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We have studied the double proton transfer �DPT� reaction in the cyclic dimer of chloroacetic acid
using both classical and path integral Car-Parrinello molecular dynamics. We also attempt to
quantify the errors in the potential energy surface that arise from the use of a pure density functional.
In the classical dynamics a clear reaction mechanism can be identified, where asynchronized DPT
arises due to coupling between the O–H stretching oscillator and several low energy intermolecular
vibrational modes. This mechanism is considerably altered when quantum tunneling is permitted in
the simulation. The introduction of path integrals leads to considerable changes in the thermally
averaged molecular geometry, leading to shorter and more centered hydrogen bond linkages.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2749251�

I. INTRODUCTION

Fast proton transport �PT� between donor and acceptor
atoms is of paramount importance in many aspects of chem-
istry and biology. Applications are diverse and include many
technological developments such as hydrogen fuel cells,
electrochromic displays, gas/humidity sensors, and electro-
chemical reactors.1 Awareness of the fundamental properties
of complex PT mechanisms is also central to our evolving
understanding of biological processes. In nature all reactions
that convert energy from one form into another are mediated
by PT, which also serves as a vital route to achieve cell pH
stabilization.2

The basic mechanism of PT is highly complex as it in-
volves coupling between several different molecular vibra-
tional modes, in addition to any other interactions which may
take place within, e.g., a liquid or protein environment. The
specific case of double proton transfer �DPT�, to which this
work is addressed, represents another layer of complexity.
Recent applications of experimental and theoretical methods
to model DPT systems have made considerable progress, and
to a certain level of approximation the phenomenon is now
understood. Experimental evidence is hard to obtain, as the
observation of ultrafast vibrational dynamics requires the use
of advanced methods based on multidimensional nonlinear
coherent laser spectroscopies. There have been several recent
studies on cyclic carboxylic acid dimers3–5 and other simple
systems,6,7 which have given rise to the discovery that the

O–H stretching motions are coupled anharmonically to lower
frequency vibrational modes, that are in turn responsible for
modulating the length of the hydrogen bond. This basic
structural mechanism establishes a continuum of potential
energy surface �PES� shapes, from the double well at hydro-
gen bond lengths around 2.6 Å, to the single well around
2.4 Å. As a consequence the PT barrier height depends ex-
plicitly upon the heavy atom positions, and the transfer pro-
cess cannot be understood within an adiabatic, or averaged
thermal structure perspective. There have also been several
theoretical reports based on cyclic formic acid dimers8–13 and
other systems.13,14 In particular, Ushiyama and Takatsuka9

set out a clear reaction mechanism based on ab initio
�Hartree-Fock� chemical dynamics and Miura et al.10 used
Car-Parrinello molecular dynamics15 �CPMD� calculations to
demonstrate the impact of quantum fluctuations �as repre-
sented within a path integral �PIMD� formalism16–18� upon
the transfer events.

From a theoretical perspective the accurate modeling of
proton transport is a challenge for three main reasons. First,
bond formation and breaking events are not described by
conventional molecular mechanics force fields. Second, ow-
ing to the small mass of the hydrogen atom, quantum effects
such as tunneling and zero-point energy contributions can
radically alter the reaction landscape. Third, the proton trans-
fer step is a rare event; put simply, if one were to perform
standard molecular dynamics �MD� calculations, prohibi-
tively long trajectories would need to be obtained in order to
provide a reasonable sampling of transfer events.

There are several different computational approachesa�Electronic mail: c.morrison@ed.ac.uk

THE JOURNAL OF CHEMICAL PHYSICS 127, 064304 �2007�

0021-9606/2007/127�6�/064304/8/$23.00 © 2007 American Institute of Physics127, 064304-1

Downloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2749251
http://dx.doi.org/10.1063/1.2749251
http://dx.doi.org/10.1063/1.2749251


that can be taken. In an attempt to address all three issues
raised above we have opted to study DPT in a simple model
system to avoid compromise on the level of calculation that
can be performed. Our system of choice is the gas phase
cyclic dimer formed by chloroacetic acid, the rationale being
that the chloroderivative is a stronger acid than the parent
compound and is therefore likely to have a faster rate of
DPT. As such, the reaction should occur spontaneously with
a rate that is accessible by quantum mechanical MD calcu-
lations. We have adopted the same approach as Miura et al.,
namely, a CPMD simulation,15 in which the positions of the
atoms evolve according to the classical equations of motion,
on the basis of forces obtained directly from the instanta-
neous electronic structure. This is then followed with a
PIMD simulation,16–18 which explores the quantum behavior
of both the nuclear and electronic degrees of freedom within
the Born-Oppenheimer approximation. In essence it maps
the problem of a quantum particle into one of a classical ring
polymer model with beads that interact through temperature
and mass-dependent spring forces. In practice, the represen-
tation of each atom in the system as group of N beads re-
quires N electronic structure calculations, and therefore adds
considerably to the computational expense. The one saving
grace of the method is that the N calculations are �almost�
entirely independent, and can therefore be successfully
farmed out on a multiprocessor high performance computer.

While an ab initio MD simulation can be regarded as a
current state-of-the-art technique, a problem arises in appli-
cation to PT reactions. In these calculations, the full many-
electron Hamiltonian is typically approximated within a den-
sity functional theory �DFT� approach,19,20 and the resulting
Kohn-Sham orbitals expanded via a plane-wave basis set.21

Modeling the bond dissociation limit presents a particular
difficulty for current exchange-correlation functionals, for
they lack the nonlocal contributions essential for the accurate
modeling of a bond stretched to its breaking point, resulting
typically in an underestimation of PT barrier heights.22,23

Hybrid-DFT functionals, which include some component of
the inherently nonlocal Hartree Fock �HF� exchange, tend to
produce more realistic barrier heights. However, the use of
such functionals requires diagonalization of the Fock matrix,
which is prohibitively expensive in a plane wave representa-
tion. Although there are algorithms in development that
promise to render HF theory with plane waves more trac-
table, they are not yet within the public domain, and so MD
with hybrid functionals remains unavailable at the present
time. A further problem which arises in simulations of PT is
the neglect of zero-point contributions �ZPC� in classical dy-
namics, although the PIMD method can account for this ef-
fect at finite temperature. It is always important to be aware
of the weaknesses in any modeling approach, and in this
work we will attempt to quantify them.

In this paper we first present the results obtained from a
series of geometry and transition state optimizations for the
cyclic chloroacetic acid dimer using a localized basis set ap-
proach, where we add HF exchange in stepwise increments
into the BLYP �Ref. 24� DFT functional in order to gauge the
likely barrier height inaccuracies in our ab initio MD simu-
lations. The effects of the ZPC upon the DPT reaction are

also assessed. The classical MD results are presented next,
followed by a discussion of the impact on the DPT event of
the quantum mechanical treatment of the nuclear motion ob-
tained within PIMD. Finally we present results obtained for
the deuterated bridge analogue, to discover the effects of
isotopic substitution on the reaction mechanism.

II. COMPUTATIONAL DETAILS

A. Localized basis set modeling

A series of geometry optimizations and vibrational fre-
quency calculations were performed to characterize the key
stationary points on the PES of the chloroacetic acid dimer
�see Fig. 1� using the GAUSSIAN03 simulation package.25 In
addition, in an attempt to quantify the shortcomings in a pure
DFT functional approach �as employed in our subsequent
MD calculations� we undertook a series of calculations em-
ploying hybrid functionals containing a variable mixture of
the Becke88 �Ref. 24� and Fock exchange potentials with
VWN �Ref. 26� and LYP �Ref. 24� correlation, as defined by
the following form:

P2Ex
HF + P1�P4Ex

Slater + P3�Ex
Becke� + P6Ec

VWN + P5�Ec
LYP.

The standard B3LYP functional is obtained by setting param-
eters P1 to P6 to values of 1.0, 0.2, 0.72, 0.8, 0.81, and 1.0,
respectively. In the current work we set P3 to P6 to 0.9, 1.0,
0.81, and 1.0, respectively, and varied P2 from 0 �yielding
pure DFT exchange, i.e., the BLYP functional� to 1 �pure
Fock exchange, i.e., HF+LYP� in stepwise increments while
maintaining the corresponding weight of DFT-based ex-
change, P1, at 1− P2. Standard 6-311+ +G** basis sets were
used for all atoms. The ground state was optimized in the C1

point group with maximum �rms� force tolerances of
0.000 45 �0.0003� a.u. and maximum �rms� displacement tol-
erances of 0.0018 �0.0012� a.u. The DPT transition state was
obtained by optimizations of identical quality within the C2

point group, which maintained centered hydrogen bond pro-
ton positions. Zero-point contributions to ground and transi-
tion state energies were obtained from harmonic frequency
analysis, which also confirmed the saddle point character of
the transition state.

FIG. 1. Structure and atomic labeling for the chloroacetic acid dimer.
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B. Molecular dynamics

Calculations have been carried out using the CPMD
program,27 with the initial molecular configuration for the
chloroacetic acid dimer optimized by a pre-conditioned con-
jugate gradients algorithm. The dimer was located in a
simple cubic box of dimension 11.0 Å. Molecular dynamics
and path integral simulations �within the nvt ensemble� were
carried out at 450 K with a time step of 3.0 a.u., coupled to
Nosé-Hoover thermostat28,29 chains for each vibrational de-
gree of freedom at a characteristic frequency of 3000 cm−1.
An electronic mass parameter of 400 a.u. was employed.
Electronic exchange and correlation have been modeled us-
ing the gradient-corrected functional of Perdew, Burke, and
Ernzerhof �PBE�.30 Core electrons were treated using the
norm-conserving atomic pseudopotentials of Troullier and
Martins,31 while valence electrons were represented in a
plane-wave basis set truncated at an extended energy cutoff
of 80 Ry. Two types of molecular dynamics simulation have
been carried out. In the first the behavior of all atoms was
treated classically �CPMD�, whereas in the second the nuclei
were treated as quantum particles �PIMD�.32 Following the
initial equilibrium period, data were accrued over trajectories
spanning 400 000 steps for the Car-Parrinello dynamics on
the parent model and 200 000 steps for the deuterated-bridge
model and the path integral dynamics simulation. The path
integral simulation used ten beads and the normal mode vari-
able transformation. The trajectory data were processed us-
ing the script of Kohlmeyer33 to calculate the arithmetic av-
erage position �the centroid� of each set of polymer beads
prior to visualization using the VMD program.34

III. RESULTS AND DISCUSSION

A. Localized basis set modeling

In common with other members of the carboxylic acid
family, the monomer units of chloroacetic acid readily form
cyclic dimers linked by a double hydrogen bond �see Fig. 1�.
The two minima that exist on the PES are linked via a tran-
sition state structure with centered proton positions. The low-

est energy structure corresponds to that where the chlorine
atoms reside on opposite sides of the hydrogen bridge, as
depicted in Fig. 1; twisting the terminal groups to the cis
conformation resulted in a transition state just 0.3 kJ mol−1

higher in energy �taking the ZPC correction into account�.
The effect of varying the Fock exchange content of the

hybrid functional on the ground and transition state struc-
tures, and resulting barrier heights, is summarized in Table I.
There are notable structural changes as the amount of Fock
exchange �P2� is increased. For the ground state structure the
covalent bond O–H steadily shortens, reaching a reduction of
5.4% of the pure DFT value at P2=1.0. The O¯O hydrogen
bond length at first increases slightly, then steadily decreases
to end up 1.4% shorter under HF+LYP conditions. There is
an abrupt decrease in the Cl–C–C–O�H� torsional angle at
P2�0.7, but a curve of the ground state energy versus P2 is
smooth across the whole range. The transition state structure
appears to be less sensitive, showing monotonic variation in
bond lengths and a torsional angle that varies slightly, but
remains close to 90°.

Turning now to discuss energies, we observe that as P2

increases the barrier height also steadily increases. This sup-
ports the findings of Sadhukhan et al.,22 who demonstrated
that the B3LYP functional underestimated and the HF
method overestimated the barrier height of their model PT
reaction. The study by Poater et al.23 suggests that a value of
P2=0.5 should give a close approximation to the true barrier
height, based on calculations of model gas-phase chemical
reactions. We conclude therefore that the implication for an
ab initio MD study is that the use of a pure DFT functional is
likely to lead to an underestimation of the reaction barrier
height by a factor of approximately 2 �see Table I�.

In addition to considering the deficiencies in the func-
tional, it is also essential to consider the effect of neglecting
the ZPC in an ab initio MD simulation. From Table I it is
immediately apparent that this has a profound effect on the
reaction barrier height. The large contribution arises from the
fact that, at the transition point, it is the O–H stretching mode
that becomes imaginary, and it is this mode which makes the
largest contribution to the ZPC. Neglect of the ZPC therefore

TABLE I. Ground and transition state bond lengths �Å� and Cl–C–C–O�H� dihedral angles, � �°�, energy
difference between structures lacking zero-point contribution, �E �kJ mol−1 dimer−1�, and including ZPC,
�E�ZPC� �kJ mol−1 dimer−1� for varying fractional contents of Fock exchange, P2.

P2

Ground state Transition state

�E �E�ZPC�O¯O O–H � O¯O O–H �

0.0 2.677 1.015 78.7 2.440 1.220 90.0 21.562 5.332
0.1 2.680 1.006 78.2 2.426 1.213 90.0 25.476 8.400
0.2 2.684 0.998 77.0 2.414 1.207 90.0 29.328 11.477
0.3 2.682 0.991 76.0 2.403 1.201 90.0 33.079 14.546
0.4 2.682 0.985 74.4 2.392 1.196 90.0 36.691 17.512
0.5 2.681 0.980 72.5 2.382 1.191 89.8 40.133 20.408
0.6 2.677 0.975 69.7 2.373 1.186 89.9 43.405 23.158
0.7 2.673 0.970 66.0 2.364 1.182 89.8 46.500 25.757
0.8 2.654 0.968 21.2 2.356 1.178 89.8 49.634 29.654
0.9 2.648 0.964 19.7 2.348 1.174 89.8 52.469 31.878
1.0 2.640 0.960 16.7 2.341 1.170 89.8 55.121 33.939
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results in an overestimation of the barrier height by a factor
of about 2.

There are therefore two competing deficiencies in our ab
initio classical MD simulations, which might be expected to
partially cancel in a fortuitous manner. The pure DFT func-
tional will underestimate the DPT barrier, but the neglect of
the ZPC will work against this to our favor. Although these
test calculations employed a different DFT functional
�BLYP� to the one actually used in our MD calculations
�PBE�, a similar effect should hold for this functional. The
net result is likely to be a barrier height of around
20 kJ mol−1 dimer−1 for the DPT reaction in the classical MD
simulation. Finally, we have also considered the effect of full
deuteration upon the ZPC; energy barriers are increased by a
close-to-constant 6 kJ mol−1 dimer−1 across the range of P2

values.

B. Classical dynamics

The necessary starting point for a molecular dynamics
simulation is the optimized athermal geometry. This structure
subsequently provides a useful reference point to assess the
effects of thermal fluctuations on the molecular geometry. In
particular, we observe that the average O¯O distance ex-
pands by some 0.15 Å at 450 K. Changes in the hydrogen
bond internal parameters �as defined in Fig. 1� are presented
in Fig. 2. From this it is evident that there are two distinct
behaviors of the system: a rest period, where each proton
remains closely associated with one oxygen atom and exhib-
its normal O–H vibrational behavior, and an active period,
where both protons quickly transfer to the other well on the
PES.35 In the classical dynamics this process can proceed
only by a thermal hopping mechanism, that is, the protons
must pass over the top of the barrier. In total we observed the
double proton transfer event occurring eight times during the
33 ps trajectory.

The eight DPT events therefore yield sixteen individual
PT incidents that can be closely examined. The following
chain of events observed for the first PT event �see Fig. 3�
are apparently replicated throughout the data set and is con-
sistent with a classical proton “hopping” mechanism.1 The
first indicator that a proton hopping event will occur is a
contraction in the O¯O distance to around 2.3–2.4 Å. This
change in geometry is commensurate with a drop in barrier
height on the PES, facilitating the movement of the proton.
In nearly all incidents, the proton hop event follows approxi-
mately 10 fs later. This time interval corresponds to a fre-
quency of around 3000 cm−1, which most probably corre-
lates with the O–H vibration. The driver for the proton to
return to its original site is then a second contraction of the
O¯O distance. The time scale from initiation of the hop to
movement into the other well is around 15 fs, which finds
agreement with previous studies of urea-phosphoric acid,36

benzoylacetone,37 and the PT events observed by Ushiyama
and Takatsuka for the formic acid dimer.9

Dreyer et al. have investigated the complex line shape of
the O–H stretching band in the gas phase cyclic dimer of
acetic acid through a combined coherent femtosecond IR-
pump-IR-probe spectroscopy and quantum mechanical mod-

eling study.3,4 In particular, this work identified two modes
which couple strongly to �O–H, which are the hydrogen
bond bending ��dimer� and stretching ��dimer� modes, at wave
numbers of 145 and 170 cm−1, respectively. Both of these
low energy normal modes of vibration modulate the hydro-
gen bond distance strongly. For the choroderivative the har-
monic vibrational frequency analysis using the BLYP func-
tional predicts the same modes to appear at around 140 and
240 cm−1, respectively. In an effort to determine whether
these modes are implicated in our simulation, we have Fou-
rier transformed the R1, R2 and r1, r3 distance versus time
plots presented in Fig. 3. We observe common peaks in all
the resulting plots at 140 and 245 cm−1, indicating that the
motions of the O¯O and O–H bonds are correlated at these
frequencies. It seems reasonable, therefore, to suggest that
the basic mechanism for PT within the classical dynamics
trajectories involves coupling between �O–H and the low
energy �dimer and �dimer intermolecular modes.

There are other issues pertaining to the double hydrogen
bond linkage that need to be addressed, such as whether the
two hydrogen atoms display synchronous or asynchronous
behavior. During the rest periods, our data support an asyn-
chronous behavior of the two bridging protons �i.e., as r1
increases r3 decreases, and vice versa; see Fig. 4�a��, which
finds agreement with the formic acid dimer studies of Miura
et al.10 and Ushiyama and Takatsuka.9 During the active pe-

FIG. 2. Hydrogen bond distances as a function of time from the classical
dynamics simulation.
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riods Ushiyama and Takatsuka propose a two-step mecha-
nism for DPT, that is, the two protons do not pass the mid-
points of their respective hydrogen bonds at exactly the same
time. We also observe this detail in our simulation and note a
small time delay of just less than 10 fs �cf. the value of 8 fs
found by Ushiyama and Takatsuka�.

The complete mechanism for DPT proposed by Ush-
iyama and Takatsuka is that the first proton thermally hops to
the other well without large deformation of the skeleton
O–C–O bonds. There then arises a small time delay while the
orders of the C–O and CvO bonds on both sides of the
hydrogen bond linkage switch, and the second proton is then
pulled across the hydrogen bond by the increased charge on
the acceptor oxygen atom. Based on the fluctuations in struc-
tural parameters obtained directly from our CPMD simula-
tion, we conclude that our data is entirely consistent with this
mechanism. Ushiyama and Takatsuka also observed an inter-
esting ordering in the proton hopping sequence for the for-
mic acid dimer, namely, the second transferred proton be-
comes the first in the next DPT event, i.e., a hopping
sequence of �H1,H2,H2,H1,H1,H2…� but offered no expla-
nation for the effect. Our data are also largely consistent with
this picture, with seven of the eight DPT events conforming
to this pattern. Moreover, our data suggest that it is the or-
dering in the contraction of the two O¯O distances that
dictate which proton will be the first to transfer. This sug-
gests that further coupling with other low energy modes must

be present, as the previously identified �dimer and �dimer

modes cause the two O¯O distances to contract in phase.
Other studies have implicated interdimer rocking modes in
the DPT mechanism that do induce asynchronous rO¯O
behavior4 and it is reasonable to postulate that this occurs in
the current material too. We calculate the vibrational fre-
quencies of two such intermolecular modes to appear at
165 cm−1 �rocking mode� and 202 cm−1 �bending mode�
�BLYP/6-311+ +G*�; on our Fourier transformed R1, R2,
r1, and r3 CPMD distance plots we observe correlations at
160 and 195 cm−1, which may be an indication that these
modes are involved in the classical DPT mechanism.

Although the necessary condition for DPT would seem
to be a contraction in the O¯O distance, this alone is not
sufficient to guarantee that the event will occur. Attempt fre-
quencies in the low energy region of around 150–250 cm−1

corresponds to periods in the range of 0.15–0.20 ps, yielding
about 200 opportunities for the DPT event within our data
set. In order for just eight of those attempts to be successful
the protons would have to climb a barrier height of around
14 kJ mol−1 dimer−1, assuming an Arrhenius-type behavior
of the reaction. We note in passing that this value is some-
what lower than that displayed in our test BLYP functional
above �around 20 kJ mol−1 dimer−1�. However, we observe
that the O¯O distances in the MD trajectory frequently con-
tract to a length below that observed in the localized basis set
transition state structure, so the barrier overcome by the pro-
tons in the dynamical simulation may well be further
reduced.

FIG. 3. First DPT event observed in the classical dynamics simulation.

FIG. 4. Hydrogen bond distances r1 vs r3 by �a� classical dynamics and �b�
path integral dynamics �based on the bead centroid positions�.
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C. Quantum dynamics

Following the classical dynamics, we obtained trajecto-
ries from path integral calculations in which each atom was
represented as a 10-bead polymer. The beads interact through
temperature and mass-dependent spring forces, and the
model as a whole thus allows for a part of the quantum
motion of the nuclei to be included. The results are presented
in Fig. 5, where the changes in hydrogen bond internal pa-
rameters �based on the arithmetic average positions of the
beads, i.e., the centroids� immediately suggest a much more
dynamical and almost erratic system. This is also apparent in
a histogram of O–H distances, which are plotted together for
the classical and quantum dynamics for ease of comparison
in Fig. 6. In addition to observing the active DPT periods,
which occur much more frequently, there are now also a
small number of transient single proton transfer �SPT�
events, where a proton transfers from one oxygen to the
other, but almost immediately moves back. Consequently,
the rest periods are much less pronounced. Due to the con-
siderable increase in computational resources required for
this method, the total trajectory was sampled for just under
half the total time of the classical simulation. The DPT phe-
nomenon was observed about 20 times within this trajectory,
indicating that the two proton bead centroids crossed the
midpoints of their respective hydrogen bonds approximately

five times more frequently than in the classical model. From
this we conclude that the free energy barrier within quantum
dynamics is significantly lower than in the classical dynam-
ics, but it is difficult to relate the number of barrier crossings
to a specific rate constant. Extensions to the PIMD method,
which have gone some way toward the calculation of mean-
ingful quantum reaction rate constants, are active areas of
research and have been pursued by others. For example,
Geva et al. have developed centroid molecular dynamics,38

which is based on the hypothesis that quantum effects can be
incorporated into the bead centroids which in turn follow
classical-like dynamics. Craig and Manolopoulos have de-
veloped the ring polymer molecular dynamics39,40 method,
which is a generalization of PIMD to calculate the approxi-
mate Kubo-transformed real-time correlation functions. The
application of these methods to obtain a meaningful quantum
rate constant is an obvious future direction of this work.

The conditions established in the classical simulation for
DPT are seemingly relaxed in the quantum mechanical dy-
namics. While the DPT events do still occur following the
shortening of R1 and R2, the contraction appears to be less
pronounced, with nearly all incidences occurring across
O¯O distances of greater than 2.4 Å, indicating a tunneling
mechanism. It is of great interest to note that there are sig-
nificant differences in the heavy atom structure in the quan-
tum dynamics. The average O¯O distance �measured with
respect to the centroid positions of the polymer beads� is
considerably shorter and oscillates through a narrower range
of values �2.64�18� Å PIMD vs 2.73�24� Å classical�. This
compares favorably with the results of a gas electron diffrac-
tion study of the parent acetic acid dimer, which reported
rO¯O at 2.680�10� Å.41 In addition, the O–H distance in
the resting phase is longer by some 0.03 Å, compared with
the classical result �see Fig. 6�. It is clear, therefore, that the
bridging hydrogen atoms spend more time in close proximity
to the barrier. This in turn implies that the frequency �O–H
of proton approaches to the barrier region, which manifests
as the 10 fs delay for the first proton transfer in the classical
trajectory, will be of reduced consequence in the quantum
dynamics. This is supported by our data, where the delay was
absent in nearly all DPT incidences. Indeed in a small num-
ber of cases the hydrogen atoms were observed to transfer
before the O¯O contraction.

FIG. 5. Hydrogen bond distances as a function of time from the path inte-
gral dynamics simulation �based on the bead centroid positions�.

FIG. 6. Histograms of the O–H distances from classical �solid� and quantum
dynamics �dotted, scaled by factor of 10�.
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The general asynchronous behavior of the two protons is
maintained �see Fig. 4�b��, where a direct comparison with
the classical results shows a greater spread in r1, r3 �cen-
troid� values. The increased occupancy at the transition state
�r1=r3=around 1.2 Å� is also apparent. It should be noted,
however, that a comparison with the similar results reported
by Miura et al. �based on a 20-polymer-bead model� shows
that our values vary over a narrower range, which suggest
that we may not have included a sufficient number of repli-
cas to fully capture the quantum nature of this system. Fur-
ther analysis of the PIMD data set reveals other differences
in the DPT mechanism as compared with the classical model,
the most pertinent being that in nearly all of the observed
instances the hydrogen atoms are now synchronized at the
actual point of DPT, which finds agreement with the PIMD
study on the formic acid dimer by Miura.

The mechanism for DPT in quantum dynamics therefore
seems to involve a considerable relaxation of the strict crite-
ria extracted from the classical model. The shorter average
O¯O distance and longer O–H distance means that the rest
positions of the bridging hydrogen atoms are closer to the
PES barrier. Proton transfer can occur over distances greater
than 2.4 Å and the time delay attributed to the �O–H ap-
proach frequency seems no longer a set requirement. At the
actual point of DPT the heavy skeletal O–C–O and both
hydrogen atoms all move simultaneously.

Finally, we comment on the rare and transient SPT
events. Our data suggests that the reason for these failed
attempts is linked to the absence of the appropriate switch in
the C–O/CvO heavy atom geometry.

D. Deuterium-bridged analogue

For completeness, we also present a study of the cyclic
chloroacetic acid dimer in which the bridging hydrogen at-
oms are substituted for deuterium. The deuterium tunneling
rate is expected to be considerably lower than that observed
for hydrogen, and so we conducted only a classical dynamics
simulation in this case. In the data collection period �15 ps�
double deuterium transfer �DDT� was observed six times,
suggesting a system of slightly higher activity compared to
the hydrogen-bridged dimer. However, the transfer events
have occurred so infrequently that it is difficult to make re-
liable comments about the rate without resorting to repeating
the dynamics runs or collecting data for significantly longer
periods of time.

While the likelihood of tunneling is lower, other changes
induced by isotopic substitution may be expected. The geo-
metric isotope effect, whereby hydrogen bond distances ex-
pand upon deuteration, is essentially due to ZPC,42 and this
would seem to argue for the necessity of including quantum
effects in the dynamics. However, a recent review that ex-
amined the body of diffraction data published over many
decades concluded that the expansion in O¯O distances �of
the order 0–0.03 Å� was observed only in short to moderate
hydrogen bonds of length between 2.4 and 2.65 Å.43 The
hydrogen bonds in this study are of length greater than 2.7 Å
and are therefore unlikely to display a significant effect. In
the simulation, the substitution of deuterium for hydrogen

resulted in virtually no change in the hydrogen bond param-
eters, with average O¯O distances of 2.74�22� and
2.73�24� Å for the hydrogen and deuterium-bridged models,
respectively. The average O–H and O–D rest distances were
identical, at 1.02�4� Å.

Some general comments on the reaction mechanism can
be drawn from the six recorded DDT events. The contraction
in the O¯O distance prior to deuterium transfer is less pro-
nounced, with all events occurring over distances longer than
2.4 Å, i.e., some 0.05–0.1 Å longer than for DPT. As a con-
sequence it is harder to identify the starting point of the
reaction, and it is therefore difficult to identify whether the
deuterium transfer occurs after a longer time delay which
would be attributed to the lower �O–D approach frequency.
The time taken for deuterium to move from one side of the
hydrogen bond to the other is of a similar magnitude for a
proton �15 fs�. Finally, the time delay between the two deu-
terium atoms passing the midpoints of their respective hy-
drogen bonds is less than for the hydrogen analogue; how-
ever, further work is required to verify this observation.

IV. CONCLUSIONS

We have studied the classical and quantum mechanical
reaction mechanism for rare double proton transfer events in
the cyclic chloroacetic acid dimer using ab initio molecular
dynamics. While the methods used are recognized as state of
the art they have important limitations, among the most no-
table of which are the absence of contributions from excited
electronic states and the underestimation of reaction barrier
heights arising from the use of functionals which omit im-
portant nonlocal exchange and correlation effects. Further-
more, the classical dynamics simulation neglects the vibra-
tional zero-point contribution to the reaction energetics, but
we estimate that this may act to largely counteract the error
in barrier height.

Under classical conditions the DPT proceeds via a ther-
mal hopping mechanism, facilitated by the �O–H oscillator
acting in concert with several low energy intermolecular vi-
brational modes that act to close the donor-acceptor distance,
thereby reducing the barrier height. We identify the hydrogen
bond bending, stretching, and rocking motions as the most
important modes in this regard, and note that the latter causes
the O¯O distances to contract in an alternate manner and
thus dictates the sequence in which the protons transfer. Fol-
lowing the thermal hop of the first proton, there is a short
time delay while the orders of the C–O and CvO bonds on
both sides of the hydrogen bond linkage switch, which then
permits the second proton to transfer. Substitution of deute-
rium for hydrogen results in no appreciable difference in the
thermally averaged structures. Differences in the mechanism
of the transfer reaction seem to exist within our data, with
the transfer occurring at longer O¯O distances, and the two
bridging atoms appearing to act in a more synchronized fash-
ion.

Modeling the quantum behavior of the atoms by a 10-
bead polymer model dramatically altered the reaction path-
way and increased the number of DPT events by an order of
5. The criteria observed for DPT under classical conditions
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are seemingly relaxed, with the two protons transferring in a
synchronous fashion over donor-acceptor distances which
are typically greater than 2.4 Å, and without the delay attrib-
uted to the approach frequency �O–H. At the actual point of
DPT, the heavy skeletal O–C–O and both hydrogen atoms all
move simultaneously. There are also significant changes in
the heavy atom geometry, leading to shorter and more cen-
tered hydrogen bond linkages that are more akin to the ex-
perimental structure. From a structural chemistry perspective
this effect is very significant, as we have previously observed
that classical ab initio molecular dynamics calculations re-
port slightly longer, more asymmetric hydrogen bonds than
measured experimentally.36 Thus we note that the introduc-
tion of a path integral treatment, at even the modest levels
reported here, can significantly improve upon the thermally
averaged structure.

ACKNOWLEDGMENTS

The authors acknowledge the use of the University of
Edinburgh’s e-Server Blue Gene System, the support of
EPCC, and the Academic Computer Center in Gdansk
�TASK�. The authors thank Professor Paul A. Madden for
helpful discussions during the preparation of this manuscript.
One of the authors �P.D.� acknowledges the support of the
HPC-Europa programme, funded under the European Com-
mission’s Research Infrastructures activity of the Structuring
the European Research Area programme, Contract No. RII3-
CT-2003-506079. One of the authors �C.A.M.� also thanks
the Royal Society for the award of a Royal Society Research
Fellowship. Two of the authors �C.A.M. and D.S.M.� thank
the EPSRC for funding under Grant No. GR/T21615.

1 K. D. Kreuer, Chem. Mater. 8, 610 �1996�.
2 R. J. P. Williams, Annu. Rev. Biophys. Biophys. Chem. 17, 71 �1988�.
3 J. Dreyer, Int. J. Quantum Chem. 104, 782 �2005�.
4 K. Heyne, N. Huse, J. Dreyer, E. T. J. Nibbering, T. Elsaesser, and S.
Mukamel, J. Chem. Phys. 121, 902 �2004�.

5 K. Heyne, N. Huse, E. T. J. Nibbering, and T. Elsaesser, Chem. Phys.
Lett. 369, 591 �2003�.

6 J. Stenger, D. Madsen, J. Dreyer, E. T. J. Nibbering, P. Hamm, and T.
Elsaesser, J. Phys. Chem. A 105, 2929 �2001�.

7 A. Fernando-Ramos, Z. Smedarchina, and J. Rodriges-Otero, J. Chem.
Phys. 114, 1567 �2001�.

8 N. Shida, P. F. Barbara, and J. Almlöf, J. Chem. Phys. 94, 3633 �1991�.
9 H. Ushiyama and K. Takatsuka, J. Chem. Phys. 115, 5903 �2001�.

10 S. Miura, M. E. Tuckerman, and M. L. Klein, J. Chem. Phys. 109, 5290
�1998�.

11 T. Loerting and K. R. Liedl, J. Am. Chem. Soc. 120, 12595 �1998�.
12 Y. Kim, J. Am. Chem. Soc. 18, 1522 �1996�.
13 K. Wolf, A. Simperler, and W. Mikenda, Monatsch. Chem. 130, 1031

�1999�.
14 N. Sato and S. Iwata, J. Chem. Phys. 89, 2932 �1988�.
15 R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 �1985�.
16 M. E. Tuckerman, D. Marx, M. L. Klein, and M. Parrinello, J. Chem.

Phys. 104, 5579 �1996�.
17 M. E. Tuckerman, B. J. Berne, G. J. Martyna, and M. L. Klein, J. Chem.

Phys. 99, 2796 �1993�.
18 D. Marx and M. Parrinello, Z. Phys. B: Condens. Matter 95, 143 �1994�;

J. Chem. Phys. 104, 4077 �1996�.
19 P. Hoenberg and W. Kohn, Phys. Rev. 136, B864 �1964�.
20 W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 �1965�.
21 M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.

Joannopoulos, Rev. Mod. Phys. 64, 1045 �1992�.
22 S. Sadhukhan, D. Muñoz, C. Adamo, and G. E. Scuseria, Chem. Phys.

Lett. 306, 83 �1999�.
23 J. Poater, M. Solà, M. Duran, and J. Robles, Phys. Chem. Chem. Phys. 4,

722 �2002�.
24 BLYP requests the Becke88 functional and the correlation functional of

Lee, Yang and Parr. A. D. Becke, Phys. Rev. A 38, 3098 �1988�; C. Lee,
W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 �1988�.

25 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., computer code GAUSS-

IAN 03, revision C.02, Gaussian, Inc., Wallingford, CT, 2004.
26 S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200 �1980�.
27 CPMD version 3.11.1, Copyright IBM Corp. 1990—2006, Copyright

MPI für estkörperforschung Stuttgart 1997–2001.
28 S. Nosé, J. Chem. Phys. 81, 511 �1984�.
29 W. G. Hoover, Phys. Rev. A 31, 1695 �1985�.
30 J. P. Perdew, S. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865

�1996�.
31 N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 �1991�.
32 M. Parrinello and A. Rahman, J. Chem. Phys. 80, 860 �1984�.
33 traj2xyz.pl, ver.1.4, 2004/07/12-Axel Kohlmeyer.
34 W. Humphrey, A. Dalke, and K. Schulten, J. Mol. Graphics 14, 33

�1996�.
35 Note the spike in R2 on Fig. 3�b� at around 17 ps relates to a temporary

breaking of this hydrogen bond due to intermolecular vibration of the
dimer unit.

36 C. A. Morrison, M. M. Siddick, P. J. Camp, and C. C. Wilson, J. Am.
Chem. Soc. 127, 4042 �2005�.

37 S. Pantano, F. Alver, and P. Carloni, J. Mol. Struct.: THEOCHEM 530,
177 �2000�.

38 E. Geva, Q. Shi, and G. A. Voth, J. Chem. Phys. 115, 9209 �2001�.
39 I. R. Craig and D. E. Manolopoulos, J. Chem. Phys. 122, 084106 �2005�.
40 I. R. Craig and D. E. Manolopoulos, J. Chem. Phys. 123, 034102 �2005�.
41 J. L. Derissen, J. Mol. Struct. 7, 67 �1971�.
42 J. M. Robertson and A. R. Ubbelohde, Proc. R. Soc. London, Ser. A 170,

222 �1939�.
43 M. Ichikawa, J. Mol. Struct. 552, 63 �2000�.

064304-8 Durlak et al. J. Chem. Phys. 127, 064304 �2007�

Downloaded 09 Aug 2013 to 129.215.221.120. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions


