged proteins [4] or colloidal particles [7]
may aggregate into macroscopic domains, presumably
enriched with the macroions’ favorite lipids. Monte
Carlo simulations [8,9] of lipid-protein membranes, featuring nonelectrostatic interactions, indicate that domain
formation can indeed take place. More generally, it was
shown theoretically that the critical demixing temperature of a binary membrane increases upon (nonelectrostatic) adsorption of colloidal particles which interact
preferentially with one lipid component [10].
Theoretical models for macroion-induced phase
separation of mixed lipid membranes were previously
proposed by two groups [4,7]. Though using very differ268102-1
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ent electrostatic adsorption models (yet both favoring
macroion-membrane charge matching), both models predict macroion-induced phase splitting even for ideal lipid
mixture. However, a major deficiency underlying these
treatments is the (tacit) assumption that the dressed membrane is spatially uniform, thus neglecting local changes
in lipid composition and the role of macroion size. In our
theory, nonideal lipid mixing, local changes in membrane composition and macroion size, and charge are
crucially important.
Thermodynamically, domain formation is a 2D
phase separation, indicating that the interaction between
macroions is effectively attractive. Since like-charged
macroions repel each other [at least, according to
Poisson-Boltzmann (PB) theory], this attraction must be
mediated by the ‘‘underlying’’ lipid substrate; involving
simultaneous splitting of both the macroion and lipid
layers. In this Letter we derive the dependence of the
membrane-mediated attraction on macroion size and
charge, and membrane composition. Also, while arguing
that nonideal lipid (chain) mixing is a necessary condition for phase separation in the dressed membrane, we
will show that the critical chain nonideality is substantially lower than that of the bare lipid membrane.
Consider a binary membrane of area A, composed of
N molecules; Na  N are charged lipids and Nn 
1  N are nonionic. We assume that the charged lipids
carry a monovalent anionic headgroup, and the area per
molecule, al  A=N, is the same for both species. Thus 
is both the molar and area fraction of charged lipid,
measuring also the surface charge density, e=al ; e
denoting the elementary charge. The membrane is embedded in an aqueous electrolyte solution, characterized
by its Debye length, lD [2]. The solution also serves as a
reservoir of macroions with chemical potential p  
kB T ln; is the transfer free energy of a macroion from
membrane to solution, and  the macroions’ activity
(approaching the volume fraction in dilute solution).
 2002 The American Physical Society
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Hereafter all energies will be measured kB T’s; kB is
Boltzmann’s constant and T the temperature.
The 2D density of the macroion adlayer will be expressed in terms of   M=Mmax ; M and Mmax denoting,
respectively, the actual and maximal (close-packed in
2D) number of adsorbed macroions. Thus, ap  A=Mmax
is the minimal (projected) area per macroion, ap =al  
serving as a convenient measure of macroion size (  10
for typical lipid-protein membranes). For concreteness, as
illustrated in Fig. 1, the macroions may be depicted as
disklike particles of effective area ap , each carrying a
net positive charge ezp , uniformly smeared over its
‘‘membrane-apposed’’ face.
The free energy of the dressed membrane, F 
Nf; , can be expressed as a sum of three terms,
F  Nfel ;   Mmax  ln  1   ln1  
 N ln  1   ln1    1   : (1)
The first term is the electrostatic charging free energy of
the system, already minimized with respect to local
changes in lipid composition and macroion-membrane
distance, h. Also included in fel are the lateral electrostatic interactions between adsorbed macroions [11].
Excluded area interactions, and the translational entropy
of the macroion adlayer are accounted for by the 2D
lattice gas model in the second term. The last term in
Eq. (1) includes all nonelectrostatic (mainly lipid chain)
contributions, representing the free energy of a bare
neutral membrane. It is modeled here as an incompressible binary mixture, with  measuring the extent of
nonideal lipid mixing in mean field approximation. This
model predicts a critical point at c  2; c  1=2 [12],
i.e., phase separation occurs when  > 2.
For   0 Eq. (1) is the free energy of the charged
bare membrane. Now  > 2 may not suffice for lipid

µp

φ

L

φP

FIG. 1 (color online). Adsorption of macroions (of chemical
potential
P ) from solution onto a binary fluid membrane, inducing lipid ‘‘demixing,’’ i.e., different local compositions, P and L , in interacting and bare membrane regions,
respectively.
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phase separation, because electrostatic repulsions between the charged lipid headgroups counteract the
chains’ demixing tendency. Indeed, we shall show below
that c of the charged membrane is nearly twice as large
as c neutral at low salt concentrations, decreasing to the
neutral membrane value at the high salt limit (lD ! 0),
where Coulomb forces are fully screened. This result will
be obtained as a special (  0) case of the macroiondressed membrane whose spinodal equation is derived
below.
At equilibrium the chemical potentials of adsorbed and
solvated macroions are equal, @F=@M  @F=@
=N  p . Using Eq. (1) we find
@fel ; 

 ln
:
(2)
@
1
The solution of Eq. (2),   eq ; p , is the
equilibrium coverage of macroions on a membrane of
composition . If the dressed membrane separates into
coexisting phases characterized by 1 ; 1 and 2 ; 2 ,
then Eq. (2) must hold for both phases, relating i 
i;eq i ; p , (i  1; 2) to i . (Of course p  p;1 
p;2 .) The equilibrium values of 1 ; 2 can be derived from the requirement for the equality of the anionic
(or the nonionic) lipid chemical potential in the two
phases ( a;i  @Fi =@Na;i ) and the equality of the 2D
pressures @Fi =@Ni [12]. Solving these coexistence
equations is equivalent to the ‘‘common tangent construction’’ for the thermodynamic potential ; p  
f; eq ; p   p eq ; p =; i.e., d=d and
  d=d should be equal in both phases. Rather
than solving the coexistence equations we shall suffice
here in deriving the spinodal curve, , defined by the
solution of 00   d2 =d2  0. The spinodal marks
the border between the metastable (single phase) and
unstable (phase separated) regions and its minimum,
c   c , is the critical point.
Using Eqs. (1) and (2) in 00   0 one can derive the
general spinodal equation,


1
1 d @fel ; 


;
(3)
21   2 d
@
p



where it should be noted that the d=d operation must be
performed after substituting   eq  from Eq. (2).
Below we apply Eq. (3) to two models of fel ; .
First, mainly for comparison, we briefly discuss an adsorption scheme whereby the macroions do not induce
any modulations in membrane charge. (For   0, this
model provides an adequate description of the bare membrane.) The second model accounts explicitly for local,
macroion-induced, charge modulations. The two schemes
agree only in the high salt (weak adsorption) limit.
Macroion adsorption reduces the average membrane
~    zp =. Treating
charge density from  to 
this ‘‘rescaled’’ charge as uniformly delocalized over
the membrane surface, the membrane free energy can be
calculated using the PB expression [2],
268102-2
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g  21  q=p  lnp  q

(4)

for the charging energy (per molecule) of a uniform
pla-
p
2
nar membrane of composition . Here, q  p  1,
p  p0 , p0  2%lB lD =al , and lB is the Bjerrum length.
~  in Eq. (3) we find
Setting fel ;   g
1
p0


; (5)
21   q
~  2p0 1=z2p 1  
~
~  1  p0 
with q
and   eq , as given by the
solution of Eq. (2). [In fact, Eq. (5) holds for any given .]
The first term in Eq. (5) is the spinodal of a neutral
lipid membrane [fel  0;   0 in Eq. (3)], yielding
c  2; c  1=2. For   0, Eq. (5) becomes the spinodal p
of
the bare charged
membrane:   1=21   

p0 = 1  p0 2 ; yielding c ! 2  p0 ! 2; c ! 1=2
in the high salt (p0
1) limit. c increases rapidly
with
p
(e.g.,


3
for
p
0
c
0 
p2)
 saturating at c ! 2 
p
3  3:7 [with c ! 3  3=2  0:63] in the low
salt limit (see also [13]). Under physiological salt conditions p0  7.
For the dressed membrane Eq. (5) predicts a rapid
decrease of c with zp , reflecting the enhanced adsorption of highly charged macroions and their efficient
screening of lipid charge. Still, c cannot fall below the
neutral membrane value, c  2. Recall, however, that
this conclusion is based on the ‘‘charge smearing’’ approximation, ignoring the special ability of a fluid membrane to adjust its local composition at the macroion
adsorption site.
The theory described in the remainder of this Letter
features the localized nature of macroion adsorption,
allows for local modulations in membrane composition,
and emphasizes the qualitatively different phase behavior
predicted by this approach, as compared to Eq. (5).
The area of the membrane ‘‘patch’’ affected by the
adsorption of a single macroion must be of the order of
ap , as illustrated in Fig. 1 (see also [3]). The exact lipid
composition profile within and around the interaction
patch depends generally on the macroion size, shape and
charge, as well as on  and . We shall ignore these
details here and assume that the interaction zone is
bounded by a narrow stripe, of width comparable to one
p
molecular diameter ( al ). The mobile lipids in the
fluid membrane diffuse into and out of the ‘‘macroion
covered’’ (‘‘P’’) and bare membrane regions (‘‘L’’), adjusting the local compositions P and L in order to
minimize the dressed-membrane free energy, subject to
the conservation condition P  1  L  .
The electrostatic free energy of the dressed membrane
can be expressed as a (-weighted) sum of contributions
from the P and L regions, and an interfacial, line energy,
term for the separating boundary
2 1=2

fel ;  

fP? P ; 
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Here fP? P ;   fP P   4fmix P ;  is the sum of
the electrostatic energy of P regions, fP P  
fel P ;   1, and the lipid ‘‘demixing’’ term,
P
1  P
 1  P  ln

1
 P 1  P   1   : (7)

4 fmix P ;  P ln

Similarly, fL? L ;   fL L   4fmix L ; , with
fL L   fel L ;   0  gL . Note that upon substituting Eq. (6) into Eq. (1), the third (uniform lipid
phase) term in Eq. (1) is replaced by the weighted sum
of lipid free energies in the P and L regions.
The last term in Eq. (6) accounts for the line energy
associated with the gradients in lipid composition across
the boundaries between P and L regions. It is the product
of the boundary length [ 1  ] and the line energy
density ( ). Actually,  is the line energy corresponding to the perimeter length of one macroion (measured in
p
units of al ). Its general form for a circular interaction
zone R
(applicable to any composition profile) is  
=3 2%r@=@r2 dr. For our narrow P  L boundary
where P changing sharply to L ,
  1=2  42 ;

(8)

with 4  P  L . The last equation could also be
derived using a 2D lattice model with nearest neighbor
interlipid interactions, !i; j; [i; j  anionic (a) or nonionic (n)]. Equation (8) is obtained by calculating the
number of a; a, n; n, and a; n contacts across the boundary, using   c=2kB T2!n; a  !a; a  !n; n ;
with c the lattice coordination number [12].
Lateral aggregation of the macroion-lipid ‘‘clusters’’
(as defined by the P regions) lowers the total P-L boundary length, thus favored by large positive . If strong
enough, this tendency can overcome the translational
entropy of the 2D ‘‘cluster gas,’’ resulting in phase separation of the dressed membrane. Consistent with Eq. (8)
the attraction between clusters increases with their perimeter length, the degree of lipid nonideality, and the
composition gradient, 4, on which we focus next.
For any given  and , the segregated lipid populations
should adjust their compositions, L     4  and
P    1   4 , so as to minimize fel ;  in
Eq. (6); resulting in equal lipid chemical potentials in
the P and L regions: @fel ; =@ 4   0. Combining
Eqs. (6) –(8) with the general spinodal equation, Eq. (3),
we find (after some algebra) that the spinodal equation for
the localized adsorption model reads


21=2

1
d
;
4   1   d

(9)

where, as before, d=d must be obtained from Eq. (2),
and 4 must satisfy @fel ; =@ 4   0.
Equation (9) is valid for any model of fL L  and
fP P . For instance, in the ‘‘high salt’’ (p0
1, small
lD ) limit one can use the Debye-Hückel expressions,
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fL L   gL p0 !0  p0 2L and fP P   p0 j2P 
zp =2 j. It can be shown that for weakly charged
macroions (zp = < ) lipid demixing is negligible
(4   P  L ! 0), and adsorption is weak (eq
1
and d=d ! 0). Furthermore, the limit of d=d=
4  in Eq. (9) is such that  ! 1=21    p0 ,
which coincides with the high salt (p0
1) limit of
Eq. (5), the spinodal equation of the delocalized charge
model. The same result is obtained by using the DebyeHückel expression fel ;   fP   1  fL  
p0 2  z2p =2  in the general spinodal equation, Eq. (3).
The low salt (p0  1) limit is much more interesting,
and more relevant for biological systems where, typically,
p0  7. These conditions imply strong adsorption for
highly charged (say zp ’ 10,  ’ 10) macroions, because
the adsorption free energy is many kB T’s per macroion.
The adsorption is particularly favorable under charge
matching conditions, i.e., when   zp =. In general,
the average membrane charge density  is different
(say smaller) than zp =. However, because the gain in
adsorption energy overwhelms the entropic demixing
penalty we may safely assume perfect charge matching,
P  zp =. Furthermore, because the adsorption is
highly favorable, macroions will continue to adsorb until
all charged lipids are ‘‘bound,’’ i.e., until   eq  
=zp  =P and L  0. Thus, deq =d  1=P
and 4  P  zp =. Using these results in Eq. (9)
and minimizing  with respect to  we find the critical
parameters,
2

c  2 p ;
c  P :
(10)
2
P 
Recall that the critical nonideality of a bare membrane
in the low salt regime can be as high as c  3:7. Equation (10) reveals that a much smaller  may lead to phase
separation of the dressed membrane; e.g., for   10 and
zp  10 we find c  2=3, smaller even than the neutral
membrane value c  2. In other words, macroion adsorption onto a uniform and stable [ < c bare] lipid
membrane can destabilize the system, leading to 2D
phase splitting of the dressed membrane. From Eq. (10)
we conclude that large (  1) and highly charged
(zp =  P  1) macroions facilitate the phase separation, owing to their low c . Interestingly, in the opposite
(formal) limit of ‘‘small, monovalent, and tightly bound’’
macroions (zp  1,   1, P  1) Eq. (10) recovers the
neutral membrane values c  2; c  1=2.
An instructive interpretation of the localized adsorption scheme can be given as follows. Substituting c from
Eq. (10) into Eq. (8) (with 4  P ) we find c  2
for  at the critical point of the dressed membrane. Also,
at this point c  c =P  1=2. These results are valid
in the strong adsorption limit, where all charged lipids are
bound to macroions, forming a 2D ‘‘gas’’ of P clusters
(with P  zp =), embedded in a neutral membrane
(L  0); see Fig. 1. The free energy of this system is
268102-4
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~ =Mmax   ln  1   ln1    1   plus
F
linear terms in  that do not effect c ; c . Now, it is
easily verified that (in the strong adsorption limit) substitution of fel from Eq. (6) into Eq. (1) yields a dressed~ . In other words,
membrane free energy, F, identical to F
the phase behavior of the composite membrane is governed by the (; zp ; -dependent) interaction between
clusters. In contrast, the phase behavior predicted by the
delocalized adsorption scheme is dictated by the interaction between lipids, partially screened by the adsorbed
macroions.
The theoretical formulation in this Letter assumed PB
theory for the electrostatic interactions, and random
(local) mixing of the lipid species. These mean field
approximations may affect our calculated critical parameters, but cannot detract from our conclusions regarding the crucial roles of lipid mobility and localized
macroion adsorption in the membrane phase behavior.
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and the Israel Science Foundation, U.S.-Israel Binational
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Discrete stages in the solvation and
ionization of hydrogen chloride
adsorbed on ice particles

average diameter were deposited on the windows of the infrared
cold-cluster cell18. Hydrogen chloride adsorbate was introduced by
alternating the loading of ice particles with the loading of much
smaller (,1 nm) clusters of HCl or DCl. These acid clusters
vaporize in the range 50–65 K, giving HCl adsorbed on the surfaces
of the ice nanocrystals within the array (with #30% surface coverage). At least 4 samples each were prepared of HCl adsorbed on H2O
ice, DCl adsorbed on D2O ice, and HCl adsorbed on D2O ice.
Consistent results were also obtained for HBr on H2O. The main
experimental results are the difference spectra obtained for acidcovered nanocrystals and bare nanocrystals prepared under similar
conditions. This difference method eliminates the absorption bands
associated with ice in the interior of the nanocrystal, and thus leaves
the weaker bands due to adsorbed acids clearly visible.
The difference spectra of HCl adsorbed on H2O and D2O nanoparticles at 50 K reveal two distinct HCl bands with bandwidths of
,150 cm21 centred at 2,500 and 1,710 cm21 (Fig. 1). The corresponding frequency shifts with respect to gaseous HCl are 2385 and
21,175 cm21, suggesting that the bands correspond respectively to
predominantly covalent, hydrogen-bonded molecules, and to
strongly stretched molecules on the verge of ionization. Figure 2
shows analogous difference spectra for a fully deuterated system at
60, 80 and 90 K, with the changes in the spectrum with increasing
temperature attributed to progressive ionization (see below). The
spectra also exhibit a continuum absorption, which grows with
temperature (Fig. 2, top panel)—this is a signature of the Zundel
ion19.
To identify the surface adsorption sites available to HCl on ice
and assign the spectra, a 50 K Monte Carlo simulation was
first carried out for molecular HCl adsorbed on an ice particle,
yielding molecular configurations adopted by the adsorbate on
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Ionization and dissociation reactions play a fundamental role in
aqueous chemistry. A basic and well-understood example is the
reaction between hydrogen chloride (HCl) and water to form
chloride ions (Cl2) and hydrated protons (H3O1 or H5O1
2 ). This
acid ionization process also occurs in small water clusters1–4 and
on ice surfaces5–17, and recent attention has focused on the
mechanism of this reaction in confined-water media and the
extent of solvation needed for it to proceed1–4,9,15–17. In fact, the
transformation of HCl adsorbed on ice surfaces from a predominantly molecular form to ionic species during heating from
50 to 140 K has been observed8,13,14. But the molecular details of
this process remain poorly understood. Here we report infrared
transmission spectroscopic signatures of distinct stages in the
solvation and ionization of HCl adsorbed on ice nanoparticles
kept at progressively higher temperatures. By using Monte Carlo
and ab initio simulations to interpret the spectra, we are able to
identify slightly stretched HCl molecules, strongly stretched
molecules on the verge of ionization, contact ion pairs comprising H3O1 and Cl2, and an ionic surface phase rich in Zundel ions,
H 5O 1
2.
Our experiments focused on the Fourier-transform infrared
(FTIR) transmission spectroscopy of HCl adsorbate on ice nanoparticles. Three-dimensional arrays of ice nanocrystals of a 12-nm
NATURE | VOL 417 | 16 MAY 2002 | www.nature.com

Figure 1 FTIR difference spectra of HCl on ice particles at 50 K and ,15% coverage. The
top spectrum (trace a) is for HCl on H2O ice particles, and exhibits two molecular
adsorbate bands, HCl(1) and HCl(2), and the residual acid nanoparticle band, HCl-solid.
Traces b and c are spectra for HCl on D2O ice and give a clearer view of the HCl(1) band
because the interfering bending motion of surface water is downshifted, away from the
HCl(2) band. The use of D2O ice also eliminates possible contamination of this band by
protonated-water absorption. Traces b and c are spectra of the same HCl-ice array but
referenced to different bare D2O ice samples; trace b has been smoothed. Trace d, a
difference spectrum comparing two pure D2O ice samples, illustrates the instrumental
noise.
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the ice-particle surface. These configurations then served as a guide
to construct smaller cluster models of the form (HCl)m(H2O)n
m ¼ 1–2; n ¼ 5–7 (Fig. 3), which were amenable to ab initio
calculations of a sufficiently high level to estimate the extent of
HCl stretching by solvation, and the corresponding frequency
shifts.
The H2O..H2O and HCl..HCl interactions used in the Monte
Carlo simulations were adopted from refs 20 and 21, respectively;
the H2O..HCl potential was constructed as a sum of coulombic and
Lennard–Jones terms. The ice particle model (H2O)293 was adopted
from ref. 22. Our past studies22,23 showed that ice nanoparticles are
characterized by a crystalline interior and a disordered surface, the
structure of which is dictated by the need to terminate the crystalline interior in an approximately spherical geometry. The flexibility
of the hydrogen bonds is sufficient for most surface H2O molecules
to acquire four (often distorted) hydrogen bonds. Monte Carlo
simulations were carried out for coverages of 18 and 79 HCl.
Molecular HCl is a good proton donor and a poor proton
acceptor that bonds preferentially to dangling-O sites on the ice
surface, that is, the oxygen atoms of water molecules with less than
two acceptor hydrogen bonds. At the lower coverage, two-thirds of
the adsorbate molecules are singly coordinated to dangling-O
(Fig. 3a), while the remaining one-third is doubly coordinated by
bridging dangling-O sites and dangling-H sites (Fig. 3b). (A
dangling-H site denotes a water hydrogen atom not bonded to
another H2O molecule.) At the higher coverage, the adsorbate
molecules are still preferentially singly or doubly coordinated.
However, doubly coordinated configurations now also arise from

Figure 2 FTIR difference spectra for DCl adsorbate on D2O ice at ,30% cover. The
difference spectra are shown with (top panel) and without (bottom panel) the underlying
continuum. The spectrum at 60 K in the bottom panel displays two molecular adsorbate
features, DCl(1) and DCl(2), and the residual DCl nanoparticle band. The apparent doublet
structure of the DCl(2) band reflects bending motion of surface water centred near
1,213 cm21. Ion bands are dominant at higher temperatures. At 90 K, the surface
spectrum approaches that of an ionic amorphous dideuterate film (illustrated by the
dashed line). In the top panel, arrows mark the growth of the Zundel continuum for the
range of temperatures; the baseline was extended from above 3,000 cm21 (ref. 19). The
spectra of the bottom panel do not reflect the continuum as they are offset for clarity. The
intense continuum at 90 K reflects the abundance of D5Oþ
2 cations. Owing to acid selfsolvation at the relatively high coverage used, ,15% ionization is obtained already at
60 K.
270

self-solvation, with one adsorbate molecule forming a hydrogen
bond to another, to give a ‘dangling-O..HCl..HCl’ configuration.
Past studies1–4,16 suggest that a minimum of three hydrogen bonds
are needed to facilitate HCl ionization—one to the H atom, two to
the chlorine atom. Our simulations suggest that only a few HCl
molecules acquire three bonds. The formation of such a molecular
adsorbate layer at low temperature reflects the paucity of surface
water molecules with dangling-O and H atoms available for acid
solvation.
Our Monte Carlo simulations suggest assignment of the two
spectral bands observed at 50 K to singly and doubly coordinated
acid molecules, respectively. For the ab initio model in Fig. 3a, where
HCl forms a single hydrogen bond to a dangling-O atom of a water
hexamer, the calculated frequency of HCl with respect to that of the
gas-phase molecule is shifted by 2362 cm21. This result suggests
that the singly coordinated configuration gives rise to the first of the
observed bands (Fig. 1). The HCl configuration in Fig. 3b, where the
HCl H-atom is connected to a dangling-O of the water cluster and
the Cl-atom to a dangling-H, results in substantial HCl bond
stretching, but not yet in proton transfer. The calculated frequency
shift of 21,137 cm21 is comparable to the one of the experimentally
observed shifts (21,175 cm21), indicating that the second molecular band is due to doubly coordinated HCl molecules.
In the model configuration shown in Fig. 3c, HCl replaces one of
the three-coordinated water molecules in a low-energy water
heptamer. After replacement and during the course of minimization, the three-coordinated HCl was found to dissociate directly,
thus forming a clearly recognizable solvated H3Oþ and Cl2 ion pair.
This result is in accord with the notion that a minimum of three
bonds is needed for HCl ionization1–4,16. Our Monte Carlo simulations suggest that self-solvation of HCl by other HCl molecules is
also significant, and another, similar model configuration was
therefore constructed by replacing a second H2O molecule of the
heptamer cluster by HCl. As illustrated in Fig. 3d, this configuration

Figure 3 Cluster models used in ab initio calculations. The configurations and the normal
frequencies were obtained on the second-order Moller–Plesset perturbation theory level
in the augmented correlation consistent double zeta basis27, using the Gaussian 98
program28. H is shown white, Cl green, O in H2O red, and O in H3Oþ yellow. Hydrogen
bonds are indicated by dashed lines; those marked by arrows impede HCl solvation. The
H..Cl bond lengths (in Å) are: a, 1.31; b, 1.38; c, 1.80; d, 1.84 and 1.36; e, 1.33; and
f, 1.34. The HCl frequency shifts cm21 with respect to the gas phase are: a, 2362;
b, 21,137; e, 2615; and f, 2749.
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also leads to an ionized structure, with one HCl and one H2O
forming hydrogen bonds to Cl2. Further ab initio studies (results
not shown) on the cyclic clusters ðHClÞðH2 OÞn ¼ 3;4 and (HCl)2
ðH2 OÞn ¼ 2;3 show comparable stretching of molecular HCl by
hydrogen-bonding of either H2O or another HCl to the Cl atom.
These studies also indicate that HCl molecules, bonded to strongly
stretched HCl, contribute to the first adsorption band of the
observed spectra.
The evolution of the experimental spectrum with increasing
temperature is shown in Fig. 2 for the deuterated system. As the
temperature is raised to 80 K, new bands are observed at 1,950
and 1,570 cm21. Based on normal mode analysis of the models
shown in Fig. 3c and d, these bands are assigned respectively to
the OD stretch of D3Oþ in contact with Cl2, and to the stretch of
the DCl molecule hydrogen-bonded to Cl2. (These bands appear
also in spectra of the amorphous monodeuterate solid, which is
rich in contact ions and contains some molecular HCl.) The
increase of the contact-ion signal in going from the 60 K spectrum to the 80 K spectrum indicates that an increasing number of
DCl molecules acquire a third hydrogen bond. This might occur
through thermal cleaving of strained hydrogen bonds on the ice
surface, and/or through DCl self-solvation following adsorbate
diffusion.
Figure 3e and f show two ab initio cluster models containing a
two- and three-coordinated HCl molecule, respectively, which is
only moderately stretched. The structures illustrate that effective
hydrogen bonding, capable of inducing ionization, requires HCl
bonding to a two-coordinated dangling-O molecule, that is, one
that does not accept a proton from another H2O molecule. This
finding is in accord with theoretical studies of proton transfer in
liquid H2O (refs 24, 25). The experimental observation of strongly
stretched HCl already at 50 K (Fig. 1) suggests that breaking of such
bonds requires little activation energy, and that it is promoted by the
strengthening of the remaining hydrogen bonds on HCl
polarization.
As the temperature is raised, the adsorbate spectra display growth
of the intense underlying continuum absorption due to the Zundel
ion19 D2O-Dþ-OD2 (Fig. 2, top). At coverages exceeding 20%, the
surface layer at 90–95 K approaches the composition of the amorphous ionic dideuterate (dihydrate), as seen from the good match to
spectroscopic bands of a film prepared with a ratio of 1:2 acid to
water (Fig. 2, dashed curve). The composition of the crystalline
dihydrate analogue was identified by X-ray diffraction26 as H5Oþ
2
Cl2. Formation of the Zundel-ion-rich surface layer thus constitutes evidence for proton transfer away from Cl2.
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The composition of the arthropod head has been one of the most
controversial topics in zoology, with a large number of theories
being proposed to account for it over the last century1. Although
fossils have been recognized as being of potential importance in
resolving the issue2,3, a lack of consensus over their systematics4,5
has obscured their contribution. Here, I show that a group of
previously problematic Cambrian arthropods from the Burgess
Shale and Chengjiang faunas form a clade close to crown-group
euarthropods, the group containing myriapods, chelicerates,
insects and crustaceans6. They are characterized by modified or
even absent endopods, and two pre-oral appendages. Comparison with reconstructions of the crown-group euarthropod
ground plan6 and recent investigations into onychophorans7,8
demonstrates that these two appendages are the first antenna
(of extant crustaceans) and a more anterior appendage associated
with an ocular segment. The latter appendage has been reduced
in all crown-group euarthropods. Its most likely relic is as a
component of the labrum9. These fossils thus tie together results
from disparate living groups (onychophorans and euarthropods).
One of the main difficulties in unravelling the complexities of the
arthropod head has been the assumed loss of appendages and
reorganization and reduction of putative head segments, especially
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The physics of the ice crystal surface and its interaction with
adsorbates are not only of fundamental interest but also of
considerable importance to terrestrial and planetary chemistry. Yet
the atomic-level structure of even the pristine ice surface at low
temperature is still far from well understood. This computational
study focuses on the pattern of dangling H and dangling O (lone
pairs) atoms at the basal ice surface. Dangling atoms serve as
binding sites for adsorbates capable of hydrogen- and electrostatic
bonding. Extension of the well known orientational disorder
(‘‘proton disorder’’) of bulk crystal ice to the surface would naturally suggest a disordered dangling atom pattern; however, extensive computer simulations employing two different empirical
potentials indicate significant free energy preference for a striped
phase with alternating rows of dangling H and dangling O atoms,
as suggested long ago by Fletcher [Fletcher NH (1992) Philos Mag
66:109 –115]. The presence of striped phase domains within the
basal surface is consistent with the hitherto unexplained minor
fractional peaks in the helium diffraction pattern observed 10 years
ago. Compared with the disordered model, the striped model
yields improved agreement between computations and experimental ppp-polarized sum frequency generation spectra.
ice surface 兩 Monte Carlo simulations 兩 surface order 兩 dangling atoms 兩
ice–adsorbate interaction

W

ater ice is an intellectually challenging and fundamentally
important solid. Ice and ice particles play a basic role in
terrestrial, atmospheric, planetary, and interstellar phenomena
(1–3). The remarkable properties of ice are determined by the
unique ability of H2O to form four relatively strong hydrogen bonds
to four neighboring water molecules, in an approximately tetrahedral arrangement. This gives rise to a rich bulk phase diagram
comprising a variety of crystalline phases, in addition to muchdebated amorphous phases (1).
Under ambient conditions, hexagonal ice is the dominant solid
form of H2O. Here we focus on the surface structure of hexagonal
ice, which hosts a variety of chemical reactions in natural environments; perhaps the most famous example being the sequence of
reactions leading to ozone-hole formation, which is initiated by HCl
and ClO adsorption on frozen stratospheric cloud particles (4). The
interaction of ice with molecules, ions, and electrons is affected by
the solvating properties of its surface. It has long been recognized
that these properties are directly related to the structure and
dynamics of the surface H-bond network, which has consequently
received considerable attention in past research (see, for example,
refs. 1, 3, and 5–16).
Here, we address a feature of the ice surface that has not received
extensive attention but that is expected to significantly influence its
properties, including its interaction with adsorbates. Specifically, we
argue that the pattern of dangling H (d-H) and dangling O (d-O)
atoms on the ice surface is composed of ordered striped domains,
with alternating rows of d-H and d-O. This conclusion is all of the
more remarkable given that bulk ice is orientationally disordered
(‘‘proton disordered’’) and that extension of the bulk disorder to the
surface would naturally suggest, instead, a quasi-random pattern of
dangling atoms. We first describe the salient features of ice structure, the experimental and theoretical results that address ice
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0710129105

surface structure, and the effect of temperature on the surface.
Next, we discuss the results of helium atom scattering studies and
two ordered models of the surface: a fully ordered, striped surface
phase that we refer to as the ‘‘Fletcher phase’’ (16) and a honeycomb state (ref. 17 and references therein). We then present our
computational results. Simulations are used to demonstrate the
thermodynamic preference for the striped phase, and the presence
of striped domains is shown to account for unexplained fractional
diffraction peaks in He scattering data and to produce a better fit
to recent sum frequency generation (SFG) spectra of the ice
surface. We conclude with a discussion of our results and a brief
description of the methods used in our study.
In hexagonal ice, the tetrahedral H-bond network is nearly
perfect. The structure can be viewed as being composed of interconnected puckered hexagonal bilayers; each water molecule forms
three hydrogen bonds to its neighbors within the bilayer and one
bond to the adjacent bilayer (1, 2). The O atoms form a periodic
pattern, whereas the orientations of molecules are random within
the constraint of the near-completeness of the H-bond network (1).
Different orientational arrangements of ice correspond to similar
energies. Because of high kinetic barriers, orientational ordering
does not actually occur upon cooling, as would be expected on
energetic grounds, except under special conditions, i.e., in presence
of a base catalyst at 72 K (1). Under ordinary conditions, bulk ice
remains orientationally disordered over the entire temperature (T)
range of its stability.
Imagine cutting the ice crystal to expose the ideal (0001) hexagonal basal plane, as shown in Fig. 1A. The water molecules in the
bottom half of this exposed outermost ice bilayer retain their four
hydrogen bonds (three bonds within the bilayer and one to the
bilayer immediately below). The molecules in the top half of the
surface bilayer (whose O atoms are shown in yellow) are threecoordinated, lacking an H-bond to the bilayer above them. Each
three-coordinated molecule contributes to the surface either a d-H
(not forming an H-bond, shown in black) or a d-O (accepting only
one H-bond from within the bilayer, shown as yellow O atoms that
are not attached to the black d-H). If the orientational disorder of
the bulk were to propagate all the way to the surface, the d-H and
d-O atoms would form a disordered pattern anchored to a triangular lattice that corresponds to the upper half of the top bilayer
(Fig. 1 A and F). Does the low-temperature proton disorder of bulk
ice in fact propagate all the way to the surface? This question can
be posed in two parts: (i) Do the surface O atoms form a periodic
pattern, and, if so, is this pattern the same as in bulk? and (ii) What
is the corresponding d-O and d-H atom distribution at the surface?
Several experimental studies have addressed these questions. Using
dynamical low-energy electron diffraction at 90 K in conjunction
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Fig. 1. Images of the basal surface of ice. (A and B) Shown are all the
molecules of the top bilayer for the disordered (A) and striped (B) models,
respectively. O atoms belonging to the four-coordinated molecules in the
bottom half of the bilayer are in red; O atoms belonging to the threecoordinated molecules in the top half of the bilayer are in yellow; d-H atoms
are in black. (C Left and D–F) Shown is the surface dangling atom pattern only.
d-H and d-O atoms are in black and yellow, respectively. (C) The striped
Fletcher phase. (D) The striped Fletcher phase with a glide twin boundary (the
unit cell was doubled for clarity). (E) The honeycomb phase (the ordered part
of the dangling atom pattern is outlined in red). (F) An example of a disordered dangling atom pattern. (C Right) The underside of the top bilayer of the
Fletcher model. H atoms that are H-bonded to the second bilayer are in black;
O atoms that accept H-bonds from the second bilayer are in yellow.

with energy calculations and molecular dynamics (MD) simulations, Materer et al. (5, 6) studied films grown on a Pt(111) surface.
The combined results are consistent with an oxygen-ordered hexagonal outer (0001) ice bilayer without reconstruction. However,
because of enhanced vibrational amplitudes, the outermost water
molecules were practically undetectable. Helium scattering can
probe these outermost surface molecules with greater sensitivity
(7–12). A series of He scattering studies were published by Toennies
and colleagues for bare and adsorbate-covered crystal ice surfaces
prepared by deposition on Pt(111) (7–10). At temperatures of tens
of Kelvin, high-resolution He diffraction patterns were obtained
from the ice basal plane. Note that low-energy He atoms interact
predominantly with surface O atoms. These diffraction results
confirmed a surface termination matching that of bulk ice, with an
oxygen-ordered bilayer of water molecules. Helium diffraction
consistent with an unreconstructed basal ice surface was also
reported by Gibson, Viste, and Sibener (11) from a crystalline water
deposit on Rh(111). In contrast, spectroscopic investigations of ice
nanoparticles have indicated a quasi-spherical particle geometry
with a reconstructed disordered surface (13).
Flat crystal surfaces may be characterized by weaker ‘‘net’’
bonding than the bulk ice. Hence, the onset of loss of oxygen atom
order can be expected in the top bilayer as temperature rises to the
so called ‘‘Tammann temperature’’: approximately two-thirds of the
bulk melting temperature. Such disorder tends to appear on most
crystal surfaces (18, 19). The onset of ice surface disordering near
180 K was indicated by elastic He scattering data (12); a somewhat
higher onset near 200 K was derived from SFG spectra of the
5970 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0710129105

surface dangling-OH (14). Top bilayer disordering may be viewed
as a precursor of the quasi-liquid layer on ice, which has been
discussed extensively since Faraday (1, 3, 15). The T range of our
present interest is below the Tammann temperature; in that regime,
the outer ice surface can be reasonably accepted to include significant oxygen-ordered portions. This T range is still quite relevant in
nature because it includes the low end of the range characteristic of
stratospheric and tropospheric clouds and the surface temperature
of icy moons revolving around the outer planets. We will thus
consider the pattern of dangling atoms at the oxygen-ordered
surface.
In the He scattering study of Glebov et al. (8), small secondary
peaks were noted in the diffraction pattern, corresponding to
approximately twice the oxygen lattice constant of ice. Several
qualitative suggestions were advanced as to their origin; it was
proposed that the peaks may originate from small domains of
antiphase-oriented surface molecules, but a molecular model was
not elaborated. In calculations of the diffraction pattern, the
authors tried two orientational arrangements: one that is fully
orientationally disordered and another fully ordered ‘‘all d-H’’
surface that corresponds to the extension of the known protonordered ferroelectric Cmc21 form of ice (1). Neither of these
models yields the observed secondary peaks, which therefore
appear to provide an important, if mysterious, clue regarding
surface proton ordering.
One may note at this point that the all d-H dangling atom pattern
is physically unlikely, except possibly for very thin ice deposits on
metals. In the past, it was suggested that ferroelectric ordering was
induced in ice deposits by the Pt(111) substrate, based on an
increase in the H-bonded OH-stretch SFG signal with film thickness (20). However, the proposed propagation distance of this
substrate-induced ordering was only 30 layers, whereas the He
scattering experiments of ref. 8 corresponded to 250 bilayers. Later,
full ferroelectric ordering was disputed even for the thin deposit
(21), on the basis of work-function measurements. Our simulations
of an all d-H ice surface indicate that this structure is energetically
unfavorable.
In 1992, a suggestion was put forward by Fletcher (16) that, at low
temperatures, the oxygen-ordered ice surface should undergo
reconstruction to an ordered phase in which d-H and d-O atoms
form alternating rows (see Fig. 1 B and C Left). This ‘‘striped’’
model corresponds to a low-energy state in an antiferromagnetic
classical Ising model on a frustrated 2D triangular lattice, in which
d-H and d-O are viewed as ‘‘spin-up’’ and ‘‘spin-down.’’ Fletcher
argued that d-H and d-O can be viewed as oppositely directed
dipoles. On the basis of simple estimates employing near-neighbor
dipole–dipole interactions, the surface ordering transition was
proposed to take place near 30 K for the basal plane and near 70
K for the prism face. It was moreover proposed that glide twin
boundaries, such as the that shown in Fig. 1D, should cost little
energy and may exist in profusion. In this ‘‘Fletcher phase,’’ a
dangling atom (H or O) has two nearest neighbors of its own kind
and four of the opposite kind, whereas in the disordered phase there
are, on average, three near neighbors of each type (compare Fig. 1
C Left and F). [Note that the near-neighbor dangling atoms belong
to water molecules that are second near-neighbors with respect to
each other within the H-bond surface network (see Fig. 1 A and B).]
This situation is reminiscent of the nearest-neighbor antiferromagnetic Ising model on a triangular lattice studied long ago,
notably by Wannier (22) and many others (17). In this model, the
Fletcher state (depicted by Wannier’s figure 6) has the lowest
energy, but so do a macroscopic number of other states, yielding in
the near-neighbor case an entropy S ⫽ 0.32 kB. A different
low-energy, semiordered honeycomb state considered by Wannier
(illustrated in his figure 8), but not by Fletcher, is shown in Fig. 1E.
In the honeycomb state, two-thirds of the spins form an ordered
alternating hexagonal lattice with near-neighbor energy identical to
that of the striped phase. The orientation of the spin at the center
Buch et al.

(a) The striped Fletcher phase, as in Fig. 1 B and C Left.
(b) The honeycomb phase, as in Fig. 1E.
(c) The fully orientationally disordered surface, as in Fig. 1 A
and F.
It should be emphasized that even in model a, where the
dangling atoms form a fully ordered (2 ⫻ 1) pattern, the
orientations of surface water molecules are not uniquely determined. Three orientations are still possible for each threecoordinated molecule within the top ice bilayer. Surface energetics were assumed to be dominated by the dangling atoms, as
suggested in past cluster studies (23), and the remaining orientational structure (both within the slab surface and in its interior)
is fully disordered. Within this model, the dangling atom pattern
does not propagate into the orientationally disordered ice interior. Fig. 1C Right shows the underside of the striped phase
bilayer; note that the stripes are not in evidence. (Strictly
speaking, the three orientations of the H-bond into the bilayer
are not fully equivalent because one is perpendicular to the d-H
row and the other two are 30° off. Although in principle this
permits some propagation of striped order into the bilayer, we
believe that this effect is not large. Moreover, its inclusion would
lower the energy and thus reinforce the stability of the striped
phase.)
Fig. 2 shows the minimum energy distributions for models a–c.
It can be seen that the three distributions are shifted with respect
to each other, with the Fletcher phase corresponding to the lowest
mean energy and the disordered model to the highest. The honeycomb phase corresponds to a significantly lower mean energy
than the disordered phase but is still definitely higher than the
Fletcher phase. The width of the distributions is due to the energy
spread caused by the ⬇200 different random orientational structures in each set. The differences between the average energies for
the three distributions may be taken as estimates of energy cost for
converting one surface phase into another.
Buch et al.
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Fig. 2. Distribution of energies for sets of slab structures with a striped
surface (a), honeycomb surface (b), and fully proton-disordered surface (c).
Energies calculated with TIP4P-ice potential for sets of 200 structures containing 1,080 molecules arranged in six bilayers of 180 molecules each.

Using the above distributions, one may attempt to estimate the
temperature of the surface order–disorder transition, from T ⫽
⌬H/⌬S. As an estimate of ⌬H, we use the mean energy difference
between the different models, recalculated per dangling atom of the
top bilayer. Energies per (upper-surface) dangling atom are obtained from the energy per molecule through multiplication by
Ntot/Ndang, with obvious notation. The corresponding energy difference between the fully disordered model and the Fletcher phase
is 0.54 kcal per mole of dangling atoms for the TIP4P-ice potential
and 0.55 kcal/(mole of dangling atoms) for EMP. For an estimate
of ⌬S, we assume, similar to ref. 16, that the entropy change
originates from full disordering of the dangling atoms alone,
consistent with the notion that the dangling atom pattern does not
propagate into ice. In the fully disordered phase, each threecoordinated site may correspond to either d-H or d-O, whereas in
the Fletcher phase the configurational entropy of the dangling
atoms is zero (assuming that realistic interactions have removed all
zero-point entropy). This yields ⌬S ⫽ kB ln2 per dangling atom site.
The resulting estimated order–disorder ‘‘transition temperature’’ is
near 390 K, well above the melting point of ice. Although this is only
an estimate, it does suggest that the striped dangling atom pattern
should reasonably persist in the ice basal plane as long as the surface
remains solid and oxygen-ordered (ⱕ180 K).
A possible thermal phase transition may still be considered from
the Fletcher phase to the honeycomb phase. The corresponding
mean energy difference is 0.13 and 0.14 kcal/(mole of dangling
atoms) for the TIP4P-ice and EMP potentials, respectively. This is
a quarter of the value for the transition from the Fletcher phase to
the fully disordered phase. However, ⌬S is also reduced, down to
approximately (kB ln2)/3 because, in the honeycomb phase, the
disorder extends over only one-third of dangling atom sites. The
corresponding transition temperature ⌬H/⌬S is near 290 K, which
is still above the ice surface Tammann temperature.
The energetic preference for the Fletcher phase could conceivably be affected by quantum-mechanical zero-point energy effects.
Our estimation of quantum effects is described in Methods and in
supporting information (SI) Methods.We found that intermolecular
zero-point energy reduces the energetic preference for the Fletcher
phase by ⬇0.01 kcal/(mole of dangling atoms), a small effect
attributable to slightly higher mean vibrational frequency of the
more-stable Fletcher surface. Counterbalancing the intermolecular
zero-point energy, the intramolecular contribution to the zeroPNAS 兩 April 22, 2008 兩 vol. 105 兩 no. 16 兩 5971
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Results
The present study used two empirical potentials [TIP4P-ice (24, 25)
and EMP (26, 27)] and sets of orientationally disordered ice slabs,
fully oxygen-ordered and bounded by hexagonal basal surfaces on
the two sides. Every four-coordinated water molecule in the slab
obeys the ‘‘ice rule’’ (1), with an O atom chemically bonded to
exactly two H atoms and hydrogen-bonded to two additional H
atoms belonging to neighboring water. Sets containing several
hundred distinct structures are used in this study because there are
a multitude of orientationally disordered configurations that are
consistent with the ice rules. The sets differed by the dangling atom
pattern in the top surface bilayer, a pattern selected to be one of the
following:

a
0 .3

fraction

of each hexagon is random, giving it an entropic stabilization,
estimated by Wannier (based on considerations contributed by
P. W. Anderson to ref. 22) to be approximately (kB ln 2)/3, or more
accurately S ⫽ 0.29 kB (22). The Fletcher and honeycomb reconstruction models appear to be possible candidates for an ordered
surface state in the more complicated case of ice.
Unfortunately, the energy of ice with a reconstructed surface
cannot be quantitatively estimated by using simple nearest-neighbor
Ising models but requires far more realistic interactions, whose
longer-range nature will also generally remove the zero-point
entropy. Realistic empirical potentials have been used extensively in
the past to study liquid and solid water phases, water clusters, and
particles. Significant influence of the dangling atom pattern on the
system energy was indeed noted in the investigation of water
clusters by employing both empirical potentials and ab initio calculations (13, 23). Below, we investigate the influence of the
dangling atom pattern on ice surface thermodynamics, with the
help of empirical potentials.

A

B

Fig. 3. Initial (A) and final (B) surface snapshots of the MC quench applied
to the initially totally disordered top ice bilayer. d-H and d-O atoms are in black
and yellow, respectively. Note the small striped areas, or domains (‘‘mosaic
tiles’’), in the quenched B configuration.

point energy is actually found to stabilize the Fletcher structure with
respect to the disordered structure by 0.04 kcal/(mole of dangling
atoms) because the Fletcher structure corresponds to somewhat
lower OH-stretch frequencies.
Next, we examined the energy cost of generating a glide twin
boundary in the striped phase, as was suggested by Fletcher (16)
(Fig. 1D). Two sets of models were generated, containing 960 water
molecules arranged in 10 bilayers, with and without the a glide twin
boundary. The mean total energy difference between the two sets
is ⬇1.0 kcal/mol or ⬇500 K (with the TIP4P-ice potential). Although this rather substantial energy cost is size-dependent (because it does not correspond to a localized defect), it does suggest
a good thermal stability for the striped Fletcher phase.
To further examine thermal behavior, Monte Carlo (MC) simulations were carried out for the T-dependent orientational structure of the top bilayer, with the Fletcher phase as a starting point.
(It was found that orientational equilibration is too slow for direct
MD simulations.) Each MC step included (i) locating a pair of
molecules with d-H and d-O that are second-nearest surface
neighbors (first neighbors in the triangular top half bilayer); (ii)
interchanging the d-H and d-O locations while preserving an intact
H-bond network, by rotating the two molecules and the intervening
four-coordinated molecule; (iii) minimizing the energy of the top
bilayer; and (iv) implementing step acceptance or rejection according to the usual temperature-dependent Metropolis criterion (ref.
28, and see SI Methods). The simulation, employing the computationally cheaper TIP4P-ice potential, was applied to a slab having
four ice bilayers with 1,344 water molecules in each bilayer. No
significant disordering of the dangling atom pattern occurred in the
striped surface phase during 5,000 steps of the simulation employing temperatures of 100 and 150 K, although at the latter T some
isolated defects were formed. At 200 K (the upper end of the T
range of interest), the concentration of defects was substantial. Still,
⬇90% of the dangling atom sites retained their original occupancy
by either d-H or d-O. These results are not surprising given that the
mean energy cost for generating the initial single localized defect in
the Fletcher structure is 1.9 kcal/mol, with standard deviation of 0.5
kcal/mol, although at select sites the value can be as low as 0.2
kcal/mol.
The MC code was then used to double-check the energy difference between the Fletcher and disordered phases because the MC
scheme allows energy estimation without varying the orientational
structure below the first bilayer. To this effect, 4,500 MC moves
were applied to the initially striped surface, while adopting unit
acceptance probability at each step (‘‘infinite temperature limit’’).
The simulation ended in high-energy surface structures with no
recognizable order (Fig. 3A). The mean energy of these structures,
averaged over the last 2,000 MC steps, was 0.46 kcal/(mole of
dangling atoms) above the initial Fletcher structure, as compared
with the value of 0.54 kcal/(mole of dangling atoms) obtained for
5972 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0710129105

fully disordered structures. The mean number of d-H near neighbors (2.82) also approached, but did not quite reach, the value of
3 characteristic of full disorder. Apparently, full randomization is
not attained in 4,500 steps for this particular MC scheme; nevertheless, the final energies and near-neighbor numbers are not far
from a fully disordered model.
Finally, MC relaxation was applied to quench an initially disordered structure. For that, a fully disordered (infinite temperature)
structure was used as input for an MC run in which a new structure
was accepted only if its energy was lower than that of the previous
structure (‘‘zero temperature quench’’). Fig. 3B shows a relaxed,
low-energy structure obtained after 5,000 MC steps. The ice surface
did not recover the ideal Fletcher state; however, comparison of
Fig. 3B and Fig. 3A reveals the disappearance of clumps of dangling
atoms of the same kind. Clumps are replaced by a meandering
stripe pattern, approximately describable as a ‘‘mosaic’’ of Fletcher
phase nanodomains. The energy of the final structure is only 0.02
kcal/(mole of dangling atoms) above that of the fully ordered
Fletcher structure. The number of d-H near neighbors (2.10)
approaches the value of 2 characteristic of the Fletcher phase. These
results suggest the existence of a continuum of low-energy surface
structures that can be viewed as defective, Fletcher-like configurations whose lower bound is the ordered striped Fletcher phase itself.
So long as oxygens remain ordered, thermal disordering presumably could take place by gradual conversion of the ideal striped state
into this kind of mosaic.
The next question to be asked is whether the real physical ice
surface will be able to relax toward the lowest energy Fletcher
structure at sufficiently low temperature. Because of kinetic barriers, the surface could remain in a disordered or defective striped
structure such as the one shown in Fig. 3B, or alternatively could
become trapped in another partly ordered structure, such as the
honeycomb phase. It was beyond the scope of the present study to
evaluate the kinetic barriers; rather, we chose to use comparison
with the available experimental data as a validation test. We
considered, in particular, He diffraction and SFG spectra.
The extensive helium scattering data of ref. 8 provide both the
high resolution and low temperatures capable of addressing proton
order. The pertinent diffraction pattern is reproduced in Fig. 4. The
minor features that potentially originate from proton ordering are
indicated by arrows. The authors of ref. 8 tentatively attributed
these peaks a–c to an unspecified hexagonal lattice with a periodicity 2.1 times that of the surface O atoms. We regard the a and b
He diffraction peaks as compatible with three superposed 2 ⫻ 1
Fletcher striped structures. In fact, the (2 ⫻ 1) periodicity of the
striped Fletcher phase would invariably appear as a (2 ⫻ 2) once
domains oriented in three possible symmetry equivalent directions
are considered. The presence of domains, inevitable in a symmetrybreaking surface phase, is in fact indicated by the experiment. Peaks
a and b are very broad, corresponding to a width of 2.5° [as
compared with the 0.39° width of the (10) and (1 0) peaks]. The
authors of ref. 8 deduced that the broad peaks originate from
domains of ⬇30 Å linear dimension.
We calculated He diffraction intensities for the ideal striped
phase by using the eikonal approximation (29). Similar to ref. 8, d-H
and d-O surface atoms were assumed to introduce a Gaussianshaped corrugation to the He–surface interaction. The best fit
parameters that reproduce the diffraction pattern and that are
similar to those used in ref. 8 for the disordered model are given in
SI Methods. Most importantly, the difference between the Gaussian
heights of d-H and d-O is 0.15 Å, in accord with the estimate of ref.
8 based on accurate evaluation of the water–He interaction (30).
The computed intensities are given in the Fig. 4 legend. Although
the eikonal approximation is not expected to be quantitatively
accurate, reasonable qualitative agreement was attained with respect to the main diffraction peaks and the secondary peaks a and
b, which in our model originate from the stripes. Consistent with the
Buch et al.
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Fig. 4. Helium diffraction pattern from the basal ice surface [reproduced
with permission from ref. 8 (Copyright 2000, American Institute of Physics)].
 (upper curve) and ⌫ ⫺ K
Angular distributions along the ice surface ⌫ ⫺ M
azimuths (lower curve) for an incident energy of 10.5 meV and a surface
temperature Ts ⫽ 45 K. Sharp, first-order diffraction peaks from the hexagonal
 azimuths, along with weak secondice surface are observed along the ⌫ ⫺ M
 and ⌫ ⫺ K azimuths. Additional broad, weak
order peaks along both the ⌫ ⫺ M
features (indicated by arrows) can be seen for both directions. Calculated
diffraction intensities (eikonal approximation), relative to the specular: (10),
0.267; (20), 0.024; (a), 0.045; (b), 0.063; (11), 0.065.

scattering data, the relative intensity of the secondary peaks a and
b is predicted to be on the order of 5%. Peaks c do not appear in
our model; however, peaks c are much sharper than a and b, which,
along with their location near the (1 0) and (10) primary peaks,
suggests a different origin, such as surface steps. The marginal
difference in lattice constants could indeed be due to residual
antiphase domains in the Fletcher structure, energetically too subtle
to evaluate at this stage; or the difference may not be meaningful
because of the large width of the experimental peaks (⌬/ ⬇ 0.3
for peak a).
The partly ordered honeycomb lattice (Fig. 1E) would also
yield secondary diffraction peaks; however, with a (公3 ⫻ 公3)
periodicity clearly incompatible with the location of the experimental peaks a and b.
Diffraction patterns (data not shown) were also calculated for
MC-relaxed disordered structures such as the quenched mosaic
configuration shown in Fig. 3B; only a trace of the secondary
diffraction peaks was obtained. Upon ideally increasing the (2 ⫻ 1)
Fletcher domain sizes to form larger and larger ‘‘mosaic tiles,’’ these
traces would gradually build up into broad fractional peaks resembling the experimental peaks a and b. We conclude that lowtemperature, high-resolution He scattering supports the presence of
substantial domains of the ice surface characterized by Fletcher’s
ordered striped structure.
The SFG spectra represent another, dynamical probe of surface
properties (31, 32). We calculated SFG spectra of the ice surface for
the striped phase and, by comparison, for the fully disordered
dangling atom pattern, using the recently developed exciton-based
method (33). Fig. 5 shows a comparison of the computed spectrum
with the experimental ppp polarization H-bonded OH-stretch
spectrum measured in the Shultz laboratory (34, 35). The lowfrequency peak a was assigned in ref. 33 to the ‘‘breathing’’ modes,
in which the different OH bonds oscillate globally in phase. Peak b
corresponds to dipolar modes, where dipoles associated with the
asymmetric stretch oscillate in phase. [The smaller peak c is of
uncertain origin and was reproduced only marginally by the calculations.] Again, accuracy of the computational scheme is qualitative
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rather than quantitative. Nevertheless, the increase in the relative
intensity of peak a with respect to b in the striped phase brings the
computation into better agreement with experiment, as compared
with the fully disordered model.
Although the results discussed above concur to favor the presence of striped order at the low-temperature ice surface, we note
that the oxygen lattice remained fully ordered throughout the above
simulations. Loss of oxygen order beginning from the Fletcher
phase was simulated by using MD in the vicinity of the Tammann
temperature (180 K). The simulation used the TIP4P-ice potential,
known to yield the correct ice melting temperature (24), and the
ideal striped surface structure was used as input. Fig. 6 shows final
surface snapshots of the trajectories. On the simulation time scale
of 2 ns, loss of surface oxygen order begins between 150 and 200 K,
in accord with experimental helium scattering (12) and SFG (14)
data. Note that the 200 K snapshot still displays elements of crystal
order in the top bilayer, whereas the 250 K snapshot does not.
Related studies of loss of oxygen order were carried out in the past
for different (mostly proton-disordered) surface models (36–40).
Discussion
On the basis of theory and simulation arguments, it is proposed that
the ice basal surface favors an ordered, striped dangling atom
pattern in the entire T range in which the surface is oxygen-ordered
(ⱕ180 K).
An effort was made to validate our theoretical results through
direct connection to available experimental data. Specifically, the
He diffraction pattern of ref. 8 (Fig. 4), which includes hitherto
unexplained small, but reproducible, extra peaks a and b, is
discussed. These peaks can be accounted for by the presence of
striped Fletcher domains in the crystal ice surface, oriented in three
symmetry equivalent directions. Although no effort was made to
calculate domain size distribution (which is likely to be influenced
by the experimental procedures), the observed diffraction peak
widths indicate domains of ⬇30 Å linear dimension (8). This
interpretation implies that the dangling atom ordering process is
kinetically unimpaired, at least to the extent of forming domains. A

A

B

C

Fig. 6. Final snapshots of MD simulations of the initially striped ice surface
at 150 K (A), 200 K (B), and 250 K (C). The simulation slab contained 960
molecules arranged in 10 bilayers, with all molecules fully mobile; only the top
96 molecules are displayed. The snapshots correspond to 2-ns-long simulations
at 150 K and 200 K and 1 ns at 250 K. O atoms belonging to the fourcoordinated molecules are in red; O atoms belonging to the threecoordinated molecules are in yellow; d-H atoms are in black.
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Fig. 5. ppp SFG spectrum of the ice basal surface in the H-bonded OH-stretch
range at 128 K. (A) Experimental spectrum. (B) Computed spectra for Fletcher’s
striped phase (solid line) and for the fully disordered model (dot-dashed line).

second piece of evidence supporting a striped Fletcher phase rather
than a disordered model is the improved agreement between
computed and experimental SFG spectra.
An issue of great interest for future work is the influence of the
striped dangling atom order pattern on the ice interaction with
adsorbates. Adsorbates might reinforce, modify, or ruin the pristine, striped-ordered phase. New ordered phases could be generated by adsorbate molecules. Intense infrared-active bands of
adsorbates have been shown to be highly sensitive to the extent of
order in the underlying surface (41, 42). SFG spectroscopy (which
probes modes that are both infrared and Raman-active) holds great
promise as an experimental probe. Infrared adsorbate spectroscopy
on large ice nanoparticles (which may include crystalline surface
patches) is also potentially informative (13, 41, 42). Finally, ab initio
simulations (43, 44) are likely to provide further insight into these
and other related issues bearing on the fascinating ideal hexagonal
ice surface.
Methods
Calculations used two empirical rigid-body potentials: (i) the nonpolarizable
TIP4P-ice (24, 25) (the well known TIP4P potential, modified to reproduce the
correct melting point) and (ii) the polarizable EMP (26, 27), which was a version
of the potential devised by Kuwajima and Warshel (27), modified to improve the
description of the orientational energetics of ice. Both potentials reproduce ice
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properties quite well (24, 26). In energy minimizations of ice models, very long
potential cutoffs of 120 Å were used in lieu of Ewald sums. Ice slabs containing
360 –5,500 molecules and 4 –10 ice bilayers were examined. The set of configurations for each of the three models, a– c, described in Results consisted of ⬇200
different orientational structures, generated randomly while fully obeying ice
rules and compatible with the respective a– c dangling atom pattern in the top
bilayer. The dangling atom patterns in the bottom slab bilayers were assumed to
be disordered. For the sake of consistency, the same sets of disordered d-H and
d-O patterns were used for all three models. To assess intermolecular zero-point
energy effects on the system energetics, a normal mode analysis was carried out
for the intermolecular motions of the top bilayer. To estimate the contribution of
the anharmonic OH-stretch vibrations, an exciton model was used, as described
in refs. 13 and 33. MD simulations of ice slabs used the SHAKE algorithm to keep
the molecules rigid (45), a 40-a.u. time step, and a 13-Å potential cutoff. Further
details are provided in SI Methods.
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Water autoionization reaction 2H2O 3 H3Oⴚ ⴙ OHⴚ is a textbook
process of basic importance, resulting in pH ⴝ 7 for pure water.
However, pH of pure water surface is shown to be significantly
lower, the reduction being caused by proton stabilization at the
surface. The evidence presented here includes ab initio and classical
molecular dynamics simulations of water slabs with solvated H3Oⴙ
and OHⴚ ions, density functional studies of (H2O)48Hⴙ clusters, and
spectroscopic isotopic-exchange data for D2O substitutional impurities at the surface and in the interior of ice nanocrystals. Because
H3Oⴙ does, but OHⴚ does not, display preference for surface sites,
the H2O surface is predicted to be acidic with pH < 4.8. For similar
reasons, the strength of some weak acids, such as carbonic acid, is
expected to increase at the surface. Enhanced surface acidity can
have a significant impact on aqueous surface chemistry, e.g., in the
atmosphere.
density functional theory 兩 IR spectroscopy 兩 molecular dynamics 兩
water autoionization 兩 ice nanocrystals

n room-temperature liquid, one in 6 ⫻ 108 water molecules is
autoionized, yielding the standard value of pH ⫽ 7. Autoionization in crystal ice should be less favorable, because, in contrast
to water, ice is a very poor solvent of ionic and polar substances
(1). As recently realized (2–5), the chemistry and composition of
aqueous surfaces are quite distinct from that of the bulk;
therefore, autoionization behavior should be reexamined at the
surface.
A number of recent computations (6–8) indicated the preference of hydronium cations for surface positions. Surface
propensity of H3O⫹ was also deduced from vibrational spectroscopy of large protonated water clusters (6), as well as
vibrational sum frequency generation (8, 9) and second harmonic generation (10) spectroscopic experiments probing extended aqueous interfaces. Interestingly, zeta potential measurements and titration experiments on oil droplets dispersed in
water indicated the presence of negative charges at the interface,
interpreted as adsorbed OH⫺ ions (11). Similar conclusions have
also been drawn from zeta potentials of air bubbles in water (12).
More work is clearly needed to reconcile this apparent discord
between predictions of surface-selective spectroscopies and molecular simulations on one side and electrochemical measurements on the other side.
H3O⫹ forms three strong proton–donor bonds to H2O, but
acts as a poor proton acceptor. A surface position with only H
atoms hydrogen-bonded is preferred to interior positions, because the latter are associated with disruption of the approximately tetrahedral hydrogen-bond network in water (10). The
present work focuses on the effect of surface stabilization of
hydronium on water autoionization and surface pH.

I

Calculations
Overview. Modeling of proton-tranfer systems is a nontrivial
problem, because standard (empirical) potential energy surfaces
do not include a possibility of proton hopping between different
water molecules or transitions between the two limiting protonated water forms (the hydronium H3O⫹ and the Zundel ion
H2O䡠H⫹䡠OH2). In the present study, three complementary com7342–7347 兩 PNAS 兩 May 1, 2007 兩 vol. 104 兩 no. 18

putational approaches were used. First, constant volume and
temperature (NVT) ab initio molecular dynamics simulations
were carried out for liquid water with a pair of H3O⫹ and OH⫺
ions. To assess surface effects, the simulation was carried out for
both a box with 3D periodic boundaries and a slab with two open
surfaces and 2D periodic boundaries. This ‘‘on-the-fly’’ technique enables first-principle modeling of proton transfer systems
at finite temperatures; proton transfer and transitions between
the different protonated-water forms are automatically included
in the computational scheme. However, the high computational
cost limits the dimensionality of the model system, the duration
of the trajectories, and the accuracy of the electronic structure
method used to evaluate the forces and the energies.
Direct simulation of autoionization is not easily feasible
because of the activation barrier (see, however, a pioneering
study of bulk autoionization in ref. 13). On the other hand,
recombination between H3O⫹ and OH⫺ can be readily observed
in on-the-fly simulations, on a feasible time scale, enabling
qualitative assessment of the autoionization energetics. On-thefly results suggest a significant lowering of the endothermicity of
the autoiozation reaction at the surface, with respect to the bulk,
because of the stabilization of the protonated water at the
interface.
To assess more quantitatively the extent of this stabilization,
ab initio techniques were applied to calculate the energy of a
protonated water cluster (H2O)48H⫹ with the proton either at
the surface or in the interior. At this size, fairly accurate
electronic structure calculations can be made for the system
energetics. The calculations indicated substantial energy lowering upon proton transfer from the interior to the surface of the
cluster. However, behavior of an aqueous solution is ultimately
determined by the free-energy (rather than the energy) difference between the interior and the surface ion states. Calculations
of the free-energy differences (⌬Gsb) between these states are
feasible only with empirical potentials. Such calculations were
performed in the third part of the study, for aqueous solutions
in slab geometry of protonated-water ions in the two limiting
forms (hydronium and Zundel) and of the hydroxide ion.
Polarizable potentials were used, which were calibrated against
cluster ab initio data. In this part, the use of potential models that
do not include proton transfer is reasonable because a thermodynamic rather than a dynamic quality is calculated. The resulting ⌬Gsb values were consistent with enhanced acidity of the neat
water surface, because of proton preference for the surface and
lack thereof for the hydroxide. The different computations are
described in more detail below.
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On-the-Fly Dynamics. NVT classical trajectories were evaluated at

270 K. The nuclei moved on the Born–Oppenheimer potential
energy surface, which was calculated at each time step at the
Becke-Lee-Yang-Parr (BLYP) level of the density functional
theory (DFT) using a double-zeta polarization basis set (DZVP).
The CP2K/QUICKSTEP package was used (14); see Fig. 1 and
Computational Methods for further technical details. First, a
single ion (H3O⫹ or OH⫺) was simulated in an 11-Å-thick water
slab containing 71 water molecules. Throughout a 2.5-ps simulation, the cation remained at the surface. In a similar simulation,
the anion underwent initially several quick proton transfer cycles
between the surface and the interior, but after 0.3 ps settled in
the interior of the slab for the remainder of the simulation. The
latter result is consistent with recent sum frequency generation
data and simulations using an empirical potential, which indicated lack of surface preference for hydroxide (8, 9).
Simulation of a slab including both ions (H3O⫹ and OH⫺)
required some effort, because, due to the limited dimensionality
of the model, the ions tended to recombine before relaxing.
Different initial locations were tried for the two ions. Finally, a
trajectory was generated in which the two ions acquired favorable solvation shells before recombining and thus survived for
5.4 ps. During the first picosecond of this trajectory, the two ions
formed an interesting solvent-separated ion pair, with the central
water molecule acting as proton acceptor with respect to both
ions. (In this configuration, recombination is blocked by the
central water molecule; such configurations may in fact serve as
intermediates in the autoionization process in water.) During
this part of the trajectory, the ion pair resided in the slab interior;
however, the proton underwent numerous back-and-forth transitions between the ion-pair configuration and the surface. At t ⬇
1 ps, the two ions separated; the proton moved to the surface,
Buch et al.

Search for Low-Energy Structures of the (H2O)48Hⴙ Cluster. Because

OH⫺ does not display surface preference, the crucial quantity for
the present argument is the free energy lowering as the proton
is moved from the H2O bulk to the surface. The main contribution is expected to originate from the energy change caused
by surface stabilization of the proton. To estimate the energy
change, a search was made for low-energy structures of a
protonated water cluster (H2O)48H⫹, with the proton either on
the surface or in the interior. At this size, Becke three-parameter
hybrid functional combined with Lee–Yang–Parr correlation
functional (B3LYP) calculations can be made of the system
energetics. The B3LYP method is expected to yield much more
accurate energy values than the BLYP used in the slab and bulk
calculations; as a matter of fact, this method benchmarked very
well against more accurate ab initio calculations for autoionization in the water octamer (15).
The initial search for low-energy cluster structures used a
molecular dynamics-based method as described (16). Microcanonical trajectories lasting several nanoseconds were run for the
cluster at a mean temperature of ⬇200 K. At this stage, the
calculation used a nonpolarizable version of the empirical potential for the hydronium–water system (8). Trajectory structures were minimized every 5 ps. A bank of ⬇1,200 perspective
minima was thus obtained, with the hydronium either at the
cluster surface or in the interior. The energies of the minima
were then recalculated at the BLYP/DZVP level, following a
single minimization step. Ten thus-obtained lowest-energy structures of each kind (i.e., with the proton at the surface or in the
bulk) were subjected to full minimization at the BLYP/DZVP
level. The final energies were then recalculated at the B3LYP
level. The average energy difference between the 10 lowest
energy minima with the proton in the interior and the 10 lowest
energy minima with the proton at the surface was 8.7 and 10.5
kcal/mol, for B3LYP and BLYP, respectively. Three of the lowest
energy minima of each kind were furthermore fully reoptimized
at the B3LYP level, resulting in an 8.8 kcal/mol energy difference
between a pair of lowest energy minima of each kind. This
energy preference for surface structures is consistent with the
values obtained by other authors (6, 7) for smaller
(H2O)n⫽20,21H⫹ clusters, which, however, acquire a rather special cage-like geometry.
Calculations of ⌬Gsb. Finally, to assess the surface preferences of

protonated and deprotonated water, free-energy differences
⌬Gsb between the bulk and the surface for the ions are needed.
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Fig. 1. Born-Oppenheimer potential energies corresponding to NVT (at 270
K) on-the-fly trajectories of Zwitterionic systems containing an H3O⫹, OH⫺ ion
pair (black) and of corresponding neutral liquid H2O systems without ions
(red). (A) A ⬇11-A-thick slab of water in a 2D periodic box. (B) A cubic box of
water with 3D periodic boundaries. Arrows mark the time of the ion-pair
recombination; note subsequent lowering of the energy in the black curve of
B and the absence thereof in A. In A, the mean energies of the system with the
ion pair, and of the neutral system, were ⫺1,236.794 (0.017) and ⫺1,236.791
(0.022) Hartree, respectively; the numbers in the parentheses denote standard
deviation. In B, the corresponding energies were ⫺1,099.363 (0.0180) and
⫺1,099.413 (0.0180), respectively. In the plots, the zero of the energy was
shifted, and the units were transformed to kcal/mol. The calculated mean
energy differences between the Zwitterionic and neutral systems are ⫺0.003
Hartree ⫽ ⫺2 ⫾ 18 kcal/mol and 0.05 Hartree ⫽ 31 ⫾ 16 kcal/mol, for A and B,
respectively.

whereas the hydroxide adopted an interior position. The ions
remained so until just before recombination (t ⬇ 5.3 ps), at which
time the anion emerged at the surface.
Fig. 1 A shows the energy of the system along the trajectory,
together with energy for a trajectory of a neutral water slab
without the ions. The two energies are the same within the
accuracy of the calculation. The energy difference between the
autoionized and neutral system cannot be assessed quantitatively
from this calculation, because of the large potential energy
fluctuations of the finite dimensionality systems and the limited
accuracy of the DFT/BLYP method. However, one may note the
qualitative difference with respect to a bulk on-the-fly simulation, using cubic 3D periodic boundaries, for which the energy of
the autoionized system clearly exceeded the energy of the
neutral one (Fig. 1B). Note in Fig. 1B that the drop in potential
energy is delayed by 1 ps with respect to recombination, marked
by the arrow, because the surrounding water molecules need
some time to relax to the new environment of the recombined
ion pair. These on-the-fly results are consistent with preference
of protonated water for surface sites and suggest reduced
endothermicity of autionization at the liquid surface caused by
surface stabilization of the cation.

pOH is estimated as 7.7–8.4. We thus conclude that the surface
of pure water is acidic.

Fig. 2. A typical snapshot from a molecular dynamics simulation depicting a
surface bound H3O⫹ (red and white) and bulk OH⫺ (orange and white) in an
aqueous slab (blue and white). The two neighboring periodic images of the
solvent next to the unit cell are also depicted (shaded representation).

For that purpose, simulations using thermodynamic integration
were carried out for each ion dissolved in a slab of liquid water.
The scope of these simulations necessitated the use of computationally efficient empirical potentials, which were calibrated
against ab initio MP2/aug-cc-pvdz geometries and energies of
small water clusters with H3O⫹ or OH⫺. For further computational details, see Fig. 2 and Computational Methods. For H3O⫹,
the calculation predicted a free-energy preference for the surface of ⬇3 kcal/mol. This value is likely a lower bound, because
the empirical potential underestimates, with respect to B3LYP,
the average energy difference between ‘‘in’’ and ‘‘out’’ structures
of (H2O)48H⫹ clusters, yielding an average energy difference of
⬇4 kcal/mol. Thus, ⌬Gsb of the proton deduced from the
empirical potential could be too small by up to 4 kcal/mol,
because of the underestimation of this energy difference. Additional ⌬Gsb calculations using an empirical potential were
carried out for the proton-sharing Zundel form of protonated
water H2O䡠H⫹䡠OH2; the ⌬Gsb value obtained in the simulation
was similar to that of the H3O⫹ ion. (Zundel ions were examined,
because according to our on-the-fly calculations, ⬇30% of
protonated water configurations resemble the Zundel rather
than the H3O⫹ ion.) In contrast to hydrated proton, no surface
preference was found for OH⫺, which weakly prefers the bulk
with ⌬Gsb of ⫺1 to ⫺2 kcal/mol. A typical snapshot depicting a
surface-bound H3O⫹ and bulk OH⫺ is shown in Fig. 2.
Using the above lower bound of the proton surface stability
⌬Gsb ⫽ 3 kcal/mol, one obtains at 300 K a ⬇150-fold increase in
surface concentration of H3O⫹ compared with the bulk. [This is
a larger surface enhancement then observed in our previous MD
simulations (8), mainly because of a refined potential and lower
H3O⫹ concentration in this study.] This value translates to
pH ⬇4.8 of the top-most layer of neat water (as usual, we define
pH as the negative logarithm of proton concentration rather than
of its activity, which is justified at these low ion concentrations).
Assuming the above upper-bound ⌬Gsb value for H3O⫹ suggests
surface pH possibly as low as 1.9. At the same time, the surface
7344 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0611285104

Experiment
Additionally, we present experimental evidence that ice nanocrystal surfaces are slightly acidic, similar to liquid H2O surfaces.
Proton activity in ice can be monitored by observation of isotopic
exchange (17–20), because the only known mechanism of the
reaction D2O ⫹ H2O 3 2HDO at experimental temperatures is
via proton transfer (1). In the absence of acidic impurities, the
protons are provided by H2O autoionization. [OH⫺ contribution
to the exchange is much less than that of the proton, because of
a significantly lower mobility (21), i.e., no isotopic exchange is
observed in thick ice films grown from the vapor of very dilute
ammonia-water solutions on a time scale of days at 155 K.] In the
interpretation of the experimental data, advantage is taken of
some of the computational results presented above. To justify
that, we note that ice nanocrystals were shown to include a
⬇5-Å-thick disordered surface layer and a partially disordered
subsurface layer (22). Thus, it is reasonable to surmise that
surface and subsurface states of the proton at the disordered
nanoparticle surface are similar to those of the amorphous
(H2O)48H⫹ cluster and a cold liquid. On the other hand, interior
proton states are expected to be more unfavorable inside the
nanocrystal than inside (H2O)48H⫹ or the liquid, because, in
contrast to the liquid, crystal ice is a very poor solvent (1).
Experimental Technique. Infrared spectroscopic observation of

isotopic exchange in/on ice nanoparticles in the 110- to 150-K
temperature range was carried out much as described (18).
Aerosols of H2O particles, with an average diameter in the 12to 40-nm range, were prepared containing small percentages of
intact D2O. Gas pulses from two separate 1-liter He(g) reservoirs with the same total gas pressure, one containing 1.0% of
H2O and the other ⬇0.1% of D2O, were transmitted by coaxial
tubing to the inside of a double-walled cold-condensation cell.
Simultaneous release and thorough overlap of the gas pulses
allowed ice nanocrystals to form with nearly uniform distribution of D2O between and within the particles. Significant H–D
exchange occurred during gas handling and within the colddroplet phase of the nanocrystal formation process, but typically
every second or third deuterium appeared as intact isolated D2O
(as exemplified by the solid-line spectrum in Fig. 3 Right).
Ultimately, the ability to monitor the exchange rates is based
on distinct spectroscopic signatures of isotopically isolated D2O
and HDO (Fig. 3). Upon passage of a mobile proton defect, an
isolated D2O is converted to an HDO neighbor pair, and
subsequently, through successive molecular-turn and proton-hop
steps, to isolated HDO (1, 17). Fig. 3 displays typical spectroscopic results for exchange rates at the ice nanocrystal surfaces
and in their interiors. Note that we rely on the opportune
presence of distinct and well spaced spectroscopic features for
the two environments. The assignment of the three distinct
interior bands near 2,400 cm⫺1 (Fig. 3 Right) to isolated D2O
(symmetric stretch, 2,370 cm⫺1; asymmetric stretch, 2,447 cm⫺1)
and isolated HDO (2,420 cm⫺1) within ice has been thoroughly
documented (1, 17).
Similarly, surface free-OH and free-OD stretch bands have
been studied in detail (22) and used by in numerous investigations of ice surface adsorbates. In particular, the two free-OD
surface bands (Fig. 3 Left), one of D2O (2,725 cm⫺1) and the
other of HDO (2,712 cm⫺1), have been used to demonstrate the
preference for D-bonding over H-bonding of the single-donor
surface HDO molecules (23). Identification of the HDO surface
spectrum in the absence of D2O was made by using nanocrystals
prepared from premixed H2O with ⬍5% D2O. The temperaturedependent preference of single-donor HDO to D-bond at temperatures used in this study limits the value of the 2,712-cm⫺1
Buch et al.

band as a measure of isotopic exchange (23). Therefore, quantitative rates for the surface exchange have been deduced from
the decrease in the 2,725-cm⫺1 D2O band (see Fig. 4).
Results. Isotopic exchange in the ice nanocrystal interior occurs

on the time scale of minutes to hours in the 150- to 130-K range,
much as observed for thick ice films (17, 18). On the surface, the
relative initial rate is ⬇20 times faster, as deduced from data such
as in Figs. 3 and 4. In the example of Fig. 3 for temperatures near
140 K, the surface exchange is nearly complete in 90 s during
which time period the interior exchange is ⬍10%. Fig. 4 shows
graphically the percent loss with time of the interior D2O
asymmetric-stretch band intensity and the diminution of the
normalized peak intensity of the free-O-D surface band of D2O
for a sample held at 128 K for 18 min. The latter decrease
indicates a half-life of ⬇7 min, whereas the decrease of the
interior D2O band by 7.8% over 18 min extrapolates to a half-life
of 154 min (assuming a first-order exchange process). This result,
typical of kinetic runs for numerous aerosols of ‘‘pure’’ ice
nanocrystals, suggests a ratio of 22 for the respective rates.
However, initial results, for the temperature dependence of the

Fig. 4. Graphical representation of interior and surface H–D exchange with
time for an H2O ice aerosol, with ⬇10% D content, in He(g) at 128 K. The plots
show the percent loss of the interior D2O asymmetric-stretch band intensity (#)
and the simultaneous diminution of the normalized peak intensity of the
free-O–D surface band of D2O (*). Lines connecting data points are included
as an aid to viewing.

Buch et al.

surface exchange rates, point to an activation energy of 5
kcal/mol, which can be contrasted with a value of ⬇9 kcal/mol
reported for H-D exchange within m-thick ice films (1, 17).
Thus the ratio of rates, surface-to-interior, is expected to decrease with increasing temperature.
The ⬇20 ratio of surface-to-interior exchange rates indicates
enhanced proton concentration at the surface and/or enhanced
mobility at the surface. We shall argue here in favor of the first
possibility. As noted above, ice nanocrystals were shown in the
past to have disordered surfaces (22), and one expects lower
mobility in the disordered medium (surface) than in the crystal
one (interior). For example, it has been established that no
proton transfer occurs in pure compacted amorphous ice ⬍140
K, and that, relative to crystalline ice, a greater abundance of
injected protons is required to induce H-D exchange at ⬇120 K
(24). Because of the surface and subsurface disorder, protonated
H2O configurations there should be similar to those in amorphous ice, liquid water, and the amorphous (H2O)48H⫹ cluster.
On the other hand, proton transfer from the surface to the
crystalline bulk is expected to be more endothermic than for the
liquid, because, in contrast to water, crystal ice is a very poor
solvent (1, 25). Further, one may note past computational results
favoring a greater surface than bulk proton concentration, which
showed that the O䡠H interaction between hydronium embedded
in ice, and the proton-donating neighbor water molecule is
repulsive (26).
The effect of surface impurities on the relative isotopic
exchange rates is revealing. Twenty percent of a surface monolayer (ML) of H2S enhances both the surface and interior
exchange rate by only a factor of ⬇2.5. Thus, at the surface the
autoionization constant of water is of the same order of magnitude as Ka of H2S, which is a weak acid. On the other hand,
paralleling reports for thick ice films (21), a small amount of NH3
adsorbate (⬍1% of an ML) stops the isotopic exchange altogether on the time scale of the experiment (⬇30 min), evidently
caused by proton trapping by the base. The exchange in the
interior resumes when the ammonia coverage is increased to
⬎10% of an ML and, with coverage ⬎50% of an ML, the rate
exceeds that of pure ice. However, now the surface exchange rate
is no longer enhanced with respect to the interior. The larger
amounts of ammonia generate sufficient OH⫺ so that isotopic
exchange takes place despite its reduced mobility with respect to
the proton (21).
Because of the poor solvation properties of crystal ice, one still
expects OH⫺ to spend most of the time in noncrystalline
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Fig. 3. Spectroscopic signatures of proton activity using isotopic scrambling. (Left) Isotopic exchange from surface proton hopping is reflected by loss (D2O:
2,725 cm⫺1) and gain (HDO: 2,712 cm⫺1) of intensity of the bands of unique surface-dangling O–D bonds. (Right) Interior proton motion causes a much slower
conversion of the isolated-D2O doublet (2,448 and 2,370 cm⫺1) to bands of an HDO pair having two coupled OD bonds in tandem. The prominent HDO singlet
(2,420 cm⫺1) is produced by subsequent HDO rotation from passage of an orientational defect that decouples the O–D bonds (17). For the ice nanocrystal interior,
the passage of orientational defects is fast compared with proton hopping (17) so the bands of the coupled HDO (2,442 and 2,400 cm⫺1) are hidden throughout
by the more intense isolated HDO band at 2,420 cm⫺1. Less than a minute is required to complete the surface exchange at 140 K, whereas 30 min at 145 K is
required to convert most of the interior D2O to HDO.

portions of the particle. In characterization of the structures of
ice nanoparticles, it has been noted that there exists a significantly distorted surface and subsurface region with a thickness
of ⬇1 nm (see, for example, pages 400–403 of ref. 22). The
computational results suggest that OH⫺ favors the subsurface
region rather than surface sites. Accordingly, the exchange
induced by a large amount of NH3 does not display any isotopic
exchange enhancement of the surface, with respect to the bulk,
in contrast to the pure H2O nanoparticles. Acidity of the
nanocrystal surface is a combined outcome of surface sites for
the protons and subsurface sites for OH⫺.
Considering that the subsurface region differs from both the
surface and the interior of the nanocrystals, it is likely that the
exchange rates of that region are also unique. Kang et al. (19)
have reported reactive-ion-scattering data that are consistent
with a greater exchange rate in the subsurface of amorphous ice
films than for the bulk. Because the nanocrystal subsurface has
a distinct infrared spectrum (22), the possibility exists for
extension of our methods to determine the exchange rates for
this third component of the nanocrystals. However, with the
present study based on relatively large nanocrystals, the subsurface D2O/HDO bands are present as small broad components
directly underlying the interior ice spectra. Studies with still
smaller particles for which the subsurface bands rival the interior-ice band intensities (as for 4-nm-diameter crystals as displayed in figures 2 and 4 of ref. 22) may permit identification of
the exchange rates within the subsurface.
Conclusions
Based on molecular computational and experimental evidence
we have shown that the surface of neat water is acidic with
pH ⬍ 4.8 because of a significant surface propensity of hydronium (but not hydroxide) ions. By argument analogous to our
results for neat water, weak acid solutions can display enhanced
surface acidity, i.e., surface pH reduction by at least 2.2 units,
corresponding to ⌬Gsb ⱖ 3 kcal/mol of hydrated protons. [Note
that pKa of the acid is not necessarily reduced by the same extent,
being affected additionally by ⌬Gsb values of the neutral acid and
the negative ion (27–29).] The case of carbonic acid is of
particular interest. Under normal atmospheric conditions, bulk
water exposed to the air acquires a pH of 5.7 because some of
the dissolved CO2 gas undergoes a reaction CO2 ⫹ 2 H2O 3
H3O⫹ ⫹ HCO3⫺ At the surface, pH will be reduced more
significantly than in the bulk, because of surface propensity of
hydronium ions. Enhanced acidity of water surface can have a
significant impact on aqueous surface chemistry in natural
atmospheric environments, cloud nucleation, thundercloud electrification, and electrochemistry (e.g., corrosion processes).
As noted in the Introduction, the present results contradict the
microscopic interpretation proposed for macroscopic titration
experiments and zeta potential measurements on oil emulsions
and gas bubbles in water (11, 12). Those experiments indicated
negatively charged surfaces. It was proposed that this effect is
caused by a substantial surface propensity of OH⫺ and lack
thereof for H3O⫹. The existing controversy between molecular
simulations and spectroscopic experiments on one side and
macroscopic measurements on the other side, which probably
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cannot be fully resolved at the moment, is discussed in detail in
ref. 30.
Computational Details
The ab initio molecular dynamics simulations used an on-the-fly
NVT code as implemented in the CP2K/QUICKSTEP package
(14). The scheme combines a Gaussian basis for the wave
functions with an auxiliary plane wave basis set for the density.
The DFT/BLYP functional was used in conjunction with the
DZVP basis and pseudopotentials of the Goedecker-TeterHutter type (31). The time step was 0.5 fs. The first simulation
pertained to a slab of 72 water molecules in a 13.47 ⫻ 15.56-Å
2D periodic box; the thickness of the slab was ⬇11 Å. A
Martyna-Tuckerman Poisson solver was used in the calculation
with 2D periodic boundaries (32). In the simulations with a single
ion, one of the surface water molecules was converted initially to
either H3O⫹ or OH⫺ by addition or subtraction of an H atom.
Additional simulations were carried out for a zwitterionic system, after converting two water molecules to H3O⫹ and OH⫺.
The second set of simulations pertained to 64 water molecules
in a cubic box of dimension 12.41 Å, with 3D periodic boundaries. For both 3D and 2D periodic boundary conditions longrange electrostatic interactions were accounted for via an Ewald
summation. For the above computational parameters, the water
self-diffusion constant in a 3D box is 2.50 and 0.52 10⫺5 cm2䡠s⫺1
at 300 and 270 K, respectively, as compared with the experimental values of 2.57 and 1.13 10⫺5 cm2䡠s⫺1 at 298 and 273 K,
respectively (33, 34). The simulations were carried out finally at
270 K, because at this temperature it was easier to stabilize the
hydronium-hydroxide ion pair within the finite size box.
For the free-energy calculations we used the thermodynamic
integration method as implemented in a classical molecular
dynamics package, Gromacs 3.3.1 (35), with a control routine
(36) ensuring statistical error below a given threshold (⬇1
kcal/mol). This procedure required nanosecond time scale runs,
which were performed in the NVT (300 K) ensemble by using a
1-fs time step. The slab was formed by placing 432 POL3 (37)
water molecules, H3O⫹ (Eigen) or H5O2⫹ (Zundel), and OH⫺
into a 3D periodic unit cell of 18.7 ⫻ 18.7 ⫻ 237 Å. A 9-Å
interaction cut-off with a particle mesh Ewald sum (38) for
long-range electrostatic interactions was used. We tested a set of
potential parameters for these ions, which we either took from
literature (8) or fitted the van der Waals radius of the oxygen of
the ion against ab initio MP2/aug-cc-pvdz geometries and energies of clusters containing H3O⫹ or OH⫺ with three strongly
bound water molecules. Alternatively, we aimed to match the
energy difference between the surface and bulk located hydronium, as obtained in the above DFT calculations for the
(H2O)48H⫹ clusters. In either case, we did not allow the ion
oxygen radius H3O⫹ to deviate ⬎10% from those of the previously used models (8) to remain within physically reasonable
potential parameters.
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CON SPECTUS

N

oble-gas chemistry has been undergoing a renaissance in recent
years, due in large part to noble-gas hydrides, HNgY, where Ng
) noble-gas atom and Y ) electronegative fragment. These molecules are exceptional because of their relatively weak bonding and
large dipole moments, which lead to strongly enhanced effects of the
environment, complexation, and reactions. In this Account, we discuss the matrix-isolation synthesis of noble-gas hydrides, their spectroscopic and structural properties, and their stabilities.
This family of species was discovered in 1995 and now has 23
members that are prepared in noble-gas matrices (HXeBr, HKrCl, HXeH,
HXeOH, HXeO, etc.). The preparations of the first neutral argon molecule, HArF, and halogen-free organic noble-gas molecules (HXeCCH,
HXeCC, HKrCCH, etc.) are important highlights of the field. These molecules are formed by the neutral H + Ng + Y channel. The first addition reaction involving HNgY molecules was HXeCC + Xe + H f HXeCCXeH, and this led to the first hydride with two noblegas atoms (recently extended by HXeOXeH). The experimental synthesis of HNgY molecules starts with production of H and
Y fragments in solid noble gas via the UV photolysis of suitable precursors. The HNgY molecules mainly form upon thermal mobilization of the fragments.
One of the unusual properties of these molecules is the hindered rotation of some HNgY molecules in solid matrices;
this has been theoretically modeled. HNgY molecules also have unusual solvation effects, and the H-Xe stretching mode
shifts to higher frequencies (up to about 150 cm-1) upon interaction with other species.
The noble hydrides have a new bonding motif: HNgY molecules can be represented in the form (H-Ng)+Y-, where
(H-Ng)+ is mainly covalent, whereas the interaction between (HNg)+ and Y- is predominantly ionic. The HNgY molecules are highly metastable species representing high-energy materials. The decomposition process HNgY f Ng + HY is
always strongly exoergic; however, the decomposition is prevented by high barriers, for instance, about 2 eV for HXeCCH.
The other decomposition channel HNgY f H + Ng + Y is endothermic for all prepared molecules.
Areas that appear promising for further study include the extension of argon chemistry, preparation of new bonds with
noble-gas atoms (such as Xe-Si bond), and studies of radon compounds. The calculations suggest the existence of related
polymers, aggregates, and even HNgY crystals, and their experimental preparation is a major challenge. Another interesting task, still in its early stages, is the preparation of HNgY molecules in the gas phase.

Introduction

ing preparation of the first noble-gas compound
Xe+[PtF6]- by Bartlett.2 This was followed by a

The history of noble-gas chemistry originates from

gradual development of the field3 and by a rec-

the inspiring suggestions by Pauling1 and pioneer-

ognized renaissance in recent years.4
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In this Account, we describe a part of modern noble-gas
chemistry, noble-gas hydrides, with the common formula
HNgY where Ng ) noble gas atom and Y ) electronegative
fragment. This family of species was started by Pettersson et
al. in 1995,5 and it now includes 23 members (see Table 1).
We will discuss the matrix-isolation synthesis of these molecules, their spectroscopic and structural properties, and their
stabilities. Examples such as HArF, the first neutral argon compound,6 and organo-noble-gas compounds are discussed in
more detail.7–9 Quantum chemistry plays an important role in
predicting new species and interpreting their peculiar properties. Even though we try to concentrate on facts that have
been demonstrated experimentally, the theoretical view on
the subject is carefully described.
The noble-gas hydrides are not only remarkable for exploring the frontiers of chemical reactivity. They are special in
many other respects due to their relatively weak bonding and
large dipole moments, which results in strongly enhanced
effects of the environment, complexation and reactions. The
results on these molecules shed light on photodissociation
dynamics and atomic mobility in noble-gas solids. Thus, we
extend our consideration beyond the existence of these
molecules.

TABLE 1. Experimental and Theoretical H-Ng Stretching
Frequencies (in cm-1) of Identified HNgY Molecules

molecule

frequency,
experimentala

HArF
HKrCl
HKrCN
HKrF
HKrCCH
HKrC4H
HKrC3N
HXeH
HXeI
HXeBr
HXeCl
HXeCN
HXeNC
HXeSH
HXeNCO
HXeOH
HXeO
HXeCCH
HXeCC
HXeCCXeH
HXeC4H
HXeC3N
HXeOXeH

1970, 2016b
1476
1497
1925, 1952b
1242
1290
1492
1166, 1181
1193
1504
1648
1624
1851
1119
1788
1578
1466
1486
1478
1301
1532
1625
1380

frequency, theoretical
MP2

CCSD(T)

ref

2313
1943
2011
2316
1575
1517
1692
1385
1514
1679
1740
1820
1988
1521
1986
1823

2053

6, 43
5
17
15, 58
20
21
22
10, 11
5, 10
5, 10
5, 10
17
17
18
19
12
13
8, 9
8
7, 8
21
22
14

1736
1595
1759
1777
1572

1781
2174

1216

1148
1678
1681
1621
1754

1455

a

Experiments in the corresponding Ng matrix. b Two values correspond to
characteristic absorptions in unstable and stable configurations.

Experimental Preparation and
Identification
The synthesis of HNgY molecules starts with production of H
and Y fragments in solid noble gas, prepared by UV photolysis of suitable precursors.10 Major production of the HNgY
molecules is activated by thermal mobilization of photogenerated fragments. Figure 1 presents the IR spectrum obtained by
UV photolysis and annealing of a H2O/Xe matrix. The marked
bands are the H-Xe stretching absorptions of various HXeY
molecules.11–14 These H-Ng stretching modes are very
intense (typically >1000 km/mol) and useful for identification. Other modes are much weaker but detected in some
cases (HArF, HKrF, etc.).6,15
The identified HNgY molecules are collected in Table 1,
presenting the experimental and computational H-Ng stretching frequencies. The experimental frequencies can be very different, from 1119 and 1193 cm-1 for HXeSH and HXeI to
1952 and 2016 cm-1 for HKrF and HArF, respectively. The
computational data follow this trend, the higher computational
levels improving the agreement with experiment. The support from quantum chemistry calculations is essential to predict and identify novel species. The HNgY molecules form
when the careful computational energetics of the H + Ng +
Y f HNgY process is exothermic.16 The first identified spe184
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FIGURE 1. Noble-gas hydrides formed by 193 nm photolysis and
40 K annealing of a H2O/Xe matrix.

cies used hydrogen halides as the precursors (HCl, HBr, HI).5
More complicated cases were examined later utilizing HCN,
HNCO, H2S, and H2O.12,17–19 The report on HArF enhanced
the development in the field.6 The first open-shell species was
HXeO.13
A group of noble-gas hydrides was prepared by insertion
of Kr and Xe atoms into organic species. These studies were
ignited by Lundell et al. who predicted HXeCCH, HXeCCXeH,
and some other molecules.7 This prediction was quickly verified, and a positive experimental result was obtained simultaneously in two groups on HXeCCH in solid xenon.8,9 In
addition to HXeCCH, Khriachtchev et al. identified in the same
experiment HXeCC and HXeCCXeH (Figure 2a).8 HXeCCXeH

Noble-Gas Hydrides Khriachtchev et al.

FIGURE 3. Formation of HArF in solid argon. Shown are the
spectra (a) after photolysis of an HF/Ar matrix, (b) after consequent
annealing at 20 K, and (c) after annealing at 30 K.

FIGURE 2. Noble-gas hydrides formed by 193 nm photolysis and
annealing of (a) H2C2/Xe and (b) H2C2/Kr matrices.

was the first hydride containing two noble-gas atoms, and
HXeCC is an open-shell species. These three species were prepared using UV photolysis of a H2C2/Xe matrix and subsequent annealing at 40 K. Following this “organic” series, a Kr
atom was reacted with acetylene producing HKrCCH (Figure
2b).20 Such compounds as HKrCC or HKrCCKrH were not
found, highlighting the lower reactivity of krypton compared
with xenon. We suggested that more organo-krypton molecules could be prepared from other precursors containing the
H-CtC group, which was confirmed later. It also seemed that
this approach could lead to the second argon molecule (in
addition to HArF), but this challenge has not been realized yet.
The next progress in this direction was done with diacetylene (H2C4), and new organic noble-gas compounds HNgC4H
(Ng ) Kr and Xe) were identified.21 These species contain
seven atoms, that is, they are the largest identified noble-gas
hydrides. In addition to the strongest H-Ng stretching absorptions, some weaker bands (C-H stretching, CtC-C and
CtC-H bending modes) were found. The IR absorption spectra indicate some stabilization of HNgC4H compared with the
HNgC2H molecules; however, the argon compound (HArC4H)
did not form. Most recently, Kr and Xe atoms have been
inserted into cyanoacetylene (HC3N).22 Photolysis and annealing of HC3N/Ng matrices leads to the formation of HNgC3N
species for Ng ) Kr and Xe, and bands from H-Xe, CtN, and
C-C stretching modes are found for each species. The structural assignment was not straightforward here due to possible HNgCCNC isomers; however these isomers were less
probable based on computations. No candidates for an argon
compound were found. In addition to noble-gas hydrides,
another group of noble-gas compounds (HCCNgCN and

HCCNgNC) was computationally predicted for Ng ) Ar, Kr, and
Xe; nevertheless, these molecules were not obtained experimentally, which can be explained by inefficient cage exit for
the radical fragments (CCH and CN) upon photolysis.

Formation Mechanisms
Photolysis and annealing are the two steps in matrix-isolation synthesis of HNgY molecules. Photodissociation of hydrogen-containing HY precursors produces matrix-isolated H and
Y fragments. The high yields of the HNgY formation, which are
often tens of percent of dissociated HY molecules, suggest low
losses of H atoms during photolysis.10 Photodissociation in
solid noble gas is a local process demonstrated by the direct
formation of some noble-gas hydrides (HArF, HKrCl, HXeNCO)
during photolysis.6,19,23 Figure 3a presents the direct formation of HArF in solid argon. A detailed experimental study of
this phenomenon was done on HKrCl in solid krypton.23 The
HKrCl intermediate was shown to be the major channel (about
60%) for permanent dissociation of HCl in solid krypton with
excess energy of 1.8 eV. The relatively small steady-state
HKrCl concentration observed during photolysis is due to its
low photostability.
The HNgY molecules can be formed in principle from either
neutral H + Ng + Y or ionic (HNg)+ + Y- fragments. The initial photolysis regularly produces some amounts of (NgHNg)+
cations, and the ionic channels were considered by Pettersson et al. as a possible formation mechanism.5 However, the
(NgHNg)+ decay does not correlate with the HNgY
formation.22,24 Moreover, two cases have been found when
UV photolysis of HY does not produce cations but HNgY molecules are efficiently formed upon annealing.17,21 Feldman
and co-workers suggested that HXeH formed from H atoms
rather than from charged precursors.25,26 The first direct evidence of the neutral formation channel was obtained in experVol. 42, No. 1
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iments with HXeI in solid xenon.27 It was observed that

formation of HKrCl and DKrCl in solid krypton gave activa-

∼3000 cm-1 light dissociated HXeI and released iodine

tion energies of ∼64 and 68 meV for H and D atom mobili-

atoms. After IR decomposition, HXeI recovers on a time scale

ties.30

of days in the dark at 15 K. This experiment indicates that

The chemical reactivity of HNgY molecules is another ques-

HXeI is formed from neutral H + Xe + Y fragments since the

tion to be addressed. Mobile H atoms can react with already

IR photons are not energetic enough for ion formation. The

formed HNgY molecules hence limiting the HNgY concentra-

formation of HXeCC from H and XeCC also indicates the neu-

tion. Indeed, the HXeH + D and HKrCl + D reactions were

tral channel.28 HXeCC decomposes by IR light above 4500

demonstrated.30,33 The experimental method utilized the

-1

cm

, which increases the XeCC concentration. The recovery

slower thermal mobility of D atoms compared with H atoms.

of HXeCC was achieved in two ways. First, the HXeCC con-

It follows that D atoms become mobile after formation of the

centration slowly increased even at the lowest experimental

main part of HNgY molecules. If D atoms react with HNgY

temperatures (∼8 K). Second, HXeCC could be efficiently

molecules, these kinetic distinctions should lead to a decrease

formed by vibrational excitation of XeCC, which was explained

of the HNgY concentration upon selective mobilization of D

by short-range mobility of the reagents promoted by vibra-

atoms, and this was found experimentally. The expected reac-

tional energy redistribution near the absorbing XeCC

tion products are hydrogen molecules and HY, but no exper-

molecules.

imental evidence of this was obtained.

The HNgY formation upon annealing is controlled by thermal atomic mobility.29,30 The thermal mobility of H atoms
involved in the HNgY formation can be global and local.31
Global mobility means a random walk across the matrix over
large distances compared with the lattice parameter. Hydrogen atoms become globally mobile at ∼30 and 40 K in krypton and xenon matrices. Local mobility is a short-range
process when the H atom reacts with the parent Xe + Y center, and this may occur at relatively low temperatures. The formation of HArF found at 8 K in solid argon is presumably a
local process,24 as well as the recovery of HXeCC and HXeI in
solid xenon after their IR decomposition.27,28
The long-range mobility is a general case for the HNgY formation in krypton and xenon matrices. The HNgY formation
(Ng ) Kr and Xe) upon annealing becomes slower for lower
precursor concentrations in qualitative agreement with a sim-

The first reaction of a noble-gas molecule leading to
another noble-gas molecule was HXeCC + Xe + H f
HXeCCXeH. Evidence for this was obtained from the formation kinetics of the products upon annealing of photolyzed H2C2/Xe matrices.34 It was shown that HXeCC is the
precursor for HXeCCXeH: when HXeCC was selectively photodecomposed during annealing, no formation of HXeCCXeH occurred. This addition reaction is not trivial because
of the very large energy accumulated in the HXeCCXeH
molecule with respect to acetylene (computationally 9.3
eV). A similar reaction of HXeO + Xe + H leads to
HXeOXeH.14
Some experimental results suggest negligible barriers of
the HNgY formation. HXeCl and HXeBr form in solid neon at
10 K35 and HXeCCH forms in argon and krypton matrices at

ple kinetic model.30,32 This observation indicates global mobil-

∼20 and 30 K.36 All known HNgY molecules form in matri-

ity of H atoms because the formation time should be

ces at similar temperatures (∼40 and 30 K for xenon and

concentration-independent for local (geminate) formation. The

krypton) indicating that reaction barriers are not of major

long-range mobility is limited by lattice defects and impuri-

importance at these temperatures. On the other hand, indica-

ties that can capture mobile H atoms. The most efficient for-

tions of low formation barriers are also known, for example,

mation of HXeBr was found in matrices with the best optical

for recovery of HXeI and HXeCC after their IR-induced

32

properties, that is, with the lowest defect concentration.

decomposition.27,28 HArF forms slowly but efficiently in a pho-

The HNgY molecules were used to study the temperature

tolyzed HF/Ar matrix at 8 K.24 The formation of DArF at 8 K

dependence of global hydrogen mobility. Formation rates of

is much slower, by a factor of ∼50, than the formation of

various H/D isotope analogs of HXeH and HXeOH were mea-

HArF. As a probable mechanism, the hydrogen atom tunnels

sured in solid xenon at temperatures from 37 to 42 K, and the

to the Ar-F neutral center through a barrier that might be

activation energy of ∼110 meV was extracted.

29

Different

intrinsic and matrix-induced. Bihary et al. estimated the bar-

mobilities for hydrogen isotopes were demonstrated (H faster

rier of ∼0.3 eV for the H + Ar + F reaction in solid argon, the

than D) and their activation energies differed by ∼4 meV. The

barrier thickness being ∼1.3 Å.37
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FIGURE 4. HXeOH-water complexes in solid xenon. The upper
and lower traces present the spectra obtained for smaller and
higher water concentrations.

Complexes and Interaction with Matrix
The unusual properties of HNgY molecules are reflected in
their interaction with other species and hosts. We concentrate
here on the results demonstrated experimentally. Complexes
of HArF, HKrF, and HKrCl with nitrogen were studied by Lignell
et al.38 Large blue shifts of the H-Ng stretching frequencies
were induced by complexation, up to +113 cm-1 for HKrCl
complexed with nitrogen. Based on computations, this shifted
absorption was assigned to the linear hydrogen-bonded
N2 · · · HKrCl complex. The bent complex was computationally
more strongly bound, and it was also experimentally found
with a shift of +32 cm-1 from the monomer. The computational interaction energies of the complexes between HNgY
and N2 are between -4.8 and -9.6 kJ/mol before zero-point
energy (ZPE) correction. The electrostatic forces provide the
most important contributions to the interaction energy of the
linear N2 · · · HNgY complexes whereas the dispersion forces
give a competing contribution in the bent structures. The
observed blue shift means that the H-Ng covalent bond
becomes stronger proposing that complexation could stabilize these species.
The HXeOH · · · (H2O)n structures were studied by Nemukhin
et al.39 Experimental evidence of the HXeOH · · · (H2O) and
HXeOH · · · (H2O)2 complexes in solid xenon was presented,
the shifts of the H-Xe stretching frequency being +103 and
164 cm-1 (Figure 4). In the computational HXeOH · · · H2O
structure, a hydrogen atom of H2O is bonded to the oxygen
atom of HXeOH, and the binding energy is ∼45 kJ/mol. The
theory shows that interaction with water enhances charge separation in HXeOH and shifts the H-Xe stretching frequency by
+107, 182, and 276 cm-1 for n ) 1, 2, and 3, respectively,

indicating the stabilization of the H-Xe bond. However, the
stabilization with respect to the stretching coordinate is accompanied with destabilization along the bending coordinate, and
the bending barrier disappears for n ) 4. This computational
result casts doubts on the possibility to stabilize HXeOH in
water hosts.
The HXeCCH · · · CO2 complex in solid xenon was studied
by Tanskanen et al.40 The HCCH · · · CO2 precursor of this species was prepared by UV photolysis of propiolic acid
(HCCCOOH). The HCCH · · · CO2 complex is further decomposed
to the HCC · · · CO2 complex, and thermal mobilization of H
atoms leads to the formation of HXeCCH · · · CO2. The experimental H-Xe stretching absorption of the HXeCCH · · · CO2
complex is blue-shifted (+31.9 and +5.8 cm-1) from the
value of HXeCCH monomer. As the most recent example,
Lignell et al. have studied the HXeY · · · HX (Y, X ) Cl and Br)
complexes in solid xenon and experimentally found large
complexation-induced shifts (up to +150 cm-1).41 It seems
that the blue shift of the H-Ng stretching mode is a normal
case for HNgY complexes.
The experiments with HNgY molecules reveal unusual solvation effects. HXeCl has the H-Xe stretching absorptions at
1664 and 1649 cm-1 in krypton and xenon matrices, respectively,5 and at 1612 cm-1 in a neon matrix.35 This matrix shift
is “abnormal” because the H-Y stretching frequencies of “ordinary” molecules are usually highest in solid neon and
decrease in more polarizable materials. The lower H-Xe
stretching frequency in solid neon can be discussed in terms
of a smaller HXe+Y- charge separation; however, it is unclear
why solvation in solid krypton produces stronger charge separation than that in solid xenon. Complexation with single
matrix atoms does not explain this solvation effect.36 On the
other hand, specific interactions with matrix atoms can explain
the fine structure of absorption bands often observed experimentally, and detailed analysis was performed for HXeCCH
and HXeBr interacting with xenon.36,42
Some efforts have been made to understand the matrixsite structure of HArF in solid argon. Annealing at 16-20 K of
a photolyzed HF/Ar matrix produces the H-Ar stretching
bands at 1965.7, 1969.4, and 1972.3 cm-1.6 This triplet
absorption disappears at ∼30 K, which is accompanied with
a rise of the H-Ar stretching bands at 2016.3 and 2020.8
cm-1 (Figure 3).43 The blue-shifted doublet corresponds to a
more stable configuration (matrix site) of HArF in solid argon,
and its existence is limited only by degrading of argon matrix
above 40 K. This configuration is called “stable” HArF in order
to distinguish from “unstable” HArF absorbing at ∼1970 cm-1.
Theory confirmed the sensitivity of the H-Ar stretching freVol. 42, No. 1
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quency to local matrix morphology.44–46 Jolkkonen et al. connected the experimental blue shift of the stable HArF
absorption bands with the tight Ar · · · HArF complex formed in
a loose matrix site.45 Bochenkova et al. confirmed this assignment and found five different morphologies of an argon
matrix around the HArF molecule,46 in agreement with experiment. It is probable that these matrix sites differ by position
of a vicinal lattice vacancy.47 A similar matrix-site effect was
experimentally found for HKrF upon annealing in solid krypton.15
Additional spectral features have been found for HNgY
molecules that differ from the matrix-site effect. The spectra
often show a satellite at higher energy from the main H-Ng
stretching absorption. This satellite has a mirror counterpart at
lower energies rising at elevated temperatures. These subbands were first studied for HXeBr and HKrCl.42 The experimental and phenomenological theoretical results suggest that
these satellites are connected with hindered rotation of the
embedded molecule in matrix. Hindered rotation of HArF in
solid argon was studied in detail later.48 A theoretical model
of rotation of HArF inside a large fragment of the fcc argon lattice with a cubooctahedral cavity for the trapped molecule was
developed. A realistic rotational potential energy surface
accounting for interaction of HArF with matrix atoms was constructed, and the rotational energy levels were estimated by
numerical solution of the Schrödinger equation in the external adiabatic potential. These studies suggest that the band at
1992 cm-1 (Figure 3) is due to combination of the H-Ar
stretching and hindered rotation.

The Nature of Chemical Bonding and
Stability
In the first noble-gas compounds, the bonding mainly originates from ionic interactions. Very electronegative groups lead
to ionization of the noble-gas atom. This is the bonding mechanism on which Pauling’s predictions of XeFn and KrFn were
based,1 and it also prevails in Bartlett’s compound Xe+[PtF6]-.2
Most of such noble-gas compounds involve bonding to fluorine, the most electronegative atom, or to fluorine-containing groups, although compounds of other strongly
electronegative atoms are also known. The dominance of fluorinated groups has been pronounced in organic noble-gas
chemistry.3
The noble-gas hydrides bring in a new bonding motif. They
can be represented in the form (H-Ng)+Y- where (H-Ng)+ is
mainly covalent, while the interaction between (HNg)+ and Yis predominantly ionic.10,49 To see a qualitative picture of the
bonding mechanism, consider transfer of an electron from the
188
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FIGURE 5. Bonding in HXeCCH.

closed-shell Ng atom to electronegative group Y. This involves
a large expense of energy that is only partially compensated
by the electron affinity of Y and Coulombic attraction between
Y- and Ng+. However, the outer electronic shell of Ng+ is an
open one, with an unpaired electron in a p-type orbital that
forms a strong Σ bond with the unpaired s electron of the H
atom. This provides an important additional energetic compensation for the removal of the electron from the Ng outer
shell upon bonding. This bonding motif was found already
years ago by Last and George, who employed the semiempirical DIM/DIIS method.50
Now we consider in more detail an example of HXeCCH.
The acetylenic group is strongly electronegative leading to the
(H-Xe)+(CCH)- ionic interaction. The structure of this species
and the NBO partial charges, computed at the MP2/CERNBLECP/6-311++G(2p,2d)) level,51 are presented in Figure 5
(upper part). The high partial charge 0.83e+ on xenon indicates a powerful electron-withdrawing effect of CCH. The bond
orders for HXeCCH are given in parentheses. The very small
value of 0.07 for the bond between (H-Xe)+ and CCH- shows
that this bond is mainly ionic, without significant covalent contribution. The bond order between the carbon atoms is much
less than 2. In acetylene, this order is nearly 3, but when
accepting the electron, the equivalent of more than one covalent bond disappears in CCH-. On the other hand, n ) 0.786
in (H-Xe)+ shows an essentially full two-electron covalent
bond. The middle scheme in Figure 5 illustrates the bonding
mechanism. The electron transferred from xenon to form

Noble-Gas Hydrides Khriachtchev et al.

CCH- goes essentially into an sp-type orbital. Finally, Figure 5
(lowest scheme) shows that the highest occupied molecular
orbital appears quite delocalized, mostly on the CCH group.
This bonding mechanism is also valid for two molecules with
multiple gas atoms characterized experimentally to date
(HXeCCXeH and HXeOXeH). An important example of HArF
also corresponds to this bonding mechanism, and it seems
that this is the only mechanism so far whereby a lighter noblegas atom could be chemically bonded.
An important property of HNgY molecules is that they are
metastable species. The decomposition process

HNgY f Ng + HY

(1)

is always highly exoergic. We refer to this process as the twobody (2B) decomposition channel. The importance of the
three-body (3B) decomposition channel is also recognized:

HNgY f H + Ng + Y

(2)

For all prepared HNgY molecules, the theoretical 3B channel
is endothermic.16 For HArF, it has small endothermicity of
0.182 eV (without ZPE correction).52 The required endothermicity of reaction 2 is obvious for cases when the 3B potential surface has no substantial energy barrier. The hypothetical
species, where reaction 2 is exoergic but has a substantial stabilization barrier, are of considerable interest and deserve
future attention.
For triatomic HArF and HKrF, it was found that single-reference methods such as MP2 describe reasonably well the
potential energy along the minimum energy path for the 2B
process,53 while for the 3B reaction, where two radicals are
produced, multireference methods are required.52,53 Various
multireference methods have been employed, including the
highest-level MRCI, and also CASPT2 and AQCC. CASPT2 is a
reasonable semiquantitative approximation for the 3B channel, while AQCC is close to MRCI. The recent multireference
CASPT2 calculations for the 2B decomposition of HXeCCH into
Xe + HCCH yielded results different from those obtained by
MP2,51 in contrast with the previous experience with HArF and
HKrF (Figure 6). The 2B reaction path computed from CASPT2
leads first to the production of xenon and vinylidene, and the
latter subsequently goes into acetylene. In the MP2 calculation, the reaction path involves bending-like motions of the H
atom toward the Xe of HXeCCH, and the vinylidene intermediate is not produced. Chemically, the 2B channel is unlikely
to be important at practical temperatures since the barrier
(over 2.0 eV) is very high. The main decomposition channel
is then 3B, but also this channel has a high barrier of 0.96 eV
(after ZPE corrections). The transition-state theory suggests the

FIGURE 6. Energetic stability of HXeCCH via (a) bending and (b)
stretching coordinates.

kinetic stability of HXeCCH up to relatively high temperatures:
the species is predicted to live for ∼3 h at 0 °C!

Concluding Remarks
The HNgY molecules identified in noble-gas matrices exhibit
quite a specific nature of bonding, which leads to unusual
chemical and spectroscopic properties. The preparations of the
first neutral argon molecule, HArF, and halogen-free organic
noble-gas molecules are important achievements in the
field.6,8 The HNgY molecules are sensitive probes of local
matrix structure and give information on various dynamical
processes in solid matrices.23,29,30,43 The H-Xe stretching frequency shifts upon interaction with other species to blue by up
to ∼150 cm-1.38–41 These molecules exhibit strong anharmonic effects.54
Now we would like to take a brief look at perspectives of
these compounds. Extension of argon chemistry is one direction because realistic predictions are known.49 On the other
hand, no clear candidates for neutral neon molecules are
seen. The situation with He is slightly more optimistic
because HHeF is computationally a short-lived species decaying in the gas phase by tunneling on a picosecond time
scale.55,56 The calculations suggest that HHeF can be stabilized in pressurized solid helium49 or in polarizable medium.57
Preparation of new bonds with noble-gas atoms looks
important, for instance, the Xe-Si bond in light of the geophysical missing-xenon problem. Considering the heaviest
noble gas element radon, it is no surprise that calculations predict stability of HRnF,58 and other HRnY compounds are probable. No experimental studies of HRnY compounds exist, and
the topic seems interesting.
Vol. 42, No. 1
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More complex structures and even a bulk material of HNgY
molecules are attractive issues. Calculations suggest the existence of oligomers and polymers with multiple XeCC groups.59
Another open question is whether aggregates (HNgY)n of the
noble-gas molecules can be stable, which is directly related to
the possible existence of HNgY crystals. Crystalline HXeCCH
compound is predicted.60 There is no experimental work on
these structures.
Besides being characterized in noble-gas matrices, some of
these hydrides have been produced by Buck and co-workers
by photodissociation of a suitable precursor on large Xen clusters. In their experiments, the large anisotropy of the dipole
polarizability and the large dipole moment of the molecules
are utilized, and positive signals from HXeI and HXeCl and
recently from HXeCCH were obtained.61 However, the true
gas-phase identification of a HNgY molecules has not been
done yet, and this is another important challenge for experimentalists.
We thank all colleagues who contributed to the results
described in this Account and whose names are seen in the references. The work was supported by the Academy of Finland
through CoE CMS and the INTAS Project Ref. No. 05-10000088017. R.B.G. thanks E. Tsivion for help.
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Yifat Miller† and R. Benny Gerber*,†,‡
Department of Physical Chemistry and Fritz Haber Research Center, The Hebrew UniVersity of Jerusalem,
91904 Jerusalem, Israel, and Department of Chemistry, UniVersity of California, IrVine, California 92697
Received April 26, 2006; E-mail: benny@fh.huji.ac.il

Sulfuric acid (H2SO4) is of major importance in atmospheric
chemistry. This molecule acts as a nucleating species for aerosols
and for cloud formation at a wide range of altitudes. Gas-phase
H2SO4 is the most abundant sulfur compound in the atmosphere at
altitudes above 35 km.1,2 The photolysis of H2SO4, especially at
high altitudes, is recognized to play an important role in atmospheric
chemistry, but the mechanisms and pathways involved have not
been characterized with any certainty yet. Recently, Hintze et al.5
established that photodissociation of H2SO4 in the ultraviolet region
cannot be relevant at atmospheric conditions. As an alternative
mechanism, it was proposed that overtone excitation of the OH
stretching vibration of H2SO4, and its hydrate, can lead to
dissociation of the molecule into sulfur trioxide (SO3) and water.6,7
This mechanism, which involves transitions in the visible solar
spectrum, was analyzed and used to estimate the yield of the process
in atmospheric conditions.5 This mechanism is, however, not yet
supported by direct experiments or by theoretical calculations. The
dynamics of the process, its yield, the time scale of the reaction,
and the issue whether the process can also take place in H2SO4H2O remain to be investigated.
The objective of this communication is to characterize the
overtone-induced processes in H2SO4 and H2SO4-H2O by classical
trajectory simulations, using potential surfaces from semiempirical
electronic structure theory (PM3).8,9 Several surprising features of
the overtone-excited states are predicted, such as the occurrence
of fast “hopping” events of the hydrogen atom between the oxygen
atoms. The calculations show that the fifth OH overtone excitation
in H2SO4 leads to 5% dissociation over a time scale of 400
picoseconds. On the other hand, the results show that the dissociation into SO3 and 2H2O is completely suppressed for overtone
excited H2SO4-H2O, where the only significant process is breaking
of the cluster into H2SO4 and H2O. The present study follows an
approach used recently by Miller et al.,10 studying overtone-induced
processes in HNO3, HNO3-H2O, and HONO. The study also
supports the validity of the PM3 potential surface for these related
systems.10 Here we only give a brief outline of the methodology.
In this approach, the dynamics of the process are studied by classical trajectory calculations. Essential for this purpose is the sampling
of the initial conditions for the trajectories, which should correspond
to the initial excited state. We used the vibrational self-consistent
field (VSCF) method, and specifically the CC-VSCF (correlationcorrected VSCF) variant of the algorithm 11,12 to compute the initial
energy level and wave function of the overtone-excited molecules.
CC-VSCF was already applied to vibrational spectroscopy calculations of H2SO4, H2SO4-H2O, and related species,13,14 with results
that compare well with experiment, also for overtone and combination-mode transitions. An advantage of VSCF methods is that they
include anharmonic effects, both the intrinsic anharmonicity of
individual modes and the anharmonic coupling between different
†
‡
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modes. Further, VSCF and CC-VSCF can be applied directly to
potential surfaces from electronic structure theory.12 All the
calculations here were carried out with the electronic structure code
package GAMESS,15 in which the VSCF algorithms are also
implemented. The potential energy surfaces used both in the VSCF
and in the classical trajectory calculations were from the PM3
semiempirical electronic structure algorithm.8,9 This method compares less well with spectroscopy experiments13 than the ab inito
MP2/TZP.16,17 Nevertheless, the spectroscopic results of PM3 are
reasonable, and our tests, as well as experience for similar systems,10
indicate that these potential surfaces are at least semiquantitively
valid. In particular, PM3 equilibrium geometries for the two systems
are in good accord with ab initio MP2/TZP calculations.
The calculations are as follows. Using the approximate VSCF
level of the algorithm that is separable, a vibrational wave function
for the overtone-excited state is computed Ψ(Q) ) ∏ ψi(Qi)
i
where Qi is the normal-mode coordinate of mode i, Q denotes
collectively the vibrational modes, and ψi(Qi) is the VSCF approximate wave function of mode i. Initial configurations for the
classical trajectory simulations are sampled according to |Ψ(Q)|2.
The initial momentum values for each mode were determined
classically, using the separable mode approximation (VSCF).11
The overtone transitions used correspond to the OH stretching
excitations and are ν ) 6 for H2SO4 and ν ) 3 for H2SO4-H2O.
It should be noted that these vibrational states are the highest
vibrational levels of the OH stretching vibration that could be
obtained by the CC-VSCF calculations. For higher overtone levels,
the VSCF calculations fail to converge, indicating that the corresponding states are very short-lived and probably not experimentally
relevant. The overtone levels studied here have lifetimes that
correspond to well-defined (narrow) overtone frequencies. The OH
asymmetric stretching overtone excitation band in H2SO4 for ν )
6 is 21 511 cm-1 (∼61.5 kcal mol-1), and the free OH stretch of
H2SO4 and the H-bonded OH stretch of H2SO4 in the monohydrate
cluster for ν ) 3 are 10 855 cm-1 (∼31 kcal mol-1) and 9835 cm-1
(∼28.1 kcal mol-1), respectively.
The PM3 potentials and forces were computed “on the fly” in
propagation of the trajectories: 98 trajectories were computed for
H2SO4 in ν ) 6; 50 trajectories were obtained for the ν ) 3 excitation of the free OH of H2SO4-H2O; and 50 trajectories were used
to study the ν ) 3 excitation of the H-bonded OH in H2SO4-H2O.
Each trajectory was propagated for a maximum of 400 ps.
Hydrogen-Hopping in H2SO4: In 22% of the trajectories for
H2SO4 (ν ) 6), hopping of the hydrogen atom from the overtoneexcited OH to another oxygen atom in the molecule was observed.
The mean time scale for this process is 13 ps, and it was found to
take place only once for any of the trajectories where it occurs. An
approximate transition state was identified for this hydrogen hopping
from the trajectories, and it was found that the partial charge on
the H atom in the transition state for the hopping is ∼ +0.4.
10.1021/ja062890+ CCC: $33.50 © 2006 American Chemical Society
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Figure 1. Snapshots of the dissociation of H2SO4 into SO3 and H2O.

Figure 2. The distribution in time (picoseconds) of dissociation events of
H2SO4 into SO3 and H2O during the simulations.

Therefore, the process predicted here corresponds to intramolecular
proton-transfer induced by overtone excitation. It should be noted
that intramolecular hopping of the H atom induced by OH overtone
excitation of HNO3 was predicted by Miller et al.10 However, our
recent calculations have shown that in the transition state for H
hopping in HNO3, the H is not protonic, but rather hydridic, carrying
a negative partial charge.
Isomerization of H2SO4: Isomerization from cis to trans structure of H2SO4 was observed in all trajectories. The energy difference
between these two isomers is ∼1 kcal mol-1. The structures of
four rotamers of H2SO4 (including the cis and trans isomers) were
recently obtained in ab initio calculations.19 We note that all of the
four rotamers were observed in the course of the dynamics in our
simulations. The time scale of the cis to trans isomerization is less
than 1 ps and it appears back and forward during the simulations.
Overtone-Induced Dissociation of H2SO4: One of the main
objectives of this paper is to test the mechanism proposed by Vaida
et al.6 for H2SO4 and H2SO4-H2O. We note that recently estimates
for the yield of this dissociation mechanism in contact with
atmospheric processes were given by Mills et al.20 Dissociation of
H2SO4 into SO3 and H2O was found in 5% of the trajectories. The
implications of this for the yield at atmospheric conditions depend,
of course, on the frequency of deactivating collisions and on the
vibrational fluorescence time scale. Snapshots from a typical trajectory leading to dissociation are shown in Figure 1. A histogram
showing the time distribution of dissociation events is presented
in Figure 2. The most probable dissociation time is 9 ps. As Figure
1 shows, the dissociation is the consequence of a H-hopping event,
when the migrating H atom from one OH lands on the oxygen of
the other OH. The time scale of 9 ps dissociation, for 5% of the
trajectories in runs of 400 ps, shows an efficient dynamical mechanism in which intramolecular vibrational energy redistribution is
incomplete. Energetically, the ν ) 6 excitation of the OH stretching
mode, of the order of 61.5 kcal mol-1, is much above the barrier
for the process, about 32-40 kcal mol-1. 21,22 The barrier for the
reverse process, formation of H2SO4 from SO3 and H2O, was recently studied both by ab initio calculations21,22 and experimentally. 23
Comparison with MP2 results for transition state and barrier,
not given here, are good.
Overtone-Induced Dynamics of H2SO4-H2O: It was suggested6 that overtone-induced dissociation into SO3 and water takes
place also for H2SO4-H2O. The energy computed for this process
is ∼25 kcal mol-1. 22,23 Excitations to ν ) 3 of the free OH of
H2SO4 and to ν ) 3 of the H-bonded OH of H2SO4 in H2SO4H2O have energies of ∼31 kcal mol-1 and ∼28 kcal mol-1, respectively. Thus, energetically, the proposed overtone-induced dissociation into SO3 and 2H2O is feasible. However, all 100 trajectories

failed to show such a process. Instead, in all cases, excitation led
to fast, picosecond time scale decomposition of the cluster into the
monomers H2SO4 and H2O, due to the strong coupling between
the OH vibration and the intermolecular modes involving relative
motions of the H2SO4 and H2O. We note that there is evidence for
such strong coupling between these modes from CC-VSCF calculations of the vibrational states of H2SO4-H2O, and experimental
spectroscopic results indirectly support this. While the decomposition of the cluster clearly partly deactivates the OH stretch of
H2SO4, the mode remains partly excited in the monomer after the
process. When a semiclassical “box quantization” approximation
was used, it was found that for the initially excited free OH stretch
of H2SO4 in H2SO4-H2O, 60% of the H2SO4 produced in the
decomposition is in the ν ) 2 state. For the initially excited
H-bonded OH, 98% of the H2SO4 resulting from the decomposition
is in the ν ) 2 state. A comment is due on higher overtone excitation
of H2SO4-H2O. Previous CC-VSCF calculations13 suggested that
ν > 3 overtone excited states probably do not exist as long-lived
species. The VSCF calculations diverge as a consequence of strong
IVR, indicating that such states are short-lived resonances.
In summary, first simulations are reported here on the overtoneinduced dynamics of H2SO4 and H2SO4-H2O, by classical trajectory calculations, using potentials from semiempirical electronic
structure theory. For H2SO4, fast intramolecular proton transfer is
predicted. Dissociation into SO3 and H2O is also found, with a
characteristic time scale of ∼9 ps. Over a time window of 400 ps,
the dissociation yield is 5%. On the other hand, the calculations
show no dissociation into SO3 and water for H2SO4-H2O. In this
case, the excitation leads to decomposition of the cluster.
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ABSTRACT As charged macromolecules adsorb and diffuse on cell membranes in a large variety of cell signaling processes,
they can attract or repel oppositely charged lipids. This results in lateral membrane rearrangement and affects the dynamics
of protein function. To address such processes quantitatively we introduce a dynamic mean-ﬁeld scheme that allows selfconsistent calculations of the equilibrium state of membrane-protein complexes after such lateral reorganization of the membrane
components, and serves to probe kinetic details of the process. Applicable to membranes with heterogeneous compositions
containing several types of lipids, this comprehensive method accounts for mobile salt ions and charged macromolecules in
three dimensions, as well as for lateral demixing of charged and net-neutral lipids in the membrane plane. In our model, the
mobility of membrane components is governed by the diffusion-like Cahn-Hilliard equation, while the local electrochemical
potential is based on nonlinear Poisson-Boltzmann theory. We illustrate the method by applying it to the adsorption of the
anionic polypeptide poly-Lysine on negatively charged lipid membranes composed of binary mixtures of neutral and monovalent lipids, or onto ternary mixtures of neutral, monovalent, and multivalent lipids. Consistent with previous calculations and
experiments, our results show that at steady-state multivalent lipids (such as PIP2), but not monovalent lipid (such as phosphatidylserine), will segregate near the adsorbing macromolecules. To address the corresponding diffusion of the adsorbing
protein in the membrane plane, we couple lipid mobility with the propagation of the adsorbing protein through a dynamic Monte
Carlo scheme. We ﬁnd that due to their higher mobility dictated by the electrochemical potential, multivalent lipids such as PIP2
more quickly segregate near oppositely charged proteins than do monovalent lipids, even though their diffusion constants may
be similar. The segregation, in turn, slows protein diffusion, as lipids introduce an effective drag on the motion of the adsorbate.
In contrast, monovalent lipids such as phosphatidylserine only weakly segregate, and the diffusions of protein and lipid remain
largely uncorrelated.

INTRODUCTION
Many proteins that peripherally adsorb on lipid membranes
contain structured domains that target the protein to the bilayer; examples include the C2 (1), PH (2), FERM (3), and
BAR (4) domains. Many of these domains act by specifically
binding to a particular lipid species, like the PH domain that
binds phosphatidylinositol 4,5-bisphosphate (or PIP2) lipids.
However, an apparently different type of targeting is achieved
by numerous other proteins that contain natively unstructured
clusters of basic residues, such as the well-studied examples
of the GAP43, GTPase K-Ras, and MARCKS (5–9). The use
of positively charged residues for targeting may come as no
surprise, as cellular plasma membranes typically contain 20%
anionic lipids. This affords a simple mechanism for proteinlipid binding that is essentially nonspecific, yet able to confine proteins to membrane interfaces.
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This simple molecular picture has been challenged by recent theoretical and experimental evidence suggesting that
the major anionic lipid component in many cells, phosphatidylserine (or phosphatidylglycerol), might not be the major
participant in peripheral protein binding (10–13). Instead, the
typically multivalent phosphoinositides, such as PIP2 or even
phosphatidylinositol 3,4,5-bisphosphate, are more likely implicated in segregation close to peripherally adsorbed proteins.
This is interesting, because phosphoinositides are known to
play an important regulatory role at the plasma membrane.
Despite the fact that they constitute typically only ;1% of
membrane composition, these minority lipids can act at sites
of regulation at least partly by electrostatic association with
peripheral and embedded proteins (14). Concentrating PIP2
at the site of protein adsorption is therefore a likely mechanism for local and specific recruitment. It has been suggested
that segregated lipids can subsequently be released upon
cellular changes, e.g., in Ca12 concentrations. This provides
a way to control the amount of free PIP2 in the membrane,
and hence a mechanism for regulating PIP2 known to participate in cellular signaling processes such as enzyme activation, endocytosis, and ion-channel activation (15).
To begin to understand why electrostatic targeting could
primarily be achieved by polyvalent rather than the more
abundant monovalent lipids, we must focus on the forces that
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underlie this protein-lipid interaction. Theory and experiments show that the attraction of positively charged protein
domains to the oppositely charged membrane is due not only
to Coulombic interaction, but is also entropically driven. This
entropic gain is due to the release of counterions that were
previously confined locally to the vicinity of the isolated
protein or membrane by the requirement to preserve charge
neutrality (16–19). Upon protein-membrane binding, these
counterions are no longer required and are released to produce a translational entropy gain in the bulk solution, while
the protein and membrane neutralize one another. At the
same time, to allow maximal counterion release, charged
lipids can migrate in the membrane plane toward the protein
adsorption site to fully compensate charges on the protein,
causing demixing (20). But this local lipid demixing comes
at an entropic cost. The lower the membrane charge density,
the higher the cost for the necessary lipid segregation and
demixing upon protein binding. At equilibrium, the system
has reached some compromise between maximal counterion
release and minimal demixing.
Experiments have suggested that that PIP2 preferentially
segregates at sites of charged protein adsorption (10). This is
reasonable because multivalent lipids should incur a smaller
demixing penalty and larger counterion release entropy per
segregated lipid, simply because each of them carries a larger
charge. Recent theoretical studies predict that multivalent
lipids should indeed segregate more than monovalent ones,
and that the binding free energy to rigid macromolecules as
well as to polyelectrolytes is significantly stronger for such
lipids (11–13). But recognizing the dynamic nature of the
adsorption problem raises the possibility that the kinetic energy of each adsorbing protein allows it to move so quickly
on lipid membranes that some lipids rarely manage to segregate at all. Conversely, lipids may rearrange so quickly
around an adsorbing protein that the protein appears stationary to them, creating a transient binding site and thus
impeding the protein’s motion in the membrane plane.
If we consider free lipid diffusion in the membrane plane
under the influence of the field exerted by the oppositely
charged protein, we might conclude that multivalent lipids
are more mobile (move faster) than monovalent ones, even if
their diffusion in the absence of the protein field is similar.
This conclusion simply follows if we assume lipid diffusion
to be directed by spatial (second-order) derivatives of the
electrochemical potential that in turn are linearly proportional
to the product of charge and local potential. Higher mobility
near the charged macromolecule may allow multivalent lipid
segregation that can happen on timescales fast enough to
follow the protein random motion as it moves on the membrane surface. This not only reflects a stronger adsorption free
energy for protein on PIP2-containing membranes, but also
highlights the important role of the minority multivalent
lipids in lipid segregation. Note, however, that living cells
often exhibit diffusion behavior of membrane components
(lipids, proteins) that is much different than in vitro (21).
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To quantify the combined kinetic effect of many lipid
species interacting with peripheral proteins, it is essential to
be able to calculate the steady state of adsorbing macromolecules in a way that will include all important degrees of
freedom in a self-consistent way. Previous theoretical studies
have shown that equilibrium distributions can be predicted
from a self-consistent mean-field model based on the modified Poisson-Boltzmann (PB) equation (20,22). But to address the concerted action of protein adsorption and lipid
segregation, we extend this strategy here by using a dynamic
propagation method to efficiently derive steady-state configurations for membranes interacting with macromolecules.
Our model is an application of a time-dependent selfconsistent mean-field approach that has been used to address
similar problems (for examples, see (23–26)). The numerical
scheme we developed provides not only the adsorption free
energy and charge density distribution on the membrane at
steady state, but also can be used to gain additional dynamic
information on the segregation process.
Our method uses an atomic level representation in three
dimensions, and takes into account lateral reorganization and
demixing of lipids during adsorption. Lipids are allowed to
move in the membrane plane according to a diffusion-like
Cahn-Hilliard (CH) equation (27), where segregation rates
are in proportion to the Laplacian of their chemical potential.
The local chemical potentials are derived from the free-energy
functional that depends on local lipid component densities and
are calculated using results from nonlinear PB theory.
The membranes we consider here are binary or ternary
mixtures of neutral (zwitterionic) lipids, as well as negatively
charged ones bearing one or more charges. At steady state,
solutions of our two-dimensional CH equations in the membrane plane match the equilibrium solutions of the corresponding modified PB equation. We find, in agreement with
previous studies (11–13), that static positively charged polypeptides and proteins positioned near net-acidic membranes
of biologically relevant composition preferentially recruit to
the adsorption zone multivalent lipids such as PIP2, rather
than monovalent ones.
We then extend our model by using a dynamic Monte
Carlo scheme to consider lipid dynamics combined with
adsorbate diffusion on the membranes. This dynamic model
allows us to conclude that it is the composition of the membrane on which proteins are diffusing that determines whether
lipids will be sequestered. In particular, we find that PIP2
lipids can be expected to segregate near oppositely charged
proteins and thereby slow down the diffusion of the protein.
An important prediction of our model is that PIP2 lipids will
be able to diffuse in concert with the retarded adsorbed
proteins, while lipids such as phosphatidylserine (PS) will
only weakly segregate and, in this case, both protein and lipid
diffusion will be largely uncorrelated.
The implied consequences of the detailed dynamic picture
are clear: by virtue of their charge alone, PIP2 lipids can be
sequestered and retained for extended periods of time in the
Biophysical Journal 94(7) 2580–2597
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vicinity of oppositely charged peripheral proteins. This may
serve as a possible mechanism for the formation of mobile
lipid microdomains that diffuse slowly in the membrane
plane, allowing both the lipid and the protein the time needed
to act in concert.
MODEL
Free-energy functional
Consider charged proteins and lipid bilayers immersed in an
aqueous solution. The solution also contains a symmetric 1:1
electrolyte of concentration n0, corresponding to a Debye
length

1=2
e 0 e w kB T
:
(1)
lD ¼
2
2e n0
Here, kB is the Boltzmann constant, T is the temperature, e is
the elementary charge, e0 is the permeability of free space,
and ew ¼ 80 is the dielectric constant of the aqueous solution.
At the physiological conditions modeled in our calculations,
at T ¼ 300 K and n0 ¼ 0.1 M electrolyte (monovalent salt)
concentration, lD  10 Å.
We consider the limit of low surface density of adsorbing
proteins, so that interactions between proteins are negligible.
We represent the adsorbing protein in full-atomistic threedimensional details, whereas the membrane is considered as a
two-dimensional fluid, allowing us to treat lipid headgroup
charges in the continuum representation as usual in regular
solution theory (28). Hybridizing these atomistic and continuum representations provides a realistic mesoscale description of the electrostatic problem, while still allowing the
entire system to be described at the same mean-field level.
Fig. 1 shows a unit simulation cell containing a single
charged macromolecule (poly-Lysine 13 residues long) adsorbed on a membrane. Both the macromolecule and the lipid
membrane are treated as a low dielectric material, with dielectric constant em ¼ 2 within adsorbate and membrane.
Each atom on the adsorbing protein is assigned a radius and a
partial charge. The oppositely charged membrane consists of
mixtures of net-neutral, mono-, and multivalent lipids. Each
membrane bilayer is composed of two adjoined lipid monolayers, forming a slab of thickness d. We assume that the
membrane is stiff with respect to any weak-deforming forces
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exerted by the protein, and we therefore keep the membrane
flat in all our calculations.
Using the continuum representation, we consider a single
lipid layer as an incompressible, infinite, flat, two-dimensional
surface, composed of a mixture of m different lipid species.
We define fi as the local mole fraction of the ith lipid species
in the membrane plane, and set i ¼ 1 for neutral lipid. Assuming membrane incompressibility, the constraint on material conservation requires that
m

+ fi ¼ 1:

(2)

i¼1

For simplicity, we assume here that all lipids have the same
lateral area per headgroup, a (though the model can easily be
extended to include different headgroup areas as in Andelman
et al. (29)). Denoting the valency of the ith lipid species by zi,
we define the local surface charge density as
e m
s ¼ + zi fi :
a i¼1

(3)

The adsorbing macromolecule is first considered as fixed
in space at a distance h from the membrane surface, where
h is defined as the shortest distance between the van der
Waals surfaces of atoms on the adsorbate and lipid headgroups (Fig. 1).
The free-energy functional for the system can be written as
a sum of the electrostatic energy, salt ion translational entropy, and lipid mixing entropy in the membrane plane (20):
F ¼ Fel 1 FIM 1 Flip :

(4)

The system’s electrostatic energy is given, as usual, by
 Z
1
kB T
2
ð=CÞ dv:
(5)
Fel ¼ e0 ew
2
2
e
V
Here C ¼ eF/kBT is the dimensionless (reduced) electrostatic
potential, F being the electrostatic potential. The integration
of this term must be carried out over the entire space. The
contribution from the translational entropy of mobile (salt)
ions in solution is

Z 
n1
n
n 1 ln 1 n ln  ðn 1 1 n  2n0 Þ dv;
FIM ¼ kB T
n0
n0
V
(6)
FIGURE 1 Schematic view of a simulated unit cell
containing a protein (or peptide) adsorbed on a membrane.
For illustration, we use the basic poly-peptide Lysine, 13
residues long (Lys13). The membrane is represented by a
rectangular-shaped slab of thickness d. Charges on the
lipid headgroups are represented by a continuous surface
charge density. The distance of nearest approach between
protein and membrane surfaces is h. In all our calculations
the dielectric constant for the membrane interior as well as
protein is em ¼ 2, the dielectric constant of the aqueous
environment is em ¼ 80, and the Debye length in the
electrolyte solution is lD ¼ 10 Å.
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where n1 and n– represent local concentrations of positive
and negative mobile electrolyte ions, respectively, and n0 is
the electrolyte concentration in the bulk solution.
The two-dimensional mixing entropy of mobile lipid
molecules contribution is given by
Z
m
kB T
f
ds + fi ln 0i :
(7)
Flip ¼
a A i¼1
fi
The sum extends over m lipid species, f0i represents the
average composition of the ith lipid species, and the integral is
taken over the membrane surface.
Functional minimization of F with respect to the mobile
ion concentrations leads to the nonlinear PB equation (22,
30–35):
2

2
D

= C ¼ l sinhC:

(8)

Solving this equation yields the electrostatic potential C. The
additional minimization of F with respect to the lipid compositional degrees of freedom leads to a second differential
equation on the bilayer boundary that should be solved
simultaneously with Eq. 8 (20,22). Here, however, we do
not solve this boundary equation. Instead, we use a dynamic
propagation scheme that reaches the equilibrium lipid distribution in the long-time limit, as shown in the next section.

Lipid propagation in time
We now derive the dynamic equations that govern the timedependent lipid rearrangement in our model. The steady-state
solutions to these equations correspond to the lipid distribution in the membrane plane that minimizes the free-energy
functional F with respect to all fi-values. The starting point is
the continuity equations for all lipid species. The equation for
the ith lipid species has the form (36)
~; tÞ
@fi ðr
~; tÞ ¼ 0;
1 = ~
J i ðr
@t

(9)

where ~
J i ¼ fi~
ui is the local (lipid) current at position ~;
r
~; tÞ of the ith lipid
corresponding to a mole fraction fi ðr
species at time t, and ~
ui represents the flow velocity of the ith
lipid species at time t and located at ~
r on the membrane
surface.
We next relate the local current of the ith lipid species and
the local gradients of its electrochemical potential. The idea is
to assume that gradients in the chemical potential determine
the velocities of lipids migrating in the membrane plane, in
the spirit of Diamant and Andelman (26), and references
therein. We define the electrochemical potential within our
model:
mi ¼ mi 1

@F
:
@Ni

(10)

Here Ni is the number of lipids of species i, and mi represents the standard chemical potential for the ith lipid

species that is independent of fi. Using Eqs. 2 and 4 in
Eq. 10, we find (12)


f
(11)
mi ¼ mi 1 kB T ln i 1 zi C :
f1
We assume that the above expression is valid not only in the
equilibrium state of the system, but can be used as well to
obtain local instantaneous chemical potentials for lipids as
the system evolves in time toward the steady state. Then, the
generalized force exerted locally on the ith lipid species is
given by =mi (37). This force is balanced by the friction
experienced by all lipid species. Hence, we can write the
following set of balance equations (37),
~i  ~
fj ðu
uj Þ
;
D
ij
j6¼i
m

=mi ¼ kB T +

i ¼ 1; . . . ; m;

(12)

where Dij values are the so-called diffusivities, or the elements of the diffusion matrix. Based on the experimental
findings by Golebiewska et al. (10), showing that the effective
diffusion coefficients for uncharged, mono-, and multivalent
acidic lipids are similar, we assume here that all diffusivities
are equal and simplify Eq. 12 by setting Dij [ Dlip for all lipid
types. With this approximation, the only distinguishing characteristic between the net-neutral, mono-, and multivalent
lipids in our model is their net headgroup charge.
Combining Eq. 12 with the definition of currents, the lipid
incompressibility constraint, and with the flux neutrality condition leads to the relationship between currents and gradients
in electrochemical potentials:
Dlip
~
J i ¼  fi =mi ;
kB T

i . 1:

(13)

With the above expression, Eq. 9 simplifies to
~; tÞ
@fi ðr
¼ Dlip =  ðfi =mi Þ;
@t

i . 1;

(14)

which is the desired CH equation for the time-evolution of
lipid compositions.
Equation 14 is solved for all lipid species i 6¼ 1 selfconsistently with the nonlinear PB Eq. 8, so that at each
iteration the local surface charge density and the electrostatic
potential gradient on a membrane surface are linked through
the boundary condition,
 
@F
s
¼
;
(15)
@z z¼z0
e0 ew
with z0 describing the position of the charged interface
(Fig. 1). The diffusion of i ¼ 1 follows from the material
conservation constraint Eq. 2. We note that within the CH
~; tÞ (i ¼ 1, . . ., m) are globally
formalism, lipid fractions fi ðr
conserved fields and, for a given time instance t, they obey
Z
1
0
~; tÞdr
~; "i;
fi ¼
f ðr
(16)
SA A i
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where SA is the area of a membrane surface A. We stress that,
in our model, the lateral motion of lipids is entirely due to
the presence of the adsorbed protein. We do not consider
any fluctuations, i.e., thermal motions of lipids, which in
principle can be introduced into the CH dynamics using a
stochastic noise term (27). Describing lateral reorganization
of lipid molecules by the CH equations implies that the
motion of lipid molecules in the membrane plane obeys the
laws of normal (regular) diffusion. In contrast to artificial
membranes, lipids in cellular membranes may also undergo
anomalous diffusion (see for example (38,21) and reference
therein). Therefore, our model does not attempt to describe a
priori any anomalous or hop-diffusion dynamics, neither for
lipids nor for the adsorbed macromolecule. However, within
our model such diffusion could still be the result of lipidprotein interactions.
Mobile protein: hybrid Cahn-Hilliard and dynamic
Monte Carlo
To this point, we have assumed that the adsorbing macromolecule remains stationary at a distance h from the membrane surface and only let lipids rearrange laterally in the
two-dimensional membrane plane. We can further extend our
model to account for the diffusional motion of the protein in
the membrane plane within a dynamic Monte Carlo (DMC)
scheme (38–44). Within DMC, we start with some particular
system configuration as the initial state, and then generate a
sequence of other possible trial configurations. Acceptance of
these moves represents a stochastic dynamic trajectory of the
system.
Our goal is to couple the DMC scheme for the motion of
the adsorbing macromolecule on the membrane surface with
the CH formalism for lateral rearrangement of lipids (which
we term the CHDMC method). Protein and lipids simultaneously diffuse, each with their own typical diffusion rate.
The two corresponding timescales in our model are d2/Dlip,
for the lateral diffusion motion of lipids, and d2/Dprot, for the
diffusion of adsorbing macromolecule, where d is the lattice
constant, Dlip is the lipid diffusion coefficient, and Dprot is the
diffusion coefficient of the macromolecule on a homogeneous membrane. The ratio of the two diffusion coefficients
D9 ¼ Dprot/Dlip determines how close the two relevant
timescales are, and therefore also reflects the coupling
strength of these different modes of motion. Simply stated—
if protein and lipid diffuse at similar rates, their motion is
expected to be highly correlated. However, if the protein
diffuses much faster than lipid, lipid rearrangement will not
achieve complete relaxation, and in the limit of Dprot  Dlip,
the motions of lipid and protein can be expected to be largely
uncorrelated.
We start the CHDMC simulation with a homogenous
distribution of lipids on the membrane, and with the adsorbing macromolecule at distance h from the membrane
surface. At the initial step, we allow the adsorbate center of
Biophysical Journal 94(7) 2580–2597
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mass to make a random displacement in the two-dimensional
membrane plane. In accordance with the fluctuation-dissipation
theorem, we treat the random move as a combination
of two
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
independent displacements, each of size aG 2Dt9D9(27),
in two membrane plane directions. Here aG is a Gaussian
random number with zero mean and unit variance, and the
dimensionless time step Dt9 is related by the CH Eq. 14 to the
real-time step Dt through
Dt9 ¼

DtDlip
2 :
d

(17)

The move is accepted with a Metropolis-like criterion with
the usual transition probability of W ¼ 1 if Fnew # Fold, and
W ¼ eðFnew Fold Þ=kB T if Fnew . Fold. Here Fold and Fnew are
the adsorption free energies of the ‘‘old’’ and trial states of
the protein-membrane system, respectively. If a trial move is
accepted, the macromolecule is advanced to the ‘‘new’’ position, and the CH equations for lipids are solved taking into
consideration the new position of the adsorbate. If, on the
other hand, the trial move is rejected, the protein remains at
its previous position and lipids rearrange with respect to the
old location of the adsorbate. Because time is set by the CH
equations, the dimensionless time is updated by Dt9, regardless of the outcome of the DMC move, and the next stochastic
step for the protein is attempted. Note that the adsorbate
DMC move sizes are not arbitrary, but rather are determined
by Dt9. Therefore, in the context of the dynamic scheme, each
rejected DMC move can be viewed as a time-interval within
which, on average, the protein’s position does not change
appreciably due to favorable local interactions with underlying charged lipids. Clearly, such an assumption requires the
discretization of the CH equations with sufficiently small Dt9
as compared to all relevant timescales in the system. With our
choice of Dt9, we found a rejection rate of only 1.5–4.6%
(depending on the value of D9).
A simple limiting case for the CHDMC algorithm is when
lipid distribution on the membrane remains homogenous
during the entire simulation. For this case, proteins should
perform free diffusion with their effective diffusion coefficient Dprot unaffected by the presence of the membrane. Any
protein slowing seen with our model is because of energetic
barriers to lateral motion in the membrane plane that arise
when charged lipids segregate around the adsorbate. In
principle, the adsorbate might be able to overcome these
barriers by diffusing away from the membrane and subsequently readsorbing. However, we also show in Results and
Discussion that diffusion perpendicular to the membrane
plane has an energetic cost. For example, when a globular
protein carrying a surface charge of 1e per 93 Å2 drifts 1 Å
away from a membrane with neutral to monovalent lipid ratio
of 80:20, we find a loss of kBT in adsorption free energy
(see also Fig. 2 a). In contrast, when moving the same distance as a result of a single lateral DMC step in the same
system, the protein will face a significantly lower free-energy
barrier of, at most, 0.1 kBT. Motion in the perpendicular
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direction (increasing h) is, therefore, far less likely than lateral motion, where barriers are smaller. This finding allows
us to ignore variations in h during the DMC run, as these are
associated with prohibitively large energies. Extension to
three-dimensional diffusion can be easily incorporated if
required in future applications.
Several studies clearly demonstrated that, for the relation
between simulated time and real time to be well defined in
DMC, the transition probabilities must be calculated from
activation energies, rather than energy differences between
initial and trial states (38,41). However, if the activation
barrier between the initial and trial states is negligible, the
so-called Kang-Weinberg probabilities that use barrier
heights reduce to the Metropolis probabilities (38,41). Calculation of the activation barrier requires a priori knowledge
of all possible pathways the system can follow from some
current state. The continuous trajectory of the protein in our
model makes this calculation impractical. However, as we
show in the Results and Discussion, in our model even the
largest possible difference between Fnew and Fold is comparable to kBT, therefore allowing us to assume, following
the work of Saxton (38), that we are at the limit of low activation barriers and use the Metropolis criterion for transition probabilities.
Simulation details
We focus on two types of mixed lipid bilayers. The first is
composed of binary mixtures (m ¼ 2) of neutral (phosphatidylcholine, i.e., PC) and acidic monovalent (phosphatidylserine, i.e., PS) lipids. The second is a ternary mixture (m ¼ 3)
of uncharged (PC), monovalent (PS), and acidic multivalent
(PIP2, valency of 4 at neutral pH) components. The discretized version of the CH equation (Eq. 14) for the case of
ternary mixtures is presented in the Appendix. For all calculations the lipid membrane was modeled as a low dielectric
slab (em ¼ 2) of dimensions 256 Å 3 256 Å 3 10 Å. Assuming that a ¼ 65 Å2 is the area per lipid headgroup, the slab
dimensions correspond to roughly 1008 lipid molecules in
one membrane layer. We note that, in principle, the electrostatic properties on one side of the bilayer may have an
impact on those on the other side. Under physiological
conditions, when d=lD  em =ew ; this coupling has been
shown to be weak (30,45). We have verified the above inequality by performing calculations on membranes of different thickness, d $ 10 Å. We found that the value of the
electrostatic potential on the slab surface did not change
when we varied the slab thickness. Therefore, to simplify
calculations we completely decouple electrostatically the two
membrane interfaces, and treat the lipid slab as a leaflet of
thickness d ¼ 10 Å (Fig. 1).
We note that attempting to describe dielectric properties
of the interior of a lipid membrane by a uniform dielectric
constant may not always be appropriate. Since solvent molecules generally penetrate deep into the lipid headgroup re-
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gion, the dielectric constant in this area can reach much
higher values than assumed in our work. To test the effect of
the em value on the predictions from our model, we compared
the results for a membrane slab of thickness d ¼ 10 Å with
uniform em ¼ 2 to those obtained for a membrane described
as two fused slabs, one of d ¼ 5 Å and em ¼ 20 (interfacial
headgroup region), and the other d ¼ 10 and em ¼ 2 (hydrocarbon tail region). The compared adsorption free energies were within 1.5% of each other. We concluded that
treating the entire lipid membrane as a low dielectric media
was indeed an adequate representation of the systems investigated here.
At each iteration of the CH Eq. 14, the nonlinear PB Eq. 8
was solved using a modified version of the publicly available
open-source software APBS, Ver. 0.4.0 (46). The system was
placed on a 256 Å 3 256 Å 3 256 Å cubic grid with grid
spacing of 1 Å, and the nonlinear PB was discretized with the
finite-difference method. The APBS software was modified
to include periodic boundary conditions in the (xy) bilayer inplane directions. The charge, ion accessibility, and dielectric
maps were configured and supplied to APBS. After each
dynamic step, these maps were updated and fed back to the
PB solver.
The Cahn-Hilliard equations were discretized on a 256 Å 3
256 Å square lattice with 1 Å grid spacing. Convergence of
the CH equations to equilibrium was checked by confirming
that within numerical uncertainty the lipid electro-chemical
potentials for all lipid species at steady state are uniform
across the membrane surface. In all simulations, we chose a
real time step of 200 ps.
RESULTS AND DISCUSSION
As a first test of the method, we considered the adsorption
of a uniformly charged spherical macroion onto an oppositely charged lipid membrane, consisting of binary mixtures of monovalent (PS) and neutral lipids (PC). The
equilibrium adsorption free energy of charged macroions on
binary membranes, and the steady-state distribution of lipid
molecules around the macroion, have previously been derived using the theoretical model of May et al. (20). To
validate our numerical methodology, we repeated the calculation performed by May et al. (20), with the expectation
that our dynamic minimization scheme of the free energy
described in Model should yield a steady-state solution
identical, within numerical uncertainty (see Simulation
Details), to theirs. The free energies were obtained in May
et al. by using the alternative method of solving Eq. 8 with
a boundary condition that accounts for lipid mobility. We
then considered ternary lipid mixtures of monovalent,
multivalent, and neutral lipids, and again applied our model
to a uniformly charged spherical macroion (i.e., protein)
adsorbing onto such membranes.
Next, we present the model results for the basic polypeptide (Lysine-13, i.e., Lys13) adsorbing onto similar net
Biophysical Journal 94(7) 2580–2597
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FIGURE 2 Adsorption of a spherical macroion (Rp ¼ 10 Å) onto binary (PC/PS) lipid membranes with f0PS ¼ 0:2: (a) Steady-state (equilibrium) adsorption
free energy (in kBT units) as a function of macroion-membrane separation calculated using our method (solid line) and by the method used in May et al. (20)
(dashed line). (b) Time sequence of radial profiles of the local fraction of PS lipids, for macroion-membrane separation of h ¼ 3 Å. The steady-state distribution
of PS lipids from the calculations by May et al. is shown for comparison (dotted-dashed line).

acidic membranes consisting of binary and ternary mixtures
of lipids.
Finally, we present results from a set of simulations in
which the adsorbing macromolecule is allowed to diffuse.
We compare diffusion rates of the membrane-bound and free
macromolecules, and show that lipid composition plays a
crucial role in regulating diffusion properties of peripheral,
bound proteins.
Macroion adsorption on mixed neutral and
monovalent lipid membranes
Fig. 2 a shows binding (adsorption) free energies (in kBT
units) as a function of membrane-macroion separation from
our model and as derived from the free-energy functional
minimization scheme implemented by May et al. (20). We
consider a lipid membrane composition of f0PS ¼ 0:2: Assuming an area per lipid headgroup of 65 Å2 for both PS and
PC lipids, this composition corresponds to one negative charge
per 325 Å2 of membrane area. The adsorbing spherical macroion of Rp ¼ 10 Å radius mimics a globular protein carrying a
surface charge of 1e per 93 Å2—that is, 3.5 higher than the
average membrane charge density. The macroion was placed
at successively higher distances from the membrane surface
ranging from 3 Å to 15 Å, and for each separation, lipids were
allowed to evolve toward the steady state with the dynamic
method described in the previous section.
Fig. 2 a demonstrates full agreement in binding free energies resulting from the two calculations for all membranemacroion separations. Fig. 2 b shows the fraction of acidic
lipids as a function of the radial distance r from the projected
Biophysical Journal 94(7) 2580–2597

center of the ion onto the membrane surface. We show radial
profiles for membrane-ion separation of h ¼ 3 Å, at different
times starting from a protein that is adsorbed on a homogenously charged membrane. For comparison, we also plot the
theoretically predicted equilibrium charge distribution calculated in May et al. (20).
By following the dynamic evolution of lipid rearrangement around the macroion, we can identify two timescales
corresponding to two processes. The first corresponds to a
major recruitment of charged lipids toward the interaction
zone. This process, driven by the strong electrostatic interactions between oppositely charged macroion and charged
lipids, and subsequent counterion release, occurs on short
timescales: during the first 100 ns, the fraction of PS lipids
close to the ion increases 2.5-fold, whereas during the remaining part of the simulation only minor changes occur
close to the macroion. As a consequence of this initial
charged lipid sequestration, a deficiency of PS lipids is created starting from ;r ¼ 20 Å away from the ion resulting in
the formation of a depletion-well in the lipid distribution,
where fPS(r) , f0PS : At longer times, the second process of
filling up the well begins, as PS lipids from the bulk start
flowing into the area of lower electrochemical potential and
replace neutral lipids in the process. Fig. 2 b shows the relatively long timescales for the second process, as the depleted
zone still persists after 1 ms of simulation.
Comparison of the lipid distribution after 1 ms of simulation with that of the equilibrium state calculated in May et al.
(20) also shows good agreement. The small discrepancy in
the two plots at distances r ¼ 20–40 Å is due to the slow
filling-up process, and further evolution of the system yields
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even better agreement with the equilibrium plot. The corresponding free energy at this point is already within numerical
accuracy. Close to the ion, our calculation predicts a 2.6%
higher fraction of PS lipids, over the prediction by May et al.
This minor difference can be attributed to the specific details
of the two models and the membrane representation in each.
In May et al. (20), the lipid membrane is a continuous planar
surface of charge density smemb. This surface divides space in
two with dielectric constant em ¼ 0 in the nonaqueous volume.
The macroion dielectric constant was also taken there to be
em ¼ 0. In contrast, in our model, the lipid bilayer is represented by a rectangular slab of finite thickness d and the desired local charge density is achieved by placing (partial) point
charges 1 Å apart on the membrane surface. The dielectric
constant inside the slab, as well as inside the adsorbing macroion, is taken as em ¼ 2 in our model—a value probably more
representative of the dielectric properties of macromolecules
such as proteins and lipids. This higher em in the membrane
and macroion may allow slightly more charged lipids to segregate (less repulsion from image charges).
To conclude, the set of simulations presented above demonstrates that the numerical solution of Eq. 14 converges at
long times to the equilibrium state as it should. Thus, our numerical scheme for calculating free energies is fully validated
and allows us to follow lipid diffusion in the membrane plane.
Multivalent versus monovalent lipid segregation
Fig. 3 details lipid segregation in the adsorption process of a
spherical macroion on ternary mixtures of neutral (PC),
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monovalent (PS), and polyvalent (PIP2) lipid membranes
containing f0PS ¼ 0:15 and f0PIP2 ¼ 0:01: The spherical
macroion again has a radius of Rp ¼ 10 Å and a surface
charge of 1e/93 Å2.
In Fig. 3 a we plot local lipid fractions reported as ratios
of local and average values fPS ðrÞ ¼ fPS ðrÞ=f0PS and
fPIP2 ðrÞ ¼ fPIP2 ðrÞ=f0PIP2 ; as a function of r at different time
steps. In Fig. 3 b, the corresponding time sequence of the
electrochemical potentials of PS and PIP2 lipids is shown as
radial profiles. Fig. 3 a illustrates a remarkable difference in
the organization of the two lipids around the macroion: after
400 ns, the fraction of PIP2 lipids close to the ion increased
;10-fold, whereas the fraction of PS lipids increased less
than twofold. To better quantify the segregation level of PIP2
and PS lipids around the macroion, we define and evaluate
the lipid excess for PS and PIP2 at steady state with analogy
to the so-called preferential interaction coefficient (or the
Gibbs density excess; see, for example, (47,48) and references therein):
Z
1
~Þ  fbi Þds; i ¼ PS; PIP2 :
ðf ðr
(18)
Gi ¼
a A i
Here a is the area per lipid headgroup, the integral is taken
over the membrane area around the macroion, and fbi is the
lipid composition at the cell boundary (Fig. 3 a). With the
above definition, Gi measures the excess number of the ith
lipid species around the adsorbate, relative to the respective
number in the homogenous membrane. From Eq. 18 we find
that after 400 ns the concentration of PIP2 in the first

FIGURE 3 Adsorption of spherical macroion (Rp ¼
10 Å) onto ternary (PC/PS/PIP2) lipid membrane with
f0PS ¼ 0:15; f0PIP2 ¼ 0:01 composition. (a) Normalized
fraction f* of PIP2 lipids (upper panel) and PS lipids
(lower panel) as a function of the radial distance from the
macroion, r, at different times from the initial macroion
binding. (b) Time sequence for the electrochemical potentials (m – m), reported in kBT units, of PIP2 (upper panel)
and PS (lower panel) lipids upon macroion binding.
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coordination shell is increased by 150%, whereas PS lipid
content increased by only 17%. Furthermore, our calculations reveal that during the adsorption process, the macroion
attracts 2.1e additional charges (compared to a homogenous membrane) from the acidic lipids, of which PIP2
contributes 1.2e, and PS 0.9e charges. In light of the
major role observed for PIP2, despite its very low content in
the membrane, we conclude that the binding free energy of
the complex is minimized most efficiently by the macroion
interacting primarily with PIP2 lipid molecules.
The preferential increase in multivalent phospholipid concentration at the adsorption region over monovalent ones has
been reported in several experiments (8,10,49) as well as in
theoretical studies (11–13). In our model, the large difference
in sequestration of PIP2 versus PS lipids is mainly due to the
lower entropic cost associated with recruiting a multivalent
lipid. The multivalent lipid carries several charges (better
electrostatic interaction) but still loses only the entropy of one
free lipid when sequestered compared with four PS lipids that
would have to be sequestered instead. In our model, this
preference also has an additional dynamic aspect. Highly
charged lipids tend to be more mobile and move faster under
the influence of an external (protein) electric field. This is
because the chemical potential is directly related to the product
of the electrostatic potential, and lipids valency (Eq. 11), as are
the derivatives of the electrochemical potential that determine
lipid mobility. Therefore, PIP2 lipids can be expected to move
faster toward the interaction zone, and once sequestered, are
expected to remain bound or localized to the protein with
preference over PS lipids.
Due to the lower PIP2 content, these lipids might not always segregate quickly enough to the protein’s vicinity despite their high mobility, thus being unable to replace the
majority of PS lipids that, initially, are already quite abundant. This is expressed in the later time spans of the simulation as a displacement of the initially segregated PS lipids
by PIP2 lipids that are thermodynamically favored.
Fig. 3 b follows the changes in local chemical potentials with time. Clearly, the tendency at long times is toward achieving uniform chemical potential throughout the
membrane plane for each of the three lipid components (mPC
follows from mPS, mPIP2 ; and Eq. 2). The figure also shows
clearly that the gradients in initial chemical potentials are
much larger for PIP2 than PS, although its membrane content
is much smaller. For both lipids, uniform chemical potential
can only be achieved by major lipid recruitment to the interaction zone.
Poly-peptide adsorption on binary and ternary
lipid membranes
A more realistic peptide-membrane interaction is modeled by
the adsorption of Lys13 on an oppositely charged (mixed)
membrane. For this calculation, Lys13 was represented in allatom detail, without blocked ends. Atomic radii and partial
Biophysical Journal 94(7) 2580–2597
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charges for each peptide atom (including the C-terminus)
were derived from the CHARMM force field (50). Following
the findings of Ben-Tal et al. (51), we placed Lys13 in a flat
conformation next to the membrane such that its plane was
parallel to the membrane surface and the minimal distance
between the peptide interface and the membrane was h ¼ 3 Å,
as shown in Fig. 1. Based purely on the electrostatic calculations, Ben-Tal et al. showed that the free energy of Lys5
binding to 2:1 PC/PS membrane was lowest for this particular
configuration (51).
We consider two different lipid compositions with the same
surface charge density: a binary mixture with f0PS ¼ 0:29;
and a ternary mixture with f0PS ¼ 0:25 and f0PIP2 ¼ 0:01:
Fig. 4 shows the charged lipid organization for the ternary
mixture (Fig. 4, a and b) and binary mixture (Fig. 4 c) upon
Lys13 binding. Fig. 4, a and b, show local lipid fractions
fPIP2 and fPS for the ternary system, and Fig. 4 c shows
a similar plot for fPS in the binary mixture. Snapshots are
taken after 500 ns starting from the homogenous distribution, and the green shades (corresponding to f* ¼ 1)
represent locations on the membrane where the lipid distributions are unaffected by the adsorbing peptide. Darker
colors (f* . 1) show areas with excess lipids, and lighter
colors (f* , 1) identify locations with deficiency in the
corresponding lipid species.
From Fig. 4 a we learn that the fraction of PIP2 lipid increases up to 4.5-fold (shown in blue) near the Lys13 side
chains, where the positive charge is greatest. This area is
surrounded by a region with lower PIP2 content (red and
purple), showing only 2.5–3-fold increase in multivalent
lipid fraction. Because the peptide backbone is rich in both
positive and negative charges, there are only minor changes
in PIP2 content along the Lys13 backbone with respect to the
bulk concentration. Note that the primary donor of PIP2 lipids
is the membrane region closest to the C-terminal of the
peptide, where the highly acidic carbonyl group repels the
negatively charged lipids. Comparing Fig. 4, a and b, reveals
that there is almost no sequestration of PS by the peptide. The
highest increase in PS lipid is only 1.5-fold, observed, as
expected, along the Lys13 side chains.
For comparison, Fig. 4 c shows that even in PIP2-free
membranes, the segregation of PS lipids around Lys13 is
marginal. There are regions on the membrane where the
fraction of PS has increased only approximately twofold. But
mostly the plot shows very weak PS sequestration compared
to that seen for PIP2.
To better assess the degree of multivalent lipid segregation around the polypeptide, in Fig. 5 we plot the electrostatic potential isosurfaces for Lys13 adsorbed on a ternary
(PC/PS/PIP2) lipid membrane. Fig. 5, a and b, show side
and top views, respectively, of the system in the initial
configuration, with homogenous lipid distribution on the
membrane, and Fig. 5, c and d, provide similar views of the
final state of the system, after 500 ns. Van der Waals radii
for Lys13 are colored in gray. Isocontours are for F ¼ –1.5
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FIGURE 4 Adsorption of Lys13 onto ternary (PC/PS/PIP2) lipid membrane with f0PS ¼ 0:25; f0PIP2 ¼ 0:01 (a and b), and onto binary (PC/PS) lipid
membrane with f0PS ¼ 0:29 (c). (a) Normalized local fraction of PIP2 lipids in the ternary system. (b) Local PS lipid fractions in the ternary system after 0.5 ms.
(c) Local PS lipid fraction in the binary mixture.

kBT/e (37.5 mV) (red surface), and F ¼ 11.5 kBT/e
(137.5 mV) (blue mesh). For clarity, the lipid membrane is
not shown. Fig. 5 reveals significant change in the electrostatic potential near Lys13 after 500 ns of dynamics. Comparing Fig. 5, a and b (or Fig. 5, c and d), illustrates the
growth of the negative electrostatic potential isosurface
close to Lys13 as PIP2 lipids segregate around the polypeptide (Fig. 4 a). This increase is because accumulation

of PIP2 near Lys13 reduces gradients in the local electrochemical potential, which, in turn, is proportional to the
electrostatic potential. Similar plots for Lys13-PC/PS membrane (data not shown) reveal much weaker electrostatic
potential near the adsorbate, indicative of lower charge accumulation around Lys13.
In conclusion, our model predicts sequestration primarily
of PIP2 lipids by the adsorbing basic peptide, and very weak
Biophysical Journal 94(7) 2580–2597
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FIGURE 5 Electrostatic potential
isosurfaces for Lys13 adsorbed on a
ternary (PC/PS/PIP2) lipid membrane.
(a and b) Side and top views, respectively, of the system in the initial configuration. (c and d) Similar views for
the final state of the system, after 500
ns. Lys13 van der Waals surfaces are
colored in gray. The red surface represents F ¼ 1.5 kBT/e (37.5 mV)
equipotential contour, and the blue
mesh depicts the F ¼ 11.5 kBT/e
(137.5 mV) equipotential contour.
For clarity, the lipid membrane is not
shown.

sequestration of PS lipids. This result is consistent with experimental observations by Golebiewska et al. (10), and with
the model predictions by Wang et al. (13) and Tzlil et al. (11).
Diffusion of macroion on binary and ternary
lipid membranes
Above we showed that stationary basic macromolecules will
preferentially sequester PIP2 lipids. Because this picture might
change if the adsorbate is allowed to diffuse, we considered
the effect of protein mobility. By introducing this degree of
freedom we allow the system access to states around the mean
field free-energy minimum, and with that we pose several
subtly related questions: how are the macromolecule diffusion
rates affected by the acidic lipids in the membrane, and how
will different lipids influence the apparent protein diffusion
rates? To address these questions, we performed a set of calculations in which a (model) spherical macroion (Rp ¼ 10 Å
radius and uniform surface charge of 1e/93 Å2 kept at h ¼ 3 Å
from the membrane) was allowed to move concomitantly with
lipid diffusion. By performing CHDMC simulations, as detailed in Model, we studied mixed membranes of two different
lipid compositions: binary mixtures with f0PS ¼ 0:29; and
ternary mixtures with f0PS ¼ 0:25 and f0PIP2 ¼ 0:01:
For protein mobility, we focus on two typical cases. In the
first, the model protein has a diffusion constant much faster
than that of lipids in the unperturbed (bare) membrane, D9 [
Dprot/Dlip ¼ 10, while in the second the diffusion constant is
comparable to that of the lipids, D9 ¼ 2. As we show, these
two scenarios lead to different lipid and protein diffusion
characteristics.
Modeling a fast protein diffusing over binary
versus ternary membranes
Using color grade, Fig. 6 c shows the local lipid fractions
~Þ after 0.6 ms of dynamic time evolution. The model
fPIP2 ðr
Biophysical Journal 94(7) 2580–2597

protein’s trajectory for the entire time interval is shown as a
black line that follows the protein projected center-of-mass.
The dotted red line indicates the size of the macroion projected onto the membrane, with the arrow indicting the initial
protein position. For clarity, we zoom in on the membrane
surface region explored by the macroion. The entire trajectory can also be found as an animation file in Supplementary
Material, file No. TM-10D.avi.
Following the time evolution of the system reveals local
lipid rearrangements on the membrane as the macroion
moves, and PIP2 lipids segregate around it. Moreover, there
is a prominent retardation in the macroion’s movement (see
quantitative discussion below). Due to lipid rearrangement,
the adsorbate diffusion becomes confined to the area rich in
PIP2 for a limited time. However, due to the model protein’s
high mobility compared to that of lipids, the adsorbate occasionally and temporarily escapes, leaving behind the
multivalent lipid cloud that had segregated around it.
The free diffusion of the macroion does not last too long,
because PIP2 lipids quickly segregate again around the new
position. This segregation is due to the large forces acting on
the PIP2 lipids by the electrostatic field emanating from the
adsorbate. Concomitantly, the local lipid composition in the
region of the membrane just abandoned by the macroion is
restored to that of the homogenous mixture. Essentially, the
macroion diffuses and drags PIP2 lipids along the way, while
the PIP2 units that are segregated retard the free diffusion of
the protein. We found that PS segregation for ternary mixtures is very weak, in accordance with our previous findings
(Fig. 4 b). Therefore, we show here only the local changes in
PIP2 lipids.
We contrast these conditions with the same rapid model
protein (D9 ¼ 10) diffusing on a binary membrane containing
monovalent (PS) lipids. The corresponding trajectory for the
binary mixture after 0.6 ms is shown in Fig. 6 a, and also in
Supplementary Material, file No. BM-10D.avi. The color
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FIGURE 6 Diffusion of charged spherical macroion on
mixed membranes. The panels show the local surface
charge densities after 0.6 ms of simulations (color scale)
and the entire macroion trajectories in that time (connected
black lines) for binary (PC/PS) mixture, D9 ¼ 10 (a); for
binary (PC/PS) mixture, D9 ¼ 2 (b); for ternary (PC/PS/
PIP2) mixture, D9 ¼ 10 (c); and for ternary (PC/PS/PIP2)
mixture, D9 ¼ 2 (d). The red-dashed circles on each panel
represent the projected size of the macroion with black
arrows indicating the starting position of macroion center
of mass. For clarity, the figures zoom in on the relevant
membrane surface region explored by the macroion.

~Þ: Clearly,
grade here describes the local PS fraction fPS ðr
acidic (PS) lipids segregate around the macroion to a much
lesser extent compared to the ternary mixture, resulting in
low energetic barriers to adsorbate motion. Hence, the diffusion of the macroion here is less restricted compared to that
seen for the ternary mixture.

Slow protein diffusing over binary versus
ternary membranes
Diffusion of a slower model protein, with D9 ¼ 2, on the same
binary and ternary membranes (Fig. 6, b and d, respectively,
and also in Supplementary Material, files No. BM-2D.avi and
No. TM-2D.avi) shows qualitatively similar behavior to that
observed for D9 ¼ 10. However, due to the lower mobility of
the macroion, the acidic lipids have more time to segregate
near the adsorbate, and therefore segregate more strongly.
The result is that the majority of macroion moves are restricted to the acidic lipid-rich patch that forms close to the
protein. This is particularly noticeable for the ternary system,
where the macroion practically never escapes to go beyond
the circular patch formed by PIP2 lipids, but rather diffuses
within it. Whereas for the fast protein on ternary mixtures we
observe creation and destruction of macroion/PIP2 ‘‘binding
sites’’, for the slower protein this lipid-protein ‘‘complex’’
stays intact for the entire trajectory. In a sense there are al-

ways PIP2 lipids associated with the macroion as it diffuses
on the membrane.

Diffusion analysis
We now turn to the quantitative analysis of these simulation
results. The final snapshots in Fig. 6 show that, on the simulation timescales, the adsorbate explores a more extended
region of space when it diffuses on binary, rather than ternary
membrane mixtures. To quantify this finding, we calculated
~ðtÞ2 æ of the macrothe mean-square-displacement (MSD) Ær
ion as a function of time for the systems shown in Fig. 6. Fig.
7 shows the MSD for a given time lag Dt, obtained by averaging over all pairs of points Dt time-steps apart (52,53).
For each system, we only analyzed the last 400 ns of the
~ðtÞ2 æ for the first 150 ns of the
trajectories. In Fig. 7, we plot Ær
productive runs, as sampling becomes poor for longer time
lags (52,53). If we assume that, in all cases, the relationship
~ðtÞ2 æ ¼ 4Dt;
between the MSD and elapsed time is linear, Ær
we can derive the effective (observed) protein diffusion
constant from a linear regression analysis of the data. For all
simulations, the diffusion coefficient of membrane-bound
macroion, Dbound, was calculated first, and then we obtained
D9bound ¼ Dbound/Dlip, which describes the draglike effect that
lipids can have on the protein. The results are summarized in
the table inset shown in Fig. 7.
Biophysical Journal 94(7) 2580–2597
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FIGURE 7 Mean-square-displacement (MSD) as a function of time for
D9 ¼ 10 (upper panel) and D9 ¼ 2 (lower panel). The table inset shows
the apparent macroion and lipid diffusion coefficient ratios for free and for
membrane-bound macroion, the latter calculated from linear regression
analysis of the MSD plots.

We find that PIP2-containing membranes have a stronger
(relative) impact on the diffusion rate of the macroion, especially when the protein is fast D9 ¼ 10, with the adsorbate
being slowed down to D9bound ¼ 3.4. In contrast, for the binary
mixtures we found D9bound ¼ 7.5. For the slower proteins, D9 ¼
2, diffusion rates of the macroion bound to binary versus ternary membranes are similar, but still PIP2 containing membranes have a slightly stronger effect. Differences in MSD
plots between binary and ternary mixtures in our model result
from different rejection rates of macroion-DMC moves in the
Biophysical Journal 94(7) 2580–2597
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respective systems. Consistent with our MSD data, we found a
range of 4.6% and 2.5% rejection rates for the fast moving
proteins on ternary versus binary mixtures, and 1.8% and 1.5%
rejection rates for the corresponding D9 ¼ 2 systems.
Why do multivalent lipids influence the adsorbate diffusion rates more than monovalent lipids? And what role does
the inherent (or free) diffusion rate of the macroion (diffusion
rate on homogeneous surfaces) play in this process? Assume
that the adsorbate inherently travels with high diffusion rate,
D9 ¼ 10. Then, only highly mobile lipids would be able to
segregate around the protein. Our simulations of ternary
mixtures show that PIP2 can be fast enough. These multivalent lipids experience strong electrostatic forces from the
adsorbate because of their strongly charged headgroups and
therefore are quickly sequestered near the macroion. Once
sequestered, PIP2 lipids act to confine the motion of the adsorbate, as any protein motion leaves behind an exposed
charged patch that is highly unfavorable. The protein thus
finds it difficult to overcome and escape this electrostaticwell created by sequestered PIP2 molecules (8,10,49), and the
retarded macroion has a lower diffusion rate.
In contrast, monovalent (PS) lipids segregate only weakly
around a quick macroion. Hence, the energetic barriers created by these sequestered acidic lipids are low and the adsorbate, due to its high mobility, finds it easy to consistently
escape them. The preferential interaction coefficients show
on average 1.2e membrane surface charges for the fast
protein on ternary mixtures versus 1.0e in the binary mixture accumulated near the macroion. Furthermore, our calculations reveal that PIP2 and PS lipids contribute with their
headgroup charges almost equally in the ternary mixtures,
0.7e charge coming from PIP2 and 0.5e from PS. Based
on these findings and in light of substantial difference in
mono- and multivalent lipid composition, we conclude that
localized electronic charge on multivalent PIP2 lipid plays a
major role in regulating the macroion diffusion rate.
As the free macroion diffusion rate decreases, monovalent
and multivalent lipids tend to affect adsorbate diffusion rates
to a similar extent, as revealed from the MSD plots for D9 ¼ 2,
Fig. 7. This is because the underlying acidic lipids are able to
rearrange around such slow-diffusing adsorbates, resulting
in lipid segregation rather similar to that observed in equilibrium for the immobile protein. Under these conditions,
even the less mobile PS lipids can retard the adsorbate’s
diffusion. Conversely, since the protein is slow enough so
that all lipids can relax for all protein steps, the relative drag
experienced by the protein and its slowing down are smaller
than for fast proteins.
From Figs. 6 and 7 it is evident that there is some level of
confinement with possible binding and unbinding events of
interacting lipid and proteins, and hence the MSD plots need
not be interpreted as strictly linear. In fact, the higher the
protein diffusion rate D9, the more anomalous the observed
macroion diffusion on the ternary membranes. In the limit of
the unrealistically high D9 ¼ 50, our simulations (data not
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shown) show adsorbate motion on ternary membranes that
includes extended local motions with occasional rapid diffusion, resembling a hop-diffusion-type mechanism (52,53).
Importantly, even for such extreme D9, multivalent lipids
are still capable of affecting protein diffusion rate. On the other
hand, for large D9 the diffusion on the binary mixtures is still
close to linear, and for D9 ¼ 50 we see practically no slowingdown of the macroion diffusing on a binary PC/PS membrane.
Obviously, in the limit of D9  1; protein and lipid motion
will become largely uncorrelated regardless of whether the
protein is diffusing on ternary or binary membrane.
Because the DMC method allows thermal fluctuations on
the order of kBT away from the mean-field free energy, it is
interesting to follow these changes for different membraneprotein interactions. In Fig. 8, a and b, we plot the instantaneous adsorption free energies (in thermal energy units)
given by Eq. 4 as the macroion diffuses on binary and ternary
mixtures, respectively. In both panels, the horizontal lines
(D9 ¼ 0) represent the calculated equilibrium mean-field
binding free energies for the respective stationary macroion
and membrane complexes (no protein motion is allowed),
measured with respect to the unbound protein and bare
membrane in solution. However, lipids are still mobile and
are allowed to segregate around the stationary macroion.
Fig. 8 shows that the adsorption energies on ternary mixtures are always stronger (more favorable) than for the corresponding binary mixtures. This is due to the stronger
segregation of charged lipids around the macroion in the
ternary mixtures (see also Fig. 6). Within fluctuations, the
binding free energies for the ternary mixtures are similar for
different protein diffusion rates, but are somewhat different
between the two binary mixtures. This indicates that the
macromolecule diffusing on ternary mixed membranes on
average sequesters PIP2 lipids to a similar extent, whether
traveling as slow as D9 ¼ 2 or as fast as D9 ¼ 10. For the
binary system, in contrast, segregation of lipids is more
tightly correlated with the diffusion rate of the macroion.
Note that the largest possible difference in binding free
energies between any two states of the mobile protein/
membrane complex is ;1.5 kBT, as expected for thermal
fluctuations. In one state the membrane is homogenous, and
the lipids are ideally mixed (adsorption free energy at t ¼ 0 in
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Fig. 8, a and b), and in the other state lipids are completely
relaxed around the immobile adsorbed protein (D9 ¼ 0 blue
lines in Fig. 8, a and b). Because a stationary macroion sequesters charged lipids most efficiently, the equilibriumbinding free energies for the stationary macroion/membrane
complexes in Fig. 8 provide a lower-bound for binding free
energies of the macroion/membrane systems. The plots reveal that the adsorption free energies for the ternary mixtures
are close to the lowest possible values at multiple timepoints
in the simulation, indicating that at those instances the mobile
protein sequestered multivalent lipids to an extent similar to a
stationary protein. The picture is much different when the
macroion diffuses on mixed binary membranes: the adsorption free energies never reach the limiting value, because
lipids are too slow to relax locally around the protein.
CONCLUDING REMARKS
We have described a self-consistent dynamic mean-field
model to study the process of adsorption of charged macromolecules onto oppositely charged lipid membranes. Extending earlier thermodynamic calculations (20), our model
adds the dynamic aspects of lipid lateral reorganization and
demixing when adsorbed charged macromolecules diffuse
upon membranes. In particular, to our knowledge this is a first
attempt to study the kinetic mechanisms of acidic monovalent
and multivalent lipid segregation around model basic proteins.
The model allows us to solve the full three-dimensional
electrostatic problem within the nonlinear Poisson-Boltzmann
theory rapidly and efficiently, and at the same time to use the
diffusion-like CH equation for information about the timeevolution of lateral reorganization of the membrane components in the adsorption process. On a practical note, we
register significant gains in computational time compared to
the atomistic MD method. With only modest CPU time requirements, our method explores the behavior of proteinmembrane complexes on the microsecond timescale; with
rapid progress in PB solvers in three dimensions, the method
should become a powerful tool for the study of lipid membrane patches of ;0.1 mm in lateral dimensions, interacting
with proteins of any size. Based entirely on measurable
properties derived either from experiments or atomic level

FIGURE 8 Value of the instantaneous adsorption freeenergy functional DF (in kBT units) as a function of time in
the CHDMC simulations for (a) D9 ¼ 2 systems and for
(b) D9 ¼ 10. The horizontal lines show the calculated equilibrium adsorption free energies for the respective systems
when the macroion is stationary (see text for details).
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simulations (such as lipid diffusion constants, atomic charges,
and dielectric constants), results from our model are in good
agreement with experimental data and provide valuable predictions about the dynamic aspects of protein adsorption on
lipid membranes.
While we have focused here on fully mixed lipid membranes that are far from the critical point, it is important to
note that the present formulation of the model makes it
possible to also introduce enhanced descriptions, e.g., for
nonideal lipid mixing. Such contributions could be incorporated by addition of a phenomenological interaction term
to the free-energy functional (Eq. 4) as done in regular solution theory (28) and similar to May et al. (54), which then
enables the description of such processes as lipid kinetics in
phase-separating mixed membranes upon protein binding.
Alternatively, phase separation can be realized here by coupling the lipid fraction field fi to an additional order parameter field that describes lipid-lipid interactions within the
membrane (55,56). These extensions would implicitly introduce additional degrees of freedom and would add an
additional distinction between different lipids, which may
differ not only by their headgroup charge (as in the current
model) but also, say, by their hydrocarbon tail content, important for elastic and nonideal mixing properties.
The method presented here is somewhat similar to the
Poisson-Nernst-Planck (PNP) formalism (57). PNP combines the Nernst-Planck theory of electrodiffusion with the
Poisson equation for electrostatics. The latter is used to
compute the electrostatic potential in space, while the time
evolution of the local concentrations of mobile ions is described by the diffusion equation, and solved self-consistently
with the Poisson equation. With analogy to PNP theory, the
steady-state distribution of lipids in the lipid diffusion process is obtained here through the diffusion-like CH equation
(Eq. 14) (27). Solving the CH equation requires knowledge
of local gradients in electrochemical potentials for different lipids. In our model this is achieved self-consistently
through the free-energy functional (yielding the electrochemical potential) and the solution of nonlinear PoissonBoltzmann equation. As common to mean-field theories, it
is an assumption of our model that the functional form of
the free energy does not change during the dynamic evolution
of the system, and that the instantaneous local electrochemical potentials for different lipids at each step can be obtained
from the free-energy functional through Eq. 10. In fact, our
model is simply a realization of a time-dependent mean-field
approach where forces are derived from a free energy that is a
functional of local densities (23–26).
We note that this formalism presents important advantage
over an alternative approach in which a free-energy functional could be minimized with respect to the local concentrations of all lipid species. Thus, the solution of the CH
equation leads not only to the equilibrium distribution of lipid
molecules, but also informs us about the kinetics of the
segregation process. In addition, our method uses existing
Biophysical Journal 94(7) 2580–2597
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and publicly available high-power PB solvers in three dimensions, and incorporates complex boundary conditions
without the need to explicitly couple additional differential
equations for the boundary, as was done previously (20).
One simplifying assumption in this work pertains to the
static conformational rearrangements in the protein and membrane components. Thus, the free-energy functional describing our system does not include contributions from
protein internal degrees of freedom, and we treat adsorbing
proteins as rigid constellations of fixed partial charges. Our
model can be extended to allow for additional protein flexibility, for instance, by sampling different conformations of
the protein, similar to Ben-Tal et al. (51), and for each conformation minimize the free energy further with our dynamic
scheme. Because we do not consider here any intramolecular
motions in the protein, using a low dielectric value of em ¼ 2
inside the adsorbing macromolecule is more appropriate
compared to the higher values typically used to describe
additional polarization due to molecular reorganizations inside the protein (58). We also do not explicitly account for
hydration interactions, but this can be introduced, for example, using additional phenomenological forces (22,59).
The results from the application of the model are in good
agreement with previous studies, e.g., by showing that the
adsorption of positively charged model proteins onto binary
(PC/PS) and ternary (PC/PS/PIP2) lipid membranes with
composition of biological relevance result in significant
segregation of PIP2 but not PS lipids around the stationary
basic macromolecules (10–13). Our method revealed as well
that the time evolution ultimately leading to the steady-state
distribution of lipids consists of at least two distinct processes. The first is an electrostatically driven segregation of
charged lipids around the adsorbing macromolecule, and the
second involves replenishing of charged lipid in the depletion
belt that is due to the initial sequestration. Because we
combined our model with dynamic Monte Carlo simulation
of the propagation of an adsorbed macromolecule in time, we
were able to show that multivalent lipids quickly segregate
and remain sequestered near the oppositely charged macromolecules, slowing down adsorbate diffusion in the process.
This allows us to conclude that PIP2 lipids can diffuse in
concert with adsorbed molecules even when the diffusion of
the adsorbate is much faster than lipid diffusion. In contrast,
monovalent PS lipids segregate only weakly so that macromolecule and lipid diffusion will remain largely uncorrelated.
The difference in behavior of the lipid species arises because
PIP2 lipids, in the presence of the protein electric field, are
much more mobile than PS, due to their higher charge and
hence larger chemical potential.
Predictions from our model bear interesting implications
for the role of PIP2 lipids in anchoring natively unstructured
domains (and other peripherally bound proteins to lipid
membranes). Clearly, to carry out their function, peripheral
proteins must often remain localized in certain regions on the
membrane for some duration of time. This requires a mech-
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anism that would slow down diffusion across the membrane
in the region in which they must act. In agreement with recent
experimental observations (9,10), our model finds segregation of PIP2 lipids around the diffusing charged protein which
keeps these lipids effectively bound to the protein vicinity,
and retards the protein’s diffusion.

f2 ðx; y; t9 1 Dt9Þ ¼ f2 ðx; y; t9Þ 1 Dt9 3

Dt9 ¼

DtD
2 :
d

(21)

The expressions in Eq. 19 are expressed using the dimensionless units and
are discretized in the following manner:

1
3 ½f2 ðx 1 d; y; t9Þ  f2 ðx  d; y; t9Þ 3 ½m2 ðx 1 d; y; t9Þ  m2 ðx  d; y; t9Þ
4

1
3 ½f2 ðx; y 1 d; t9Þ  f2 ðx; y  d; t9Þ 3 ½m2 ðx; y 1 d; t9Þ  m2 ðx; y  d; t9Þ 1 Dt9
4
3 f2 ðx; y; t9Þ 3 ðm2 ðx 1 d; y; t9Þ 1 m2 ðx  d; y; t9Þ  2m2 ðx; y; t9Þ 1 Dt9 3 f2 ðx; y; t9Þ

1 Dt9 3

3 ðm2 ðx; y 1 d; t9Þ 1 m2 ðx; y  d; t9Þ  2m2 ðx; y; t9ÞÞ:
f3 ðx; y; t9 1 Dt9Þ ¼ f3 ðx; y; t9Þ 1 Dt9 3

(22)

1
3 ½f3 ðx 1 d; y; t9Þ  f3 ðx  d; y; t9Þ 3 ½m3 ðx 1 d; y; t9Þ  m3 ðx  d; y; t9Þ
4

1
3 ½f3 ðx; y 1 d; t9Þ  f3 ðx; y  d; t9Þ 3 ½m3 ðx; y 1 d; t9Þ  m3 ðx; y  d; t9Þ
4
1 Dt9 3 f3 ðx; y; t9Þ 3 ðm3 ðx 1 d; y; t9Þ 1 m3 ðx  d; y; t9Þ  2m3 ðx; y; t9Þ 1 Dt9 3 f3 ðx; y; t9Þ

1 Dt9 3

3 ðm3 ðx; y 1 d; t9Þ 1 m3 ðx; y  d; t9Þ  2m3 ðx; y; t9ÞÞ:

(23)

APPENDIX

SUPPLEMENTARY MATERIAL

In this Appendix we rewrite the continuity equations from Model for the case
of a protein absorbing onto a lipid membrane consisting of a ternary mixture
of neutral (PC, i ¼ 1), monovalent (PS, i ¼ 2), and multivalent (PIP2, i ¼ 3)
lipids, and describe the procedure for the discretization of the continuity
equations.
We write the two relevant equations corresponding to Eq. 14 for charged
lipids in the mixture:

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

~; tÞ
@f2 ðr
2
¼ D=  ðf2 =m2 Þ ¼ Dð=f2  =m2 1 f2 = m2 Þ;
@t
~; tÞ
@f3 ðr
¼ D=  ðf3 =m3 Þ ¼ Dð=f3  =m3 1 f3 =2 m3 Þ:
@t
(19)
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We propose a model for the liquid-liquid 共L␣ → L␣⬘兲 phase transition observed in osmotic pressure
measurements of certain charged lamellae-forming amphiphiles. The model free energy combines
mean-field electrostatic and phenomenological nonelectrostatic interactions, while the number of
dissociated counterions is treated as a variable degree of freedom that is determined
self-consistently. The model, therefore, joins two well-known theories: the Poisson-Boltzmann
theory for ionic solutions between charged lamellae and the Langmuir-Frumkin-Davies adsorption
isotherm modified to account for charged adsorbing species. Minimizing the appropriate free energy
for each interlamellar spacing, we find the ionic density profiles and the resulting osmotic pressure.
While in the simple Poisson-Boltzmann theory the osmotic pressure isotherms are always smooth,
we observe a discontinuous liquid-liquid phase transition when the Poisson-Boltzmann theory is
self-consistently augmented by the Langmuir-Frumkin-Davies adsorption. This phase transition
depends on the area per amphiphilic head group, as well as on nonelectrostatic interactions
of the counterions with the lamellae and interactions between counterion-bound and
counterion-dissociated surfactants. Coupling the lateral phase transition in the bilayer plane with
electrostatic interactions in the bulk, our results offer a qualitative explanation for the existence of
the L␣ → L␣⬘ phase transition of didodecyldimethylammonium bromide 共DDABr兲, but the
transition’s apparent absence for the chloride and the iodide homologs. More quantitative
comparisons with experiment require better understanding of the microscopic basis of the
phenomenological model parameters. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2198534兴
I. INTRODUCTION

From naturally occurring phospholipids to synthetic
double-chain surfactants, over a wide range of concentrations, amphiphiles in aqueous solutions self-assemble into
multilamellar phases. The stability of the lamellar stack depends not only on the type of amphiphile, but also on the
competition between several interlamellar interactions.1 Attractive van der Waals interactions are balanced by repulsive
interactions. Hydration repulsion usually dominates when the
intervening water layer spacings are small 共typically ⱗ1 nm兲
a兲
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or intermediate, while electrostatic and “steric” undulation
interactions usually prevail at intermediate to large spacing,
up to hundreds of nanometers.2–6
Between charged surfactants, the stabilizing repulsion is
typically provided by the strong Coulomb interaction mediated by dissolved counterions and salt.7 These interactions
are particularly strong for lamellar-forming charged surfactants whose counterions fully dissociate into solution. Salt
can attenuate such electrostatic interactions via ionic screening. For surfactants that form flexible layers, the complicated
yet important coupling between layer elasticity, undulations,
and electrostatic interactions must also be considered.4,8–10
But even when the effects of layer flexibility can be ignored,
electrostatic interactions in multilamellar charged systems
are nontrivial and, in general, difficult to understand because
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of the intimate link between counterion dissociation, ionic
screening, and ion-specific nonelectrostatic interactions.11–13
The determination of the collapse pressure of membrane
stacks by Dubois et al.14 adds a new twist. Synthetic cationic
double-chain
surfactant,
didodecyldimethylammonium
共DDA+兲 with bromide as counterion 共DDABr兲, is used to
form a thermodynamically stable lamellar phase. The system
undergoes a phase transition from a swollen liquidlike 共L␣兲
lamellar phase to another, more condensed, liquidlike lamellar phase 共L␣⬘兲. This phase transition is induced by externally
applied osmotic pressure; it is seen as a plateau in the osmotic pressure versus interlamellar spacing isotherms. Measured by small angle x-ray scattering, the abrupt change in
spacing is typically between 10 and 100 Å. In contrast, for
the same surfactant with the bromide counterion replaced by
chloride, DDACl, there is no evidence of a first-order
transition.14 In fact, the experimental isotherm can be well fit
by the usual Poisson-Boltzmann 共PB兲 theory.4 Further, with
an iodide counterion the stack made of DDAI surfactant remains collapsed and did not swell at all.15 Remarkably, a
discontinuous increase in area per surfactant with no discernible in-plane positional order was experimentally found to
coincide with the collapse in bilayer spacing. Clearly, this
collapse is strongly coupled to a lateral rearrangement in the
bilayer plane, and cannot be solely the result of neutralizing
surfactant head groups by their counterions.
It should perhaps come as no surprise that different halide counterions interact differently with the charged DDA+
surfactant layers. The number of electrons, hence properties
such as polarizability, vary widely for these ions, and we
expect that ion-membrane interactions will be different too.
By ranking ions according to their efficiency in salting out
proteins from solution, Hofmeister was first to observe—
over a century ago—that different ions partition differently at
aqueous interfaces.16 The Hofmeister ranking is surprisingly
insensitive to the details of the interface.17–19 Often, however, the preferential interaction follows the size and polarizability of the ion; large ions tend to be less repelled from
共or more attracted to兲 oily interfaces.
It has been proposed that the added van der Waals attraction of the ions to the higher index of refraction material may
explain the Hofmeister ranking.20–24 Water ordering around
ions at the interface that is structured differently from the
bulk can also discriminate between ions. More polarizable
ions, for example, may be attracted to ordered water molecules at the interface because of favorable interaction between dipoles and induced dipoles. Due to their amphiphilic,
liquidlike nature, surfactants present a special and complex
interface to water and salt ions. However, using measurements such as electrophoretic mobility, nuclear magnetic
resonance 共NMR兲, and buoyancy density matching, a
Hofmeister-like ranking of anions has also emerged for ions
at lipid interfaces.25–27 Also, for single-chain micelle-forming
cationic surfactants, the area per molecule follows the
Hofmeister series, increasing more in the presence of larger
ions.28
As is evident from NMR experiments, different ions
not only associate differently with the amphiphile-water
interface, but their binding may also restructure the interface
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itself.26 Computer simulations indicate that the restructuring
of the amphiphilic head group region should be strongly
influenced by the counterion size.29 Such conformational
changes at the interface are possible sources of nonideal
lipid mixing, because ion binding at the interface may
effectively create two incompatible types of lipids: ion bound
and ion detached. For example, both experiments and simulations of lipid mixtures30–35 show that charged and uncharged lipids tend to demix so as to minimize the line
tension between the different mismatched lipid species, often
leading to a lipid lateral phase separation in the membrane
plane. Perhaps most compelling are the phase transitions
from lamellar to inverted hexagonal phases of pure
dioleoyl-phosphatidylserine 共DOPS兲 induced by varying pH
that changes the fraction of charged to uncharged ionizable
lipids.36
Can an added nonelectrostatic attraction of ions to the
lipid-water interface explain the observed transition for Br−
ions? The charge regulation model of Ninham and
Parsegian13 indicates that while an added attraction can significantly modify pressure isotherms, it cannot account for a
first-order phase transition.
Here, we propose a phenomenological model that explains the first-order phase transition in terms of an added
coupling between electrostatic and nonelectrostatic specific
interactions at the interface. The model is motivated by the
experimentally observed lamellar-lamellar phase transition in
charged surfactant systems14 and is a relatively simple extension of the Poisson-Boltzmann theory.
The gist of our model is to consider the possibility that a
fraction of the counterions is not dissociated from the
lamellar-forming cationic DDA+ surfactant, but rather stay
associated with it on the membrane plane to form a neutral
complex. The degree of dissociation is taken as a variational
parameter in our free energy formulation, and is optimized
for each interlamellar distance.13 Further, we consider each
lamella as composed of a binary mixture of neutral 共associated counterions兲 and charged 共dissociated counterions兲 surfactant species. Assuming an effective attractive secondorder virial coefficient between the two species, we find
possible lateral phase separation in the lamellar plane forming neutral-surfactant rich and charged-surfactant rich
phases, much as in the regular solution theory.11,37 Like any
phenomenological model, our model relies on several parameters whose exact molecular origin is not well known at
present. However, using reasonable values of these parameters, we are able to fit well the experimental data.
Our model couples the Poisson-Boltzmann theory for the
counterions in solution with the Langmuir-Frumkin-Davies
adsorption model that regulates the amount of dissociated
counterions.37–41 It is, therefore, an extension of the charge
regulation model of Ninham and Parsegian.13 The analogous
coupling between surface transitions and bulk interactions
has been analyzed in the context of hydration forces42,43 as
well as electrostatic interactions.44
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In the model, the differences between monovalent ions
共Cl−, Br−, and I−兲 are accounted for by using different interaction parameters between ions and lipid interface and between ion-bound and ion-detached lipids. Together with the
repulsive hydration force, known to act strongly at small
separations such as those found in the collapsed phase, these
interaction parameters are sufficient to reproduce the experimental observations. Our main emergent result supports a
lamellar-lamellar phase transition as a function of externally
applied osmotic pressure for ions such as Br−. At small osmotic pressure and large interlamellar distances, most of the
Br− ions are dissociated, and the isotherm follows the PB
result.40,41 However, for larger pressures and smaller separations, a large fraction of the Br− ions remains associated,
causing a lateral phase transition. Because of the coupling
between electrostatics and the entropy of ions in the solution,
the lateral phase transition also leads to the discontinuous
jump in interlamellar spacing witnessed in the osmotic pressure isotherm.
We further consider the effect of added salt on the equilibrium state of the system. The main effect of salt is to
screen electrostatic interactions, to reduce the coupling between the layers, and thus to diminish the magnitude of the
first-order transition jump.45 Indeed, our model predicts that
for more than a critical amount of salt the phase transition
disappears altogether.
The outline of the paper is as follows: In Sec. II we
present an extension to the usual PB theory, taking into account the nonelectrostatic degrees of freedom and treating
separately the counterion-only and added-salt cases. In Sec.
III we present our numerically calculated isotherms to show
the possibility of a lamellar-lamellar phase transition. We
then discuss the link with experiments and comment on ionspecific effects. In Sec. IV we discuss our findings and end in
Sec. V with a short summary and remarks on possible future
directions.
II. EXTENDED POISSON-BOLTZMANN THEORY
A. Model

The lamellar stack is composed of bilayers of doublechain surfactants such as DDA separated by regions of aqueous solution. The charged surfactant hydrophilic head groups
point towards the water region, while the hydrophobic tails
are packed in the inner lamellar region, away from the polar
water environment; for DDABr, the thickness of the hydrocarbon part of the bilayer is of the order of 24– 26 Å. The
lamellar stack can be modeled as a one-dimensional periodic
system. This approximates the lamellar lateral extent as infinite and each lamella as perfectly planar and rigid. We consider only the unit cell of the lamellar stack, as is depicted in
Fig. 1. For convenience, the unit cell width D spans only the
aqueous interlamellar region, while the periodicity of the
lamellar stack includes also the bilayer thickness: D + Dm. All
local quantities depend only on the perpendicular coordinate
z. Because the solubility of single surfactants 共like DDA兲 in
water is extremely low, we assume that all surfactants reside
within the lamellar bilayers. These bilayers are the two
bounding interfaces of the unit cell. Note that the interactions
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FIG. 1. A schematic view of the lamellar phase. The unit cell width includes
only the water region, −D / 2 ⬍ z ⬍ D / 2, and is composed of two charged
surfaces located at z = ± D / 2 共each being one leaflet of the surfactant bilayer兲. The counterions can adsorb on the two surfaces or dissociate into the
intermembrane water region of thickness D.

between ions are affected close to dielectric boundary discontinuities 共the membrane plane兲, separating the aqueous
region of thickness D and oily region of thickness Dm. These
corrections are not taken into account in the model as they
are more important for uncharged interfaces and also in high
salt condition.46–48
The model system, hence, is composed of two charged
interfaces separated by a distance D. The system is overall
electroneutral; the amount of counterions in the aqueous region is exactly balanced by the amount of charged surfactants on the two interfaces. Note that because of the insolubility assumption, the ratio between the lamellar bilayer
thickness and D uniquely determines the relative concentration of surfactant and water.
The midplane of the unit cell, see Fig. 1, is chosen at
z = 0, from which the two interfaces bearing equal charge
densities are located at z = ± D / 2. Because the system is symmetric about the z = 0 midplane, it is enough to consider a
unit cell in the range of 0 艋 z 艋 D / 2. The counterion concentration 共mole per liter兲 c共z兲 and the mean-field electrostatic
potential 共z兲 depend on the perpendicular coordinate z. All
variables calculated at the lamellar surface, z = D / 2, will be
denoted by a subscript s 共e.g., s兲, while those calculated at
the symmetric midplane, z = 0, by a subscript m 共e.g., m兲.
Our aim is to calculate the equation of state for this
lamellar symmetry and to express it as a relation between the
thermodynamic variables: interlamellar distance D and
osmotic pressure ⌸. Just as in the van der Waals
phenomenological theory of phase transitions, we search
for thermodynamically stable states or stable branches of the
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electric field s⬘ with the surface charge density . Unlike the
usual PB theory where either the surface charge or the surface potential is held fixed, here  is a self-adjusting parameter which will be determined variationally from minimizing
the total free energy Ftot.
The second part of the total free energy comes from
the surface-free energy contributions of the amphiphiles
residing on the planar bilayers. The surface-free energy
Fs has electrostatic and nonelectrostatic energy terms as
well as a lateral mixing entropy contribution. Expressed in
terms of the surface area fraction s = a2 / e of charged surfactants,

free energy. When we find more than one branch, we can
use the Maxwell construction to obtain the coexistence region.
Minimization of the model free energy with respect to
electrostatic and nonelectrostatic degrees of freedom 共see below兲 will eventually lead to the equation of state, our final
goal. The overall free energy Fv + Fs + Fhyd per unit cell area
is a sum of volume contributions coming from the electrolyte
solution within the cell, including ion 共electrostatic兲 Fv
terms, surface contributions having their origin at the interfaces Fs, and hydration interaction Fhyd, dominant at small D
separations.
Because we approximate the hydration interaction as a
separable term, we can independently minimize the electrostatic contribution to the free energy. As we show next, these
interactions already suffice to account for a discontinuous
phase transition, while Fhyd is needed only to account for the
experimentally found pressure at small D. We therefore discuss only the minimization of Ftot = Fv + Fs below, and return
to present and discuss the added Fhyd when we compare
theory and experiment in the Results section.
Because the system is extensive in the interfacial area,
the ion 共electrostatic兲 volume free energy per unit area Fv is
taken as the appropriate intensive quantity,

冕 冋
D/2

Fv =

− ec −

0

a2Fs = ess − ␣ˆ s − 21 ˆ s2
+ kBT关s ln s + 共1 − s兲ln共1 − s兲兴,

where the first term couples between the surface charge and
surface potential. The other terms are the enthalpy and entropy of a two-component liquid mixture: charged surfactant
with area fraction s and neutralized, ion-bound surfactants
with area fraction 1 − s. The parameters ␣ˆ and ˆ are phenomenological, respectively, describing the counterionsurfactant and the surfactant-surfactant interactions at the
surface. As in the charge regulation model,13 here ␣ˆ ⬍ 0
means that there is an added nonelectrostatic attraction 共favorable adsorption free energy兲 between counterions and the
surface; the more counterions are associated at the surface,
the smaller the amount of remaining charged surfactant.
The parameter ˆ is the most crucial and unique element
in our model. Representing nonideal mixing tendencies in
the bilayer plane as in the regular solution theory, it alone
共together with the usual components of standard PB theory兲
is sufficient to account for a coupled transition in the bilayer
plane and in the bulk. As in the Frumkin adsorption
model,37–41 a positive ˆ parameter represents the tendency of
surfactants on the surface to phase separate into domains of
neutral and charged surfactants.
Changing to dimensionless variables, we define
y共z兲 ⬅ e共z兲 / kBT, 共z兲 ⬅ a3c共z兲, ␣ ⬅ ␣ˆ / kBT, and  = ˆ / kBT,
and take for convenience c0a3 = 1. Then, the total free energy
is written as a functional of the variables y共z兲 and 共z兲 and a
function of s, and includes the conservation condition,
Eq. 共2兲, via a Lagrange multiplier :

册


共⬘兲2 + kBTc共ln共c/c0兲 − 1兲 dz.
8
共1兲

The first two terms include the standard electrostatic energy,
with  ⯝ 80 the dielectric constant of water. The last term is
the entropy of mixing in the dilute limit, where c0 is a reference concentration, T the temperature, and kB the Boltzmann
constant. Because all counterions in the solution originate
from a surfactant molecule, their integrated concentration
共per unit area兲 must be equal in magnitude and opposite in
sign to the surface charge density,

=−e

冕

D/2

共2兲

c共z兲dz.

0

This is also a charge density condition and can be translated
via Gauss’ law into the electrostatic boundary condition 共in
Gaussian units兲: ⬘共D / 2兲 = s⬘ = 4 / , linking the surface

冋

1
a2
a2
a2
Ftot关y,  ; s兴 =
Fv +
Fs −  s −
k BT
k BT
k BT
a
=

1
a

冕 冋
D/2

0

− y共z兲共z兲 −

冕

D/2

0

共z兲dz

共3兲

册

册

a3
共y ⬘兲2 + 共ln  − 1兲 dz
8lB

冋

1
1
+ y ss − ␣s − s2 + s ln s + 共1 − s兲ln共1 − s兲 −  s −
2
a

冕

D/2

0

册

共z兲dz .

共4兲
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Next, we minimize Ftot with respect to the surface variable s, and the two continuous fields 共z兲 and y共z兲:
dFtot / ds = ␦Ftot / ␦共z兲 = ␦Ftot / ␦y共z兲 = 0, corresponding to
three coupled equations of state,

s
= exp共 + ␣ + s − y s兲,
1 − s

共5兲

共z兲 = exp共−  + y共z兲兲,

共6兲

y ⬙共z兲 =

4e
4lB
共z兲.
3 共z兲 =
kBTa
a3
2

共7兲

4s
,
a2

共8兲

where lB = e2 / 共kBT兲 is the Bjerrum length, equal to about
7 Å at room temperature for aqueous solutions 共 = 80兲. The
Lagrange multiplier  acts as a chemical potential, but with
the important difference that it is related not to the bulk
reservoir concentration, but rather to the concentration at the
midplane m. For a single counterion type, we can choose,
without loss of generality, the potential at the midplane to be
zero, y m = em / kBT = 0 and then from Eqs. 共6兲 and 共7兲,

共z兲 = mey共z兲 ,
 m = e − ,

共9兲

4lB
y ⬙共z兲 = 3 mey共z兲 .
a
Not surprisingly, we recover the Poisson-Boltzmann Eq. 共9兲
connecting the electrostatic potential y共z兲 with the counterion
concentration 共z兲 in the solution. This can be expected
since the nonelectrostatic contributions enter only via the
surface interactions expressed in Eq. 共5兲.
Rewriting Eq. 共5兲 we arrive at an expression similar to
the Langmuir-Frumkin-Davies adsorption isotherm,39

s =

1
,
1 + me−␣−s+ys

共10兲

with the following modifications: The concentration m at
the midplane replaces the bulk concentration 共because of the
constraint of overall charge neutrality兲, and the surface interaction energy in the exponent contains the electrostatic part
y s.13 The simpler Langmuir isotherm is recovered in the limit
of noncharged surfaces, y s = 0, and no surface interaction,
 = 0,

s =

1
.
1 +  me −␣

y共z兲 = − ln关cos2共Kz兲兴,

共11兲

Here, there is a unique relation between m and s, while in
the general case of nonzero y s and , the generalized
Langmuir-Frumkin-Davies equation offers a transcendental

共12兲

where the constant K is determined from the electrostatic
boundary condition y ⬘共D / 2兲 = y s⬘ = 4lBs / a2, Eq. 共8兲, as
KD tan共KD/2兲 =

The free energy Ftot is also a function of surface potential y s
and of the interlamellar spacing D. The differentiation with
respect to D gives the osmotic pressure 共to be discussed in
Sec. II B兲, while the variation with respect to y s gives the
usual electrostatic boundary condition:
y ⬘共D/2兲 = y s⬘ =

relation between s, m, and y s with the possibility of more
than one solution.
The solution of the PB Eq. 共9兲 for two symmetric
charged surfaces separated by a distance D, each having a
surface charge density of , has a well-known analytic
form,4,13,49

2lB
sD.
a2

共13兲

We can now express y s and m as function of a single dimensionless variable u ⬅ KD / 2:
y s = − ln关cos2共u兲兴,

s =

C1
u tan共u兲,
D

m =

C2 2
u ,
D2

共14兲

with the constants C1 and C2 obtained as
C1 =

a2
,
lB
共15兲

2a3
C2 =
= 2aC1 .
lB

The solution of the above equations, together with the adsorption isotherm Eq. 共10兲, completely determines the counterion density profile and the mean electrostatic potential via
the solution K = K共D , ␣ , 兲.

B. Equation of state and the L␣ \ L␣⬘ phase transition

We now solve the basic set of equations derived in the
previous section. Substituting m, s, and y s into the
Langmuir-Frumkin-Davies isotherm, Eq. 共10兲, we get an
equation for u,

冉冊 冉

D
C2
u
=1+
2
C1u tan共u兲
cos 共u兲 D

2

exp − ␣ − 

冊

C1
u tan共u兲 .
D
共16兲

Obviously, for each imposed distance D, we can extract
u = KD / 2 from Eq. 共16兲. Once u is known, it can be substituted into Eq. 共14兲, wherefrom s, m, and y s follow.
Their values completely determine the potential profile
共z兲 = kBTy共z兲 / e and counterion profile c共z兲 = 共z兲 / a3.
If there is only one solution for u, the system has one
stable state. Multiple u solutions indicate the possibility of
coexistence between several phases, as well as transitions
between them. Each phase corresponds to a separate branch
of the free energy with its own dependence on D. If all
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FIG. 2. 共a兲 The osmotic pressure ⌸ in
units of 105 Pa 共⬇1 atm兲 and 共b兲 the
area fraction s = a2 / e of surface
charges, as function of interlamellar
spacing D for ␣ = −6,  = 12, and
a = 8 Å. The Maxwell construction
gives a coexistence between a phase
with D ⯝ 39 Å and low s 艋 0.1, and
another with D ⯝ 64 Å and s ⬇ 1. In
共b兲 the two coexisting phases are denoted by squares and the dotteddashed line shows the tie line in the
coexistence region.

solutions of Eq. 共6兲 are nonzero, then we can have a firstorder transition between two stable phases.
The free energy as a function of D and s共D兲 can be
obtained by substituting the results of minimization back into
Eq. 共4兲 yielding

冋

1
1
a2
Ftot = −
4lBs − 共Ka兲2D
2
k BT
2lB
1
+ s2 + ln共1 − s兲.
2

册

共17兲

The appropriate isotherm is now obtained by taking the derivative of the free energy with respect to D, giving the osmotic pressure ⌸共D兲 as
⌸共D兲 = −

dFtot
.
dD

共18兲

As is usual in PB theory,4 the osmotic pressure can also be
calculated from the contact theorem, which relates the osmotic pressure with the value of the counterion concentration
at the interface. Counterion concentration at the interface
共z = D / 2兲 can be, in turn, connected with the concentration at
the midplane 共z = 0兲, thus yielding an alternative form of the
osmotic pressure as
⌸共D兲 = kBTcm .

共19兲

This latter equation has exactly the same form as in the standard PB theory. The only way that nonelectrostatic terms
of the free energy influence the osmotic pressure is via the
solution of Eq. 共16兲. Both forms of the osmotic pressure,
Eqs. 共18兲 and 共19兲, of course yield exactly the same
values.
A typical isotherm ⌸共D兲 共in pascal units兲 calculated using Eqs. 共16兲 and 共19兲 is shown in Fig. 2共a兲, and the corresponding surface charge density in Fig. 2共b兲. Note that in this
example we do not include contributions from hydration. We
discuss the parameter range in the next section, and choose
the parameters here to be ␣ = −6, a = 8 Å, and  = 12. The
isotherm clearly exhibits a first-order phase transition from
one free energy branch at large interlamellar separation D to
another at smaller D, and with a coexistence region in between. For large values of D, D 艌 64 Å, most counterions are
dissociated from surfactants, s ⱗ 1, and the osmotic pressure

follows the standard PB theory for 共almost兲 fully dissociated
surfactants. For D smaller than 39 Å, s 艋 0.1, and the isotherm follows another branch, characterized by a much
smaller surface charge of only about 10% of the fully dissociated value. For 39 Å 艋 D 艋 64 Å the system exhibits a coexistence between two phases. The pressure has a plateau
and s changes from one branch to the second.
The plateau in the osmotic pressure between the two
stable solutions on Fig. 2共a兲 is evaluated using the usual
Maxwell construction. This plateau in ⌸共D兲 indicates a firstorder phase transition between the solutions corresponding to
two stable branches of the free energy: a condensed one with
D ⯝ 39 Å and a dilute one with D ⯝ 64 Å. Although it is hard
to fit the phenomenological parameters ␣, a, and  to the
DDABr results of Ref. 14, we believe that the mechanism
proposed here and the typical results presented in Fig. 2 are
relevant to the experimental system. More details are given
in Sec. III below, where we show how the phase transition
depends on model parameters.

C. Added-salt case

After demonstrating the possibility of a phase transition
for the counterions only, we generalize the results by coupling the lamellar system to a reservoir of 1:1 monovalent
salt. This generalization is easily achieved within our model.
The main effect of the salt is to diminish or even to eliminate
completely the phase transition.
The main modifications of the model wrought by the
introduction of salt ions are as follows. First we must consider ionic concentration profiles independently for positive
and negative ions: +共z兲 and −共z兲. Note that we do not
distinguish between the negative salt counterions and those
dissociated from the surfactant. The free energy is written,
similarly to Eq. 共4兲, in terms of rescaled variables with the
introduction of two chemical potentials. The first, +, is
coupled to the excess amount of coins with respect to the
reservoir, stemming from the integral of + in the region
between the two plates. The second, −, is coupled with the
excess number of counterions, stemming from the integral of
− in the region between the two plates with the added contribution of surface charges 1 − s. Thus, the total free energy
is given by
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冋冕

1
a2
a2
a2
Ftot关y,  ; s兴 =
Fv +
Fs + +
k BT
k BT
k BT
a
=

1
a

冕 冋

关+共z兲 − +0 兴dz + −

0

D/2

− y共z兲关−共z兲 − +共z兲兴 −

0

册 冋冕

D/2

1
a

D/2

关−共z兲 − −0 兴dz + 共1 − s兲

0

册

册

1
a3
共y ⬘兲2 + −共ln − − 1兲 + +共ln + − 1兲 dz + y ss − ␣s − s2
2
8lB

+ s ln s + 共1 − s兲ln共1 − s兲 + +

冋冕
1
a

册 冋冕

D/2

关+共z兲 − +0 兴dz + −

0

1
a

册

D/2

关−共z兲 − −0 兴dz + 共1 − s兲 .

0

共20兲

Taking now the variation of the above free energy with respect to s, ±, and y, we get the Euler-Lagrange equations,

s
= exp共− + ␣ + s − y s兲,
1 − s

共21兲

−共z兲 = exp共− − + y共z兲兲,

共22兲

 共z兲 = exp共−  − y共z兲兲,

共23兲

+

+

well-known solution expressed via an elliptic integral.4 The
first integration of the PB equation, Eq. 共27兲, from the midplane position 共z = 0兲 to an arbitrary z gives
y ⬘共z兲 =

1
冑2 cosh y共z兲 − 2 cosh ym .
D

The boundary condition can be inserted in Eq. 共30兲, yielding
cosh y s = cosh y m +

y ⬙共z兲 =

4e
4lB
共−共z兲 − +共z兲兲 = 3 共−共z兲 − +共z兲兲.
kBTa3
a
2

共24兲
The final variation with respect to y s gives the usual electrostatic boundary condition relating the surface electric field
with the surface charge density: y s⬘ = 共4lB / a2兲s, Eq. 共8兲.
Requiring that the bulk concentration of co-ions and counterions matches the reservoir concentration 0, where the potential vanishes, y = 0, it is easily verified from Eqs. 共22兲–共24兲
that

± = − ln 0 ,
 共z兲 = 0e
±

y ⬙共z兲 =
where
D =

冉

共25兲

⫿y共z兲

,

8  l B 0
−2
sinh共y共z兲兲 = D
sinh y,
a3

8  l B 0
a3

冊

共26兲
共27兲

−1/2

s =

1
.
1 + 0e−␣−s+ys

lB 2
 .
a0 s

共29兲

This equation resembles Eq. 共10兲, only that in Eq. 共29兲 the
reservoir concentration 0 takes the place of m. Moreover,
the value of the potential at the midplane is not fixed,
but rather is determined from 0, as are the concentrations
m± = 0 exp共⫿y m兲.
The PB equation in the presence of salt, Eq. 共27兲, depends on the electrostatic boundary conditions and has a

共31兲

A further integration can be written in terms of an elliptic
function,
z
=
D

冕

y

dw

,
冑
y m 2 cosh w − 2 cosh y m

共32兲

and the second boundary condition y s = y共z = D / 2兲 can be expressed as
D
=
2D

冕

ys

ym

dw

冑2 cosh w − 2 cosh ym .

共33兲

The procedure to solve these equations is similar to the one
used in the previous section. For given D, 0, ␣, , and a,
the profiles ±共z兲 and the surface value s are calculated
numerically and inserted into the free energy expression,
Eq. 共20兲, Ftot关±共z兲 ; s , D兴. Taking the derivative of Ftot with
respect to D, or equivalently using the contact theorem as for
the counterion-only system, the osmotic pressure ⌸共D兲 is
obtained,

共28兲

is the Debye-Hückel screening length. Inserting Eq. 共25兲 into
共21兲 leads to a Langmuir-Frumkin-Davis isotherm, now of
the following form:

共30兲

+
−
+ cm
− 2c0兲 =
⌸共D兲 = kBT共cm

k BT +
−
共 + m
− 20兲. 共34兲
a3 m

III. RESULTS

To better appreciate the role of ionic species in determining the phase transition we first present results for
counterions-only and in the absence of hydration interactions. These results will already clearly show the most important feature of the model, namely, the possible lamellarlamellar transition. We then predict the effect of added salt.
Finally, we include the hydration contribution and compare
model results with experiments.
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FIG. 3. The osmotic pressure isotherm ⌸共D兲 for three binding strengths:
␣ = −5.85 共dotted dashes兲, −5.95 共dashed line兲, and −6.15 共solid line兲. The
other parameters are for nonideal mixing  = 12 and lateral separation
a = 8 Å. The ␣ = −5.85 and −5.95 lines show a phase transition, while
␣ = −6.15 does not show one. For comparison, the usual PB isotherm with
s = 1 共short dashes兲 is also shown.

A. Ion dependent lamellar-lamellar transition

Our model contains three parameters: ␣, , and a. For a
we use the linear size of the surfactant head group, typically
in the range of 7 – 9 Å with cross-sectional area a2. For the
phenomenological constants ␣ and, in particular, for  there
is no direct and accurate experimental measurement. However, estimates consistent with experimental data 共as discussed in Secs. III C and IV兲 will be used hereafter. In our
model, positive  presents the possibility of lateral phase
separation. In addition, for ␣ ⬍ 0, the counterions tend to stay
associated with the charged head group and reduce the surface charge density.
In Fig. 3 we compare the osmotic pressure isotherm
⌸共D兲 in the case of no added salt, for three ␣ values 共and for
a constant  = 12 and a = 8 Å兲 with the standard PB isotherm
共short dashes兲, for the fully dissociated limiting case, s = 1.
Formally, full dissociation can be achieved by setting
␣ → ⬁ in our equations. For the two values of ␣ = −5.85 and
−5.95, the isotherms in Fig. 3 show a first-order phase transition in the range of 10 Å ⱗ D ⱗ 50 Å. The phase transition
is from a dilute and highly charged L␣ lamellar phase 共large
D and s ⱗ 1兲 to another L␣⬘ phase that is more condensed
and less charged 共small D and s Ⰶ 1兲. As ␣ increases, this
phase transition shifts to higher values of ⌸ and lower values
of D.
For large D, s is very close to one, and the osmotic
pressure isotherm closely follows the PB result; for large D
the solution of our model remains essentially on the PB
branch of the free energy, characterized by s ⯝ 1. For small
values of interlamellar spacing D, the values of osmotic pressure for all three values of ␣ are again very similar, with
small and slowly varying s, as in Fig. 2共b兲. Here, the system
essentially remains on the associated branch of the free energy characterized by s Ⰶ 1.
The lowest ␣ isotherm 共solid line, ␣ = −6.15兲 shows no
transition. The counterion are almost fully associated in this
case for the entire range of D, leading to a lower value of
pressure for all D’s. Note that all three osmotic pressure iso-

FIG. 4. The osmotic pressure isotherm ⌸共D兲 for three values of the surfactant head group separation: a = 7.5 Å 共short dashes兲, 8 Å 共dashed line兲, and
8.5 Å 共solid line兲. The other parameters are ␣ = −6 and  = 12. A phase
transition is seen for a = 8 Å and 8.5 Å, but not for a = 7.5 Å.

therms as well as the PB one have the same limiting behavior
for D → ⬁. This is quite accurately described by the Langmuir form of the osmotic pressure, as applied to the
counterion-only case:4
⌸共D兲 =

k BT  1
,
2lB D2

共35兲

which does not depend on the value of the surface change 共or
equivalently on s兲.
In Fig. 4 and 5 we show the effects of the variation of
linear size a and lateral interaction , respectively. We have
chosen the parameter range to show isotherms without a
phase transition 共small a or 兲 as well as those showing the
transition 共higher values of a or 兲 in each of the figures. The
main features are the same as in Fig. 3. The large D region
represents highly dissociated lamellae 共strongly charged兲,
while the phase transition 共when it exists兲 can be seen for
small D at higher lamellar density. Increasing a moves the
transition point towards higher values of osmotic pressure or
equivalently lower values of D until it eventually disappears.

FIG. 5. The osmotic pressure isotherm ⌸共D兲 for three  values:  = 11
共short dashes兲, 12 共dashed line兲, and 12.25 共solid line兲. The other parameters
are ␣ = −6 and a = 8 Å. The phase transition is seen for the two larger values
of .
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. The PB result of s = 1 is reached only asymptotically as
␣ → ⬁. The line represents the continuous line of the critical
point in the 共 , ␣兲 plane. The region between the solid and
dot-dashed lines corresponds to jumps in D at the transition
of more than ⬇3 Å. Above the dot-dashed line, the behavior
at D ⲏ 3 Å is described by the usual PB solution because the
transition occurs at unphysicaily small D values.
The inset to Fig. 6 corresponds to variations of  and ␣
shown in Figs. 4 and 5, respectively. As  or ␣ is lowered,
the single-phase region is eventually reached. Figure 6 is
plotted for a = 8 Å. As a decreases, the two-phase region
shrinks and the one-phase region expands.
The dashed line in the figure is an analytic calculation
which gives the following approximate form of *共␣兲:
FIG. 6. Phase diagram in the 共␣ , 兲 plane for a = 8 Å. In the region below
the solid line c共␣兲, the system does not exhibit a phase transition 共“one
phase”兲. The dashed line is the analytical approximation of * ⯝ −2␣
+ 2 ln共2lB / a兲 − 4. The inset is a blow up of the region around ␣ ⬇ −6 and
 ⬇ 12, showing the parameters used in Fig. 3 and 5. Square symbols correspond to isotherms in Fig. 3, while diamonds correspond to those in Fig. 5.
The region lying between the full and dot-dashed lines in the two-phase
region corresponds to transitions in D that are larger than ⬇3 Å.

Increasing  has the same effect. Note also that the pressure
at low D is diminished on the increase of a. This effect can
be understood by recalling the relation  = es / a2, so that for
the same s, larger a corresponds to smaller surface charge
density .
Our results are summarized in Fig. 6 where the 共␣ , 兲
parameter space is separated by a solid descending line c共␣兲
into two regions 共for fixed a兲. The upper region 共large  and
large ␣兲 corresponds to isotherms with a phase transition
共and is designated as “two phases” on the figure兲. Below that
region 共small  and small ␣兲 the isotherms show no phase
transition 共designated as “one phase” on the figure兲. The degree of counterion dissociation varies in this region from
very small values to values s ⱗ 0.8 for finite values of ␣ and

冉 冊

* ⯝ − 2␣ + 2 ln

2lB
− 4.
a

共36兲

To derive this result we assume that the phase transition occurs at large D. Using the asymptotic large D behavior, we
compare the free energy of s ⯝ 1 with s Ⰶ 1 and determine
the transition point as a function of  for given ␣ and a. As
can be seen by comparing the analytic 共dashed兲 line with the
full numerical solution 共solid line兲, the approximation is
good for small ␣ ⬍ 0. For ␣ ⲏ −3 the assumption of a transition at large D breaks down and the approximated * starts to
deviate considerably from the numerically calculated c共␣兲.
B. Added salt: Vanishing of the transition

The effect of added salt was treated in Sec. II C. The salt
is characterized by the Debye-Hückel screening length D,
and screens electrostatic interactions. As the amount of
added salt increases, D decreases, and the phase transition
observed in the absence of salt becomes gradually less pronounced until it is finally wiped out completely.45 This is
clearly seen in Fig. 7. In Fig. 7共a兲, three osmotic pressure

FIG. 7. Effect of added salt. In 共a兲 and 共b兲 ⌸共D兲 and s共D兲 are plotted as a function of added salt concentration cb. In 共a兲 and 共b兲: cb = 10 mM 共solid line兲,
30 mM 共dashed line兲, and 50 mM 共short dashes兲. Other parameters are ␣ = −5,  = 10.19, and a = 8 Å. As cb increases, screening becomes more important. The
entire osmotic pressure isotherm ⌸共D兲 decreases in magnitude and the phase transition region diminishes and shifts towards higher D values. Note that for
highest salt concentration, cb = 50 mM, the phase transition has vanished. In 共b兲 the coexisting values of the two phases are denoted by a square
共cb = 10 mM兲 and by a circle 共cb = 30 mM兲. The dotted-dashed lines are the corresponding tie lines.
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C. Relating to DDABr/DDACl osmotic pressure
experiments

FIG. 8. Effect of added salt on the transition pressure. ⌸tr共cb兲 is plotted as a
function of added salt concentration cb. Other parameters as in Fig. 7. The
dependence of the transition pressure on the salt concentration in the region
where the transition exists is linear, with a slope of 7.9⫻ 10−21 J.

isotherms are shown. A plateau 共first-order phase transition兲
is seen for the two lower amounts of salt, cb = 10 and 30 mM,
while the transition disappears for higher amounts of salt,
cb = 50 mM.
One can also see how the phase transition is first shifted
towards the high D low ⌸ values, and then 共for
cb ⬇ 40 mM兲 completely disappears. The overall decrease in
⌸共D兲 as the amount of salt increases is due to the increased
screening, and is present also in the simple PB theory. In Fig.
7共b兲 the jump in s is shown for cb = 10 and 30 mM, while it
vanishes for higher amounts of salt, cb = 50 mM, in accord
with the isotherm behavior.
It is instructive to follow the change of the transition
pressure ⌸tr as salt is added to the system, which is related to
the difference in volume ⌬V and number of ions ⌬N in the
two phases in a Clausius-Clapeyron-like equation,
d⌸tr kBT ⌬N
=
.
dcb
cb ⌬V

共37兲

Remarkably, we find an almost linear dependence of ⌸tr in
the whole range of cb, starting with the transition pressure at
no added salt and leading eventually to the loss of transition
for sufficiently high salt concentrations, cb ⬇ 40 mM, see
Fig. 8. In Eq. 共37兲, d⌸tr / dcb corresponds to an added work of
2 kBT due to the exclusion of ions acting on the volume
change at the transition.
It is also interesting to follow the change in ⌸tr with
temperature. Experimentally, both an increase of ⌸tr with T
共at lower T兲 and a decrease 共at higher T兲 have been
observed.14 In contrast, if we assume that  and ␣ are independent of T in the model, we find that ⌸tr monotonically,
almost linearly, increases with T. This suggests that in a
more refined model, the parameters  and ␣ should be taken
as functions of the temperature rather than simple constants.
For example, if we assume that ␣共T兲 and 共T兲 vary as 1 / T,
while the ratio ␣ /  is kept constant, we find that ⌸tr decreases monotonically with T.

The experimentally observed difference between
DDABr and DDACl for the different halides can easily be
rationalized within our model by different values of ␣ and/or
, for the different ions. This is indeed reasonable since experiments show that larger halide ions have an added affinity
even for neutral lipids.25–28 The tendency of ions to preferentially partition into the hydrocarbon-water interface is
most often reported in terms of an effective binding interaction that acts in addition to the repulsive electrostatic force,
expected for ions interacting with low dielectric material.
These differences in binding affinity would translate into a
different value of ␣ within our model. In these terms, experiments show that 兩␣兩 is larger for bromide by one to four kBT
more than for chloride, and iodide is at least an order of
magnitude larger than those.25–28
Importantly, these values for ␣ compound many different energetic contributions. More specifically, ␣ includes
contributions from ion hydration and solvation forces and the
interaction of the ion with water structured differently at the
lipid-water interface, as well as interactions with the low
dielectric hydrocarbon. With our model assumptions, we can
now try to fit the experimental data in Ref. 14 using the same
共small兲 amount of added salt as in the experiment, i.e.,
cb = 0.5 mM. The fits to the DDABr and DDACl lamellar
systems are shown in Fig. 9. We will first address the fit to
the simpler case of DDACl that does not show in experiments a liquid-liquid coexistence, and then discuss DDABr,
where the liquid-liquid coexistence is clearly discerned. The
DDACl data were fitted in Fig. 9共a兲 using ␣ = −3.4,
 = 14.75, and a = 8 Å. The DDACl data points, represented
by squares, are reproduced from Ref. 14. The value chosen
for  is higher, yet close to c共␣兲 共see Fig. 6兲.
In comparing the experiments, it is important to realize
that for small spacings, interactions of nonelectrostatic origin
tend to dominate the osmotic equilibrium.3,5,14,50,51 Even for
highly charged systems, hydration interactions acting at very
short range, practically independent of the charging equilibrium at the surface, that invariably dominate at separations
of D ⱗ 10 Å are certainly among the most important to consider. Therefore, we add the hydration interaction Fhyd as an
idealized separable term to the overall interaction
energy: Ftot + Fhyd = Fv + Fs + Fhyd. In conformity with hydration interactions between lipids52 and between other
macromolecules,50 we use the phenomenological form of an
exponential interaction with a salt-independent decay length
hyd,53
Fhyd = ⌸0hyd exp共− D/hyd兲.

共38兲

To account for the hydration interaction, we fit with
⌸0 = 2.37⫻ 108 Pa and hyd = 1.51 Å. These values are similar to those found from fits to experimental interlamellar
spacings of lipids.14,50,54
Note that our extended PB model predicts a transition at
these values of ␣ and . However, this phase transition occurs at very small interlamellar separations of D ⱗ 3 Å, indicating that only at such low D values are the ions associated
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FIG. 9. Fit to the experimental osmotic pressure isotherm ⌸共D兲 of Ref. 14
on a log-log scale. The diamonds and squares are the data points for DDABr
and DDACl, respectively, reproduced from Ref. 14. In 共a兲 the solid line is
the best fit of the model to the phase transition seen for DDABr with
␣ = −7.4,  = 14.75, and a = 8 Å. The fit also includes a hydration contribution 关parameters for the form of ⌸hyd = ⌸0 exp共−D / hyd兲, with typical values
of ⌸0 = 2.37⫻ 108 Pa and hyd = 1.51 Å兴. This contribution is particularly
important at the low D region of the DDABr isotherm. A small amount of
salt is added in the fit as in the experiment 共cb = 0.5 mM兲. The dot-dashed
line is the fit to the DDACl 共no transition兲. All parameters here are the same,
except ␣ = −3.4 共one-phase region of Fig. 6兲. In 共b兲 the same model fits,
showing only the electrostatic contributions to the force, Fv + Fs, that are
responsible for the apparent phase transition. The fit to both data sets is
good. However, the steep increase in pressure of the DDABr seen in the low
D range 共D ⬍ 10 Å兲 cannot be reproduced with these forces alone.

共small s兲. For higher D values, the ions dissociate and the
model follows the regular PB osmotic pressure. Values of
D ⱗ 3 Å are well below the validity limit of the model; for
such low D’s the computed osmotic pressure isotherm cannot
be considered realistic. For higher D, the surface charge density s is almost one and the system exhibits the usual
Poisson-Boltzmann isotherm, with screened electrostatic interactions at large D. We remark that the fit in the high
D region is very good, and, surprisingly, also persists to
small D 共although there are very few data points below
D = 30– 40 Å兲.
The DDABr was fitted in Fig. 9共a兲 using a different
␣ = −7.4 but the same  = 14.75 and a = 8 Å, as well as the
same hydration interaction. The value of  was picked near
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c so that the transition would occur at a value of D in the
range of 10– 40 Å. In this range our model is still valid and
nicely reproduces a coexistence between the two liquid
lamellar phases L␣ and L␣⬘.
To better appreciate the role of hydration, Fig. 9共b兲
shows the model fits that exclude the hydration contribution
to the free energy. At smaller separations, D ⬍ 10 Å, the fit
deviates considerably from the experimental osmotic pressure isotherm. While electrostatic forces can account for the
transition point itself, they can definitely not by themselves
reproduce the sharp rise in the osmotic pressure in the undissociated branch following the phase transition, compare
Fig. 9共a兲.
Juxtaposing Figs. 9共a兲 and 9共b兲, it is evident that adding
the hydration contribution affects mainly the undissociated
branch at small intersurface separations, since at large spacings electrostatic PB contributions completely overwhelm
the much shorter ranged hydration. The hydration interaction
mainly affects the small D region of both DDACl and
DDABr. In fact, while the magnitude of hydration forces
may not differ greatly from other 共electrostatic兲 acting
forces, the rate of force decay 共slope兲 at such low spacings
indicates that hydration is always acting. One can observe
this in the context of lipids51 as well as DNA.55 Fits to both
DDACl and DDABr should, therefore, contain hydration
contributions to the free energy.
Importantly, as can be realized from Fig. 6, there are
different ways to cross the transition line c共␣兲 to witness the
liquid-liquid coexistence. Another possible choice of parameters could thus assume the variation in  instead of ␣. For
example, the data can be equally well fit if we fix ␣ = −7.4
and fit the DDABr data with  = 14.75, and the DDACl with
 = 18.
Finally, we address the iodide analog, DDAI, that in experiments appears not to form a swollen liquid phase, remaining in the condensed liquid lamellar phase for the whole
range of osmotic pressure values.15 In the language of our
model DDAI has either large 兩␣兩 or  values; it never enters
the PB branch but instead remains in the undissociated
branch for all spacings D. This corresponds to the “onephase” region of Fig. 6. Indeed, 兩␣兩 for iodide could be estimated as yet larger than in the case of DDABr, probably by
up to an order of magnitude.25,28 The system is confined to
remain on the undissociated branch for this counterion: The
repulsion due to electrostatic interactions and entropy of
counterions is not strong enough to combat the 共van der
Waals兲 attractions. These attractions that are strong enough
to hold the system in the secondary free energy minimum
effectively prevent the swelling observed for the other two
counterions. We could thus establish a ranking in the model’s
parameter space, where DDACl, DDABr, and DDAI would
make a monotonic Hofmeister-like series either in the values
of 兩␣兩 or . The third parameter a is not changed in the fit
because it is taken as the size of the same DDA+ head
group.
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IV. DISCUSSION

The model presented in this paper combines electrostatic
and nonelectrostatic interactions between charged surfactant
bilayers. The nonelectrostatic part of the interactions is accounted for using two phenomenological parameters characterizing the strength of the counterion-amphiphile interaction
␣ and lateral amphiphile-amphiphile interactions  on the
charged dissociable surface. By choosing ␣ to be negative,
corresponding to favorable adsorption energy, and  to be
positive, corresponding to a net attractive interactions between like species, promoting lateral segregation between
the dissociated and nondissociated surfactants on the surface,
we are able to qualitatively explain the experimentally observed L␣ → L␣⬘ lamellar-lamellar phase transition.
A. Origin of phase transition

An abundance of experimental verification25–28 indicates
that the different halides interact differently with lipids, forcing us to recognize the existence of nonelectrostatic interactions at work. In our model, this preferential interaction is
represented by ␣. By reducing the effective layer charge density, a favorable preferential interaction of ions to the interface acts to lower the pressure at any given spacing D. However, ␣ alone cannot account for the abrupt jump in D
associated with a first-order phase transition. In fact, in the
absence of , pressure isotherms for any value of ␣ are
smooth 共no phase transition兲.
Our model offers a natural extension of the PB theory
with the Langmuir-Frumkin-Davies adsorption theory as applied to simple counterions. The large difference in the behavior of the halide ions is modeled by the parameters ␣, ,
and a. The interaction parameters ␣ and  necessarily involve contributions from changes in hydration, solvation,
and desolvation, of lipid head groups and their counterions.
The model, therefore, underscores the important role of water structuring around ions devolved in the bulk versus at the
interface.
The salient feature of our model is the first-order transition in the osmotic pressure isotherm from an almost completely dissociated state 共highly charged and swollen, PB
branch兲 at large interlayer separations, to an almost neutral,
weakly dissociated, state approaching bilayer contact 共condensed, undissociated branch兲. The existence of this transition depends on the values of both phenomenological parameters, but it is present over an extended region of phase
space. The PB branch of the osmotic pressure isotherm is not
much different from the standard PB theory with complete
dissociation, both with or without added salt. On the other
hand, the undissociated branch is characterized by a large
attenuation in the magnitude of the osmotic pressure for a
given interlamellar spacing, being about two orders of magnitude smaller then in the PB case.
In our model the L␣ → L␣⬘ transition in the interlamellar
spacing is coupled to a lateral first-order phase transition of
the s order parameter. This is a direct consequence of the
coupling between interlamellar electrostatic degrees of freedom 共mean electrostatic potential and mean ion density兲 and
the surface nonelectrostatic degrees of freedom as quantified
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by the phenomenological parameters ␣ and . The ensuing
liquid-liquid lamellar phase transition is thus not only from
one state of the lamellae where a larger fraction of the amphiphiles is charged to another state where they are less
charged, but also from a state where the interlamellar forces
are by and large electrostatic in nature, to a state where they
are dominated by hydration. While in many experimental
systems this transition is smooth and gradual, it is quite pronounced and discontinuous in the system studied here and in
Ref. 14.
B. Relating model parameters and molecular
interactions

We propose that nonideal mixing between counterionassociated and dissociated surfactants can be responsible for
an in-plane transition, which, in turn, is coupled to the bulk
transition. This proposed nonideality is represented in our
model by , as is sometimes used to report on lipids showing
phase transitions following changes in pH.30 While at present
direct experimental verification and estimates for the proper
 values are lacking, we propose that conformational
changes of lipid head groups, ions and water structuring induced by the adsorbing ion, together with an added van der
Waals interaction between neutralized surfactant complexes
can lead to significant demixing.
Furthermore, because larger ions are expected to perturb
the lipid-water interface to a greater extent, it is reasonable to
expect that the value of  will follow a similar ranking to the
binding of ions to the interface, represented by ␣. We note
that the  values needed to observe a phase transition, typically ⬇10kBT, are quite high. These high values are needed
to overcome the electrostatic repulsion between like-charged
lipids in this unscreened, highly charged system. The source
of this lipid demixing energy 共our  parameter兲 could be
associated with the mismatch of head-group–head-group interactions, such as hydrogen bonding between neutral lipids,
water-structuring forces, or nonelectrostatic ion-mediated interactions between lipids across two apposed bilayers for
small interlamellar separations. In particular, strong attractive interactions between highly correlated, ion-adsorbed
membranes could account for the strong effective attraction
between bilayers. This interaction can implicitly be accounted for through .
The parameter a2 models the area per head group on the
membrane plane. It is a function of several molecular interactions and, in principle, can be determined variationally. In
Ref. 14 the area/head group was found to vary in a nontrivial
fashion, from a larger value in the condensed lamellae to a
smaller one in the dilute lamellae. The forces determining the
area per surfactant are as yet unknown. Therefore, in the
model we have not allowed for changes in area per surfactant, but note that it is not inconsistent to assume that the
area per head group differs for the neutral versus charged
surfactant. The expansion of lipid area upon condensation,
contrary to what is typically observed in phase transitions of
lipids, could be evidence for direct attraction between Br−
ions and the lipid hydrocarbon core, as suggested previously
by Kunz et al.17 This point deserves further investigation.
Interestingly, however, as seen in Fig. 4, the model predicts
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that lipids with larger area per head group can show a larger
transition gap, as was found experimentally in the case of
GM-3 ganglioside with weakly adsorbing counterions.56
Another point that merits further investigation is the dependence of the isotherms on temperature. Both ␣共T兲 and
共T兲 are complex functions of the temperature, with specific
dependence that cannot be obtained from our model. A
change in temperature affects the values of ␣共T兲 and 共T兲
and can change the plateau pressure values, as was measured
and reported in Fig. 9 of Ref. 14. A better understanding of
␣共T兲 and 共T兲 may offer an explanation to the nonmonotonic
behavior of the plateau pressure as function of temperature.14
Finally we point out that the lack of direct experimental
evidence at this time, particularly for , limits out predictions
to be mainly qualitative. More specifically, we can offer only
a qualitative explanation for the strong difference in the behavior for different counterions, namely, no transition, transition, and no stable swollen lamellar phase for the DDACl,
DDABr, and DDAI amphiphilic systems, respectively.
Therefore, the fit to the data points shown on Fig. 8 should
be regarded as a tentative explanation of the mechanism behind the observed phase transition. For example, we cannot
establish whether the main difference in ionic interactions
with the surface is properly characterized by the value of ␣
as opposed to .

V. CONCLUDING REMARKS

Previously, phase transitions in DDABr lamellar systems
have been theoretically attributed to either an ion-dependent
van der Waals attraction between layers,6,57 or to a strongcoupling effect between adsorbed ions, expected for surfaces
with high charge density.58 Here, we have shown that it is
possible to account for the phase transition assuming a nonelectrostatic interaction between ion-dissociated and ionbound surfactants. We suggest that this interaction is ion specific and, hence, we offer an explanation for the different
behaviors seen for the three halide counterions.
The large phenomenological parameters we have found
in our own fits of the data 共see Fig. 9兲 as well as the large
energetic terms assumed in the other approaches,6,57,58 all
indicate that substantial attraction necessarily acts to overcome the electrostatic repulsion between surfactants. The
molecular origin of this large energy has yet to be determined, and further experimental verification of the different
phenomenological parameters is required. It is clear, however, that interactions specific to the ionic species determine
the emergent behavior. Therefore, we do not think that models accounting for electrostatic interactions alone 共as in Ref.
58兲 can explain the qualitatively different behaviors seen for
the different halides that are all monovalent. Also of interest
is whether the lateral phase transition underlying the swelling transition and its dynamical evolution from one lamellar
state to the other can be observed directly in experiments.
We hope that in follow-up studies, a more microscopic
approach will be able to shed light on the origin of the phase
transition in these charged lamellar systems and how they
relate to specific molecular details.
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Abstract: Using microcalorimetry, we follow changes in the association free energy of β-cyclodextrin (CD)
with the hydrophobic part of adamantane carboxylate (AD) due to added salt or polar (net-neutral) solutes
that are excluded from the molecular interacting surfaces. Changes in binding constants with solution osmotic
pressure (water activity) translate into changes in the preferential hydration upon complex formation. We
find that these changes correspond to a release of 15-25 solute-excluding waters upon CD/AD association.
Reflecting the preferential interaction of solute with reactants versus products, we find that changes in
hydration depend on the type of solute used. All solutes used here result in a large change in the enthalpy
of the CD-AD binding reaction. In one class of solutes, the corresponding entropy change is much smaller,
while in the other class, the entropy change almost fully compensates the solute-specific enthalpy. For
many of the solutes, the number of waters released correlates well with their effect on air-water surface
tensions. We corroborate these results using vapor pressure osmometry to probe individually the hydration
of reactants and products of association, and we discuss the possible interactions and forces between
cosolute and hydrophobic surfaces responsible for different kinds of solute exclusion.

Introduction

Celebrated for their unique ability to enhance the solubility
of nonpolar “hydrophobic” organic solutes, naturally produced
cyclodextrins (CDs) find use in such diverse fields as pharmaceutical, cosmetic, and food industries.1-8 Shaped as a hollow
truncated cone, this cyclic carbohydrate is unique in that it can
incorporate nonpolar “guest” molecules in its central cavity to
form noncovalent “guest-host” inclusion complexes. Because
CD is quite soluble in water, the inclusion complex confers this
property on the less soluble guest. Depending on both the CD
derivative and host molecule, the association constants for the
inclusion complex are typically 103-105 M-1. Three types of
cyclodextrin are naturally most abundant: R-, β-, and γ-CD,
containing 6, 7, and 8 R-D-glucose units, respectively. In addition
to these naturally occurring species, many synthetic modifications of CD have been produced to increase water solubility
and association specificity.
Because CD specifically incorporates nonpolar hydrophobic
solutes, it is also attractive as a model system for hydrophobic
interactions and their role in determining specificity in biologically relevant systems, such as specific protein-ligand
(1) Rekharsky, M. V.; Inoue, Y. Chem. ReV. 1998, 98, 1875-1917.
(2) Wenz, G. Angew. Chem., Int. Ed. Engl. 1994, 33, 803-822.
(3) Albers, E.; Muller, B. W. Crit. ReV. Ther. Drug Carrier Syst. 1995, 12,
311-337.
(4) Saenger, W. Angew. Chem., Int. Ed. Engl. 1980, 19, 344-362.
(5) Becheri, A.; Nostro, P. L.; Ninham, B. W.; Baglioni, P. J. Phys. Chem. B
2003, 107, 3979-3987.
(6) Banerjee, I. A.; Yu, L.; Matsui, H. J. Am. Chem. Soc. 2003, 125, 95429543.
(7) Schaschke, N.; Fiori, S.; Weyher, E.; Escrieut, C.; Fourmy, D.; Muller,
G.; Moroder, L. J. Am. Chem. Soc. 1998, 120, 7030-7038.
(8) Brewster, M. E.; Loftsson, T. Pharmazie 2002, 57, 94-101.
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interactions.9-12 Guest-host association must be accompanied
by a release of surface/cavity neighboring waters. Crystal
structures show that at full hydration, the cavity of β-CD (on
which we focus here) accommodates ≈11 water molecules;13,14
a similar number can be expected to be released upon association
as the guest displaces some or all of these waters.15 Moreover,
a large interacting guest must also shed some or all of its surface
waters in order to complex.
More evidence for the anticipated water release comes from
the heats of complexation. These measurements show that the
CD’s interaction with guest molecules has a negative heat
capacity, often related to burial of nonpolar surfaces.16-19
Furthermore, with different solvent conditions and guest molecules, changes in reaction free energy often show “entropyenthalpy compensation”.20-26 The large residual entropic term,
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
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Auletta, T.; de Jong, M.; Mulder, A.; van Veggel, F.; Huskens, J.; Reinhoudt,
D.; Zou, S.; Zapotoczny, S.; Schonherr, H.; Vancso, G.; Kuipers, L. J.
Am. Chem. Soc. 2004, 126, 1577-1584.
Steiner, T.; Mason, S. A.; Saenger, W. J. Am. Chem. Soc. 1991, 113, 56765687.
Steiner, T.; Saenger, W. Mol. Phys. 1991, 72, 1211-1232.
Saudan, C.; Dunand, F.; Abou-Hamdan, A.; Bugnon, P.; Lye, P.; Lincoln,
S.; Merbach, A. J. Am. Chem. Soc. 2001, 123, 10290-10298.
Spolar, R. S.; Livingstone, J. R.; Record, M. T. Biochemistry 1992, 31,
3947-3955.
Myers, J. K.; Pace, C. N.; Scholtz, J. M. Protein Sci. 1995, 4, 2138-2148.
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Figure 1. Schematic of the complexation reaction between adamantane
carboxylate and β-cyclodextrin. Drawn to scale, the figure shows the close
fit of AD in the CD cavity, requiring the release of surface-hydrating waters
from both interacting molecular surfaces.

expected (through extrapolation) to persist even in the (hypothetical) absence of heat release, was proposed to indicate water
release upon association.22
We study the complexation of CD with adamantane carboxylate (AD) acting as a guest. Due to its charged group, AD is
water soluble, despite its substantial globular hydrophobic
region. The β-CD•AD inclusion complex, shown schematically
in Figure 1, is highly favorable, with an association constant of
Ka ≈ 5 × 104 M-1 at room temperature. The size of AD is
almost exactly accommodated by the cavity of β-CD. NMR
experiments show that once complexed, AD fits deep in the
CD cavity, with the charged carboxylate group exposed to
solution at the wider opening of the host CD.27
There are many definitions for waters of “hydration” depending on the probing technique and the energetic or structural
criteria applied.28-35 We use the response to osmotic stress as
an operational definition of hydration.36-39 Many salts and polar
solutes are preferentially excluded from hydrophobic surfaces.40-43
The solubility of many hydrophobic compounds, for example,
decreases with increasing concentration of salts or polar solutes
due to this unfavorable interaction.44 A common feature of this
exclusion is that the apparent number of solute excluding waters
does not vary much with salt or polar solute concentration. The
number of these preferentially bound waters, however, sensitively depends on the chemical nature and size of the probing
solute as well as on the nature of the macromolecular
surface.37,41-43,45-48 Changes in the number of the preferentially
bound waters accompanying binding reactions can be measured
(23) Rekharsky, M. V.; Inoue, Y. J. Am. Chem. Soc. 2002, 124, 12361-12371.
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B 1997, 101, 3376-3380.
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Cullis, P. M.; Meyer, A. J. J. Chem. Soc., Perkin Trans. 1996, 2, 21192123.
(28) Clarke, C.; Woods, R. J.; Gluska, J.; Cooper, A.; Nutley, M. A.; Boons,
G. J. J. Am. Chem. Soc. 2001, 123, 12238-12247.
(29) Chalikian, T. V. J. Phys. Chem. B 2001, 105, 12566-12578.
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(35) Southall, N. T.; Dill, K. A.; Haymet, A. D. J. J. Phys. Chem. B 2002, 106,
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G., Eds.; Academic Press: San Diego, CA, 1995; Vol. 257.
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2000, 97, 3987-3992.
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from the change in binding free energies (∆G°) with solute
concentration.37,40,49-51 For a constant difference in the number
of included waters, ∆G° will vary linearly with solute osmotic
pressure.
To probe the changes in preferential hydration involved in
the CD/AD association, we use two different experimental
approaches. The two approaches give a complementary and
consistent picture of water release upon complex formation.
In the first approach, we use microcalorimetry to determine
equilibrium constants for complexation in the presence of an
additional solute (cosolute). We find that for a wide range of
cosolutes, the association free energy varies linearly with water
chemical potential (or osmotic pressure). This translates into a
constant change in the number of cosolute-excluding waters in
complexation. However, we find that this difference in numbers
of released waters depends on the type of cosolute probing the
reaction, reflecting the preferential interaction of cosolutes with
(or extent of exclusion from) the complexing molecules.
Using calorimetry, we can also follow individually changes
in heats (∆H°) and entropies (T∆S°) of association. We find
that all cosolutes we have used belong to one of two classes.
The first class has a strong enthalpic and smaller entropic
contribution to the binding free energy. The second class has a
strong enthalpic contribution to the free energy that is almost
completely compensated by the entropic change. The dissection
of free energy changes into the enthalpic and entropic contributions enables us to discuss the possible intermolecular forces
responsible for the different preferential interactions between
cosolutes and CD/AD.
In the second experimental approach, we determine the
preferential hydration of the individual molecular species using
vapor pressure osmometry of CD and AD solutions with added
cosolutes. The number of solute-excluding waters associated
with each species can be determined from changes in solution
osmolalities (osmotic pressures) of mixed solute-cosolute
solutions as developed by Courtenay et al.41,52 Evaluated
differences between cosolute-excluding waters of reactants (CD
or AD) and products (CD•AD complex) are then simply
translated into the changes in hydration upon complexation.
Results and Analysis

Changes in Molecular Association from Calorimetry.
Using isothermal titration calorimetry (ITC), we follow the
change in heat release, Q, with each injection of CD into a
solution of AD. Figure 2 shows three typical plots of the heat
release per mole of CD solution, integrated for each injection.
The experiment is repeated in the presence of cosolute (glycine
in Figure 2) in both CD (injectant) and AD (cell) solutions at
the same molal concentrations. One prominent effect of glycine
addition is to increase the amount of heat released in the CD/
AD association, as seen in the value of heat release for the first
injections in Figure 2.
(45)
(46)
(47)
(48)
(49)
(50)
(51)
(52)

Timasheff, S. N. AdV. Protein Chem. 1998, 51, 355-432.
Bolen, D. W.; Baskakov, I. V. J. Mol. Biol. 2001, 310, 955-963.
Ellis, R. J.; Minton, A. P. Nature 2003, 425, 27-28.
Bostrom, M.; Williams, D. R. M.; Ninham, B. W. Biophys. J. 2003, 85,
686-694.
Garner, M. M.; Rau, D. C. EMBO J. 1995, 14, 1257-1263.
Reid, C.; Rand, R. P. Biophys. J. 1997, 72, 1022-1030.
Fini, P.; Castagnolo, M.; Catucci, L.; Cosma, P.; Agostiano, A. J. Therm.
Anal. 2003, 73, 653-659.
Courtenay, E. S.; Capp, M. W.; Record, M. T. Protein Sci. 2001, 10, 24852497.
J. AM. CHEM. SOC.

9

VOL. 127, NO. 7, 2005 2185

Harries et al.

ARTICLES

∆nw ) -

d∆G° 55.6 d∆G°
)
dµw
RT dmosm

(1)

s

Figure 2. Effect of glycine (cosolute) concentration on heat release in CD/
AD complexation measured using ITC. The heat release for each injection
of CD solution into AD is shown for three molal concentrations of
glycine: 0 m (red), 1 m (blue), and 2 m (green). All measurements were
made at 30 °C.

Here T is the absolute temperature, and R the ideal gas constant;
55.6 is the number of moles of water in 1 Kg, and mosm
is the
s
solute osmolal concentration, a measure of water chemical
potential. If CD/AD concentrations are much smaller than
cosolute concentration, then dmosm
) -(55.6/RT)dµw.
s
In the limit of low CD/AD concentrations, ∆nw is also related
to ∆ns, the change in the excess number of cosolutes associated
with, or preferentially excluded from, CD/AD.39-41 Again, the
link between ∆ns and ∆nw is made using the Gibbs-Duhem
relationship in this limit of low CD/AD concentration, mwdµw
+ msdµs ) 0, where mw and ms are water and solute molal
concentrations, respectively. Therefore, we find

∆ns ) -

Figure 3. Changes in the number of cosolute-excluding waters (∆nw) in
CD/AD association evaluated from changes in association free energies
(∆G°) with changes in cosolute osmolal concentration (mosm
s ) for β-CD (eq
1) with different (A) salts and (B) neutral cosolutes. All measurements were
made at 30 °C.

The plots in Figure 2 can be well fit by a 1:1 CD/AD binding
model, from which we determine the free energy (∆G°) of
complex formation, AD + β-CD h β-CD•AD. Figure 3 shows
∆G° versus the solute osmotic pressure expressed in terms of
osmolal concentration for several different cosolutes. Free
energies are shown for both (charged) salts (Figure 3A) and
net-neutral (Figure 3B) cosolutes. For all cosolutes, except KI,
we find a linear dependence of the binding free energy with
cosolute concentration.
The action of cosolutes on the reaction can be analyzed in
terms of either a difference in the number of associated cosolutes
between products and reactants, ∆ns, or a difference in the
number of associated waters, ∆nw. The two approaches are
necessarily connected through the Gibbs-Duhem equation,
relating the concurrent changes in µw and µs, water and cosolute
chemical potential, respectively, due to cosolute addition.
The number of cosolute-excluding waters, ∆nw, released in
complexation is related to the change in binding free energy
with changes in water chemical potential, µw, by36,37,41,49-51
2186 J. AM. CHEM. SOC.
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dµw
ms∆nw
d∆G°
) ∆nw
=dµs
dµs
55.6

(2)

Note that in this limit, ∆ns is also directly related to the
difference in Γs, the preferential interaction coefficient, between
products and reactants, ∆Γs ) ∆ns.39-42,53
The linearity of the plots shown in Figure 3, even in the limit
ms f 0, translates using eq 1 into a constant change in the
number of cosolute-excluding waters upon binding ∆nw.
Conversely, using eq 2, we find that the change in associated
cosolute, ∆ns, between reactants and products must vary linearly
with cosolute osmolality. We focus here on ∆nw because it
remains constant as cosolute concentration is varied. The
reactants and products are not single species, but rather a
distribution of conformations and geometries, as observed for
products by NMR.27 The measured ∆nw may include changes
in the probabilities of these configurations. From the thermodynamic analysis, however, we find that the change in hydration
upon association is constant, even at the highest cosolute
concentrations we have used, as seen in the linearity of the sets
in Figure 3. This indicates that if, indeed, different complex
geometries are preferred at different cosolute concentrations,
all shed the same number of waters upon complexation.
For salts (Figure 3A), we find that the number of excluded
waters depends on the ionic species, reflecting different extents
of exclusion from CD/AD interacting surfaces. The extent of
exclusion depends more sensitively on the anion than the cation
and generally follows the classical Hofmeister series ordering.44,54,55 For LiCl, KCl, and CsCl, we find that ∆nw ≈ -23
waters are released in complexation; for K2SO4, we find ∆nw
) -53 water molecules displaced; for KF and KCl, ∆nw )
-23, and for KBr, ∆nw ) -16. In solutions of KSCN, no
change is observed in the association constant, corresponding
to ∆nw ) 0. Finally, in KI, a weak nonlinear relationship is
found, possibly reflecting association of Ιn clusters or molecular Ι2 with the CD, and subsequent competition with AD for
binding.
For the neutral cosolutes shown in Figure 3B, there is also a
wide range of exclusion or inclusion reflected in the changes
in numbers of cosolute-excluding waters upon complexation.
(53) Kita, Y.; Arakawa, T.; Lin, T.-Y.; Timasheff, S. N. Biochemistry 1994,
33, 15178-15189.
(54) Hofmeister, F. Arch. Exp. Pathol. Pharmakol. 1887, 24, 247-260.
(55) Kunz, W.; Lo Nostro, P.; Ninham, B. Curr. Opin. Colloid Interface Sci.
2004, 9, 1-18.

Solutes Probe Hydration in Specific Association of CD and AD

Figure 4. Correlation between (A) heats and free energies of complexation
and (B) heats and entropies of association. All cosolutes shown in Figure
3 seem to belong to either of two groups. In blue, KCl, CsCl, LiCl, K2SO4,
KF, KBr, betaine, and glycine. In red, KSCN, KI, sucrose, and urea. (C)
Expanded part of B, showing curved traces in the ∆H°-T∆S° plane for
several salts. Colors as for Figure 3; green and red squares correspond to
no cosolute addition.

Glycine is most excluded (∆nw ) -24), while betaine (glycine
with a trimethylamine) is most included (∆nw ) +22). Note
that ∆G° versus osmolal concentration is linear even though
betaine and urea preferentially associate with CD/AD, namely,
they interact favorably with CD/AD binding surfaces.
In Figure 4, we follow the correlation between the heat
release, entropy change, and free energy in different cosolutes.
We find that all cosolutes can clearly be associated with one of
two cosolute categories, thermodynamically distinct in their
mode of action. The first group of cosolutes includes most salts,
betaine, and glycine (Figure 4 in blue). Most of the change in
binding free energy for these cosolutes is due to a change in
heat released upon complexation, while the entropic change is
small. Stated in the form T∆S° ) R∆H° + T∆S°0,, we find an
average of R ) 0.39 for these cosolutes.
The other group of solutes, including KSCN, KI, sucrose,
and urea, has smaller ∆nw values for the binding reaction.
However, this weak effect on association constant is the result
of large, yet compensating changes in the enthalpy and entropy.
In this class, R ) 0.91 with only a small net change in
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association free energy with cosolute concentration, indicating
a small change in cosolute exclusion-inclusion upon CD-AD
binding. Such entropy-enthalpy compensations have been
previously attributed to processes where water release is believed
to be involved22 and may possibly be related here to a
compensation associated with the release of cavity/surface
waters.
Figure 4C shows experimental traces in the ∆H°-∆S° plane
for KI, KBr, KCl, and CsCl. While we cannot exclude an
experimental artifact in determining ∆S°, these cosolutes seem
to trace elliptical curves of varying sizes. Such curves have also
been reported in experiments by Eftink et al. for protein-ligand
binding and cyclodextrin interacting with a series of different
guests.21,56 Interestingly, we find here a similar relationship
between entropy and enthalpy of association when solution
conditions are varied by added cosolute as when a series of
guests of different sizes but similar morphology are used for
complexation.
Osmotic Consequences of Molecular Immersion. By
measuring the changes in solution osmolality due to addition
of macromolecules, it is possible to determine the extent to
which a macromolecule preferentially takes up water from the
bathing solution, that is, water unavailable to small “excluded”
cosolute.41,52 Assume that every solute macromolecule is
surrounded by nw cosolute-excluding waters. The addition of
mm moles of (macromolecular) solute to 1 Kg of water (≈55.6
mol) will leave only 55.6 - mmnw water molecules available
for dissolution of any other cosolute. Hence, if a solution
contains m°s moles of cosolute, the change in the observed
osmolal concentration of cosolute due to an addition of mm
solute molecules will be ∆mosm
= m°smmnw/(55.6 - mmnw).
s
The corresponding Variation of change in solution osmolality,
∆mosm
s , following addition of a small amount of (macromolecular) solute at concentration mm to solution with initial
cosolute concentration m°s, is related to the number of excluding waters per molecule nw through

d∆mosm
mm
s
=
n
dm°s
55.6 w

(3)

Equation 3 assumes that mm is small enough such that
intermacromolecule interactions are negligible. Then, from the
differences in numbers of excluding waters in reactants and
products, we determine the extent of excluding waters released
in association.
Once again, due to the link between solute and water chemical
potential imposed by the Gibbs-Duhem relation, we can also
follow ns, the excess/deficit number of cosolute rather than nw,
the corresponding number of waters.39,41 However, we focus
our discussion on nw, which remains constant over the range of
cosolute concentrations studied.
The CD/AD complex formed from a 1:1 molar mixture can
be considered as one macromolecular species because, at the
concentrations used, the amount of unassociated CD/AD in the
mixtures is less than 5%. From eq 3, it is apparent that changes
in osmolalities depend not only on the number of cosoluteexcluding waters (nw) but also on solute concentration (mm).
However, accuracy in measurements of solution osmolality
(56) Eftink, M. R.; Anusiem, A. C.; Biltonen, R. L. Biochemistry 1983, 22,
3884-3896.
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5B,C shows the change of measured osmolality upon addition
of CD, AD, or an equimolar mixture of the two to a solution of
cosolutes: either KCl or glycine. Using eq 3, we derive numbers
with cosolute
of excluding waters from the slopes of ∆mosm
s
osmolality.
Though the change in number of excluding waters upon
complexation (∆nw) for KCl and glycine is the same (within
experimental error), the number of excluded waters from each
of the molecular species is different. Glycine is highly excluded
from mCD (nw ) 61 ( 4), but it is almost indifferent toward
AD (nw ) -5 ( 4). In contrast, KCl is excluded to a similar
extent (nw ) 36 ( 4 and 25 ( 4, respectively) from both mCD
and AD. The CD/AD complex excludes KCl and glycine from
18 ( 4 and 25 ( 4 hydrating waters, respectively. The net
change for the two cosolutes is ∆nw ) -43 ( 7 for KCl and
∆nw ) -31 ( 7 for glycine. Numbers of released waters
evaluated using ITC (Figure 5A, ∆nw ) -40 ( 2) agree
reasonably well with those determined from the osmotic pressure
measurements. The correspondence in numbers obtained from
both ITC and osmometry confirms that both approaches indeed
probe the release of cosolute-excluding waters.
It is possible that differences in exclusion of KCl and glycine
from the individual CD/AD species are due to differences in
interactions of cosolute with surfaces that remain exposed after
complex formation (such as CD exterior or the charged
carboxylate group on AD), while exclusion from the nonpolar
interacting surfaces is similar. Only cosolute that is excluded
from interacting surfaces probes water release; exclusion/
inclusion from other parts of the molecule is likely unaffected
by complexation.
Discussion

Figure 5. In A, ∆nw is evaluated from changes in association free energies
(∆G°), as determined using ITC, with cosolute osmolal concentration
(mosm
s ) for mCD showing ∆nw ) -40 for both KCl and glycine. Colors as
for Figure 3. In B and C, numbers of cosolute-excluding waters from AD
(green), mCD (red), and AD-mCD (magenta), witnessed in the change in
solution osmolal concentration (∆mosm
s ) with cosolute concentration (eq 3).
Cosolutes (B) KCl and (C) glycine. Differences in slopes give changes in
cosolute exclusion upon complexation: ∆nw ) -43 in KCl and -31 in
glycine.

is limited to ≈2 mOsm, and hence the solubility of β-CD is
too low for a precise measurement of osmolality of added
cosolute. For this particular measurement, we therefore use a
methylated derivative of β-CD, mCD, for which ≈13 hydroxyls
(out of 21) per β-CD molecule are randomly methylated. From
the correspondence of ITC measurements, performed at low
(millimolar) CD/AD concentrations, with osmometry measurements, performed at higher (≈100 mM) concentrations, we
conclude that the same association reaction is being probed in
both experiments, and competing interactions among CD or AD
are negligible.
Figure 5A shows the complexation free energy for mCD/
AD in the presence of glycine or KCl at different osmolal
concentrations, as derived from ITC. From the slope, we
estimate ∆nw ) -40 ( 2 for both cosolutes. We then immerse
small amounts of AD, mCD, or AD-mCD complexes in a
cosolute containing bathing solution and measure the effect on
solution concentration using vapor pressure osmometry. Figure
2188 J. AM. CHEM. SOC.
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Osmotic Stress and Water Release. The osmotic stress
technique is becoming an increasingly popular tool for investigating changes in hydration accompanying macromolecular
reactions.28,37,49-51 The approach offers several opportunities.
It is widely appreciated that water plays an important role in
determining binding energetics, but few methods are available
for measuring water release coupled to association. Utilizing
osmotic pressure to act on a difference in the number of soluteexcluding waters associated with products and reactants is a
powerful and practical method for enhancing the stability of
complexes. From the dependence of ∆nw on the chemical
natures of the probing solute and macromolecular surface, we
learn about the nature of the physical interactions between
molecules. Last, crowded with salts, sugars, amino acids, and
other macromolecules, such as DNA and proteins,47,57 the
intracellular milieu is far different from the dilute aqueous
conditions typically used to study the enzymatic, recognition,
and assembly reactions that occur in living systems. The osmotic
stress technique illustrates how important such “crowding” can
be.
By changing the concentration of a cosolute that is excluded
from the macromolecule, we evaluate changes in the number
of cosolute-excluding waters upon association. Here, we have
studied the role of water release in a convenient model system
in which two molecules, cyclodextrin (CD) and adamantane
carboxylate (AD), present complementary hydrophobic surfaces
and associate with specificity.58
(57) Yancey, P. H.; Clark, M. E.; Hand, S. C.; Bowlus, R. D.; Somero, G. N.
Science 1982, 217, 1214-1222.

Solutes Probe Hydration in Specific Association of CD and AD

Figure 6. Changes in association free energy correlated with the bathing
solution’s change in air-water interfacial tension (compared with that of
pure water) for different cosolutes. Colors as for Figure 3.

Using ITC, with corroboration from osmometry, we find for
many cosolutes that ≈15-25 cosolute-excluding water molecules are released upon complex formation with β-CD. This
is consistent with a release of all waters from the cyclodextrin
cavity (≈11 waters in the crystal) and additional waters from
the adamantane surface.
All cosolutes we have used fall into one of two classes. In
the first, which includes many salts and glycine, the contribution
to the binding free energy from solute-macromolecule interactions is dominated by enthalpy. For the second group of
cosolutes, which are found to have only a weak net inclusion/
exclusion, the enthalpic contribution is also large but is almost
fully compensated by the change in entropy.
Surface Waters and Surface Tension. One model that has
been suggested to account for how cosolutes affect association
was first proposed by Sinanoglu and Abdulnur.59 In that model,
cosolute (or solvent) effects were associated with the work
needed to create an empty cavity in solution, that is, to surface
tensions.20,40,53,60 To test this idea in CD/AD association, we
correlate changes of association strength with surface tensions
as measured at the air-water interface for salt and other cosolute
solutions.
Figure 6 shows, for most of the cosolutes used in this study,
the changes in association free energy as a function of
experimentally known changes in air-water interfacial tension.44,61-65 Strikingly, for many salts, all data fall on a single
line. The slope of this line represents an effective surface area
change upon complexation of ≈200 Å2. If we assume a cosoluteexcluding water layer one molecule thick (≈3 Å) and a volume
of 30 Å3 per water molecule, we conclude there are ≈20 waters
released during the inclusion process. This matches the estimate
from the responses to osmotic stress. For KCl and glycine,
however, the correlation with surface tension only holds for the
(58) Fu, Y.; Liu, L.; Guo, Q.-X. J. Inclusion Phenom. 2002, 43, 223-229.
(59) Sinanoglu, O.; Abdulnur, S. Fed. Proc. 1965, 24, S12-S23 (Supplement
15).
(60) Lin, T. Y.; Timasheff, S. N. Protein Sci. 1996, 5, 372-381.
(61) Matubayasi, N.; Tsunetomo, K.; Sato, I.; Akizuki, R.; Morishita, T.;
Matuzawa, A.; Natsukari, Y. J. Colloid Interface Sci. 2001, 243, 444456.
(62) Matubayashi, N.; Miyamoto, H.; Namihira, J.; Yano, K.; Tanaka, T. J.
Colloid Interface Sci. 2002, 250, 431-437.
(63) Washburn, E. W. International Critical Tables; McGraw-Hill: New York,
1929; Vol 4 (28).
(64) Soderlund, T.; Zhu, K.; Jutila, A.; Kinnunen, K. J. Colloids Surf., B 2002,
26, 75-83.
(65) Siskova, M.; Hejtmankova, J.; Bartovska, L. Collect. Czech. Chem.
Commun. 1985, 50, 1629-1635.
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difference in waters for the reaction and not for the waters
included with the individual species (Figure 5). The correlation
seems to reflect only the surfaces that interact in the complex.
Interestingly, the reaction heat capacity for CD/AD complexation was previously found to be -398 J mol-1 K-1.20 Using
the range of reported estimates for the heat capacity associated
with the burial of exposed hydrophobic surfaces,16-19 and
assuming that CD/AD interacting surfaces are fully hydrophobic
in nature, we find a corresponding reduction of 180-340 Å2 in
surface exposed to solution upon complexation. Assuming the
existence of a surface layer of cosolute-excluding water 3 Å
thick implies a release of 18-34 waters upon complexation.
Perhaps fortuitously, this estimate also agrees with the numbers
found using the osmotic stress analysis.
For other (predominantly neutral) cosolutes, a correlation does
not hold between air-water interfaces and changes in complex
stability. We may infer that these cosolutes interact differently
with the macromolecule surface than with an air-water
interface.
Interactions Involved in Cosolute Exclusion. In terms of
the Gibbs adsorption isotherm,66 the excess or deficit of
cosolutes from the interacting surfaces is directly related to
changes in surface stability with varied cosolute activity. The
excesses or deficits depend on interactions of the solvated
cosolute and macromolecule.
We may ask “what interactions are responsible for cosolute
exclusion from CD/AD”? Alternatively, we may ask “in what
way do surface waters pose a less favorable environment
(solvent) to cosolutes”?
One possible origin of exclusion is through steric “excluded
volume” interactions between cosolute and CD/AD. Because
these forces are manifested due to loss in translational entropy
near a macromolecule, no heat evolution is expected. However,
experimentally, all cosolutes show a large enthalpic contribution
to the change in complexation free energy (Figure 4). While
we cannot rule out this as a contributing interaction, we can
conclude that crowding due to steric solute-cosolute interactions
is not the main contributor to the overall free energy change
due to cosolute.
Electrostatic “image charge” interactions of ions with the
nonpolar CD/AD surfaces are another possible source of
preferential exclusion. By the reasoning of Onsager and Samaras,67 ions approaching an interface, going from a high to lower
dielectric material, are repelled due to loss of favorable
interactions with the high dielectric medium. This unfavorable
energy competes with the translational entropy of an ion to form
an ion-excluded region, typically a few angstroms thick. While
the temperature dependence of the original Onsager and Samaras
model does not match our findings, and the cyclodextrin cavity
and adamantane are not simple nonpolar surfaces, it seems
reasonable to expect that such an electrostatic repulsion could
contribute to the net exclusion of ions.
What then can account for the differences found among
different salts? In particular, the more polarizable ions, such as
Br- and SCN-, appear here, as in many other experiments, to
be less excluded from the macromolecular interface than, say,
Cl- and even more so SO42-.43,44,68-75 Observations of similar
(66) Gibbs, J. W. On the Equilibrium of Heterogeneous Substances. In The
Scientific Papers of J. Willard Gibbs; Bumstead, H. A., van Name, R. G.,
Eds.; Ox Bow: Woodbridge, CT, 1993; Vol. 1.
(67) Onsager, L.; Samaras, N. N. T. J. Chem. Phys. 1934, 2, 528-536.
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trends go back to the seminal experiments on protein precipitation by different salts that led to the so-called Hofmeister
series.54 It has been proposed that interacting hydrocarbon
surfaces (rather than air) introduce the likely van der Waalstype attraction of more polarizable ions to higher index of
refraction hydrocarbon.55,76
The remarkable correspondence between free energy changes
of CD/AD binding due to solute exclusion and surface tensions
at air-water interfaces seen in Figure 6 for many of the cosolutes suggests that these cosolutes are interacting with interfacial water that is structured differently from the bulk due to
the presence of an air or CD/AD surface. Irrespective of the
detailed water structure, this asymmetry will present a locally
inhomogeneous dipolar layer of waters to cosolutes. More polarizable ions can “dissolve” better in such a layer, due to an added
favorable dipole to induced-dipole interaction.5,55,77,78 Such an
argument could imply a generality of the effect, insensitive to
the type of interface formed.45,53,59 The nature of the surface in
contact with water would then be of secondary importance.
Finally, the close interaction of solutes and surfaces necessarily alters the structuring of water around each. The energetics
connected with this restructuring of water as two surfaces
approach has been suggested as the basis for the common
exponential force seen between many macromolecules, both
charged and uncharged, at spacings closer than ≈10 Å.79,80 The
extracted spatial dependences for the exclusion of nonpolar
alcohols from DNA and of salts and polar solutes from
hydroxypropyl cellulose show the same type of exponential
behavior as that associated with the postulated hydration
force.81-83 Differences in water structuring around cosolute may,
for example, explain the differences in the extent of exclusion/
inclusion from CD/AD of glycine with its amine group versus
the trimethylated amine analogue, betaine. It is also important
to consider water structuring involved in the hydration of
cosolutes themselves. Indeed, ions in the Hofmeister series tend
to structure water very differently.
Concluding Remarks

Perhaps most important, the results derived using the different
approaches are commensurate, enabling a convergence of
different perspectives and languages for speaking about interactions of macromolecules in solution. We learn that the solvating
power of water around and within cyclodextrin and adamantane
differs from that of bulk water, consonant with what has been
(68) Kotake, Y.; Janzen, E. G. J. Am. Chem. Soc. 1989, 111, 7319-7323.
(69) Matusi, Y.; Ono, M.; Tokunaga, S. Bull. Chem. Soc. Jpn. 1997, 70, 535541.
(70) Leontidis, E. Curr. Opin. Colloid Interface Sci. 2002, 7, 81-91.
(71) Gelb, R. I.; Schwartz, L. M.; Radeos, M.; Laufer, D. A. J. Phys. Chem.
1983, 87, 3349-3354.
(72) Yamashoji, Y.; Fujiwara, M.; Matsushita, T.; Tanaka, M. Chem. Lett. 1993,
6, 1029-1032.
(73) Wojcik, J. F.; Rohrbach, R. P. J. Phys. Chem. 1975, 79, 2251-2253.
(74) Buvari, A.; Barcza, L. J. Inclusion Phenom. 1989, 7, 379-389.
(75) Dubois, M.; Zemb, T.; Fuller, N.; Rand, R.; Parsegian, V. J. Chem. Phys.
1998, 108, 7855-7869.
(76) Bostrom, M.; Williams, D. R. M.; Ninham, B. W. Langmuir 2001, 17,
4475-4478.
(77) Jungwirth, P.; Tobias, D. J. J. Phys. Chem. B 2002, 106, 6361-6373.
(78) Garrett, B. C. Science 2004, 303, 1146-1147.
(79) Leikin, S.; Parsegian, V. A.; Rau, D. C.; Rand, R. P. Annu. ReV. Phys.
Chem. 1993, 44, 369-395.
(80) Rand, R. P.; Das, S.; Parsegian, V. A. Chem. Scr. 1985, 25, 15-21.
(81) Hultgren, A.; Rau, D. C. Biochemistry 2004, 43, 8272-8280.
(82) Chick, J.; Mizrahi, S.; Chi, S.; Parsegian, V. A.; Rau, D. C. J. Phys. Chem.
B, submitted.
(83) Bonnet-Gonnet, C.; Leikin, S.; Chi, S.; Rau, D. C.; Parsegian, V. A. J.
Phys. Chem. B 2001, 105, 1877-1886.
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observed in many specifically interacting biomacromolecules.84
These waters could be responsible for cosolute exclusion due
to their interfacial ordering properties. If so, these waters not
only exclude many cosolutes but also preferentially interact with
salts to different extents, correlating with ionic polarizability.
In concert, direct repulsive solute-surface interactions may also
contribute to creating a preferential hydration layer.
By subjecting CD and AD to cosolutes, we show that the
strength of their association can be modulated and controlled.
Important implications follow because in all technological and
pharmacological applications, the systems considered are not
pure aqueous solutions, but rather physiological milieus,
crowded with small cosolutes and other macromolecules that
will affect the binding.85,86 In fact, cosolute-containing formulations have been proposed as a way to enhance the association
of CD with guest molecules.87 Understanding the preferential
interactions of cosolutes with CD will aid in the rational
development of effective formulations.
Experimental Section
Cyclodextrins (Fluka) were dried overnight in vacuum; then stock
solutions were made by weight. Adamantane carboxylic acid (Fluka)
was dissolved in 0.02 M phosphate buffer solution, pH 6.9 (for low
concentrations), or titrated with NaOH until fully dissolved, and then
buffered in the same way (for high concentration). All chemicals were
used with no further purification.
Microcalorimetry. Isothermal titration calorimetric measurements
were made at 30 °C using a VP-ITC microcalorimeter (MicroCal). In
each experiment, 40 successive 7 µl injections of 5.5-6.5 mM CD
solutions were mixed into the thermostated cell containing 0.4-0.5
mM AD solution; solutions were stirred at 300 rpm. Injections lasted
10 s and were spaced at 3.5 min intervals. The heat release associated
with AD and CD dilution was measured separately and did not
substantially change the calculated thermodynamic properties. Solutions
were in 0.02 M Na phosphate buffer at pH 6.9. Both AD and CD
solutions contained an additional cosolute, both with the same osmolality.
Equilibrium constants, heats, and entropies of reaction were evaluated
using standard MicroCal Origin software procedures. All fits to the
data were consistent to within 3% with a 1:1 molar complexation ratio.
Attempted fits to other possible complex ratios did not improve the
overall fit, supporting the simplest assumption of 1:1 binding under
all studied conditions. Presented results are averages of 2-8 repeats
and include an uncertainty, expressed as standard deviations, of no more
than (1% for heats of reaction and (0.5% for the free energies. As
detailed in the Results section, changes in numbers of hydrating waters
were evaluated from linear least-squares fits to evaluated free energies
versus cosolute concentrations. The fits involve an error of, at most,
(5 waters.
Osmolalities of cosolute solutions were measured separately on a
Wescor 5520 vapor pressure osmometer.
Osmometry. The osmolality of a series of solutions containing
cosolute (KCL or glycine) and water, measured on a Wescor 5520
osmometer, was compared with osmolalities of solutions with the same
cosolute molality, but with added solute (AD, CD, or an equimolar
mixture of the two). Solute concentrations were in the 70-200 mOsm
range and that of cosolute was 50-1000 mM.
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A molecular system in contact with a bath undergoes strong decoherence processes. We examine a
control scheme to minimize dissipation, while maximally retaining coherent evolution, by relating the
evolution of the molecule to that of an identical freely propagating system. We seek a driving field that
maximizes the projection of the open molecular system onto the freely propagated one. The evolution in
time of a molecular system consisting of two nonadiabatically coupled electronic states interacting with a
bath is followed. The driving control field that overcomes the decoherence is calculated. A proposition to
implement the scheme in the laboratory using feedback control is suggested.
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Coherent control originated as a method to steer a
chemical reaction to a desired outcome [1–3]. The usual
agent of control is quantum interference [4]. The purpose
of the endeavor is to find means, usually through shaping
an electromagnetic field (EM), to direct the process to its
target. In condensed phases coherent evolution is degraded
by dissipative forces in the environment, termed decoherences. Since generation of interference pathways is a global process in time, an intervention at one instant influences the subsequent evolution and can interfere at later times
with another intervention. To address this issue optimal
control theory (OCT) has been developed as a mathematical tool common in various engineering fields [5] that
searches forward and backwards iteratively for the optimal
pulse [6,7].
Local control theory (LCT) is a unidirectional time
propagation scheme to determine the instantaneous phase
of the EM field that monotonically increases the expectation of a target operator [8–10]. Although OCT can lead to
superior results, LCT has the advantage that the control
mechanism can be interpreted, and the iterative time propagation procedure is absent. Tracking control originated
from the idea of changing the local field in order to follow
a reference state [11–14]. Tracking can be considered as
local control with a time dependent target. This tracking
mechanism differs from OCT since it follows the reaction
path rather than optimizing backward from a chosen outcome [15].
Our basic idea here is to use a freely propagating molecule as a tracking target for an identical molecule in a dissipative environment. The perfect tracking field will then
null the dissipative forces and protect the molecule from
decoherence. The question to be addressed is how can an
external field that generates a unitary transformation protect the system against nonunitary dissipative forces? A
computational model of an online dynamic decoherence
control method is explored. The method is established by
simultaneously following the evolution in time of a system
with and without the bath, thus using the overlap between
the two systems to construct a correcting electric field
0031-9007=07=98(20)=203006(4)

which is directly applied back on the system. The method
is explored for the fastest dissipative mechanism,
environment-induced electronic quenching from an excited state to a lower state (the approximate decay time
in solid state systems is less than 50 fsec). The coherence
time of the system is extended by an order of magnitude
using the simplest tracking method.
Measuring the overlap between the controlled and the
target system also underlies a proposed experimental approach. This observable can then be employed as a basis
for a learning loop used to optimize a control field.
The molecular system is described by the density opera^ a function of nuclear and electronic degrees of
tor ,
freedom. The reference or target system ^ tar evolves freely
^ 0:
under its Hamiltonian H
^ 0 ; ^ tar ;
^_ tar  iH

(1)

^ T ; ^ SB ;
^_ SB  iH

(2)

where @  1 is chosen. The subjected system ^ S is coupled
to a bath: ^ S  TrB f^ SB g. This evolves according to:

where ^ SB is the combined system-bath operator. The
dynamics is generated by the combined system-bath
^T H
^0H
^BH
^ SB . The first approach
Hamiltonian H
employed to solve the open system dynamics is based on
^BH
^ SB represented exrenormalized bath operators H
plicitly. The equations of motion are solved in a larger
Hilbert space (the surrogate Hamiltonain method [16] ).
The system density operator is obtained from ^ S 
TrB f^ SB g.
In the second approach, based on the Markovian limit,
the reduced dynamics of the open quantum system ^ S [17]
^ 0 ; ^ S  
can be described by the generator ^_ S  iH
LD ^ S , where LD describes the bath-induced decoherence dynamics, conveniently cast into the Lindblad semigroup form:
X
L D ^ S   F^ j ^ S F^ yj  12fF^ yj F^ j ; ^ S g;
(3)
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^ Bg
^B
^ is the anticommutator and F^
^ A
^ B
^A
where fA;
are operators from the Hilbert space of the system. The
nature of the bath interaction determines the form of the
^ The choice of F^ determines the
Lindblad operators F.
dissipative model considered.
Our purpose is to control the system coupled to the bath
and force it to follow as closely as possible the dynamics of
the freely evolving reference system, ^ tar . The external
control field t is coupled to the system through the
transition dipole of the molecule. The control Hamilton^ c  t
^
ian becomes H
leading to the a combined dy^T 
namics of the controlled system ^ C generated by: H
^0H
^BH
^ SB  H
^ c.
H
The challenge of decoherence control is to find the field,
t, that induces the dynamics of the system ^ C t to be as
close as possible to ^ tar . This is attacked by maximizing the
overlap functional Jt between the target and controlled
states:
Jt  ^ C ^ tar   Tr f^ C ^ tar g  h^ tar i:

^ ^ tar ^ C  ^ tar 
^ ^ C g:
 itTr f

^ ^ tar  ^ tar 
^ ^ C g ;
t  iKTr f^ C 

where K  Kt is a positive envelope function with dienergy
mension dipole
2 . From Eq. (7) it is clear that the correcting
field t  0 if ^ C approaches ^ tar .
We adopt a molecular model system with two electronic
states described by the density operator:


^ e ^ eg
^ 
;
(8)
^ ge ^ g
where the indices g and e designate the ground and excited
electronic states and the submatrices are functions of the
nuclear coordinates. The Hamiltonian of the system has the
form:
!
^ e V^ eg
H
^ 0
(9)
H
^g
V^ ge H
^ g=e  T^  V^ g=e . T^ is the kinetic energy operator,
with H
^
V g and V^ e are the potential energy operators on the ground
and excited electronic states, and V^ eg is the nonadiabatic
coupling potential. The control Hamiltonian is chosen as:


^ y t ;

0

(10)

^ ^ gc g  TrQ f^ etar 
^ ^ ge
 TrQ f^ ge
c g
tar 
^ gc 
^ ^ eg
^ ^ eg
 TrQ f^ gtar 
c g  TrQ f
tar g
^ eg
^ ^ ge
^ ^ etar g;
 TrQ f^ eg
c g  TrQ f
c 
tar 

(11)

where TrQ is a partial trace over the coordinates.
The computational model is constructed from two electronic states of a diatomic molecule represented by two
diabatic Morse potential energy surfaces. Using dimensionless normal coordinates:
^    Dg 1  expag Q
^  Qg 2 ;
Vg Q
^ 0     De 1  expae Q
^  Qe 2 ;
Ve Q

(6)

(7)

0
^
t

^ ^ gtar g  TrQ f^ ec 
^ ^ ge
t  KImTrQ f^ ge
c 
tar g

(5)

The control field is constructed by requiring maximal Jt,
d ^
so that dt
htar i 0 at any instant, leading to:



^ is the coordinate dependent electronic transition
where 
dipole element. The dissipation phenomena included in the
model were fast electronic quenching, vibrational, and
p
electronic dephasing. F^ q  q jeihgj is chosen to model
p
  ^
fast electronic quenching. The choice F^ vd  @vd H
vd
dictates pure vibrational dephasing of the system. F^ ed 
p
ed jeihej  jgihgj represents electronic dephasing [16].
These choices of system/bath interaction terms will lead to
processes with a characteristic dissipation rates y . The
dominant term would be the fast electronic quenching rate.
The control field form Eq. (7) becomes:

(4)

Jt can be interpreted as the expectation of the target
density operator in the controlled state. To achieve this
target the control field should increase the expectation of
the target operator. The Heisenberg equation of motion for
the observable h^ tar i generated by the control Hamiltonian
becomes:
d
^ c ; ^ tar i 
h^ tar i  ihH
dt

^ c
H

(12)

where Dg and De are the dissociation energies of the
ground and excited electronic states, 2 is the adiabatic excitation energy, and a is the width of the state. Qe and Qg
are the equilibrium bond lengths of the two electronic
 2 ,
states. (Dg  De  1:25 eV,   0:3 eV, ae  0:8 A
 2 , Vge=eg  0:05 eV, Qg  0 A,
 Qe  0:1 A,

ag  1:5 A
and ^  1:0.)
The time evolution was obtained by solving either the
non-Markovian Surrogate Hamiltonian method or the
semigroup time dependent Liouville-von Neumann equation. A grid was used for the spatial coordinates and time
propagation used the Chebychev scheme [18]. The initial
ground vibronic state of the system was calculated via a
relaxation scheme [19]. A pump pulse transfers a significant fraction of the population from the ground to the
excited electronic state. A Gaussian form is chosen for
this pulse:
2

2

t

pump t  0 ettmax  =2L ei!L :

(13)

The carrier frequency !L is chosen to match the difference
between the ground and excited electronic potentials at the
minimum of the ground state Q  0. The width of the
pulse L was adjusted to a FWHM duration of 12 fsec
and the amplitude 0   0:228 eV.
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linear decay in time. The oscillations around this decay and
the local increase in purity suggest that a cooling mechanism is taking place [20]. To gain insight on this possibility
the correcting field was stopped for 100 fsec and resumed
again, Fig. 4. As expected, once the control field is turned
off the purity and the scalar product of the controlled state
^ C decease sharply. When the controlling field is resumed
an almost linear increase in both parameters can be observed. Such an effect can only be the result of a cooling
mechanism which represents an interplay between the
nonunitary dissipation and the unitary control field [20].
It is clear [21] that simple unitary transformation cannot
induce cooling.
The present results show that the decoherence can be
suppressed, extending good overlap with the target by an
order of magnitude in time. The model calculation establishes the principle that a correcting external field can be
found which protects the system from decoherence. Here

Tr( ρ2 )

1

Tr( ρ∗ρ
x y)

At this point three parallel propagations of the density
operator were performed. The first for ^ tar was carried out
only with the Hamiltonian term Eq. (1). The system density
operator, ^ S , was propagated with the dissipative LD included, Eq. (2). The controlled density operator, ^ C , was
propagated with both the dissipative LD and the correcting
field applied terms. The correction field was calculated
according to Eq. (11) at each time step and fed back in
the next time step. Both Markovian and non-Markovian
methods gave similar results.
The systems free dynamics represents a complex population oscillation between the two electronic states. The
excited state population is shown in Fig. 1 for the controlled ^ c , uncontrolled ^ S , and target ^ tar for different
quenching parameters  and energy gap . In all cases a
fast decay of the excited state is seen for the uncontrolled
state. The controlled state is able to track the target state
and maintain the population. When the quenching increases the controlled system is still able to follow the
overall dynamics of the target but not the finer details.
As can be seen in Fig. 1, the control ability increases
with the energy gap . The control field  is shown in
Fig. 2 in time and frequency. In general the field is composed of a central frequency corresponding to the energy
gap modulated by the vibrational frequency. The actual
vibronic lines are missing from the spectrum [20]. Wigner
plots (not shown) show phase locking between the frequency components.
The changes in purity Tr f^ 2 g and in the scalar product
with the target state (^ ^ tar ) show a different viewpoint on
the decoherence control cf. Fig. 3. The uncontrolled state
^ S undergoes fast exponential decay of both measures in
time. The controlled purity Tr f^ 2C g maintains a high value
as does the scalar product (^ C ^ tar ) The general trend is a

FIG. 2 (color). Typical control field in frequency (top left) and
time domain (bottom) for   0:003 (blue) and  
0:006 fsec1 (red).

0.8

0.6

population of excited state

FIG. 1 (color). The population of the excited state as a function
of time for the target state ^ tar (red), the controlled density
operator ^ C (black), and the uncontrolled system density operator ^ S (green) for different magnitudes of quenching (columns)
and ’s (rows).   0:003 fsec1 .

0.4
0.3
0.2
0.1
0

0

100

200

300

400

500

Time(fsec)

FIG. 3 (color). Top: the purity Tr f^ 2 g (solid line) and the
scalar product with the target state (^ ^ tar ) (dashed line) for
the target state ^ tar (red) the controlled density operator ^ C
(black) and the reference uncontrolled density operator ^ S
(green). Bottom: the population of the excited state, same color
codes.
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an interferometer [22]. A pair of twin ultrashort photons
which can be created by down conversion are split spatially. Then they are directed to the two branches of the
interferometer interrogating the two systems. The transmitted photons are then redirected to interfere with each
other. Any difference between the target and the controlled
system will degrade this interference. The interference
signal can then be used as a feedback to generate the
correcting field [23].
We are grateful to the BSF and the NSF chemistry
division for support of this work.
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FIG. 4 (color). Turning off the control field. Top: the purity
Tr f^ 2 g (solid line) and the scalar product with the target state
(^ ^ tar ) (dashed line) for the target state ^ tar (red), the controlled density operator ^ C (black), and the reference uncontrolled density operator ^ S (green). The vertical lines indicate
the time interval where the control field is turned off. Bottom: the
population of the excited state as a function of time, same color
codes.

we discuss control to overcome fast electronic dephasing;
while the rapid modulations in Fig. 2 are not currently
attainable, the essential behavior is correct.
The nearly complete distinction between coherent (gas)
and decoherent (condensed) phase molecular dynamics has
decreased with the evolution of nanoscale science. It is
easy to imagine applications that require preservation of
the decoherence-free properties of a system upon becoming a subsystem of a larger apparatus. This ability may
have significant importance in many future applications,
for example, extending lifetime of the read or write process
in quantum information processing, or memory chips and
switches in molecular electronics. One might even imagine
implementations for localizing intramolecular gas phase
properties to a specific part or chemical bond of a macromolecule. Thus retaining a level of decoherence-free behavior in a given subspace is a significant goal. The scheme
suggested allows a driving process to control such decoherence and to retain coherent evolution in the subspace.
The proof of principle then shifts attention to finding
such a field in the laboratory. The idea is to use an actual
freely evolving molecule as the target for an identical
molecule subject to a dissipative environment such as in
solution or on a surface. The correcting feedback should be
set such that the difference in transient absorption of the
two molecules is minimized.
To implement the present scheme in the laboratory the
key element is to apply a scalar product between the states
of the reference and controlled systems: (^ C ^ tar ) (displayed in Fig. 3). To make this task possible the two
isolated states should become part of the same quantum
system. This can be carried out by placing the controlled
system ^ C and the reference system ^ tar in two branches of
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Rise and fall of quantum and classical correlations in open-system dynamics
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Interacting quantum systems evolving from an uncorrelated composite initial state generically develop
quantum correlations—entanglement. As a consequence, a local description of interacting quantum systems is
impossible as a rule. A unitarily evolving 共isolated兲 quantum system generically develops extensive entanglement: the magnitude of the generated entanglement will increase without bounds with the effective Hilbert
space dimension of the system. It is conceivable that coupling of the interacting subsystems to local dephasing
environments will restrict the generation of entanglement to such extent that the evolving composite system
may be considered as approximately disentangled. This conjecture is addressed in the context of some common
models of a bipartite system with linear and nonlinear interactions and local coupling to dephasing environments. Analytical and numerical results obtained imply that the conjecture is generally false. Open dynamics of
the quantum correlations is compared to the corresponding evolution of the classical correlations and a qualitative difference is found.
DOI: 10.1103/PhysRevA.76.012304

PACS number共s兲: 03.67.Mn, 03.65.Yz, 03.65.Ud

I. INTRODUCTION

The exploration of the nature and the extent of correlations generated by the many-body dynamics has both fundamental and practical applications. One of the fundamental
issues in the investigation of many-body dynamics is finding
an optimal set of coordinates 关1,2兴. This problem is solved in
classical mechanics by introducing partition of a complex
system into smaller subsystems, i.e., introducing degrees of
freedom. The description of the composite system is furnished by local descriptions of the subsystems. The adequacy
of a particular partition depends heavily on the nature and
the extent of the correlations between the local degrees of
freedom.
The role played by correlations in classical and quantum
mechanics is substantially different. This is due to the presence of the quantum correlations, or entanglement, in a composite quantum state, having no analog in the classical world
关3兴. In contrast to classical correlations 关4兴, extensive entanglement makes the partition of a quantum system meaningless, since local measurements do not provide information
on the state of an entangled system 关3兴.
The problem of the optimal partition is deeply connected
to the foundation of many-body dynamical simulations. The
complete description of the system composed of fully correlated subsystems should grow exponentially with the number
of subsystems involved. The possibility of representing a
state of a complex system as a mixture of independently
evolving uncorrelated states 共trajectories兲 solves in principle
the problem of many-body simulations, permitting one to
sample single trajectories for simulation and averaging the
result subsequently 关5,6兴. This possibility is inherent in classical mechanics but is nongeneric in the quantum case, due
to the fact that the typical interaction of a quantum system
generates entanglement. If the growth of the total 共i.e., quantum and classical兲 correlations becomes restricted, the quantum dynamics can be efficiently simulated 关7–11兴. Nonetheless, it is still an open question whether restrictions on
quantum correlations alone are sufficient to provide for
efficient simulations 关12兴.
1050-2947/2007/76共1兲/012304共14兲

Addressing the problem of dynamical generation of correlations it is necessary to distinguish between the unitary
evolution of an isolated system and the open evolution of a
system coupled to an environment. While a given unitary
evolution can generate extensive entanglement, coupling the
system to an environment is generally expected to restrict
entanglement generation. This expectation originates in the
general philosophy, seeing in environmental-induced decoherence 关13兴 the universal route of quantum-to-classical transition. It is consistent with some established results on opensystems entanglement dynamics.
Evolution of quantum correlations under the influence of
the environment was investigated both in the context of
quantum to classical transition 关13兴 and in the context of
quantum information processing 关14兴. Most studies have
been concerned with dynamics of entanglement between
noninteracting systems coupled to a bath. It was found that
coupling to a common environment is able to entangle noninteracting systems 关15,16兴. On the other hand, coupling to
certain local environments leads to total disentanglement of
the systems in finite time 关17–22兴. The rates of disentanglement were calculated in bi- and multipartite systems of noninteracting qubits 关19,23–26兴 and quidits 关27,28兴, locally
coupled to various environments. A number of studies addressed dynamical generation of correlations between interacting subsystems in the presence of the environment. Production of entanglement between qubits, modeling a system
of ions, coupled to environment through their center of mass
motion in ion traps, was investigated in Ref. 关28兴. It was
found that the coupling to environment diminishes the maximally achievable entanglement, with the corresponding entanglement loss increasing with the number of ions. Reference 关29兴 explored the dynamics of entanglement in the
quantum Heisenberg XY chain, immersed in a global purely
dephasing bath. The robustness of entanglement against the
dephasing was related to the number of spins in the chain.
The coupling of interacting subsystems to local environments was considered in Refs. 关30,18兴. Reference 关30兴 investigated the generation and transfer of entanglement in harmonic chains. The creation of entanglement by suddenly
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switching on the interaction in the chain was found to be
robust against the decoherence induced by coupling of the
oscillators to local harmonic baths. The model of two harmonically coupled quantum Brownian particles was treated
in Ref. 关18兴. It was found that in the physically interesting
range of parameters the interaction between the particles cannot prevent their eventual disentanglement, induced by
coupling to local baths.
While the observed disentanglement of the noninteracting
systems by coupling to local environments meets the common intuition about the quantum-to-classical transition, the
picture of dynamics of entanglement in the presence of interaction is not so clear. Searching for an efficient and a
universal environment-induced mechanism of restricting the
extent of the generated entanglement, it seems necessary to
focus on the following aspects of the dynamics of
correlations.
First, the scaling of the generated correlations with the
effective Hilbert space dimension of the interacting subsystems must be considered. This is in contrast to the context
of the quantum information processing where the object of
interest is usually the scaling of entanglement with the number of degrees of freedom 共qubits兲. The expectation is that
the environment-induced restriction on the generation of entanglement becomes most significant in the range of the large
quantum numbers of the system, which is commonly associated with the quantum-to-classical transition. In fact, extensive entanglement in the large Hilbert space dimension
seems impossible without creating the “cat-state” superpositions, which are expected to be destroyed by the
decoherence.
Second, the dynamics of correlations must be followed on
the short, interaction time scales. It is possible that the longtime dynamics of an open composite system, approaching
equilibrium, is disentangled, but the entanglement generated
on the interaction time scales is so large that the partition of
the system has no meaning.
Moreover, since a common environment will generically
entangle noninteracting systems, coupling to local environments seems necessary to provide for a generic route to a
disentangled dynamics.
The present study focuses on the investigation of
environment-induced constraints on the dynamics of quantum and classical correlations in the open bipartite composite
system. The system consists of two nonlinearly interacting
harmonic oscillators, coupled to local purely dephasing
baths. The distinction between the dephasing and pure
dephasing has first appeared in the context of NMR 关31兴.
Pure dephasing corresponds to loss of coherence in the energy representation. The two prototypes of underlying stochastic processes leading to dephasing are the Gaussian and
the Poissonian processes 关32兴. Kubo based his line-shape
theory 关33兴 on the Gaussian model. Kubo’s model is the
cornerstone of the condensed-matter spectroscopy. Recently,
exceptions to the Gaussian paradigm have been found experimentally 关34–36兴 in ultrafast vibrational spectroscopy.
The Poissonian model was shown to describe the dynamics
adequately. Quantum Poissonian stochastic models have first
appeared in the gas collision theory. They are also employed
in the condense phase physics. For example, the Poissonian

noise has been considered as a source of decoherence in
quantum dots 关37–39兴. Due to the fundamental and the experimental relevance of the Gaussian and the Poissonian stochastic processes they were chosen as the source of the
dephasing in the present study.
The models aim to explore dynamics of correlations in a
composite system of coupled multilevel subsystems at large
effective Hilbert space dimension. Examples of such systems
include multimode molecular vibrations 关40兴, linear and nonlinear quantum optics 关41兴, and cold trapped atomic ions
关42兴. The primary goal is to locate a generic mechanism by
which the decoherence keeps an interacting composite system “approximately disentangled” all along the evolution.
Dynamics of quantum and classical correlations and their
scaling with the effective Hilbert space dimension of the system are compared.
The measures of quantum and total, i.e., quantum and
classical, correlations are defined in Sec. II. Section III examines the issue of the generation of quantum correlations
共entanglement兲 in the model problems. Section IV presents
numerical results on the dynamics of both quantum and classical correlations and Sec. V summarizes the conclusions.
II. MEASURES OF CORRELATION

The state of a bipartite system is uncorrelated if it can be
described by the form

ˆ ab = ˆ a 丢 ˆ b .

共1兲

A general correlated state can be Schmidt-decomposed
关43兴 共cf. Appendix A兲 in the Hilbert-Schmidt space leading
to
N

ˆ ab = 兺 ciÂia 丢 B̂ib ,

共2兲

i

where the sets 兵Â其 and 兵B̂其 of operators are orthonormal in
the Hilbert-Schmidt spaces of systems a and b.
The number of nonvanishing coefficients ci in the
Schmidt decomposition of a vector in an abstract tensorproduct Hilbert space is called the Schmidt rank of the vector. To avoid confusion in the following presentation the term
HS-Schmidt rank 共or just HS rank for brevity兲 is adopted for
the Schmidt decomposition in the Hilbert-Schmidt 共HS兲
space of operators, while retaining the term Schmidt rank for
the Schmidt decomposition in the corresponding Hilbert
共pure兲 state space. A HS rank is a natural measure of total
correlations present in a mixed state ˆ 共cf. Appendix A兲.
A special subset of mixed states is the set of separable or
classically correlated states 关4兴. The state is separable if it
can be cast into the following form
N

ˆ ab = 兺 piˆ ia 丢 ˆ ib ,

共3兲

i

where 0 艋 pi 艋 1, 兺Ni pi = 1, and ˆ a and ˆ b are density operators defined on the Hilbert spaces of the subsystems a and b,
respectively. Separable states are mixtures of uncorrelated
states, which can be completely characterized by local mea-
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surements. Therefore, partition of a composite system into
parts has a strong physical meaning. Such a partition is
always possible for classical probability density distribution
of a bipartite system 关4,44兴.
States that do not comply with the form of Eq. 共3兲 are
called quantum-correlated or entangled. Pure correlated
states are always entangled. The measure of a pure state
entanglement can be defined by its Schmidt rank 关45兴. Estimating the measure of a mixed-state entanglement is a difficult conceptual and computational problem 关45兴. One can
look for the decomposition of ˆ ab into a mixture of pure
states that are least entangled on average. The average entanglement corresponding to such decomposition is a possible measure of the mixed state entanglement. Unfortunately, such measures are notoriously difficult to compute.
An alternative computable measure of the bipartite mixed
state entanglement is the negativity 关46兴 defined as follows:
储ˆ Ta储 − 1
,
N共ˆ 兲 ⬅
2

兺

兩m−n兩艋⌬

mn兩m典具n兩 丢 兩m典具n兩,

共5兲

共8兲

with ⌬ Ⰶ k. The sum of the absolute values of the
off-diagonal elements can be estimated as follows:
n=m+⌬

兩mn兩 − 1 = 兺 兺 兩mn兩 − 1
兺 兩mn兩 = 兺
mn
m n=m−⌬

m⫽n

⬍兺
m

n=m+⌬

兺
n=m−⌬

冑mmnn 艋 兺
m

n=m+⌬

兺
n=m−⌬

mm + nn
2

n=m+⌬

1
1
= 兺 兺 mm + 兺 兺 nn ⬍ 2⌬,
2 m n=m−⌬
2 m n=m−⌬

共4兲

The spectrum of the partially transposed density matrix is
independent of the choice of local basis or on the choice of
the subsystem with respect to which the partial transposition
is performed. The negativity of the state equals the absolute
value of the sum of the negative eigenvalues of the partially
transposed state. By the Peres-Horodecki criterion 关47,48兴
the negativity vanishes in a separable state. On the other
hand, vanishing of the negativity does not imply separability
of the state in general 关48兴.
Finite negativity is a necessary and sufficient condition
for the presence of entanglement in a particular type of
mixed states, the so-called Schmidt-correlated states
关49–51兴. In this case the negativity can be related to the
structure of the density operator, which facilitates the evaluation of the entanglement.
The Schmidt-correlated states have the following form:

ˆ = 兺 mn兩m典具n兩 丢 兩m典具n兩,

ˆ =

n=m+⌬

where 储X̂储 = Tr冑X̂†X̂ is the trace norm of an operator X̂ and
Ta stands for the partial transposition with respect to the first
subsystem. The partial transposition Ta, with respect to subsystem a of a bipartite state ˆ ab expanded in a local orthonormal basis as ˆ ab = 兺ij,kl兩i典具j兩 丢 兩k典具l兩, is defined as
Ta
ab
⬅ 兺 ij,kl兩j典具i兩 丢 兩k典具l兩.

⌶1 丢 ⌶2 local tensor product basis. It follows that the negativity of entangled Schmidt-correlated states is finite 关52兴.
The negativity can be related to the structure of the density operator. Consider the density operator 共6兲 having the
following quasidiagonal structure:

共9兲

where the first inequality follows from the positivity of the
density operator and the second is the inequality of geometric and arithmetic means. Therefore,
N共ˆ 兲 ⬍ ⌬

共10兲

in the state 共8兲. Since the negativity of the maximally entangled state 关corresponding to 兩mn兩 = 1 / k in Eq. 共6兲兴 equals
共k − 1兲 / 2, as follows from Eq. 共7兲, the negativity of the quasidiagonal density matrices is negligible compared to the
maximally entangled state. It should be noted that the form
共8兲 with ⌬ Ⰶ k of the density matrix does not constrain the
magnitude of the classical correlations present in the state.
For example, a strictly diagonal matrix mn = ␦mn corresponds
to a maximally 共classically兲 correlated separable state.
Schmidt correlated states appear naturally in a composite
bipartite dynamics admitting particular conservations laws
关52兴. The models of open-system dynamics considered in the
following sections belong to that class. As a consequence,
the presence and extent of entanglement in evolving composite systems can be related to the structure of the density
matrix, which can be inferred on the basis of relatively
general scaling considerations.
III. DENSITY OPERATOR OF A BIPARTITE SYSTEM
UNDER LOCAL PURE DEPHASING

共6兲

mn

A. General considerations

k
k
where ⌶1 = 兵兩m典其m=1
and ⌶2 = 兵兩m典其m=1
are local orthonormal bases. Equation 共6兲 implies that ˆ = 兺i pi兩i典具i兩, where
i
兩  i典 = 兺 mc m
兩m典 丢 兩m典2 for every i, i.e., all pure states in the
mixture share the same Schmidt bases 共cf. Appendix A兲 ⌶1
and ⌶2. It has been proved 关52兴 that for Schmidt-correlated
states

N共ˆ 兲 =

兺 兩mn兩,

共7兲

m⬍n

i.e., the negativity equals half the sum of absolute values of
the off-diagonal elements of the density operator, written in a

The model of open system dynamics considered is
described by


ˆ = 共L1 + L2兲ˆ + Iˆ ,
t

共11兲

where the generators of local nonunitary evolution are
L j = −i关Ĥ j , • 兴 − ⌫ jD j, j = 1 , 2, and I = −i␥关Ĥ12 , • 兴 stands for
the interaction superoperator. The operators Ĥ j are local system Hamiltonians, the operator Ĥ12 is the nonlocal 共interaction兲 term in the composite system Hamiltonian, and D j de-
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notes the local bath-dependent superoperators. Coupling
constants ⌫1,2 and ␥ measure, respectively, the strength of
the coupling to the local environments and the strength of the
interaction between the subsystems.
As a reference, the open evolution of noninteracting subsystems 共␥ = 0兲 is considered first. In this case a local dephasing evolution of each separate system takes place,


ˆ = 共L1 + L2兲ˆ .
t

共12兲

In many models of open evolution 关13,53–55兴 it is found
that the evolving state undergoes decoherence, characterized
by the decay of the off-diagonal elements of the density operator represented in a particular basis of the robust states.
Ideal robust states retain their purity notwithstanding the interaction with environment. Examples of such models include interaction with a purely dephasing environment, singling out energy states as the robust basis, quantum
Brownian motion, and damped harmonic oscillator at zero
temperature T = 0, which select the robust basis of coherent
states. While the robust state’s basis is determined by the
type of the bath and the system Hamiltonian, the time scales
of the decoherence generally depend on the initial state as
well.
Let us assume that the local superoperators L1 and L2 in
Eq. 共12兲 single out local robust state’s bases ⌶1 and ⌶2. A
composite noninteracting system evolving according to Eq.
共12兲 from an arbitrary initial state is expected to decohere in
the tensor product basis: ⌶1 丢 ⌶2. That means that an arbitrary initial state density matrix will eventually diagonalize
in this basis. Switching on the interaction between subsystems causes a competition between entanglement generation and decoherence induced by the local baths. For sufficiently weak interaction viewing the evolving density
operator in the unperturbed tensor product basis ⌶1 丢 ⌶2 of
local robust states is a good starting point. If the interaction
perturbs only slightly the evolution of an off-diagonal matrix
element, it will decay on an almost unperturbed decoherence
time scale.
To proceed with a more quantitative argument the concept
of the effective Hilbert space Hef f is helpful. Since the energy of the evolving system is finite, the evolution can be
effectively restricted to a Hilbert space with finite dimension.
This Hilbert space is termed the effective Hilbert space of the
system. Let  be a spectral norm 关56兴 of the interaction superoperator I restricted to the effective Hilbert-Schmidt
space 共i.e., the space of linear operators on Hef f 兲 and ⌳ be a
spectral norm of the dissipator D = D1 + D2 restricted to this
space.  and ⌳ correspond to the shortest time scales of the
evolution generated by the I and D, respectively. When 
Ⰶ ⌳, the interaction time scale is slow compared to the shortest decoherence time scale. As a consequence, the evolution
of certain matrix elements is only slightly perturbed by the
interaction. In that case the perturbed dynamics of the matrix
element will follow essentially the course of the decoherence. Therefore, a rough distinction can be made between the
region of the density matrix dominated by the decoherence
and the region dominated by the interaction. The border be-

tween the two regions is defined by the condition

ij = O共−1兲,

共13兲

where ij is the unperturbed decoherence time scale of a
matrix element ij, i , j 苸 ⌶1 丢 ⌶2.
In the case where the decoherence-dominated regions of
the density matrix are not populated initially, they will stay
unpopulated in the course of the perturbed evolution. This
property will shape the structure of the evolving density matrix. If the states are Schmidt-correlated states with local
Schmidt-bases ⌶1 and ⌶2, being the local robust states
bases, the relation can be established between the structure of
the matrix and the entanglement of the state as indicated in
the previous section. Qualitatively, the larger the
decoherence-dominated region, the smaller the negativity of
the state.
The relative extent of the decoherence- and the
interaction-dominated regions in a given dynamics generally
depends on the initial state and, in particular, on the effective
Hilbert-space dimension k of the system. As a consequence,
different scenarios may be expected at asymptotically large
k. The growing contribution of the interaction-dominated regions will generally imply extensive entanglement generation. On the other hand, if the relative size of the interactiondominated regions becomes negligible at large k the
entanglement generated by the open system dynamics may
be negligible or even asymptotically independent on k. This
possibility appeals to one who believes in the environmentalinduced decoherence as a universal instrument of quantum to
classical transition. An interesting question is the fate of the
classical correlations in this scenario. While decoherencedominated dynamics can turn extensively entangled initial
state into extensively classically correlated state, it is not
clear that decoherence-dominated dynamics can generate extensive classical correlations when quantum entanglement is
negligible all along the evolution. Negligible total correlations seem nongeneric and do not correspond to the intuitive
picture of a “really interacting” system. Therefore, a scenario
of negligible quantum and extensive classical correlations
matches best to a generic mechanism of quantum to classical
transition.
B. Model calculations

The model calculations are used to illustrate and verify
the general considerations presented above. The evolution of
a bipartite system is studied according to Eq. 共11兲,

ˆ
ˆ
ˆ
t  = 共L1 + L2兲 + I, where 共L j = −i关Ĥ j , • 兴 − ⌫ jD j, j = 1 , 2, and
I = −i␥关Ĥ12 , • 兴兲 with two types of dissipators, corresponding
to the Gaussian 关57,58兴 and the Poissonian 关35兴 purely
dephasing models
D jˆ =

再

†Ĥ j,关Ĥ j, ˆ 兴‡
e

ˆ
ˆ
−iH
j ˆ iH j

e

共Gaussian兲,

− ˆ 共Poissonian兲.

冎

共14兲

These dissipators have the Lindblad form 关59兴 of a generators of quantum dynamical semigroups. The Gaussian and
the Poissonian generators are the two examples explicitly
mentioned in the seminal paper by Lindblad 关59兴.
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The model Hamiltonian is a simplified version of a nonlinearly interacting multimode system. The local Hamiltonians Ĥ j, j = 1 , 2 are chosen to be Hamiltonians of harmonic
oscillators Ĥ j =  jâ†j â j, where â†j and â†j are the creation and
annihilation operators, respectively. Two general types of interaction are considered. The first 共IA兲, termed band-limited
interaction, is motivated by the stimulated Raman interaction
between the translational modes of ions in cold traps 关60–62兴
共for example, in Ref. 关61兴 the effective interaction between
the modes is reduced to the band-limited operator

I=

再

− i␥关Â†1Â2 + Â†2Â1, • 兴 共⬅IA兲,
− i␥关共â†1兲s共â2兲r + 共â†2兲s共â1兲r, • 兴, s = 1,2, . . . ; r = 1,2, . . . 共⬅IB兲,

where Â j is defined by its matrix elements in local energy
basis 共Â j兲mn = ␦m,n−1. The structure of Â j assures that IA is
band limited with the spectral norm  = O共␥兲.
The important property of the dynamics, Eq. 共11兲, with
local dephasing, Eq. 共14兲, and interaction, Eq. 共15兲, is conservation of a particular additive operator in each case. The
first type of interaction, IA, preserves the number operator
N̂ = â†1â1 + â†2â2: IA† 共N̂兲 = 0, which is also preserved by the
local generators 共L†1 + L†2兲共N̂兲 = 0. The second type of interaction, IB, preserves the generalized number operator N̂rs
⬅ râ†1â1 + sâ†2â2: IB† 共N̂rs兲 = 0, preserved by the local generators as well, 共L†1 + L†2兲共N̂rs兲 = 0.
Assume a pure uncorrelated initial state 兩共0兲典 = 兩k0典
共written in the local energies basis兲. The state 兩共0兲典 is an
eigenstate of N̂ with the eigenvalue k. As a consequence, the
first type of the interaction, IA, will drive the initial state into
a mixture of eigenstates of N̂ corresponding to the eigenvalue k, ˆ 共t兲 = 兺mncmn兩mlm典具nln兩 with lm = k − m. Thus, k determines the effective Hilbert space dimension of the system in
this case: dim共Hef f 兲 = k. Since 兩共0兲典 is also an eigenstate of
N̂rs with the eigenvalue rk, the second type of interaction, IB,
will take it into a mixture of eigenstates of N̂rs corresponding
to the same eigenvalue rk, ˆ 共t兲 = 兺mncmn兩mlm典具nln兩 with lm
= sr 共k − m兲. The number of initial excitations k of the first
oscillator determines the effective Hilbert space dimension
of the system in this case: dim共Hef f 兲 = k / s. To summarize,

ˆ 共t兲 = 兺 cmn兩mlm典具nln兩
mn

exp关±i共â†x ây + âxâ†y 兲兴兲. The second type of interaction 共IB兲
is motivated by weakly nonlinear interacting modes emerging in molecular vibrations 关40兴 and in nonlinear optics. The
typical example in the nonlinear optics is the second harmonic generation modeled by the interaction Hamiltonian of
the form Ĥ = បg共â2b̂† + â†2b̂兲 关41,60兴. In addition, the dynamics of the cold ion traps can be operated in the regime, where
the effective interaction is well approximated by a weakly
nonlinear coupling 关60–62兴.
The two types of interaction are generated by

where

冦

lm = k − m

共IA兲

r
lm = 共k − m兲 共IB兲
s

冧

共16兲

In both cases, the resulting mixed state is a Schmidtcorrelated state with a time-independent Schmidt bases. This
property permits evaluation of the negativity of ˆ in each

冎

共15兲

case from its structure, as indicated in Sec. II.
1. Gaussian vs Poisson pure dephasing bath

The difference between the two types 共14兲 of environments can be understood by comparing the local evolutions
of a single oscillator coupled to the bath of each type,


ˆ = − i关Ĥ, ˆ 兴 − ⌫Dˆ .
t

共17兲

In the Gaussian case, Eq. 共17兲 in the energy representation
becomes
2
˙ nm = − imnnm − ⌫mn
nm ,

共18兲

with mn ⬅ m − n, leading to the solution nm共t兲
2
= nm共0兲e−imnt−⌫mnt. Thus the effect of the purely dephasing
Gaussian bath is the “diagonalization” of the density matrix
in the energy basis 共the robust states basis for this model兲 on
the time scale that varies for different matrix elements nm
and increases with the distance 兩m − n兩 of the element from
the diagonal. The shortest decoherence time scale corresponds to the largest distance from the diagonal and decreases with the growing effective Hilbert space dimension
of the system.
In the Poissonian case, Eq. 共17兲 in the energy representation becomes

˙ nm = − imnnm + ⌫共e−imn − 1兲nm ,
−imn

共19兲

−1兲t
leading to the solution nm共t兲 = nm共0兲e−imnt+⌫共e
. Apparently, the robust states basis is once again the energy basis, but the decoherence rates of the matrix elements are
limited by 兩⌫共e−imn − 1兲兩 = 2⌫, independently of the initial
state.
This difference in properties of the Gaussian and the Poissonian environments will result in different dynamics of the
correlations in the composite bipartite system dynamics, Eq.
共11兲.
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1

共Gaussian dephasing兲,
共20兲


ˆ
ˆ
ˆ = − 兺 ⌫ j共e−iH jˆ eiH j − ˆ 兲
t
j=1,2

共Poissonian dephasing兲.
共21兲

Since the dynamics preserve local energies the effective
Hilbert space dimension of the evolving system is determined by the energy range of the initial state. The initial state
1
k
of the form 兩典 = 冑k+1
兺n=0
兩n典兩k − n典 共兩n典 is a local energy
eigenstate兲 is a maximally entangled state. It corresponds to
the effective Hilbert space spanned by the states
k
.
兵兩n典兩k − n典其n=0
The solution to Eq. 共20兲, the Gaussian case, is found:

ˆ 共t兲 =

2
2
1
e−共⌫11,mn+⌫22,mn兲t兩n典兩k − n典具m兩具k − m兩,
兺
k + 1 mn

共22兲
when the solution to Eq. 共21兲, the Poissonian case, becomes

ˆ 共t兲 =

1
−i

−i

e−共⌫1关1−e 1,mn 兴+⌫2关1−e 1,mn 兴兲t兩n典兩k − n典
兺
k + 1 mn
⫻具m兩具k − m兩.

共23兲

−1
Decoherence rates in the Gaussian case 共22兲 are mn
2
2
2
2
= ⌫11,mn + ⌫22,mn 艋 ⌳g ⬅ maxm,n艋k兵⌫11,mn + ⌫22,mn其 and
generally increase without bounds with the effective Hilbert
−1
space dimension k. For example, taking Ĥ j =  jâ†j â j, mn
2
2
2
= 共⌫11 + ⌫22兲共m − n兲 is obtained, with maximal rate ⌳g
−1
= 0k
= 共⌫121 + ⌫222兲k2. In the Poissonian case 共23兲 the
−1
decoherence rates are bounded: mn
= Re兵⌫1关1 − e−i1,mn兴
+ ⌫2关1 − e−i1,mn兴其 艋 ⌳ p ⬅ 2共⌫1 + ⌫2兲.
Note, that both solutions 共22兲 and 共23兲 are Schmidtcorrelated states. Therefore, the corresponding negativities
can be calculated from Eq. 共7兲,

N„ˆ 共t兲… =

2
2
1
兺 e−共⌫11,mn+⌫22,mn兲t
k + 1 m⬍n

共Gaussian dephasing兲,
N„ˆ 共t兲… =

共24兲

1
−i

−i

兺 e−共⌫1关1−e 1,mn 兴+⌫2关1−e 1,mn 兴兲t
k + 1 m⬍n
共Poissonian dephasing兲.
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FIG. 1. 共Color online兲 Purity, HS-participation number, and
negativity of the density operator of two harmonic oscillators evolving under local purely dephasing Gaussian 共solid lines兲 and Poissonian 共dashed lines兲 environments 关Eq. 共14兲兴. The initial state is a
1
k
pure maximally correlated state 兩典 = 冑k+1 ⌺n=0
兩n典兩k − n典 for k
= 2 , 4 , . . . , 12. The coupling parameter to the bath ⌫ = 1 in both
cases. The frequencies of the oscillators 1 = 2 = 1. While the decay
rates in the Gaussian case depend on the initial state and increase
with the effective Hilbert space dimension k, in the Poissonian case
the rates are practically independent of k.

ally to a complete decay of the quantum correlations 共note
that since the evolving state is Schmidt correlated, its negativity vanishes if and only if the state is disentangled 关52兴兲.
But the dependence of the time scales of the decay on the
effective Hilbert space dimension k is different in the two
cases. In the Poissonian case the rate of the negativity 共25兲
decay is bounded by ⌳ p = 2共⌫1 + ⌫2兲, independent of k, while
in the Gaussian case 共24兲, the bound is ⌳g
2
2
= maxm,n⬍k兵⌫11,mn
+ ⌫22,mn
其, which generally grows with
k.
The total correlations 共and, as a consequence, the classical
correlations兲 follow a different course of evolution. The HS
rank 共and HS-participation number兲 of initial state is k2 共see
Appendix A for the calculation of HS rank of a pure state兲.
The stationary solution corresponding to both Eqs. 共22兲 and
1
共23兲 is ˆ st = k+1
兺m兩m典兩k − m典具m兩具k − m兩 with HS rank 共and HS
participation number兲 equal to k. Therefore, although the total correlations decay in both models, the stationary solution
contains extensive classical correlations, i.e., the correlations
that grow without bounds with the effective Hilbert space
dimension k.
Figure 1 displays the negativity, HS-participation number,
and purity of the composite state evolving under Gaussian
共20兲 and Poissonian 共21兲 dephasing dynamics, corresponding
to Ĥi = â†i âi, ⌫1 = ⌫2, and the initial state of the form 兩典
1
k
= 冑k+1
兺n=0
兩n典兩k − n典. The effective Hilbert space dimension is
varied, k = 4 , . . . , 12. As anticipated from the difference of the
two types of environments, the decay rates in the Gaussian
case depend on the initial state and increases with the effective Hilbert space dimension, while in the Poissonian case
the rates are effectively independent of the initial state.

共25兲

From Eqs. 共24兲 and 共25兲 it follows that both types of the
purely dephasing dynamics 关Eqs. 共20兲 and 共21兲兴 lead eventu-

0.5

negativity


ˆ = − 兺 ⌫ j†Ĥ j,关Ĥ j, ˆ 兴‡
t
j=1,2

HS−participation
number

To gain insight on the effect of dephasing on the correlations the simplest bath-driven dynamics is studied first, in
which the composite system Hamiltonian vanishes altogether, meaning that no entanglement is generated during the
evolution. The corresponding equation 共11兲 transforms into

purity

2. Local dephasing driven dynamics

3. Full dynamics

At this point the interaction between the oscillators are
introduced, and the full dynamics according to Eq. 共11兲 with
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␥ ⫽ 0 is followed. We shall consider a pure uncorrelated initial state of the composite system, 兩共0兲典 = 兩k0典, i.e., the state
corresponding to the excitation of the kth level of the first
oscillator and the ground state of the second. In that case, as
shown above, each type of the interaction 共15兲 and the
dephasing 共14兲 considered admits a particular additive conserved quantity 共a generalized number operator兲, which defines the effective Hilbert space of the composite system for
each k and is responsible for the remarkable property of the
evolving state: the density operator is a Schmidt-correlated
state in a time-independent Schmidt bases: ˆ 共t兲
= 兺mnmn共t兲兩m典具n兩 丢 兩lm典具ln兩 关Eq. 共16兲兴. The Schmidt bases
⌶1 = 兵兩m典其 and ⌶2 = 兵兩lm典其 are the robust 共local energies兲 bases
of the corresponding local open systems 共17兲, with the correspondence m ↔ lm, determined by the particular conservation law, depending on the type of interaction. This property
allows us to relate the structure of the evolving density operator to its negativity, as indicated in Sec. II. The relevant
structure of the evolving density operator is determined by
the relative size of the decoherence- and the interactiondominated regions of the corresponding density matrix. This
structure is investigated for each type of interaction and
dephasing and for different effective Hilbert space dimensions of the system.
The overview in the preceding section of the dynamics
driven solely by the local dephasing reveals important differences between the two types of local environment with respect to the anticipated structure of the evolving density matrix. In the Poissonian case the decoherence rates are of the
−1
艋 2共⌫1 + ⌫2兲, as shown
order of the system-bath coupling mn
above. Therefore, evolution of the matrix elements is dominated either by the decoherence or by the interaction depending on the relative strength of the coupling constants and
independently of the effective Hilbert space dimension. In
models with weak system-bath coupling, ⌫1,2 Ⰶ , the structure of the evolving density operator will only slightly be
affected by the coupling to the Poissonian bath on the interaction time scale ␥−1 Ⰶ mn. As a consequence, the quantum
correlations will develop almost unperturbed on the interaction time scale.
A different dynamical pattern is anticipated in the case of
the Gaussian purely dephasing bath. The decoherence rates
in this case are
−1
mn
= ⌫121共m − n兲2 + ⌫222共lm − ln兲2

where

冦

lm = k − m

共IA兲,

r
lm = 共k − m兲
s

共IB兲,

冧

共26兲

where IA and IB indicate the type of interaction:

储␦ˆ mn储1 = O

冢 冑冋
␥
⌫

1
共m − n兲
⌫

册 冋
2

1

2
+
共lm − ln兲
⌫

册

IA ⬅ −i␥关Â†1Â2 + Â†2Â1 , • 兴,
with
共Â j兲mn = ␦m,n−1,
and
IB ⬅ −i␥关共â†1兲s共â2兲r + 共â†2兲s共â1兲r , • 兴, with 共â j兲mn = 冑m␦m,n−1
关see Eq. 共15兲兴. In each case, the decoherence rate increases
with the “distance” 兩m − n兩 from the diagonal. As a consequence, the evolving density operator obtains a quasidiagonal structure in the local energies basis, with the width ⌬ of
the interaction-dominated region about the diagonal depending on the type of interaction.
Let us assume for simplicity that ⌫121 = ⌫222 = ⌫. In that
case a matrix element mn decoheres on the time scale mn
= 关2⌫共m − n兲2兴−1. The spectral norm of IA is  = O共␥兲. Therefore, the width about the diagonal of the evolving density
matrix can be estimated from Eq. 共13兲 as
⌬ = O共冑␥/⌫兲,

共27兲

where ⌫ Ⰶ ␥ is assumed. The spectral norm of IB is 
= O共k共r+s兲/2兲, where k / s is the effective Hilbert space dimension of the system 关see Eq. 共16兲兴. As a consequence, from
Eq. 共13兲 ⌬ becomes
⌬ = O共冑␥/⌫k共r+s兲/4兲.

共28兲

In the band limited interaction case 共IA兲 the quasidiagonal
structure of the density operator emerges 关Eq. 共27兲兴, while in
the case of the nonlinear interaction 共IB兲 a quasidiagonal
structure is expected only if the nonlinearity is weak: s + r
⬍ 4 关Eq. 共28兲兴.
Perturbation theory supports the scaling considerations.
For a normalized eigenoperator Ôl of the local evolution
generator L†1 + L†2: 共L†1 + L†2兲Ôl = lÔl. The interaction I perturbs the evolution. The action of the perturbed generator on
Ôl gives 共L†1 + L†2 + I†兲Ôl = l共Ôl + ␦ˆ l兲. If the trace norm of ␦ˆ l
is small compared to unity: 储␦ˆ 储 Ⰶ 储Ô 储 = 1, the evolution of
l 1

l 1

Ôl is only slightly perturbed on the time scale of 共l兲−1.
Therefore, if Re关l兴 ⬍ 0, the perturbed Ôl will decay on a
time scale of 兩Re关l兴兩 to the leading order in 储␦ˆ l储1. To each
density matrix element mn in the nonperturbed tensorproduct basis of the local energy states 共the robust states
bases兲 there corresponds the normalized operator Ômn
= 兩mlm典具nln兩 such that 具Ômn典 = Tr兵ˆ Ômn其 = mn. Defining ␦ˆ mn
by 共L† + L† + I†兲Ô =  共Ô + ␦ˆ 兲 with  = i关 共m − n兲
1

mn

2

mn

mn

mn

mn

1

+ 2共lm − ln兲兴 − ⌫关共m − n兲2 + 共lm − ln兲2兴, we obtain for the trace
norm of ␦ˆ mn corresponding to the first type of interaction IA,

2

+ 关共m − n兲 + 共lm − ln兲 兴
2

2 2

and for the trace norm of ␦ˆ mn corresponding to the second type of interaction IB,
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冢 冑冋
␥
⌫

1
共m − n兲
⌫

册 冋
2

+

s r
n rm s + l m
ln

2
共lm − ln兲
⌫

册

2

+ 关共m − n兲2 + 共lm − ln兲2兴2

The width ⌬ of the interaction-dominated region is estimated by solving
1
␥
=1
2
⌫ 共m − n兲 + 共lm − ln兲2

共31兲

for the interaction generated by IA and

冑lmrms + nslrn
␥
=1
⌫ 共m − n兲2 + 共lm − ln兲2

共32兲

for the interaction generated by IB. Using Eq. 共26兲, Eq. 共31兲
is simplified to
1
␥
= 1,
2⌫ 共m − n兲2

共33兲

from which ⌬ = 2兩m − n兩 = 冑2␥ / ⌫ is found, in compliance with
the estimate 共27兲, and Eq. 共32兲 is simplified to

冉冊

␥ r
2⌫ s

r/2

冑关共k − m兲rms + ns共k − n兲r兴
2共m − n兲2

= 1.

共34兲

In this case, the width about the diagonal ⌬ = 2兩m − n兩 will
depend on m. The upper bound on ⌬ was calculated from Eq.
共34兲 in two cases. First, for the linear coupling r = s = 1 gives
⌬ ⬍ 23/4冑 ␥⌫k . Second, for the nonlinear coupling r = 1, s = 2
gives ⌬ ⬍ 冑 ⌫␥ k3/4. Both results comply with the estimation
Eq. 共28兲.
Figure 2 displays regions of the density matrix, dominated
by the interaction, vs regions dominated by the decoherence,
with the boundary between the regions determined by Eqs.
共33兲 and 共34兲 for k = 10, 20, 40, 50, and ␥ / ⌫ = 3. The figure
represents the composite system density matrices ˆ
r
r
= 兺mncmn兩mk − m典具nk − n兩 and ˆ = 兺mncmn兩m s 共k − m兲典具n s 共k
− n兲兩, corresponding to Eqs. 共33兲 and 共34兲, with m indexing
the columns and n indexing the rows. The contours of Eqs.
共34兲 are plotted for the linear coupling 共r = s = 1兲 and the nonlinear coupling 共r = 1, s = 2兲. The quasidiagonal structure of
the density operator is apparent. Both in the case of linear
and nonlinear coupling between the oscillators, the width
grows with the effective Hilbert space dimension. This is in
contrast to the case of the band-limited interaction 共IA兲,
where the width about the diagonal does not depend on the
effective Hilbert space dimension k.
To conclude, in contrast to the Poissonian type dephasing,
in the Gaussian case the interaction-dominated regions are
located about the diagonal of the density operator represented in the local energies basis. Since the initial state
兩共0兲典 = 兩k0典 corresponds to the density operator with an unpopulated decoherence-dominated region, this region will remain unpopulated all along the evolution. As a consequence,
the evolving density operator will stay in the quasidiagonal

冣

⬍O

冉

冊

冑lmrms + nslrn
␥
.
⌫ 共m − n兲2 + 共lm − ln兲2

共30兲

form. According to Eq. 共10兲 the value of negativity is
bounded by ⌬ in each case: N共ˆ 兲 ⬍ ⌬. Asymptotically, i.e.,
as k Ⰷ 1 for the band-limited interaction, 冑k Ⰷ 1 for the linear
interaction and 冑4 k Ⰷ 1 for the nonlinear case, the width about
the diagonal becomes negligible compared to k. In this case,
the generated entanglement is negligible compared to the
maximal entanglement compatible with the effective Hilbert
space dimension.
In the following section the results of the numerical calculations of the evolution of negativity, illustrating the foregoing discussion, are presented. The evolution of negativity
is compared in each case with the dynamics of the total 共i.e.,
quantum and classical兲 correlations, as measured by the effective HS rank and HS-participation number of the evolving
density operator.
IV. NUMERICAL RESULTS

In the present section the results of numerical calculations
of negativity N共ˆ 兲, HS-participation number ˜共ˆ 兲, and the
effective HS-rank ˜0.01共ˆ 兲 共cf. Appendix A兲 are displayed
and analyzed. The model is a bipartite composite state of two
oscillators, evolving according to Eq. 共11兲. The dynamics
0
5

k=10
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k=20

15
20

rows

储␦ˆ mn储1 = O

k=30

25
30

k=40

35
40

k=50

45
50
0

5

10

15

20

25

30

35

40

45

50

columns

FIG. 2. 共Color online兲 The density operator of the state, evolving according to Eqs. 共11兲 for various interactions 共15兲 and Gaussian type local baths 共14兲 is represented in the product of local energies bases 共Schmidt bases兲. Boundaries are indicated, in each
case, separating the outer 共off-diagonal兲 regions, dominated by the
decoherence, from the inner 共near diagonal兲 interaction-dominated
regions. The interactions correspond to the band-limited case 关case
A, Eq. 共15兲, dotted lines兴, linear coupling r = s = 1 关case B, Eq. 共15兲,
solid lines兴, and the nonlinear coupling r = 1, s = 2 关case B, Eq. 共15兲,
dashed lines兴. The density matrices in the band-limited case are of
the form ˆ = ⌺mncmn兩mk − m典具nk − n兩 and in the linear and nonlinear
cases ˆ = ⌺mncmn兩m共r / s兲共k − m兲典具n共r / s兲共k − n兲兩. The effective Hilbert
space dimension corresponds to k = 10, 20, 30, 40, 50 in each case.
See explanations in the text.
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FIG. 5. 共Color online兲 The negativity, the effective HS rank, and
the HS-participation number of the evolving density operator: cases
BG1 共solid lines兲 and B1 共dashed lines兲. In both cases 1 = 2 = ;
in the BG1 case ⌫1 = ⌫2 = ⌫, ⌫2 = 共1 / 3兲␥ = 共1 / 15兲; in the B1 case
⌫1 = ⌫2 = 0. Initial state 兩典 = 兩k0典 for k = 4 , 6 , . . . , 24.

simulated is classified according to the type of local bath, Eq.
共14兲, and the type of interaction, Eq. 共15兲:
共AG兲 The band-limited interaction IA. Gaussian pure
dephasing 共Figs. 3 and 4兲.
共AP兲 The band-limited interaction IA. Poissonian pure
dephasing 共Fig. 4兲.
共A兲 The band-limited interaction IA. Isolated reference
case 共Fig. 3兲.
共BG1兲 The linear 共r = s = 1兲 interaction IB. Gaussian pure
dephasing 共Figs. 5–7兲.
共BP1兲 The linear 共r = s = 1兲 interaction IB. Poissonian pure
dephasing 共Fig. 6兲.
共B1兲 The linear 共r = s = 1兲 interaction IB. Isolated reference
case 共Figs. 5 and 7兲.
共BG2兲 The nonlinear 共r = 1, s = 2兲 interaction IB. Gaussian
pure dephasing 共Figs. 8–10兲.
共BP2兲 The nonlinear 共r = 1, s = 2兲 interaction IB. Poissonian pure dephasing 共Fig. 9兲.
共B2兲 The nonlinear 共r = 1, s = 2兲 interaction IB. Isolated
reference case 共Figs. 8 and 10兲.
In each case the evolution of the composite system starts
from a pure uncorrelated state 兩典 = 兩k0典, where k is the initial

number of excitations of the first oscillator, which determines
the effective Hilbert space dimension of the system.
Case AG (Figs. 3 and 4). In Fig. 3 the negativity, HSparticipation number and effective HS rank of the evolving
state in the presence of the bath is compared to the corresponding unitary evolution 共case A兲. The amplitude of the
negativity in the isolated case grows without bounds as the
effective Hilbert space dimension k increases. Once the bath
is introduced the amplitude of the negativity saturates to a
value independent of k. On the other hand, both the HSparticipation number and the effective HS rank of the evolving state show that the total correlations grow without
bounds when the effective Hilbert space dimension of the
system increases. It is interesting to note the qualitative difference, most obvious in the unitary evolution 共dashed lines兲,
between the dynamics of the HS-participation number and
the effective HS rank on the shorter time scale, corresponding to the inverse frequency of the oscillators −1. While the
HS-participation number is smooth on that scale, the effective HS rank displays oscillations which follow closely after
the corresponding dynamics of the negativity.
local energies
HS−participation (<H >,<H >)
1
2
number

FIG. 3. 共Color online兲 The negativity, the effective HS rank, and
the HS-participation number of the evolving density operator: cases
AG 共solid lines兲 and A 共dashed lines兲. In both cases 1 = 2 = ,
⌫1 = ⌫2 = ⌫, with ⌫2 = 共1 / 3兲␥ = 共1 / 15兲 in case AG and ⌫ = 0 in
case A. Initial state 兩典 = 兩k0典, with k = 4 , 6 , . . . , 14.
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FIG. 4. 共Color online兲 The negativity, the local energies and the
HS-participation number of the density operator: cases AG and AP.
Parameters: 1 = 2 = , ⌫1 = ⌫2 = ⌫ in both cases, ⌫2 = 0.125␥
= 0.025 in AG 共solid lines兲, and ⌫ = 共1 / 15兲␥ = 共1 / 75兲,  = 2 / 7
in AP 共dashed lines兲. Initial state 兩典 = 兩k0典, with k = 4 , 6 , . . . , 14.

0.5

1

1.5
time (γ−1 units)

2

2.5

3

FIG. 6. 共Color online兲 The negativity, the local energies, and the
HS-participation number of the density operator: cases BG1 and
BP1. Parameters: 1 = 2 = , ⌫1 = ⌫2 = ⌫ in both cases; ⌫2
= 共1 / 16兲␥ = 共1 / 80兲 in BG1 共solid lines兲; and ⌫ = 共1 / 10兲␥
= 共1 / 50兲,  = 2 / 7 in BP1 共dashed lines兲. Initial state 兩典 = 兩k0典,
with k = 4 , 6 , . . . , 18.
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FIG. 7. 共Color online兲 Negativity and HS-participation number
共raised to various powers to fit linear dependence兲 measured at the
first 共in time兲 maximum in Fig. 5 for BG1 共solid line兲 and B1
共dashed lines兲 cases and in Fig. 6 for BP1 共dotted lines兲 case as a
function of the number of excitations k 关equal to dim共Hef f 兲兴. Negativity in the BG1 case is raised to power 4 and the negativity in both
the B1 and BP1 cases is raised to power 2. The powers of the
HS-participation number are 3 / 2 in the BG1 case and 1 in the B1
and BP1 cases.

Case AP. Figure 4 compares the dynamics of correlations
in case AP to case AG. The relative strength of couplings to
different types of environments is chosen to match the time
scales of the local energies dephasing in both cases. It can be
seen that in contrast to case AG both the negativity and the
HS-participation number in case AP increase without bounds
as the effective Hilbert space dimension grows similarly to
the corresponding unitary evolution displayed in Fig. 3.
Case BG1 (Figs. 5–7). In Fig. 5 the negativity, HSparticipation number, and effective HS rank of the evolving
state in the presence of the bath is compared to the corresponding unitary evolution 共case B1兲. The amplitude of the
negativity in the isolated case grows without bounds as the
effective Hilbert space dimension k increases. In the bath-on
case the amplitude of the negativity is obviously restricted
but the quantitive conclusions are better drawn from Figure 7
共see below兲. Both HS-participation number and effective HSrank display the growth of the total correlations without

0.1

0.2

0.3

0.4

time (in γ−1 units)

0.5

0.6

FIG. 9. 共Color online兲 The negativity, the local energies, and the
HS-participation number of the density operator: cases BG2 共solid
lines兲 and BP2 共dashed lines兲. Parameters: 21 = 2 =  in both
cases; ⌫121 = ⌫222 = 共1 / 8兲␥ = 共1 / 80兲 in BG2; ⌫1 = ⌫2 = 共1 / 4兲␥
= 共1 / 40兲,  = 2 / 7 in BP2. Initial state 兩典 = 兩k0典, with k
= 4 , 6 , . . . , 20.

bounds with the effective Hilbert space dimension of the
system. Note the qualitative difference in dynamics of the
two measures.
Figure 7 displays the maximal values of the negativity
and the HS-participation number obtained in cases BG1, B1,
and BP1 as functions of the effective Hilbert space dimension k. It is seen that in the B1 case the squared negativity
and the HS-participation number scale linearly with k in
compliance with the calculation in Appendix B. The same
scaling is found in case BP1. On the other hand, the negativity in the BG1 case scales as a fourth root of the effective
Hilbert space dimension. The corresponding HSparticipation number measuring the total correlations scales
as k2/3.
Case BP1. Figure 6 compares the dynamics of correlations in case BP1 to case BG1. The relative strength of couplings to different types of environments is chosen to match
the local energies dephasing rates. From this figure and Fig.
7 it can be seen that in contrast to case BG1 both the negativity and the HS-participation number in case BP1 follow a
dynamical pattern identical to the corresponding unitary
evolution.
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FIG. 8. 共Color online兲 The negativity, the effective HS rank, and
the HS-participation number of the evolving density operator: case
BG2 共solid lines兲 and B2 共dashed lines兲. In both cases 21 = 2
= ; in case BG2, ⌫121 = ⌫222 = 共1 / 3兲␥ = 共1 / 30兲; in case B2, ⌫1
= ⌫2 = 0. Initial state 兩典 = 兩k0典 for k = 4 , 6 , . . . , 28.
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FIG. 10. 共Color online兲 Negativity 共squared to fit linear dependence兲 and HS-participation number measured at the first 共in time兲
maximum in Fig. 8 for BG2 共solid line兲 and B2 共dashed lines兲 cases
and in Fig. 9 for BP2 共dotted lines兲 case as a function of the number
of excitations k 关equal to dim共Hef f 兲兴.
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Case BG2 (Figs. 8–10). In Fig. 8 the negativity, HSparticipation number and effective HS rank of the evolving
state in the presence of the bath is compared to the corresponding unitary evolution 共case B2兲. For a nonlinear interaction both the amplitudes and time scales of the dynamics
depend on the initial state. As a consequence, the pattern of
behavior changes with the effective Hilbert space dimension.
This makes it difficult to compare the evolutions corresponding to different k. Comparing the open to the closed unitary
evolutions for a fixed k, it is seen that the global dynamics of
the negativity is much stronger affected by the bath than the
dynamics of the total correlations. For example, the total
correlations may grow in the open dynamics similarly to the
unitary case, while the negativity at this time is decaying in
sharp contrast to the corresponding unitary behavior.
A possible way to compare values of the negativity and
the total correlations at different k is to measure the values
observed at the first maximum in the evolutions of these
quantities. These measurement are displayed in Fig. 10. To
understand the scaling, the negativity 共squared to fit the linear dependence兲 and the HS-participation number obtained
in cases BG2, B2, and BP2 are plotted as functions of the
effective Hilbert space dimension k. It is found that the negativity scales with 冑k while the HS-participation number scale
linearly with k.
Case BP2. Figure 9 compares the dynamics of correlations in case BP2 to case BG2. The relative strength of couplings to different types of environments is chosen to match
the local energies dephasing rates. The negativity and the
HS-participation number in case BP2 follow a dynamical
pattern identical to the corresponding unitary evolution displayed in Fig. 8. See also Fig. 10.
V. SUMMARY AND CONCLUSIONS

A variety of open interacting bipartite systems were investigated in order to characterize restrictions, imposed by coupling to local environments, on the generation of classical
and quantum correlations.
The extent of the generated quantum correlations is determined by the interplay of two competing forces: the interaction, leading to development of entanglement, and the local
decoherence, inducing a decay of entanglement. The relative
magnitudes of the local decoherence rates and the cutoff frequency of the interaction in the effective Hilbert space of the
composite system determines the relative size of
decoherence- and interaction-dominated regions of the density operator in local robust states basis. The presence of the
decoherence-dominated regions constrains the structure of
the evolving composite density operator, restricting the extent of entanglement, generated by the interaction.
The character of restriction depends on the type of bath
and the type of the interaction. The two different paradigms
of the dephasing, the Poissonian and the Gaussian, lead to
very different correlation dynamics. In models with bandlimited decoherence such as the Poissonian pure dephasing
model, either the decoherence or the interaction dominates
the dynamics, depending on the relative strength of the coupling constants and irrespective of initial state. Numerical

calculations performed on a bipartite system of two interacting harmonic oscillators, coupled to local Poissonian baths,
support this conclusion.
Open systems with Gaussian pure dephasing belong to a
different class of models. This class is characterized by unbounded growth of the decoherence time scales with the effective Hilbert space dimension of the system. As a consequence, constrains on the structure of evolving state and
restriction on the extent of entanglement are generally expected. Still the precise character of the restriction depends
on the type of interaction between the subsystems. Coupling
local Gaussian environments to subsystems with bandlimited interaction between them, imposes an upper bound
on the extent of generated entanglement, which is independent of the effective Hilbert space dimension of the system.
As a consequence, asymptotically, i.e., at sufficiently large
effective dimension, the generated entanglement is negligible, compared to entanglement generated in the corresponding unitary dynamics. Interactions which are not bandlimited generally produce extensive entanglement,
notwithstanding the type of local environment. Nonetheless,
in models with local Gaussian environments the scaling of
entanglement with the effective dimension is limited by the
local decoherence. The precise limit depends on the nonlinearity of the interaction. In the model of two nonlinearly
interacting harmonic oscillators stronger nonlinearity implies
weaker bounds on the generated entanglement. When the
nonlinearity exceeds some maximal value no restriction on
the extent of entanglement is expected. Numerical calculations support these predictions.
Estimation of bounds on negativity in the evolving state
was based on analysis of the structure of the density matrix,
in particular local robust states bases. Relating the negativity
to the structure of the density operator was facilitated by the
observation that the evolving states are Schmidt-correlated
due to particular conservation laws observed by the interactions. The corresponding Schmidt bases are built of local
robust states selected by local purely dephasing
environments—the local energy bases. Since the presence of
exact conservation laws is nongeneric in physical models, it
should be noted that numerical evidence shows that the
qualitative picture presented above is robust.
Dynamics of the total correlations was investigated numerically to compare with the corresponding dynamics of
the entanglement. It was found that evolution of the total
共and, as a consequence, classical兲 correlations display a different dynamical pattern. In the band-limited interaction
model, the amplitude of the total correlations grows without
bounds with the effective Hilbert space dimension, while the
negativity tends to an asymptotic behavior independent of
the effective dimension. In the linear interaction model,
though the amplitudes of both the quantum and the total
correlations grow without bounds with the effective Hilbert
space dimension, the total correlations scale with a higher
power of the dimension. In the nonlinear interaction, a comparison is impeded by the fact that the evolution of both the
entanglement and the total correlations display a variety of
time scales. Nonetheless, inspection of the numerical evidence shows that the total correlations always scale with a
higher power of the effective Hilbert space dimension. These
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findings can be informally interpreted as a trade off between
the classical and quantum correlations: since the total correlations are 共relatively兲 unaffected by the environment, restriction on the entanglement generation must be “compensated” by the growth of the classical correlations.
Considering the restriction on the generation of entanglement, a natural question arises: is the observed restriction
substantial, i.e., is the given partition of the composite system meaningful? When can a composite systems be regarded
as approximately disentangled? The answer depends on the
definition of the relevant scale of a measure of entanglement
in the evolving system. Is the scale unity or some power of
the effective Hilbert space dimension or neither?
One possibility is to compare the entanglement, generated
in the open evolution to the entanglement, generated in the
corresponding unitary evolution. Numerical evidence obtained in the present study shows that entanglement is always
relatively restricted in the open system dynamics. In some
cases, such as the Gaussian pure dephasing, it can even be
negligible in asymptotically large Hilbert space dimensions.
This comparison elucidates the role of the decoherence in
constraining the generation of the quantum correlations.
Nevertheless, the magnitude of the entanglement generated
in a particular open evolution may still be large in some
absolute sense.
An alternative scale of entanglement is set by the maximal entanglement compatible with the effective Hilbert
space dimension. The results of the present study show that
in some models, such as the Gaussian pure dephasing and
weakly nonlinear or band-limited interactions, coupling to
local environments does the job, i.e., it restricts the generated
entanglement to bounds, negligible compared to the maximal
compatible entanglement. Still, in all cases apart from a
band-limited type of the interaction, entanglement, generated
on the interaction time scale in the open system evolution,
grows without bounds with the effective Hilbert space dimension. As a consequence, this scale may become irrelevant in large effective Hilbert dimensions, due to a limited
experimental resolution.
To conclude, common models of local decoherence do not
provide a universal pathway to an approximately disentangled evolution of a bipartite composite system in the presence of interaction. It follows that, contrary to expectations,
coupling to local environments does not generally validate
partition of composite quantum systems.
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posite Hilbert space H12 = H1 丢 H2. There exist a following
representation 共a Schmidt decomposition兲 of the state: 兩典
= 兺ici兩i典1 丢 兩i典2, where 兩i典1,2 is an orthonormal basis in the
Hilbert space H1,2. While a Schmidt decomposition is not
unique, the set of nonvanishing coefficients ci is invariant
共modulo irrelevant phases兲 under the local unitary transformations and is characteristic of the state 兩典. This set is
shown to be the square root of the spectrum of the reduced
density operator of either subsystem. The number of nonvanishing coefficients ci is called the Schmidt rank 共兲 of the
state and equals the rank of the reduced density operator of
either subsystem: 共兲 = rank{Tr1兵ˆ 12其}. To calculate
the Schmidt rank of a state expressed in an arbitrary
tensor product basis 兩典 = 兺ijcij兩i典1兩j典2, one calculates the rank
of the matrix 2 = C†C, where Cij = cij: Tr1兵ˆ 12其
= 兺兵n,i,j,k,l其cijc*kl␦in␦kn兩j典具l兩 = 兺兵i,j,l其cijc*il兩j典具l兩 = 兺兵j,l其共2兲lj兩j典具l兩.
The Schmidt rank characterizes the extent of correlations
present in the state. The uncorrelated 共product兲 state has 
= 1 but generally 共兲 艋 min兵dim共H1兲 , dim共H2兲其. The maximally correlated state has 共兲 = min兵dim共H1兲 , dim共H2兲其 and
ci = c j, ∀i , j. Generally, some of the coefficients ci are much
smaller than others and as a consequence dropping the corresponding contributions to the Schmidt decomposition does
not lead to an observable effect. This suggests a definition of
the physically reasonable effective Schmidt rank 关9兴 ⑀:
⑀共兲 ⬅ 共⬘兲, with 兩⬘典 = 兺i苸I⑀ci兩i典1 丢 兩i典2, where I⑀ is the
smallest set of indices such that 储兩典 − 兩⬘典储 ⬍ ⑀. An alternative measure is a participation number 关63兴 共兲 ⬅ 1 / Tr兵ˆ 22其
with ˆ 2 = Tr1兵ˆ 12其. The participation number of a state, characterized by M equal substantial contributions to its Schmidt
decomposition is seen to be M, which motivates the
definition.
A mixed state displays both quantum 共entanglement兲 and
classical correlations. The extent of the total correlations can
be characterized by the Schmidt rank of a density operator.
With a slight abuse of terminology the term HS-Schmidt
rank 共HS indicating the Hilbert-Schmidt space兲 or just HS
rank is adopted. The definition of the HS rank views the
density operator of a composite system as a 共unnormalized兲
pure state 共“superket” 关10兴兲 in the Hilbert-Schmidt space of
system operators. The Schmidt rank of the corresponding
“superket” defines the HS rank 关denoted ˜共ˆ 兲兴 of the density
operator. The notions of the effective Schmidt rank ⑀共兲 and
the participation number 共兲 can be transferred to the HS
rank of the density operator. For brevity, the corresponding
measures of the total correlations are termed effective HS
rank and HS-participation number and denoted by ˜⑀共ˆ 兲 and
˜共ˆ 兲, respectively.
The calculation of the HS rank proceeds as follows.
Let ˆ 12 = 兺兵i,j,k,l其ijkl兩ij典具kl兩 be a density operator of the
composite system. In the superket notation it has the form
兩ˆ 典12 = 兺兵i,j,k,l其ijkl储ij典具kl 兩 典. The corresponding density superoperator is R12共ˆ 兲 = 兺兵i,j,k,l,i⬘,j⬘,k⬘,l⬘其ijkl*i⬘ j⬘k⬘储ij典具kl 兩 典具兩i⬘ j⬘典
⫻具k⬘l⬘储 and the reduced density superoperator is
R2共ˆ 兲 = Tr1兵R12共ˆ 兲其

APPENDIX A: THE SCHMIDT RANK AND
THE HS-SCHMIDT RANK

The definition of the Schmidt rank of the bipartite composite state 关3,43兴 is reviewed. Let 兩典 be a state in the com012304-12

= 兺 兵i,j,k,l,i

⬘,j⬘,k⬘,l⬘,m,n其

*

ijkli⬘ j⬘k⬘l⬘

⫻␦mi␦nk␦mi⬘␦nk⬘储j典具l兩典具兩j⬘典具l⬘储
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= 兺 兵j,l,j

⬘,l⬘其

R jlj⬘l⬘储j典具l兩典具兩j⬘典具l⬘储

where R jlj⬘l⬘ = 兺ikijkl*i⬘ j⬘k⬘l⬘. The HS rank ˜共ˆ 兲 of the density
operator ˆ is ˜共ˆ 兲 = rank兵R2共ˆ 兲其. The effective HS rank and
the HS-participation number are calculated similarly.
Finally, note that ˜共兩典具兲 = 共兲2. In fact,

2 = 共rank兵ˆ 2其兲2 = rank兵ˆ 2 丢 ˆ T2 其
= rank兵 兺 兵i,j,l,k,j

⬘,l⬘其

= rank兵 兺 兵i,j,l,k,j

  兩j典具l兩 丢 兩l⬘典具j⬘兩其
⬘,l⬘其 ijkl⬘ ilkj⬘

aija*ilakj⬘akl⬘兩j典具l兩 丢 兩l⬘典具j⬘兩其
*

⬘,l⬘其

R jl⬘lj⬘兩j典具l兩 丢 兩l⬘典具j⬘兩其

= rank兵 兺 兵j,l,j

⬘,l⬘其

R jlj⬘l⬘兩j典具j⬘兩 丢 兩l典具l⬘兩其

= rank兵 兺 兵j,l,j

⬘,l⬘

冑

k!cos共␥t兲2n sin共␥t兲2共k−n兲

− nn典, where cn共t兲 =
e−ikt. The width ⌬k of
n!共k−n兲!
the distribution of expansion coefficients 兩cn兩2 is estimated at
t =  / 4␥ for k Ⰷ 1. This width is a reasonable estimate for the
amplitude of the effective Schmidt rank of the state, 共兲
⬇ ⌬ k.
k!
The distribution of the coefficients 兩cn共 / 4␥兲兩2 = 2kn!共k−n兲!
is peaked around n = k / 2. To estimate ⌬k it is assumed that
2
⌬k Ⰶ k. ⌬k is defined by 兩 n2 兩cn共 / 4␥兲兩2兩n=n* = 0, where n*
= k / 2 − ⌬k / 2. Performing the derivation under the Stirling approximation for the factorials 共valid at k Ⰷ 1兲 leads to
*
*
k
兲. For highly peaked distribution k−n
= ln2共 k−n
− 1 Ⰶ 1,
n*共k−n*兲
n*
n*

*

= rank兵 兺 兵j,l,j

+ ␥共â†1â2 + â†2â1兲 The initial state is 兩共0兲典 = 兩0k典 in the local
k
energies basis. The state at t ⬎ 0 becomes 兩共t兲典 = 兺n=0
cn兩k

兲 ⬇ 共 k−2n
therefore ln2共 k−n
n*
n*

k
兲2. Also n 共k−n
⬇ 4k to the leading
兲
⌬ 2
兲2 ⬇ 共 k−2n
兲2 = 共 k/2
兲 from
order in k−2n
. Finally 4k ⬇ 共 k−2n
k/2
n
n
冑
冑
which ⌬k = k and 共兲 ⬇ ⌬k = k. As follows from the rela*

R
兩jl典具j⬘l⬘兩其 = ˜共兩典具兩兲
其 jlj⬘l⬘

*

*

*

*

.
APPENDIX B: CALCULATION OF THE EFFECTIVE
SCHMIDT RANK OF THE COMPOSITE STATE OF TWO
LINEARLY INTERACTING HARMONIC
OSCILLATORS

A system of two linearly interacting harmonic oscillators
is considered with the Hamiltonian Ĥ = 共â†1â1 + â†2â2兲
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2

We propose to create ultracold ground state molecules in an atomic Bose-Einstein condensate by
adiabatic crossing of an optical Feshbach resonance. We envision a scheme where the laser intensity and
possibly also frequency are linearly ramped over the resonance. Our calculations for 87 Rb show that for
sufficiently tight traps it is possible to avoid spontaneous emission while retaining adiabaticity, and
conversion efficiencies of up to 50% can be expected.
PACS numbers: 03.75.2b, 32.80.Qk, 33.80.2b, 34.50.Rk

0031-9007=05=94(19)=193001(4)$23.00

lates excited state levels. It is rather similar in spirit to
stimulated Raman adiabatic passage [12] in that population
of the excited state is minimized using a two-photon transition. It differs from two-color PA [2] since the sudden
switch-off breaks the symmetry of the coupling between
the bound molecular level and the trap (or continuum)
state. We show that for sufficiently tight traps, intensity
and frequency of the field can be tuned such that spontaneous emission losses are avoided while adiabaticity is
retained. Such ramps can be realized experimentally employing acousto-optical modulators or diode lasers.
Sufficiently tight confinement can be reached in microscopic dipole traps [13] or deep optical lattices [14].
Our calculations are performed for 87 Rb. The generality
of the scheme is emphasized by employing both singlet and
triplet ground state potentials. We consider two 87 Rb atoms
which collide in an isotropic harmonic trap and interact
with a continuous wave (cw) laser field. The center of mass
motion is decoupled, and the dynamics in the internuclear
distance R is governed by the Hamiltonian
!
^g
H
h

^ 
H
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H
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The formation of ultracold molecules and the creation of
molecular Bose-Einstein condensates (BEC) [1] open the
way to study new collective phenomena and a new, ultracold chemistry [2,3]. Since no direct cooling method for
molecules can reach the transition temperature for BEC,
most experiments start from ultracold atoms. Molecules
are created by applying an external field, either magnetic
[4] or optical [5], to two colliding atoms. This process is
described in terms of a Feshbach resonance (FR) [6] where
the energies of two colliding atoms and of a bound molecular level coincide. Magnetic FRs have been particularly successful in creating alkali dimer molecules [4,7,8].
In contrast, optical FRs involve electronically excited
states, where spontaneous emission may lead to loss of
coherence [2,5]. Apart from this obstacle, optical FRs have
the advantage that optical transitions are almost always
available, whereas magnetic FRs require the presence of a
hyperfine manifold of the atom and may occur at magnetic
field strengths which are difficult to obtain in experiments.
Furthermore, optical FRs offer more flexibility since two
parameters (laser intensity and frequency) instead of just
one (magnetic field strength) can be tuned. While optical
FRs have been employed to create molecules in cold gases
via photoassociation (PA) [9] and to tune the scattering
length [10], they have not yet been used to coherently
create molecules except for the recent work of Ref. [2].
In this Letter, we propose to employ optical FR to create
weakly bound ground state molecules (in singlet and triplet
ground state potentials both labeled ‘‘ground state’’ in the
following). In analogy to magnetic FR, we envisage a
scheme of adiabatically ramping over the resonance (cf.
Fig. 1). The resulting wave function has components on
both electronic ground and excited states with the latter
being subject to spontaneous emission losses. In a second
step, the laser field therefore needs to be switched off. This
corresponds to projecting the wave function onto the fieldfree eigenstates.
The goal is to sweep intensities and frequencies such
that this projection is predominantly onto the last bound
level of the ground state, i.e., onto stable molecules. Our
scheme is different from one-color PA [11] which popu-

| ϕ ( R) |

DOI: 10.1103/PhysRevLett.94.193001

0
0

200
400
800
600
internuclear distance R [ Å ]

last level
ground state part of the
stable molecule field−dressed wave functions first trap level (ground state potential)

FIG. 1 (color online). Our proposed scheme for the creation of
molecules: step (1) is an adiabatic ramp of the laser intensity
(and possibly frequency), while step (2) is a sudden switch-off of
the laser (wave functions shown for tr  50 kHz).
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^ ge  T^  Vge R
^  Vtr R
^ is the single channel
H
^
Hamiltonian with T the kinetic energy operator and
^ the ground (excited) state interaction potential.
Vge R
^
^ 2 is the potential of the dipole trap, and
Vtr R  12 m!2tr R
the decay rate modeling spontaneous emission. m denotes
the reduced mass and !tr the frequency of the trap (!tr 
2  tr ). The frequency of the laser, !L  !0  L , is
red detuned by L relative to the atomic resonance at !0 .
In Eq. (1), we invoke the dipole and rotating wave approximations (RWA). The Rabi frequency  is then given by
^  ~  E0 D~  ,
~ R
~ where E0 is the amplitude of
  E0 D
^ the dipole moment, and ~ the polar~ R
the laser field, D
^  ~ is approximated
~ R
ization vector of the laser field. D
by its asymptotic value deduced from standard long-range
calculations [15]. In Eq. (1), we neglect the hyperfine
structure. This is justified for sufficiently detuning the laser
from the atomic resonances (about 4 cm1 or 120 GHz; the
largest energy difference between hyperfine levels is
7 GHz between F  1 and F  2 for 52 S1=2 ). The poten^ have been obtained by matching the results of
tials Vge R
ab initio calculations [16] to the long-range dispersion
^  C3 =R
^ 3 C6 =R
^ 6  C8 =R
^ 8 . The copotentials Vasy R
efficients for the 5S  5S and 5S  5P asymptote are
found in Refs. [17,18]. The repulsive barrier of the ground
state potential has been adjusted to give a triplet (singlet)
scattering length of 100 a0 (90 a0 ). The Hamiltonian,
Eq. (1), is represented on a grid, employing a mapping
procedure [19] which reduces the number of required grid
points by a factor of 5 to 30.
We proceed in two steps. First, we diagonalize the
Hamiltonian, Eq. (1), and obtain the field-dressed
eigenstates and eigenenergies as a function of laser intensity and frequency. The term ih =2 causes the
Hamiltonian to be non-Hermitian with complex eigen^ which
values.
is assumed to be independent of R
^
~
~
is consistent with the approximation DR  D. Therefore, the imaginary part of the eigenvalues becomes =2
times the projection of the eigenfunction onto the excited state [20]. In a second step, we solve the timedependent Schrödinger equation to illustrate the creation
of
pmolecules. is then set equal to its asymptotic value,
2 at , with at  h=
 at and at 5S  5P3=2   26:24 ns,
at 5S  5P1=2   27:70 ns.

(a)
x 10

The following calculations are performed for transitions
between the triplet ground state a3 
u 5S  5S and the
0
5S

5P

excited
state.
Figure
2(a)
shows the bindg
3=2
ing energy of the last bound level below the 5S  5S
asymptote as a function of laser intensity and detuning.
The range of detunings is chosen around 4 cm1 , large
enough to avoid hyperfine coupling and small enough such
that the resonances occur with excited state levels v0 which
have a good Franck-Condon overlap with the last bound
ground state level. Two resonances are found within this
range (v0  40 at 4:225 cm1 and v0  41 at 3:98 cm1 ).
In Fig. 2(b), the energies of the four last bound levels
below the 5S  5S asymptote are plotted versus laser
intensity for a specific detuning. Resonances at about
2:5 kW=cm2 , 16:5 kW=cm2 , and 36:5 kW=cm2 are observed. At each resonance, the number of bound states is
increased by one. Usually, only the detuning is varied in
optical FR. The increase in the number of bound states can
then be understood as follows: in the RWA, ground and excited state potentials cross, and the excited state asymptote
is at h L above the ground state dissociation limit.
Decreasing the detuning therefore pushes one more excited
state level below this dissociation limit. The same happens
as intensity is increased. It corresponds to the light shifts
displacing the resonance positions with increasing intensity [cf. Fig. 2(a)]. To further illustrate this ‘‘creation’’ of
bound levels, Fig. 1 (middle) shows the projection onto the
ground state of one field-dressed wave function,
2
jhgj’
n81 ij for different intensities, i.e., different  (n
counts all eigenstates). At I  0, j’0
n81 i coincides with
the lowest trap state (Fig. 1, right). As the intensity is
increased, the wave function is deformed and pushed toward shorter internuclear distances such that it eventually
resembles the wave function of the last bound level (Fig. 1,
left) [21]. The first step in our scheme is therefore a slow
ramp in intensity (and possibly frequency) such that the
wave function adiabatically follows the field-dressed eigenfunctions, j’
n81 i. In a second step, the field should be
suddenly switched off projecting the field-dressed onto the
field-free eigenfunctions. The probability to form a ground
state molecule is then given by the projection of the fielddressed eigenfunction onto the last bound ground state
2
level, Pmol  jh’glast j’
n81 ij (also lower bound levels
can contribute to molecule formation, but this is much

(b)
n = Nbound

−3

0
15

n = Nbound-1

-1

Binding energy [ cm ]

]
−1

Binding energy [ cm

week ending
20 MAY 2005

10

5
−4
−4.1

0
10

-1

20
−4.3

30
40

-0.04

∆L = 4.225 cm

−4.2

Intensity [ kW/cm2 ]

n = Nbound-2

-0.02

−1

Detuning [ cm

0
]

n = Nbound-3

10
20
30
2
Laser intensity [ kW/cm ]

193001-2

40

FIG. 2 (color online). (a) Binding energy of the last bound level below the
5S  5S asymptote as a function of
laser intensity and detuning. (b) Binding energy of the last bound levels n
as a function of intensity. For I 
19 kW=cm2 (vertical line) there are
Nbound levels below the 5S  5S
asymptote.
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neous emission (we assume that any population undergoing spontaneous emission is lost from the trap).
We combined a ramp in intensity with a ramp in frequency; both ramps are performed within 85 ns and 540 ns,
respectively, i.e., 2  Tvib . This turned out to be sufficient
to retain adiabaticity. While this result might be surprising
at first glance, it reflects that the main source of nonadiabaticity is Rabi cycling which in turn is suppressed by
spontaneous emission. Simulations without spontaneous
emission showed that each ramp time had to be at least 5 
Tvib for the ramp to be adiabatic. Figure 4(c) shows that for
tr  250 kHz, almost 50% of the population can be converted into ground state molecules, while about 10% are
lost. The remaining population is distributed over the lowest trap states. For tr  50 kHz [Fig. 4(d)] the losses are
somewhat higher at 24%, but the conversion probability
still reaches almost 30%. Conversion probabilities higher
than 50% could be obtained for even tighter traps allowing
for faster ramps.
We found that combining a ramp in intensity with a
ramp in frequency is the most efficient way to create
molecules. The initial ramp in intensity is performed
with the laser frequency tuned in between two resonances.
Such a ramp deforms the wave function already consider2

1 kHz
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with a Chebychev propagator. The time dependence
p in
^
Ht
is due to the linear ramp in  (i.e., E0 or I ) and
!L (i.e., L ), respectively. Figure 4 shows the projection of
the wave function 'R; t onto the last bound level and
onto the lowest trap levels of the field-free Hamiltonian
versus time. Also plotted is the overall loss due to sponta-
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TABLE I. Vibrational periods of the lowest trap state (calculated from its eigenenergy) for the triplet and singlet ground state
potentials.
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less likely).pThe
 lifetime of the field-dressed eigenfunction,
v  at = 2pexc , is determined by its excited state com2
ponent, pexc  jhej’
n81 ij . That is, Pmol corresponds to a
gain while pexc might lead to a loss. Both are shown in
Fig. 3 as a function of laser intensity and detuning.
Close to resonance with an excited state level ( L 
4:225 cm1 ), at moderate intensities (5 kW=cm2  I 
10 kW=cm2 ) the projection onto the last bound level is
50% and higher, while the excited state population does not
exceed 0.01; i.e., the lifetime of the field-dressed eigenstate
is  2 s. This lifetime defines an upper limit for the time
window within which the ramp across the resonance
should be completed. The lower limit, Tad , is due to the
requirement of adiabaticity. It is determined by the vibrational period of the lowest trap state, Tvib , which depends
on the trap frequency and the interaction potential (cf.
Table I).
We can now estimate the time scales for our scheme:
assuming the ramp should be performed in a time Tad 
5  Tvib to be adiabatic, spontaneous emission losses
should be minimal for a trap frequency of tr  250 kHz
(Tad  210 ns). For tr  50 kHz, Tad (1:4 s) and v
are on the same order of magnitude, and spontaneous
emission losses will play a role.
To verify our conclusions from the time-independent
picture, we have explicitly studied the creation of molecules solving the time-dependent Schrödinger equation,

tr

FIG. 3 (color online). Probability of
molecule formation Pmol (a) and excited
state component pexc (b) as function of
laser intensity and detuning ( tr 
250 kHz).
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FIG. 4 (color online). Calculations for a trap frequency tr 
250 kHz (left) and tr  50 kHz (right). (c) –(d) Projection of
the time-dependent wave function onto the last bound ground
state level (solid red line) and the first trap states T0-T3 (dashed
lines) of the bare Hamiltonian. Also shown is the total population
jh'tj'tij2 (dotted line). (a) –(b) Variation of the laser field
strength Et (solid line) and detuning L (dashed line). The
maximum field intensity is respectively I  8 kW=cm2 and
I  5 kW=cm2 .
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TABLE II. Final probability of ground state molecule forma2
tion, P  jh'tfinal j’bare
g ij , for different switch-off times of the
laser.
Tswitch
P with
P with

tr
tr

 250 kHz
 50 kHz

0

10 ns

5 ns

1 ns

0.475
0.288

0.269
0.203

0.389
0.246

0.466
0.284

ably while keeping pexc [cf. Fig. 3(b)] and hence the
spontaneous emission loss extremely small. In a second
step the frequency is ramped toward the resonance. This
ensures a maximum overlap with the bound state wave
function [cf. Fig. 3(a)]. Ramping up the intensity with the
laser tuned in between two resonances is not advantageous
to create molecules. The overlap with the trap levels exceeds in this case by far the overlap with the bound state,
i.e., one mainly excites higher trap states. If the intensity is
ramped up with the laser tuned close to resonance, due to
the stronger coupling with the excited state, the ramp needs
to be slower to be adiabatic, and spontaneous emission
losses are larger (cf. Fig. 3).
Finally, since in the experiment the laser cannot be
switched off instantly, we address the question of a finite
switch-off time after the ramp. As can be seen in Table II,
the field should ideally be switched off within 1 ns. The
probability of molecule formation is then reduced by less
than 1%. Switching off the field within 10 ns causes about
one third of the created molecules to be lost, i.e., to be
transferred back into a pair of trapped atoms. Because of
the shorter time scales, this problem is more severe in
tighter traps.
We have performed the same set of calculations for a

transition between the X1 
g 5S  5S and 0u 5S  5P1=2 
potentials, which differ markedly from the previous ones.
The common point is the asymptotic 1=R3 behavior in the
excited state potential, providing extremely long-range
levels with a large Franck-Condon overlap with the lowest
trap state(s). We therefore find exactly the same pattern of
binding energies, probability of molecule formation, and
excited state population as shown in Figs. 2 – 4.
To summarize, we have shown that in tight traps, loosely
bound ground state molecules can be created efficiently
and without loss of coherence by adiabatic ramping over an
optical FR. Both detuning and intensity are varied within
an asymmetric scheme which involves first adiabatic following and then a fast switch-off. Three-body effects are
neglected in our model: it is therefore applicable to low
densities or ideally to a Mott-Insulator state [14]. We
assumed the trap to be isotropic. However, we expect our
scheme to work also for anisotropic traps as long as no new
time scale is introduced, i.e., as long as the lowest trap
frequency is * 50 kHz. We point out that in shallow traps
the creation of molecules by optical FR does not seem to be
feasible. In that case nonadiabatic processes or adiabatic
schemes employing short laser pulses [22] should be considered. For tight traps by contrast, calculations performed

week ending
20 MAY 2005

for rubidium atoms demonstrated conversion probabilities
up to 50%. The presented scheme should work for any
optical transition which is also efficient in photoassociation, involving long-range wells or resonant coupling in the
excited state [23]. The range of possible applications therefore extends well beyond homonuclear systems and alkali
atoms.
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ABSTRACT
Physical considerations supported by numerical solution of the quantum dynamics including electron repulsion show that three weakly coupled
quantum dots can robustly execute a complete set of logic gates for computing using three valued inputs and outputs. Input is coded as
gating (up, unchanged, or down) of the terminal dots. A nanosecond time scale switching of the gate voltage requires careful numerical
propagation of the dynamics. Readout is the charge (0, 1, or 2 electrons) on the central dot.

The correspondence between switching networks and a
Boolean algebra of two elements 0 and 1 goes back to
Shannon (1938). Bistable devices are straightforward to
construct, and their operation is so robust that computing
using switches has survived several decades of technological
developments. We however do not know of a reason of
principle why two-valued variables must be used. One
direction of applications where multivalued variables are
common is coding.1,2 The Morse code that uses three
different symbols is probably the best known, and natural
languages use many more than three distinct symbols. The
more there are distinct symbols, the shorter are the code
words. Thus the number nine is denoted as 9 in the usual
decimal notation, as 100 in a base three, and as 1001 in base
two. The complementary aspect is that the larger the radix,
the more states need to be physically distinguishable. Assume
that the cost is proportional to the need for storage () length
of word ∝ 1/log(radix)) and to the number of states () radix)
of the multivalued device that must be resolved. Then, if
the radix is taken to be a continuous variable, the natural
number e is the optimal choice. This motivates three-valued
logic functions as a best practical choice.3
In this letter, we provide a physical realization of a
complete set of gates. Each gate accepts three-valued inputs
* Corresponding author. E-mail: rafi@fh.huji.ac.il.
† F.R. is Directeur de Recherches, FNRS (Belgium).
‡ The Fritz Haber Research Center for Molecular Dynamics, The Hebrew
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and has a three-valued output. Complete set means that a
logic circuit for any other function can be constructed using
only gates of the set. It turns out that it is enough to consider
gates that accept as input just one or two (three-valued)
variables. The saving aspect is that, while there are 39 )
19 683 different three-valued functions of two three-valued
variables, we need only two such functions in the complete
set.3 The complete set is not unique. In the more familiar
switching case, there are 24 functions of two variables and
a complete set using only one such function (e.g., NOTAND) is possible.4 Other choices of a complete set consisting
of two or even three functions are familiar and can lead to
simpler circuits for evaluation of the other functions.
The complete set of gates is implemented here on an array
of three coupled metallic quantum dots (QD), see Scheme
1. To establish the operation, we consider the limit where
the orbital level spacing of the dot, δ, is much smaller than
the Coulomb energy of adding an electron, I. Because we
use metallic dots, they will have one valence electron in their
ground state and each can accommodate one or two electrons
(of opposite spins). The occupancy of the valence orbital
(usually on the central dot) is the readout of our logic
schemes.
Species that span a wide range of sizes, from molecular
to micro (i.e., molecules, colloidal QD, lithographic QD,
metallic SET, etc.) that can be multicharged are known, see
for example refs 5-19. Here we will use just the valence
occupancy of such a species. To reduce the Coulombic
repulsion I between the electrons on the same dot, we use
quantum dots whose charging energy is lower than that of

Scheme 1. Schematic of the Device Consisting of a Linear Array of Three Quantum Dots, the Gates on the Two Terminal Dots,
Labeled as G1 and 2 and the Single Electron Transistor (SET) Readout of the Charge on the Central Dota

a

The input is the change of a gate voltage (down, no change, up). The output is the charge on the middle dot (0,1,2) coded as (-1,0,1).

atoms, I . δ.18,20-22 This is the case for a dot where the
Fermi wavelength is much shorter than the dot size.
However, there is a limit on how large the dots can be
because we need the charging energy to be distinctly
resolvable from the next higher state in the addition spectrum
compared to the thermal energy. So a compromise is required
if we are to offer a design that can operate at a finite
temperature. Furthermore, the coupling to the environment
needs to be sufficiently weak so the number of electrons on
the device is a good quantum number.
We use an array of three quantum dots as, for example,
in refs 8,23-26. We need to be able to separately gate the
two end dots because, for the gate that evaluates a function
of two independent variables, the two inputs are applied as
gate voltages on the dots on the left and on the right, Scheme
1. The three values of the input are gate voltage lowered,
unchanged, or raised. The dots are weakly exchange coupled
and as discussed in the next paragraph. It is the response to
the gating induced by this coupling that serves to perform
the function evaluation. Scheme 1 shows a layout of the
array, the input gates, and a readout on the central dot. Note
that the energy scale of such a device is not set by the
dimension of the leads but rather that of the molecular/atomic
system and its coupling to the environment.5,17 Recent
experimental progress on atomic-scale contacts27,28 is impressive and will allow for more evolved nanostructures in the
near future. The device that we describe, consisting of three
dots can, by itself and without concatenation to other gates,
evaluate the two functions of two variables, called below
the MIN and the MAX, that together with unary functions
provide a complete set.29-31 That a single device can do the
entire function evaluation is an essential progress.
The physics of the device is that of a row of three dots of
similar size that are weakly exchange coupled. The charging
energy I of a dot is taken to be larger than the coupling, β,
where β is the transfer integral between neighboring dots.
The two end dots are gated. When the charging energy is
not small, I . δ, we can use a simple model of just one
valence orbital per dot and the gating alters the energy, R,
of this orbital. The quantitative description is provided by a
Hubbard-like Hamiltonian, given explicitly in eq 1 below.
The only difference form the standard usage of such a
Hamiltonian, e.g., in ref 32, is that the Hamiltonian in eq 1
is time dependent because the gate voltages are switched on
and off, as required to code the inputs. The quantum
2796

Figure 1. Occupancy of the three dots, (cTÊi,ic, i ) 1,2,3, see
Supporting Information), as computed by a solution of the timedependent Schroedinger equation for nanosecond switching of the
gate potentials on both of the two end dots. The total number of
valence electrons on the dot array is equal to 3. The time constant
of the switching is 0.45 ns. This simulation mimics the operation
of the STI gate of Table 1 for the input +1. Input -1 corresponds
to an increase of the voltage on dots 1 and 3 (see Table 1). The
output for input 0 is equal to 0 (1 electron on dot 2) and can be
read from the short time occupancy of dot 2. For each value of the
output, we define a range of acceptance, e.g., we read occupancy
as 2 (logic value 1) when the actual occupancy is above 1.6. In eq
1, I ) 0.5 eV and β ) 0.08 eV. The initial values of the valence
orbitals are R1 )R2 ) R3 ) -5.0 eV.

dynamics is simulated by an exact numerical procedure as
discussed further below and in the Supporting Information.
Next, we provide a qualitative discussion of the gate action.
Say we have three active electrons on the device. Consider
a state where the charge is uniformly distributed on the three
dots. Because of the exchange coupling β, in principle, this
state is not necessarily stationary. But the dots are comparable
in size and so have similar, differences of the order of β,
orbital energies and a uniform distribution can be maintained
as verified by the exact computations shown in Figure 1.
Now we alter the gate voltage on the two end dots as also
shown in Figure 1. As the orbital energy of dots 1 and 3 is
lowered by the gating, there comes a point where it is low
Nano Lett., Vol. 7, No. 9, 2007

Figure 2. Complete set of basis states for a singlet state of two
electrons on three dots with one orbital per dot, designated as |i〉,
i ) 1,..,6. Constructed and numbered as discussed in ref 35. These
states are all eigenstates of the occupation operators Ei,i and so
diagonalize the Hamiltonian, eq 1, for the special case of uncoupled
dots, β ) 0. Three states have the middle dot empty, two states
have one electron on the middle dot. For one state, the middle dot
is doubly occupied.

enough that it becomes energetically advantageous for the
charge to depart from dot 2 and to be shared by dots 1 and
3. The switch occurs when the gain in energy by the gating
compensates for the repulsive charging energy I that occurs
when two electrons are on the same dot. To enable such a
point to be possible and to ensure that the resulting charge
reorganization is stable, it is necessary that I . β ≈ ∆R,
where ∆R is the difference in orbital energies. (Unless I .
∆R, the Coulomb blockade can be compensated by the
difference in orbital energies of adjacent dots, as can occur
in arrays of disordered dots33). After the gating is over,
neighboring dots are not resonant and the superexchange
coupling between the two terminal dots, ≈ β2/I, is very weak,
so one can wait and read that the central dot is empty of
charge, see Figure 1. Gating that compensates for charging
energy can therefore be used to control the charge on the
central dot. The quantitative theory, Figure 1, serves only to
validate this simple picture.
For evaluating a function of two variables, we first gate
one end dot and then gate the other end as shown in Figure
3 below. So the discussion in the paragraph above of
evaluating a function of one variable still applies but in two
stages.
The quantum dynamics is computed in the basis set
provided by the representation of the unitary group,34-36 and
we have employed it previously in studies of arrays of few
coupled dots.33,37 The basis states assign a definite number
of electrons to each dot. For implementing the ternary gates,
we use arrays of two, three, or four electrons in the lowest
spin state. For three dots and three valence electrons in a
doublet state, there are eight basis states. Both for the twoand the four-electron array, there are six singlet basis states.
In Figure 2, we show dot occupancy of the six singlet basis
states of an array with a total of two electrons. The basis
states do not fully diagonalize the Hubbard Hamiltonian but
do have the very attractive feature that they diagonalize the
bielectronic Coulomb repulsion, which is the otherwise hard
to handle term. The basis states do not diagonalize the weak
exchange coupling between the dots. It is therefore necessary
to numerically diagonalize the Hamiltonian. A singlet
eigenstate of the Hubbard Hamiltonian for three dots and
Nano Lett., Vol. 7, No. 9, 2007

Figure 3. Time evolution of the dot occupancies and of their
energies, for the implementation of a MAX gate (top) and a MIN
gate (bottom). Results are for the input (1,-1) or, in physical terms,
increase R1 then decrease R3 as shown in the plot. For the MIN
gate and the MAX gates, the initial values of R1 and R3 are 5 eV,
I ) 0.5 eV, and β ) 0.08 eV. For the MAX gate, R2 is equal to
-4.7 eV, and there are a total of four valence electrons in the dot
array, while for the MIN gate, R2 is equal to -5.3 eV and there
are two valence electrons. In both case, the ∆R resulting from the
lowering or the raising of the valence orbital energy by the gate
voltage is equal to 1.5 eV.

two electrons is then exactly expressed as a linear combina6
tion of the six zero-order basis states |ψR〉 ) ∑i)1
cRi|i〉.
Explicitly, the many-electron Hamiltonian for the device
is
3

Ĥ )

∑
i)1

3

Ri(t)Êi,i + β

1 3
Êi,j + I
Êi,i(Êi,i - 1) (1)
2 i)1
i,j,i*j

∑

∑

The Hamiltonian is time dependent because the gating
changes the energies of the dots. Êi,i is the operator for the
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Table 1. Three Unary Gates (One Input, Physically Applied as
a Gate Voltage on the Two Terminal Dots Leading to a Change
in Their Orbital Energy)a
input

∆R

STI

PTI

NTI

FD

RD

-1
0
1

up
no change
down

1
0
-1

1
1
-1

1
-1
-1

0
0
1

-1
0
0

a See Figure 1 for the time evolution of the charge of all three dots for
the STI gate with input + 1 and the graphical abstract for the long-time
occupancy of dot 2 for the STI, PTI, and NTI gates with a nanosecond
time scale switching). The single unary gates known as forward and reverse
diodes, (FD and RD), can be generated as the PTI and NTI gates but with
reading the output on an end dot. The five unary gates shown together
with the two binary gates shown in Table 2 suffice to provide a complete
set.29,30 The parameters used to implement the PTI gate are R1 ) R3 )
-5.0, R2 ) -5.3 eV and a total of four electrons on the array while for the
NTI gate, R1 ) R3 ) -5.0, R2 ) -4.7 eV and there are two electrons on
the array. The parameters used for implementing the STI are given in the
legend of Figure 1.

Table 2. MIN (upper) and MAX (lower) Binary Gates for
Ternary Logica
MIN
input
-1
0
1
input
-1
0
1

-1
-1
-1
-1
-1
-1
0
1

0
-1
0
0

1
-1
0
1

0
0
0
1

1
1
1
1

MAX

a The top row and the left column show the two inputs where the numbers
indicate the direction of change of the gate voltage of the dots on the right
and the left; this is opposite to the encoding of the inputs used for the unary
gates shown in Table 1.

occupancy of the ith dot, and Êi,j is the transfer operator from
dot i to dot j. The energy of an electron in the valence orbital
of dot i, Ri(t), is time dependent because the input is provided
as a variation of the gate voltage on a dot. It can stay at
zero or it can be increased or decreased. For simplicity, we
take the exchange integral β and the charging energy I to be
equal for the three dots, but this is not required by the
formalism. As discussed above, we take β , I so that it
requires a gating to move the charge to any significant extent.
The reading of the output is the determination of the
occupancy of the central dot. The proper action of a logic
circuit requires therefore that the gating of the end dots drives
the state of the system toward a definite occupancy that is
dictated by the input. The more it is able to do so, the more
robust is the reading of the output.
The gate voltages are switched on or off on a realistic
nanosecond time scale, and the response of the system is
determined by solving the time-dependent Schroedinger
equation with the ground electronic state of the not gated
array as the initial state. Details of the computations are
provided as Supporting Information.
Table 1 is the truth table for a choice of (five out of a
total of 27) unary gates () gates that compute a function of
one variable). Simple ternary inverter (STI), positive ternary
inverter (PTI), negative ternary inverter (NTI), and forward
and reverse diodes (FD and RD) that with two binary gates
form a complete set.29-31 For the unary gates, the input is
2798

Figure 4. Long-time occupancy of the middle dot (coded as -1,
0, or 1) as determined by a solution of the time-dependent
Schroedinger equation for nanosecond switching of the gate
potentials on the two end dots computed for a MAX (top) and MIN
(bottom) gate. The parameters used are those reported in Figure 3.
The two ternary inputs, x and y, are encoded in gating dot 1 and
dot 3 successively in time with a nanosecond variation. The change
in the R’s induced by the gates are 1.5 eV up or down. Figure 3
shows the output for the inputs (1,-1).

applied as a simultaneous variation of the gate voltages on
the two end dots. An example, a STI gate, is shown in
Figure 1. For the inverter gates, we read the output as the
long-time occupancy of the middle dot coded as -1, 0, 1,
meaning no charge, one, or two electrons. For the diode
gates, we read on an end dot. It is not going to be possible
to hit the desired values of the charge (i.e., 0, 1, or 2) exactly.
As shown in Figures 1 and 3, it is possible to reach values
that rather clearly can be assigned to one of the three values.
To avoid ambiguity, we assign the bins 0 to 0.4, 0.8 to 1.2,
and 1.6 to 2 as the values of the three readouts, and it is
possible to choose realistic values for the physical parameters
such that the readouts fall comfortably within the indicated
ranges. Specifically for all gates discussed herein, the initial
values of I ) 0.5 eV and β ) 0.08 eV will work, with the
change in the valence orbitals Ri, i ) 1 and 3 (due to gating)
of 1.5 eV. Dot 2 is not gated and therefore R2 remains
unchanged.
In Figure 3, we show the time evolution of the dot
occupancies for the case of a ternary input x ) 1 and y )
-1 for both the MAX (top) and the MIN (bottom) gate. Max
(1,-1) is 1, coded into a final occupancy of dot 2 by two
electrons (top), while MIN (1,-1) is -1, coded into a final
occupancy of 0 electrons on dot 2. The two ternary inputs
Nano Lett., Vol. 7, No. 9, 2007

are encoded as a gating voltage, raising the valence orbital
of dot 1 or dot 3 by 1.5 eV (+1) or lowering by 1.5 eV
(-1). The x input corresponds to a gate voltage applied to
dot 1, while the y input corresponds to a gate voltage applied
to dot 3 and is delayed with respect to the voltage applied
to dot 1. One can see from the figure that, for this more
elaborate dynamics also, the reading of the output as the
occupancy of dot 2 falls comfortably within the indicated
range.
Figure 4 summarizes the computed outputs for all nine
possible ternary inputs (x,y) for the MAX (top) and MIN
(bottom) gates. Here, too, it is very clear that the assignment
of the final charge of the middle dot is definitely unambiguous.
After an evaluation, the system can be reset such that it is
ready for a next computation. In principle, it is not necessary
to assume that the electronic state relaxes back to the ground
state before the next function evaluation. If relaxation can
be arrested and because the temporal response will be
different depending on which is the initial state, we can
operate the device not only for evaluating a function of the
inputs (what is called a combinational circuit) but also as a
device that also remembers the output of the previous
operation (meaning as a finite state machine4,38,39). Electronic
population relaxation to the environment limits for how long
the memory of the occupancy is maintained. In this letter,
we only discussed function evaluation. Also, as discussed
in the Supporting Information, because the switching of the
gate voltage is done on the nanosecond time scale, care is
required to guard against the numerically induced dephasing
of the wave function. This means that, because of the
inevitable environmental perturbations that will be present
in a real experiment, the device is not ideally suited to act
as a quantum computer. For this reason, we use as output
only the occupancy but not the phase, what we sometimes
call40 “a quasiclassical computation”.
In conclusion, a single nanodevice of three coupled
metallic quantum dots with the input provided at two gates
at the terminals and a single electron transistor readout of
the charge of a single dot performs a complete set of ternary
logic gates.
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Ultrafast, subfemtosecond charge migration in small peptides is
discussed on the basis of computational studies and compared
with the selective bond dissociation after ionization as observed by
Schlag and Weinkauf. The reported relaxation could be probed in
real time if the removal of an electron could be achieved on the
attosecond time scale. Then the mean field seen by an electron
would be changing rapidly enough to initiate the migration.
Tyrosine-terminated tetrapeptides have a particularly fast charge
migration where in <1 fs the charge arrives at the other end. A
femtosecond pulse can be used to observe the somewhat slower
relaxation induced by correlation between electrons of different
spins. A slower relaxation also is indicated when removing a
deeper-lying valence electron. When a chromophoric amino acid is
at one end of the peptide, the charge can migrate all along the
peptide backbone up to the N end, but site-selective ionization is
probably easier to detect for tryptophan than for tyrosine.
attosecond lasers 兩 charge transfer 兩 protein mass spectrometry

A

chemical rearrangement occurs when atoms in a molecule
change their specific arrangement. The time scale of chemistry is therefore the time scale for the motion of atoms (1, 2).
The forces operating on the atoms determine the path of this
motion. In the Born–Oppenheimer approximation, it is the
averaging over the much faster motion of the electrons that
specifies the potential energy and hence the forces. The physical
picture for this approximation is that the electrons instantly
adjust to the current position of the nuclei so that the equilibrium
arrangement of the bonded atoms is determined as a minimum
of the electronic energy. In the Born–Oppenheimer approximation, the system is confined to be in a single stationary electronic
state, and if this confinement is strict then there is no electronic
time scale that is relevant to chemistry. During a chemical
rearrangement, the motion of the atoms can be accompanied by
a reorganization of the electronic structure, and recent experimental progress allows for probing this change (3) in real time.
However, it is the motion of the nuclei that sets the time scale
because the electronic reorganization exactly tracks the shifts in
the positions of the nuclei. As the heavier nuclei move, the light
electrons immediately adapt.
It is recognized that the energy of the same stationary
electronic state can have two distinct minima, where the electronic charge distribution has a quite different character. At the
immediate vicinity of either of the two configurations of the
nuclei, the motion is bounded, but larger-amplitude motion can
connect the two hollows. Major intramolecular charge reorganization follows upon a change in nuclear geometry (4–8). The
time scale of the charge shuffling is that of the motion of the
nuclei relocating between the two configurations.
Optical excitation can prepare a nonstationary state, and such
a state is often known as the optically bright state. The optically
bright state is not stationary because propensity rules constrain
the configuration that can be accessed by light. The most
common restriction is the Franck–Condon principle, which, in
the lowest approximation, requires that during the fast electronic
excitation the momentum of the nuclei remains unchanged. By
using a light pulse that is shorter than the characteristic time for
nuclear motion, it is thereby possible to initiate the system in a
localized region on a given electronic potential energy landwww.pnas.org兾cgi兾doi兾10.1073兾pnas.0601855103

scape. The subsequent motion of the nuclei then can be probed
as a function of the time delay between the pump and probe
pulses.
Attosecond (1 as ⫽ 10⫺18 s) laser pulses are becoming
available (9–14), and one therefore can ask whether it is possible
to access and probe nonstationary electronic states. So that more
than one light cycle is generated within the duration of the as
pulse, the wavelength of the light needs to be rather short, and
the frequency will be high. Subfemtosecond (sub-fs) photons
have enough energy to ionize atoms and molecules, and shorter
pulses also can ionize core electrons (15, 16). In this work, we
discuss electronic relaxation that follows prompt ionization by an
attosecond laser pulse.
The fragmentation of molecules upon ionization is at the
basis of the analytical applications of mass spectrometry. The
quasi-equilibrium theory (QET) (17, 18), nowadays recognized as equivalent to the statistical, or Rice, Ramsperger,
Kassel, Marcus (RRKM), theory, assumes that any excess
energy in the molecule is first equipartitioned amongst all
degrees of freedom. Then, a f luctuation localizes sufficient
energy in the coordinate that needs to be broken. It follows
that the larger the molecule, the less probable the f luctuation
that localizes the energy and the slower the rate of dissociation.
In particular, biological molecules such as proteins are not
likely to dissociate in the time window (⬍10⫺5 s) available in
an ordinary mass spectrometer (19). Special techniques [e.g.,
multicharging by electrospray (20)] therefore are needed to
dissociate biological molecular ions.
The experiments of Schlag, Weinkauf, and coworkers (21,
22) on the dissociation of oligopeptide radical ions after
excitation兾ionization of a chromophore provide two criteria
for the presence of a fast time scale. The first is that dissociation is prompt (23), which is not expected for the (tetra and
larger) peptides that they used, particularly because even the
small dipeptide or tripeptide ions that are collisionally activated in an ion trap are observed to have quite long decay times
(24). The second observation is that the ions dissociated in a
bond-selective manner. It is expected that in large molecular
ions, the bond that breaks is the one near to which the charge
is localized. By choosing the sequence of amino acids that
constitute the peptide, Schlag and Weinkauf observed fragmentation of different bonds. They interpreted their experiments as showing that the initial ionization is localized at the
chromophore. This ionization creates a hole that can then
propagate along a sequence of amino acids that, depending on
their ionization potential (IP), can energetically assist or
hinder the migration. Schlag and Weinkauf studied hole
transport, the subject of the present work. Aspects of longrange electron transfer are reviewed in ref. 25.
Our early model computations (26) were consistent with the
idea of a ‘‘charge-directed reactivity.’’ In a more elaborate model
(27, 28), we also allowed for the energetic effect known from
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solid-state physics as ‘‘Coulomb blocking.’’ The Coulomb repulsion is the energy released when one of two electrons that are
both localized on a given site moves apart. Coulomb blocking is
blocking the propagation of electrons, and in terms of electronic
structure theory it is a correlation effect because it depends on
the position of two electrons. The importance of correlation
effects in hole migration in molecular ions has since been further
demonstrated in more refined computations of the electronic
structure (29–31). Molecular dynamics simulations by Schlag et
al. (32) have sought to model the charge propagation as induced
by steric requirements of aligning the bonds along the peptide
chain to facilitate charge transfer (32, 33). The resulting time
scale is of the order of many tens of femtoseconds (fs) as
expected for a rotation of a bond.
Results and Discussion
In this work, we discuss the possible finite duration of a purely
electronic reorganization that results from ionization. We
conclude that there is a hundreds of as to a few fs electronic
relaxation process, with duration depending primarily on the
local symmetry of the initial hole density and how deep in the
valence band it is. We illustrate the results for the same
tetrapeptides that were experimentally examined by Schlag
and Weinkauf, but the mechanism that we discuss is general.
We examine two key assumptions made by Schlag and
Weinkauf: Is the ionization local, and is there charge reorganization after the ionization, and, if so, on what time scale? In
line with our original model, the present fully detailed density
functional type computations demonstrate that a purely charge
migration process, a process too fast to be accompanied by
motion of the nuclei, is possible. Our results are close in spirit
to the notion of electronic relaxation that has been discussed
for ionization of core electrons in the x-ray region as used in
(photo) electron spectroscopy chemical analysis (ESCA). For
the purpose of ESCA (34) steady-state spectroscopy, what
matters are the changes in electron binding energies and the
appearance of satellite lines (35, 36). Compton spectroscopy
(37) also can probe the orbitals, and the concept of Dyson
orbitals (38 – 40) is used in this context. Here we propose to
follow in time the evolution of the hole density from inception
until both dephasing and the onset of nuclear motion-induced
relaxation terminate the purely electronic coherent motion.
The electronic reorganization that we discuss is overlooked
in the simplest view of electronic structure theory, sometimes
known as the aufbau or building-up principle (41). In building-up one first sets up orbitals and then proceeds to fill them
up with electrons, taking the Pauli exclusion principle into
account thereby allowing only up to two electrons per orbital.
In this picture, ionization is a removal of an electron from an
orbital that is occupied in the neutral parent molecule. The
orbitals themselves are unchanged by this reduction in the
number of electrons. The IP is then just the orbital energy, a
result that is stronger than this demonstration, and is known
as Koopmans theorem (42). The lowest IP is when the ionized
electron is removed from the highest occupied molecular
orbital (HOMO) of the parent. The positive ion is typically not
formed in its equilibrium geometr y. On the tens-offemtoseconds time scale, the ion will relax while lowering its
electronic energy by adopting a different arrangement for the
nuclei. The excess energy is to be found in the vibration of the
bonds, which is the energy that can cause the dissociation of
the ion in mass spectrometry. In charge transfer literature
(e.g., ref. 43), it is the ⫹ reorganization energy of the isolated
molecule. In terms of ordinary spectroscopy, the nuclear
rearrangement upon ionization makes necessary the distinction between a vertical IP when the nuclei are frozen and the
adiabatic IP when the ion is in its equilibrium nuclear configuration. We are concerned here with a faster time scale when
6794 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0601855103

it is the electrons that reoptimize their orbits because of the
removal of an electron, whereas the nuclei perhaps do not yet
have the time to move.
The self-consistent field approximation retains the orbital
picture but makes each electron move in an optimized field. In
this approximation, the field in which the electron moves does
depend on how many electrons there are. Therefore, the
orbitals of the neutral and the cation are not exactly the same.
It follows that the ionic species defined by removing one
electron from the neutral is not stationary. The stationary
orbitals are those defined by the variational self-consistent
field procedure applied to the ion. Say the electron is instantly
ionized from the HOMO of the neutral. Then the hole charge
density will evolve in time because the HOMO of the neutral
is not a stationary orbital of the cation. Rather, the HOMO of
the neutral can be expressed as a linear combination of
(stationary) orbitals of the cation. When ionization is by an as
pulse, the nuclei do not have time to move, and the stationary
electronic orbitals are the orbitals of the cation computed at
the geometry of the neutral.
The electronic relaxation arises because the self-consistent
field for the motion of the electrons in the neutral and the cation
is not the same. To initiate such a change in the field, it is not
necessary to ionize the neutral. It is sufficient to electronically
excite it. For higher excited states, the promoted electron moves
in an orbital that is further from the core, giving rise to a Rydberg
state. The self-consistent field for the core electrons in a
high-Rydberg state is effectively that of the ion, particularly so
if the orbit of the Rydberg electron is nonpenetrating (44). For
lower excited states of the neutral, the change in the mean field
will be smaller and the relaxation will be reduced.
For the electronic closed shell that is the parent neutral, a
single Slater determinant wave function has two electrons of
opposite spin per space orbital (45). The cation is a radical, but
we can constrain its orbitals to be doubly occupied except for the
singly occupied molecular orbital (MO) containing the lone
electron. This arrangement is the ‘‘restricted’’ self-consistent
field scheme. However, it is also possible to allow a relaxation
whereby electrons of different spins have different orbitals (45),
known as an unrestricted self-consistent field scheme. The
unrestricted scheme enables electrons of opposite spin to keep
away from one another and thereby incorporates the average
role of the Coulomb repulsion. Our results below are that the
first type of relaxation, where an orbital of a hole is deforming
because the mean field for the motion of the electrons is
changed, is often faster and can occur on a sub-fs time scale. The
relaxation where the orbitals of the cation split apart is slower,
often requiring up to few fs.
In this work, we focus on the results for those tetrapeptides
studied experimentally by Schlag, Weinkauf, and coworkers
(21, 22). We studied such tetrapeptides as Trp-Ala-Ala-Ala
where the aromatic amino acid is at a terminal position. The
equilibrium geometry, determined by the computation, is that
of the extended conformer of tetrapeptide. The results for the
different peptides are not quite similar (see Fig. 1). In the
tetrapeptides where Trp is the chromophore the HOMO of the
neutral is localized on the Trp, and it is ⬇0.5 eV (1 eV ⫽
1.602 ⫻ 10⫺19 J) higher in energy than the HOMO-1. These
two orbitals are very much similar to those of the aromatic
amino acid itself and have a local  character with respect to
the plane of the ring. When tyrosine (Tyr) is the chromophore
(see Tyr-Ala-Ala-Ala in Fig. 1 Lower), the HOMO of the
neutral is only ⬇0.1 eV above the HOMO-1, and each one is
localized at a different end.
The density for the HOMO of neutral Trp-Leu-Leu-Leu is
shown in Fig. 1 Upper. In the corresponding cation, the HOMO
is delocalized with weight at both the Trp and the N ends and no
significant population on the peptide bridge (see Fig. 2). As
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is projected on the 兩典’s, the (stationary) MOs of the cation as
computed for the equilibrium geometry of the neutral. This expansion defines the nonstationary initial hole orbital
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shown, the densities are the same in the restricted and unrestricted schemes for the cation. What differs between the two
sets of computations are the orbital energies. The results shown
in Figs. 1 and 2 are for the density of the orbital, and the two
colors indicate the plus and minus phases of the wave function.
Taking account of the phase shows that the even and odd linear
combinations of the two orbitals of the cation as shown in Fig.
2 are two orbitals localized at the chromophore and at the N ends
of the peptide, respectively.
For the Trp peptides, the HOMO is localized at the chromophore
end, as shown for Trp-Leu-Leu-Leu in Fig. 1 Upper. Ionization of
the highest electron creates a cation with a localized hole. To
time-propagate the hole density, the HOMO orbital of the neutral
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Fig. 3 shows typical results for the weights, 兩具兩HOMO典兩2, as a
function of the orbital energy E of the th MO of the cation. Fig.
3a shows the weights for the HOMO of the Trp-Leu-Leu-Leu
neutral. It is seen that by far the highest overlap is with the
HOMO and HOMO-1 of the cation. This finding is qualitatively
to be expected from the results shown in Figs. 1 and 2. Note also
that there is not much weight of the HOMO of the neutral on the
unoccupied orbitals of the cation. As we discuss below, this result
means that the ionized neutral does not evolve significantly into
excited states of the cation. The results for the HOMO of
Trp-Ala-Ala-Ala (data not shown) are similar because the
HOMO in both cases is essentially an orbital of Trp. Fig. 3b
shows the weights of a deeper-lying orbital of the neutral on
orbitals of the cation. We chose orbital 100 of Trp-Ala-Ala-Ala
for which the HOMO is orbital 111. The difference between the
weights of the two orbitals is reflected in the time evolution as
shown in Fig. 5 and explains why ionization from lower-lying
valence orbitals typically results in a slower relaxation.
When the cation is computed in the unrestricted scheme, its
orbitals also carry a spin label, say, ␣ or ␤. Fig. 4 shows the weights
of the HOMO, orbital 147, of the neutral of Trp-Leu-Leu-Leu,
separately on the ␣ and ␤ of the cation. The removed electron is
assigned spin ␤ so the overlap is highest with the lowest unoccupied
MO and HOMO orbitals of this spin. The effect of the correlation
is seen in that the higher-most orbitals of spin ␣ of the cation are
localized on the leucine (Leu) bridge and thereby kept away from
the higher orbitals of spin ␤. The result of the correlation is that the
HOMO of the neutral overlaps with lower MOs of spin ␣ of the
cation, as shown in Fig. 4b.
During an as ionization, the nuclei are not moving so that the
orbitals of the cation are stationary, and the time-propagated
hole orbital is determined by appending the time-dependent
phase to each orbital of the cation in Eq. 1 of the hole orbital

冘
N

Fig. 2. MO densities for the TrpLeu3 cation computed at the equilibrium
geometry of the neutral in the restricted (Upper) and unrestricted (Lower)
schemes and using the B3LYP兾6 –31G(d,p) basis. The lowest unoccupied MO
(LUMO) in the unrestricted scheme corresponds to the HOMO of the restricted
scheme. Note that the HOMO (Upper Right) and HOMO-1 (Upper Left) of the
restricted and HOMO (Lower Left) and LUMO (Lower Right) of the unrestricted needs to be subtracted to describe a hole that is similar in density to
the HOMO of the neutral (see also Fig. 3).
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The sum in Eq. 3 is over all N orbitals of the cation whether these
are occupied or not, meaning that it is not only the ground state
of the cation that contributes to the time evolution. The weights
兩具兩HOMO典兩2 as a function of energy E plotted in Figs. 3 and 4
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Fig. 1. Orbital densities for the HOMO (Right) and HOMO-1 (Left) for the two
tetrapeptides TrpLeu3 (Upper) and TyrAla3 (Lower) computed at the B3LYP兾
6 –311⫹G(d,p) level of density functional theory. [At the consistent field level
the densities are robust, and the plot will look the same when computed with
the more compact B3LYP兾6 –31G(d,p) basis.] For TrpLeu3, the HOMO-1 is ⬇0.5
eV below the HOMO, whereas in the TyrAla3 peptide, the two HOMOs are
nearly degenerate (0.1 eV apart).

There are N atomic basis orbitals where the number N specifies the
quality of the basis set, e.g., N ⫽ 810 for Trp-Leu-Leu-Leu. There
are N stationary states of the effective one-electron Hamiltonian,
the MOs, that are linear combination of these N atomic basis
orbitals (LCAO). The HOMO of Trp-Leu-Leu-Leu is orbital 147
so that there are many more basis orbitals than electrons, and
therefore many MOs are unoccupied. The MOs of the ion also are
expressed as linear combination of the N atomic orbitals. We
impose symmetric orthogonalization of the atomic orbitals, and so
the overlap amplitude 具兩HOMO典 between the HOMO and 兩典,
the (th stationary) MOs of the cation is conveniently expressed in
terms of the expansion coefficients of the HOMO of the neutral
and the MOs of the cation as

Fig. 4. Weights of the HOMO of TrpLeu3 (MO 147) on the spin orbitals ␣ (a)
and ␤ (b) of the cation. The highest ␣ spin orbitals of the TrpLeu3 cation are
localized on the two Leu residues in the middle of the peptide. For this reason,
the HOMO has high weights on deeper ␣ spin orbitals and will move on a 10-fs
time scale. The time scale for the hole migration in the set of ␣ spin orbitals of
the cation is therefore so very large (⬎10 fs) that nuclear motion can set in. The
HOMO has the highest weights on the HOMO and lowest unoccupied MO ␤
spin orbitals of the cation whose densities are shown in Fig. 2. These two
orbitals are only 0.3 eV apart in energy, which explains the slower time scale
for charge migration (see Fig. 6).

Fig. 3. Weights of the HOMO (MO 147) of TrpLeu3 (a), MO 100 (HOMO is 111)
of TrpAla3 (b), and HOMO (MO 105) of TyrAla3 (c) on the MO of the corresponding cation computed at the restricted B3LYP兾6 –31G(d,p) level at the
geometry of the neutral. The corresponding time-evolving densities are
shown in Figs. 5 and 6. Note that the MO 100 of TrpAla3 has a lower energy and
a local  symmetry whereas the HOMO of TrpLeu3 is a  local symmetry. Note
also that both are almost identical to the corresponding MOs of Trp and
therefore are very similar in the TrpLeu3 and TrpAla3 peptides. The deeper MO
100 has the highest weights on MOs of the cation of local  character localized
at the Trp end. When the corresponding hole is time propagated, the time
scale for its motion to the N end is in the range of 10 fs. The HOMO of TrpLeu3
is of local  symmetry and has high weights on two MOs of the cation
(restricted) delocalized at both end and ⬇3 eV apart in energy. This result
explains the sub-fs time scale for charge migration (see Fig. 5) as shown for the
higher-most orbitals. A sub-fs pulse is quite likely to ionize from several
valence orbitals, and so the resulting relaxation will contain both faster and
slower components. For Tyr, the HOMO also has a very high width in energy,
but the near-degeneracy of the HOMO, which is localized at the N end (see Fig.
1), and of the HOMO-1, which is localized at the C end, means that it may not
prove easy to experimentally prepare a localized initial.

illustrate the contribution from orbitals that are unoccupied in
the ground state of the cation.
Fig. 5 shows the hole dynamics in Trp peptides as computed
by using the restricted scheme orbitals of the cation. For
ionization from the HOMO, that is localized on the Trp chromophore and has a clear local  character, the hole moves
rapidly and reaches the N end of the peptide in ⬍1 fs. The hole
also moves rapidly in the Tyr peptides, but the HOMO of the
neutral already has most of its weight at the N end (see Fig. 1),
and the motion is in the other direction (see Fig. 6). For a deeper
valence MO of the neutral (see Fig. 5 Right), the temporal
evolution is far slower, and it takes almost 10 fs to transfer hole
density to the N end. As discussed in connection with Eq. 5
below, this evolution can be qualitatively seen from the weights
as shown in Fig. 3. A quantitative evaluation of the width in
energy accounts for the time scale seen in Fig. 5. Cederbaum and
coworkers (30, 31) determined the time scale in small molecules
6796 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0601855103

for the evolution of the natural hole orbitals. Our computed time
scale for lower-lying valence orbitals are in qualitative agreement with them. A direct comparison is not possible because

Fig. 5. Snapshots of the densities of the hole as a function of time for a hole
created on the HOMO of TrpLeu3 (Left) and a hole created in the MO 100 of
TrpAla3 (Right), computed for the restricted electronic structure of the cation.
The hole in the HOMO of TrpLeu3 localized at the Trp end migrates to the N
end in 0.75 fs and is back where it was created after 1.5 fs. On the other end,
the hole created in MO 100 of TrpAla3 has hardly moved on this time scale. It
takes ⬇10 fs for its transfer to the N end.
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where H is the Hamiltonian for the orbitals of the cation. The
dispersion in the energy of this state is

冘
N
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Fig. 6. Snapshots of the densities of the hole as a function of time for TyrAla3
for ionization of the HOMO (Left) and HOMO-1 (Right). The charge migration
is very fast, corresponding to a high width in energy (see Fig. 3). The HOMO
and HOMO-1 are localized at the two opposite ends of the peptide (see Fig. 1).
Because the two orbitals are 0.1 eV apart, it may not be easy to experimentally
optically resolve them with an ultrafast pulse.

although the natural hole orbitals provide the fewest orbitals
needed for convergence when representing the hole density, the
weights of the natural orbitals also change with time. Toward a
more detailed comparison, we carried out computations for
glycine (Gly) and thereby verified that the time scale for the
relaxation of lower valence orbitals are comparable with the
relaxation time of the natural orbitals in Gly as reported by
Cederbaum and coworkers (31).
The slower relaxation as electrons of different spin recede
from one another is shown in Fig. 7, which is published as
supporting information on the PNAS web site. This ‘‘Coulombrepulsion’’ correlation effect examined in our model computations (27, 28) of charge migration has since been reported by
Cederbaum and coworkers (31, 46). We also have included the
role of Coulomb blocking in computing electron propagation
along molecular wires in real time (47).
The HOMO and HOMO-1 of Tyr-Ala-Ala-Ala are localized
at the N and the C ends, respectively (Fig. 1), and they are 0.1
eV apart. Their weights on the cation are shown in Fig. 3. With
a broad ultrafast pulse, it may only prove possible to excite a
linear combination of these orbitals.
Schlag and Weinkauf reported that ionization of Trp-LeuLeu-Leu leads to dissociation at both ends as is consistent with
our computed facile charge migration from Trp to the N end. For
Tyr-Ala-Ala-Ala, ionization results in dissociation very preferentially from the N end. Our computations show that the HOMO
is localized at the N end but that it is close in energy (Fig. 1) with
the HOMO-1 that is localized at the Tyr end. The computed
results are that dissociation may not be a direct probe of charge
migration in the Tyr-Ala-Ala-Ala tetrapeptide.
The state 兩(t)典 (Eq. 3) is not stationary, but it does have a
mean energy
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On the basis of the time-energy uncertainty principle, this
spread in energy is a convenient single number measure (48, 49)
of how fast the state will evolve in time: the more spread the
initial hole orbital is over the orbitals of the cation, the faster it
will leave its initial location. The spreading is determined by two
factors in Eq. 5. A higher width meaning faster relaxation is
favored when cation orbitals whose energy differs from the mean
contribute to the sum. Also, a higher width is favored when
cation orbitals of different energies contribute with about equal
weight. If a single orbital dominates the sum in Eq. 5, then its
energy is necessarily about equal to the mean, and the width is
small. For molecular systems, the width also admits the interpretation as the inherent uncertainty in the potential energy for
the motion of the atoms.
In this work, we discussed electron dynamics after prompt
ionization. Molecules and clusters with enough energy to ionize
need not necessarily do so promptly (50). The longest time scale
between excitation and ionization is for thermionic emission
where the available energy is first equipartitioned between
nuclear and electronic degrees of freedom. Faster, subpicosecond processes occur when the energy is partitioned only among
electronic states. This result can be realized for states excited by
resonant collisional electronic energy transfer (51) or from
electronic excitation with short (few to tens of fs) laser pulses
(52). Such electronic energy redistribution can be initiated with
as pulses. Then the spectrum of the ionizing electrons is the
probe for the electron dynamics.
The electronic energy serves as a potential energy for the
motion of the nuclei. Prompt ionization from topmost valence
orbitals results in nonstationary electronic states whose energy
can have a width of ⬎1 eV. A nonstationary state can be
represented as a linear combination of stationary states, as
shown in Figs. 3 and 4. This finding means that the evolution
of atomic motions can take place simultaneously on different
potential energy surfaces with possibly different dynamics on
different electronic states (53, 54). Thus, although the lowest
surface of the cation is reported to have potential energy
barriers for hole migration of the order of 0.4 eV (32, 33), this
result need not prevent the ultrafast motion reported here
because the inherent uncertainty of the potential energy is
higher than or comparable with the barrier heights.
Materials and Methods
The computations were carried out by density functional theory
(55) calling upon GAUSSIAN 03 package (56) using DFT兾B3LYP
with two basis sets 6 –31G(d,p) and the more extended
6–311⫹G(d,p). The larger basis set was used because cations
sometimes have a more diffuse electronic density. The radical
cation has an open shell, so we also used the unrestricted scheme
where electrons of different spin are not confined to move in the
same orbital (45).
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Microelectronic sensors require the nanowiring of a selectively active site to an electrode. Different molecules
can be used as the bridge that establishes the electrical communication. We report computational results for
the current carried by molecules tethered between two gold clusters as a function of the overvoltage. The
computations include the effect of the voltage at the ab initio level. The trends are consistent with the currents
as measured by electrochemical means and suggest that the rate of charge migration can reach far higher
values than measured given somewhat higher applied bias or the application of a gate voltage. The role of
polarization of the molecular charge density by the applied voltage can be quite significant with definite
propensity for the orientation of the molecular charge density with respect to the field. Conduction spectroscopy
is therefore analogous to optical spectroscopy in strong laser fields where the field is not a weak probe but
dresses the system and can be used to control it.

1. Introduction
The rate at which electrons migrate through biological
molecules generally falls exponentially with distance.1-8 To
communicate electrically to an electrode, it is therefore very
beneficial to have units that can act as electron mediators.9,10
To complete the circuit, it is necessary to connect the mediator
to an electrode by a molecular linker. In this paper we discuss
the electrical conduction of such linkers, which consist of a
molecular bridge chemically linked to the gold atoms. We
compare our computational results with electrochemical experiments that measure the current when a redo enzyme is wired to
a gold electrode via a gold nanoparticle.11 The bridge is between
the gold dot and the gold electrode. We report computations
for both the molecules reported in ref 11 and other molecules
tested in the same way. We conclude that while chemical
intuition serves well in choosing suitable bridges there can be
surprises, e.g., efficient conduction by short saturated thiols.
We report that, even for small voltages, because they are applied
over a narrow gap, the electric transmission of the molecule
depends on the field and the σ bonds are more sensitive in this
respect.
The computations are in three parts and are discussed in
sections 2-4, respectively. First, quantum chemical methods,
with optimization of the geometry, are used to determine the
electronic orbital structure of the extended molecule, that is,
the dithio bridge tethered between gold atoms, in the presence
of the uniform external electric field. We do so using a standard
molecular approach12-16 and the implementation of the Gaussian
03 package,17 where the external field is applied over a finite
region much larger than the molecule so that the boundary
conditions remain that of an isolated molecule. This approach
(further discussed in the Appendix) is different from that adopted
* To whom correspondence should be addressed. E-mail: rafi@
fh.huji.ac.il. Fax: 972-2-6513742.
† The Fritz Haber Research Center for Molecular Dynamics, The Hebrew
University of Jerusalem.
‡ Université de Liège.
§ Maı̂tre de Recherches, FNRS, Belgium.
| Institute of Chemistry, The Hebrew University of Jerusalem.

in solid-state-based approaches where periodic boundary conditions are applied, see for example, refs 18 and 19.
Molecular orbitals (MOs) whose electron density is oriented
along the direction of the uniform external electric field are more
distorted (and hence conduct less well) than MOs whose electron
density is perpendicular to it. Alkane bridges with σ bonds are
therefore more affected by the field than conjugated bridges
where typically the HOMO is of π symmetry. Also, because
the electronic charge density shifts in the direction of the applied
electric field, the field effects can be different for positive and
negative voltages. In addition, when the conducting MOs are
close in energy, as is the case for the alkanes, the field effect
on the current is significant because the orbitals are mixed by
the field. We emphasize that the orbitals are computed for the
linker, namely, for a molecule coupled by an S atom on either
end to a gold trimer. Therefore, the electrical linker as computed
here includes not only the molecule but also the metal atoms it
is directly bound to and the next metal atoms. This implies that
the mixing of the orbitals of the molecular bridge and of the
gold atoms it is bound to is implemented to all orders by the ab
initio electronic computation.
The field-adapted linker orbitals are used to compute the
electrical transmission of the bridge as a function of energy for
a given applied voltage (section 2). The computation20,21 is based
on a scattering formalism using the generalized Ehrenfest
theorem.22 This theorem allows us to compute the quantum
mechanical rate of charge migration. We obtain a Landauerlike23 expression similar to that derived by others.18,24-32 To
bring the result to a physically transparent form, we use only
the resonant part of the transmission. This is because the
transmission is from a gold atom on one end of the linker to a
gold atom on the other. Our final expression is therefore the
current due to a coherent resonant mechanism. Because of the
polarization of the orbitals by the electrical field, the transmission function and hence the current can be quite different for
different applied voltages.
The voltage drop between the two electrodes (and the
temperature) determines the range of energies that contribute
to the conduction. The transmission function is used to compute
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the current through the molecule vs the voltage applied by
integrating over all the allowed energies. When the voltage
applied is comparable to the spacing between the orbitals of
the bridge, we find that there can be increments in the current
as additional molecular orbitals contribute to the conduction.
As is known in electrochemistry33 we find that also the current
through a molecular linker increases exponentially with the
overvoltage.
For a homologous series the computed current is found to
decrease exponentially with the length of the molecular bridge.
For example, for alkanedithiol chains we find that the scale
parameter is β ≈ 1.1 Å-1, in agreement with other experimental6,34-41 and theoretical42,43 values. The value of β quoted
is for the range of voltage, roughly 0.1-0.4 V, where there is
no strong polarization of the charge density. As we discuss
below the value of the decay parameter can depend on the
strength of the externally applied voltage, in agreement with
experimental results.39,44
Field effects can also be used to tune the conduction by
shifting the position in energy of the orbitals of the bridge with
respect to that of the electrodes. This can be done in two
different ways. One is to use a gating configuration, where a
second external field is applied in the direction perpendicular
to the molecular backbone. Computing such an effect is
demanding because it is a function of the strength of both fields,
but the effect is there21(see also refs 45-47), and further work
is in progress in this direction. As a guide to the expected effect
we discuss changing the nature of the electrodes and thereby
the location of their Fermi level with respect to the energies of
the electronic states of the bridge.
2. Ab Initio Electronic Structure and Geometry
We consider dithiol molecular bridges, of the generic form
S-bridge-S, tethered between two gold trimers, which mimic
those metallic atoms of the electrodes directly interacting with
the molecular bridges. We investigated four conjugated bridges,
C6H4, C6H4-C6H4, C6H4-C2-C6H4, and CH2-C6H4-CH2, and
three alkane bridges, (CH2)n, n ) 3, 6, 9. The electronic structure
computations17 are carried out at the DFT/B3LYP48 level with
a 6-31G(d) basis set for S, C, and H and the relativistic effective
core potentials of Hay and Wadt49 (LANL2DZ) for the gold
atoms. This allows us to retain a one-electron description for
molecular conduction while including a part of the electron
correlation. The geometry optimization includes the gold trimers
and is performed at zero electric field. For all the systems
investigated, it was checked that the resulting configurations
are equilibrium geometries with positive vibrational frequencies.
For some of the bridges, geometry optimizations have been
performed with a different DFT functional (BP86) and with
different basis sets for S, C, and H: 3-21G(d) and 6-31G(d,p).
Except for the value of the HOMO-LUMO gap, which depends
on the DFT functional, this did not lead to significant differences
in the equilibrium geometries and in the MO electronic densities.
For all the different bridges, we systematically find that the
isomer where a single gold atom is linked to the sulfur, (Au)2Au-S-bridge-S-Au-(Au)2, is more stable by about 0.5 eV/
molecule than the configuration where the S atom is bound to
two Au atoms (Au-(Au)2-S-bridge-S-(Au)2-Au). RHF
level computations using the same basis set lead to the same
S-Au bonding for the most stable isomer.15 This is in agreement
with the experimental mechanism for the formation of the thiogold bond50 and shows that geometry optimization captures the
essential feature of the Au-S bond important for conduction.
In the gold trimer, all the Au atoms have the same connectivity
and are equivalent for binding to the S atom. For larger sizes

Remacle et al.

Figure 1. Charge density of the highest occupied molecular orbital,
HOMO, in the absence (panels a and c) and presence (panels b and d)
of a voltage applied across the molecule in the direction shown. Because
the bridge is relatively short, even a low voltage corresponds to a rather
high electric field. Panels a and b: CH2-C6H4-CH2, where the
electronic density is shifted to the end of the molecule where the
potential is higher. There is no significant deformation for the
conjugated bridge C6H4-C2-C6H4 (panels c and d).

of the cluster where the Au atoms have different connectivity,
the S-(Au2) bonding has been found to be the most stable.51,52
Note however that the type of binding depends both on the level
of description of the electronic structure (DFT functional and
size of the basis set) and on the multiplicity and charge of the
whole system (Au)n-S-bridge-S-(Au)n. In addition, recent
experimental results show that there may be fluctuation of the
S-Au bonding when an alkanedithiol molecule embedded in a
self-assembled monolayer is bound to a gold surface.53
An electric field oriented along the molecular backbone is
then applied, and for each field strength the electronic structure
is recomputed. The incorporation of this external electrostatic
potential in a self-consistent manner is further discussed in the
Appendix.
The role of the external voltage is to allow the current to
flow between the two gold clusters at the two ends of the bridge.
In this study, the bridge lengths vary between 0.6 and 1.3 nm.
An electric field of 1 V/nm corresponds to 1.93 × 10-3 au of
field. A field of 0.5 au is already sufficient to ionize a hydrogen
atom in its ground state, and therefore, even low applied voltages
can significantly distort the disposition of the valence electrons.
For a field oriented along the molecular backbone, σ bonds will
be strongly affected, with the electronic density shifting in the
direction of the field, while π bonds, whose electronic density
is perpendicular to the direction of the field, remain almost
unaffected. We show in Figure 1 isocharge contours for the
HOMO of two bridges computed at zero and at a finite field
strength. For bridges where the HOMO has a σ character, such
as CH2-C6H4-CH2 (panels a and b), the electronic density is
shifted to the end of the molecule where the field strength is
the strongest, while there are no significant changes for the
conjugated bridge C6H4-C2-C6H4 (panels c and d).
3. Transmission Function
The transmission function, T(E), is computed for a resonant,
through-bond, coherent transfer across the linker.20 This means
that either an electron transfers from the bulk of the electrode
into an empty orbital of the linker and then to an empty orbital
of the other electrode or an electron transfers from an occupied
orbital of the linker to an empty orbital of the other electrode
and then an electron transfers from the electrode to the hole in
the previously occupied orbital of the linker. This second
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mechanism can be described in a language similar to that of
the first one by saying that it is a hole transfer through an
occupied orbital. Which mechanism operates depends on
whether an empty or an occupied orbital of the linker is within
the Fermi window of energies spanned by the electrodes.
Primarily, the applied voltage determines the width of this
window, and when this voltage is higher, more than one orbital
can fall within the window and contribute to the conduction. In
the intermediate state there is an excess or defect of electrons
on the linker. We have checked in detail that it is a reasonable
approximation to invoke Koopman’s theorem, meaning that an
electron is added to an unoccupied orbital of the neutral linker
or removed from an occupied orbital. In this case the transmission function takes the form of a weighted density of molecular
orbitals:20,21

T(E) )

∑µPµδ(E-Eµ)

(1)

Eµ is the energy of the MO µ, and Pµ is given by the product
of the weights of the MO µ on the atoms that are linked to the
right and the left electrodes. In eq 1, we replaced the Lorentzian
broadening due to the coupling to the electrode by a δ function.
As we discussed elsewhere in detail,20,21 this is justified by the
fact that the width of the Fermi window due to thermal averaging
is larger that the width due to the coupling to the electrodes
(see eqs 3 and 4). Except at very low temperatures and voltages,
systems where the molecule-electrode coupling is strong
enough so that the orbital is broadened more than the Fermi
width are yet to be realized. In this study, we take Pµ to be
given by the weights of the MO µ on the Au atoms bound to
the sulfurs on the left, Aul, and on the right, Aur, leading to
NAO

Pµ )

Au 2 Au 2
|ciµ
| |ciµ |
∑
i)1
l

r

(2)

NAO is the number of atomic orbitals used to describe the Au
atoms in the ab initio computation. The important point is that
Pµ is given by the product of the weights of the MO on the left
and right ends of the molecule. For the resonance transmission
of a given MO µ, T(Eµ), to be large, the MO needs to have
significant weight on both ends. If the direction of the field is
such that, for a given MO, the electronic density is shifted to
one end of the molecule, this particular MO will conduct less.
On the other hand, the opposite direction of the field will favor
conduction by making the weight more evenly distributed over
both ends. This effect is present for most of the MOs of the
alkane bridges because they are of σ character. Such an effect
is shown in Figure 2 for the hexanedithio bridge, where T(E) is
plotted as a function of energy for zero field (panel a) and the
two possible directions of a field oriented along the molecular
backbone (panels b and c).
Unlike the saturated alkanes, in most conjugated bridges the
highest occupied MOs are of π symmetry and hence are more
protected from the effect of a field between the two electrodes.
This is shown graphically in Figure 3 for the transmission
function of S-C6H4-C2-C6H4-S. This means that conjugated
bridges will continue to conduct when the field strength is
increased further. As can be seen by comparing Figures 2 and
3, for the conjugated bridges, the HOMO lies higher in energy
and the HOMO-LUMO gap is smaller than for the alkane
bridges. This explains why unsaturated bridges are better
conductors. The HOMO can be accessed for lower values of
the applied bias than in the case of the alkane bridges. In the
systems investigate here, conduction occurs via holes since it
is the HOMO that is the closest in energy to the gold Fermi

Figure 2. Transmission function (eq 1) as a function of energy (eV)
for the Au2-Au-S-(CH2)6-S-Au-Au2 bridge. Panel a: The ab initio
computation (for details see section 2) is for a zero field along the
molecular backbone. The HOMO and HOMO - 1 are almost
degenerate. Each of them is localized at one of the two Au-S-CH2
ends of the hexane bridge. In panel b the external field is applied along
the molecular backbone in the positive direction. The field mixes the
two highest occupied MOs shown in panel a, and their energy difference
increases. The result is a decrease of the intensity of T(E), the HOMO
being less conducting than the HOMO - 1. In panel c, the external
field is applied in the opposite direction. The split of the MOs is the
same, but now the HOMO is more conducting than the HOMO - 1,
so that, at low values of the applied bias, the current is higher for
negative than for positive fields.

level. It takes much stronger applied bias to see the contribution
of electron conduction to the current.
A second effect of the external field arises when there are
MOs that are nearly degenerate. If these MOs are coupled by
the field, they will repel, and the effect of the field is to induce
additional nonlinearities in the I-V curves. Since the density
of the MO is rather sparse, it is however less important in the
present study than in our work on arrays of quantum dots.21
4. Current vs Applied Bias
Current vs applied bias curves are plotted in Figure 4. To
convert the applied bias to an overpotential requires knowing
the value of the redox potential of the reference electrode used
in electrochemical studies. The Fermi energy, EFermi, of the gold
electrode is equal to -5.53 eV and close to the energy of the
HOMO of the bridges investigated here. The higher orbital, the
LUMO, is typically at ∼-4.2 eV. Conduction occurs therefore
via “hole migration”. To observe conduction by electron
migration, one would need to use electrodes with different Fermi
energy or to move the energy levels of the bridge by applying
a gating voltage.21,45-47 We compute the current using a
scattering theory formalism22 similar to the Landauer ap-

18132 J. Phys. Chem. B, Vol. 108, No. 47, 2004

Remacle et al.

Figure 4. Current (number of electrons transmitted per second, e/s)
vs applied bias (V) for a number of thiol bridges, as identified in the
figure, between gold trimers. The inset (same axes and same symbols
as the main plot) is a simpler computation where the same transmission
function is used for all values of the applied bias. It is labeled “linear”
because for very weak voltages this approximation leads to Ohm’s law.
The primary effect of including the distortion of the molecular charge
density by the applied voltage is to significantly reduce the conduction
of σ-bonded molecules. Possibly this is the real reason alkanes are
reputedly not good conductors because in the linear regime, see the
inset, they conduct quite well.

Figure 3. Transmission function as a function of energy computed
for Au2-Au-S-C6H4-C2-C6H4-S-Au-Au2 at zero field (panel a),
0.42 V (panel b), and 0.70 V (panel c) along the molecular backbone.
The HOMO falls at -5.2 eV and is of π character (see Figure 1). Its
electronic density and its energy are almost not affected by the external
field. On the other hand, the LUMO and LUMO + 1 orbitals have a
more pronounced σ character and are localized each at one end of the
bridge. They are almost degenerate and effectively coupled by the field.

proach.18,23-32,54,55 It is given by averaging the transmission
function over the one-electron states of the electrodes:20

I)

2πe
h

∑µ g(µ,V,T) TV(Eµ)

(3)

g(µ,V,T) is the Fermi window21

g(µ,V,T) )
fleft(Eµ - EFermi - eV/2) - fright(Eµ - EFermi + eV/2) (4)
that is centered about the Fermi energy, EFermi, and has a width
that equals the applied voltage V with rounded wings due to
the finite temperature T. The onset of conduction is a rising
exponential function of the applied voltage and occurs when
the wings of the Fermi window begin to overlap with the
HOMO. The inset in Figure 4 shows the same curves computed
in the approximation where the effect of the voltage is not
included in the computation of the MOs. Note how propane,
whose bonds are only of σ type, becomes a less good conductor
when the field is included in the computation of the transmission
function. Other bridges affected by the field but to a lesser extent
are methylphenyl, where the HOMO has a partial σ character

Figure 5. Absolute value of the current (e/s on a log scale) vs negative
applied bias (V) for dithiopropane, -hexane, and -nonane bridges. These
curves are used to determine the value of the decay constant β (see
Figure 6). For positive values of the applied bias (shown in the inset),
the I-V curves are less monotone, and the value of the current is
smaller. This is due to the fact that, for positive values of the applied
bias (see Figure 2), the T(E) of the HOMO is smaller than the T(E) of
the HOMO - 1. A positive applied bias disfavors conduction, while a
negative applied bias assists conduction.

on the methyl ends (see Figure 1a,b), and biphenyl. In the
biphenyl bridge, at equilibrium, the angle between the two
phenyls is 34°, so that a field applied in the direction of the
σ-skeleton of one of the phenyls will have a component in the
direction perpendicular to the second phenyl group and distort
the charge density. The I -V curves of phenyl and diphenylethylene bridges are almost identical in the linear approximation
and when the field effect is included in the computation of the
electronic structure.
5. Scaling of the Conductivity with Distance
Within a homologous series the computed rate of transport
is found to decrease exponentially with the bridge length. For
example, Figure 5 shows I-V curves for dithiopropane, -hexane,
and -nonane tethered between two gold trimers. The effect of
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Figure 6. Absolute value of the current (e/s on a log scale) vs the
C1-Cn distance for the dithiopropane, -hexane, and -nonane bridges,
shown for four values of the applied bias. The fits to A + exp(-βdC1Cn) are shown as dotted lines. β is expressed in inverse angstroms. The
obtained value depends on the strength of the applied bias, but for
voltages below 1 V the range is in agreement with experimental and
simpler models; see the text.
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Figure 7. Current (e/s) as a function of the Fermi level of the electrodes
(eV) for the benzene and the dimethylbenzene bridges, computed for
an applied bias of 0.5 V.

the current is to apply a voltage in a direction perpendicular to
the molecule. Our computations21 and others45-47 suggest that
such a “gate” voltage can be used to significantly alter the
current.

the field is included on the electronic structure computation.
The figure shows the current computed for negative voltages,
while the inset is for positive bias. From Figure 5, one can see
that the value of β, the distance scaling constant of the rate of
charge migration, depends on the voltage. We show in Figure
6 the value of the current for a given voltage as a function of
the C-C distance between the two ends of the chain (Å). We
choose the negative bias portion of the I-V curves because the
current varies more monotonically with the voltage than the
positive range (inset of Figure 5). One can see from Figure 6
that the fitted values for β vary between 1.29 Å-1 for V ) -0.2
V and 1.05 Å-1 for V ) -0.4 V. The decrease of β with
increasing voltage is consistent with the experimental results
reported in ref 39. These values, obtained from ab initio
computation including field effects, are in agreement with both
the experimental6,34-38 values measured in solution and the
computed39,42,43 ones using simpler models for describing the
electronic structure. We note that the way the length of the chain
is estimated also matters. What was used here is the projection
of the C1-Cn distance on the field direction. When β is
computed per methylene unit, values between 1.35 and 1.66
Å-1 per methylene are obtained, in good agreement with the
factor 1.25 Å-1 per methylene used in the literature.38,56
A simple exponential decline of the rate with distance requires
that the molecular “wire” is chemically homogeneous. Already
some time ago57 we saw that it is possible to slow the rate
significantly by introducing electron-attracting groups along the
bridge.

7. Concluding Remarks
We compared the computed conductivities of different
conjugated and nonconjugated organic spacers linked on both
sides to small gold clusters with electrochemical results. The
computation of the current uses a scattering approach and is
based on an ab initio determination of the geometry and
molecular levels of the gold-spacer-gold system at the DFT
and RHF levels. The effects of the external electric field are
investigated at the DFT level. At low values of the applied bias,
short saturated spacers are found to be as good conductors as
conjugated molecules. The conductivity drops exponentially with
the length of the spacer, but longer nonconjugated spacers can
be better conductors at higher values of the applied bias or/and
if a gating voltage is applied. The role of the electric field in
determining the current means that conductivity is not a
spectroscopic probe of the electronic structure of the unperturbed
molecule. Rather, it provides much richer information because
it shows how the structure of the molecule deforms in response
to the field.

6. Effect of the Position of the Fermi Level

Appendix
The effect of the voltage is incorporated into the computation
by representing it as an external dipolar field.58 This field is
included as part of the Hamiltonian in the quantum chemistry
code using boundary conditions for an isolated molecule and a
localized basis set. For an overall neutral molecule submitted
to an external uniform electric field, E, the energy of interaction
of the charges (nuclei and electrons) of the system with the
external field is a dipolar term. This amounts to adding a terms
E‚rsin the Kohn-Sham equations that are solved selfconsistently:

The current as shown above is computed for a Fermi energy
of gold of -5.53 eV. Conductivity is maximal when the Fermi
energy matches the orbital energy of the linker, and for many
molecular bridges this means that for gold electrodes conduction
is by holes migrating through the HOMO. By using different
electrodes, we can change this picture, and the common
electrochemical practice of using two different electrodes may
be the simplest route for exploring the mechanism of conduction
by molecules. The effect of varying the Fermi energies is shown
in Figure 7 for the benzene and dimethylbenzene bridges. While
for the gold Fermi energy benzene is a much better conductor
than dimethylbenzene, dimethylbenzene becomes progressively
a better conductor for EFermi < 5.55 eV. Another way to control
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where φ̃i and ˜ i are the uniform external electric field selfconsistent molecular orbitals and the corresponding energies.
VH(r) is the Hartree potential. It is the local potential due to the
electrostatic Coulomb interactions. Vex is the exchange potential
and is nonlocal. The molecular orbitals φ̃i define the electronic
density F̃(r), which by definition is related to the Hartree
potential by

VH(r) )

∫

F̃(r′)
dr′

|r - r′|

N

-

ZR

∑ |r - R |

R)1

R

where the index R refers to the nuclei. The Hartree potential in
the presence of an external uniform electric field inherently
satifies the Poisson equation:

∇2VH(r) ) -4πF̃(r) -

∑R ZRδ(r-RR) ) -4πFTot(r)

VH(r) is also referred to in quantum chemistry as the molecular
electrostatic potential.59 The difference between VH(r) in the
presence and in the absence of the electric field is often used to
get a better understanding of how the potential drops along the
molecular backbone.14,19,60,61 We will discuss elsewhere the
features of the electrostatic potential for the molecular bridges
reported here.
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