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The mechanism of proton translocation along linear hydrogen-bonded water chains is investigated. Classical
and discretized Feynman path integral molecular dynamics simulations are performed on protonated linear
chains of 4, 5, and 9 water molecules. The dissociable and polarizable water model PM6 of Stillinger and
co-workers is used to represent the potential energy surface of the systems. The simulations show that quantum
and thermal effects are both important because the height of the barriers opposing proton transfer are strongly
coupled to the configuration of the chain, which is, in turn, affected by the presence of an excess proton. For
characterization of the quantum effects, the energy levels of the hydrogen nucleus located at the center of a
protonated tetrameric water chain are calculated by solving the Schroedinger equation for an ensemble of
configurations which were generated with path integral simulations. Analysis shows that the first excitation
energies are significantly larger than the thermal energykBT and that quantum effects are dominated by the
zero-point energy of the proton. The quantum correlations between the different proton nuclei are found to
be negligibly small, suggesting that an effective one-particle description could be valid. Potential of mean
force surfaces for proton motion in relation to the donor-acceptor separation are calculated with classical
and path integral simulations for tetrameric and pentameric water chains. The mechanism for long-range
proton transfer is illustrated with a simulation of a hydrogen-bonded chain of nine water molecules. During
the simulation, cooperative fluctuations which modulate the asymmetry of the chain enable the spontaneous
translocation of protons over half of the length of the chain.

Introduction

Processes involving the rapid translocation of hydrogen ions
over long distances are required for the establishment of proton
electrochemical potential gradients across biological membranes,
which is essential to the proper function of the energy-
transducing membrane.1 Understanding how specific macro-
molecular protein assemblies perform this complex function is
a central question in biology and in biophysics. In a number
of well-characterized systems,2-4 there is growing evidence for
the presence of water molecules embedded in the interior of
the protein matrix where they could play an important functional
role. In particular, a chain of 14 water molecules extending
over 23 Å from the interior of the protein to the cytoplasmic
side has recently been observed in the crystallographic X-ray
structure of the photosynthetic reaction center (PRC) ofRhodo-
bacter sphaeroides.3 Similarly, refinement of the X-ray struc-
ture of the lumen-side domain of cytochromef (Cytf) reveals
the presence of a chain of 5 water molecules, 4 of which form
a linear pathway extending 12 Å from the interior of the protein
to the bulk solvent.4 Lastly, contrast neutron diffraction studies
indicate that 4 water molecules are trapped in the neighborhood
of the Schiff base in bacteriorhodopsin ofHalobacterium(bR).5

Although the current three-dimensional structure from electron
crystallography lacks sufficient resolution to locate water
molecules,6 computer modelization indicates that these water
molecules could form a linear chain in a narrow nonpolar region
of the protein, between the intracellular surface and the Schiff
base.7 The location of such chains of water molecules in the
protein structure suggests that they might participate in proton
translocation. For example, the water chains observed in the
Cytf and the reaction center structures could be implicated
respectively in H+ extrusion from theb6f complex or the

reprotonation of the secondary quinoneQB.4 Furthermore,
experimental evidence indicates that water molecules trapped
in the bR structure are essential for the reprotonation step,
requiring the translocation of a proton over a distance of 10-
12 Å from Asp 96 to the Schiff base at the end of the
photocycle.2

Because they are thought to be particularly effective in
mediating the translocation of protons, such hydrogen-bonded
water chains have been calledproton wires.8 Perhaps, the
simple transmembrane ion channel formed by the pentade-
capeptide gramicidin A provides one of the most striking
illustrations of the high proton mobility along hydrogen-bonded
water chains.9 In the membrane, the gramicidin A molecule
forms a helical channel of about 26 Å in length and 4 Å in
diameter; its structure is such that the permeation process must
involve the single file movement of a partially dehydrated ion
and water through the interior of a narrow pore.9,10 However,
analysis of electrical conductance and flux data has lead to the
remarkable conclusion that protons diffuse effectively faster than
the water molecules arranged in single file along the channel.9

In other words, the dominant mechanism responsible for the
proton conductance is not the diffusion of the hydronium
species, OH3+, through the gramicidin channel.
Instead, the high mobility of H+ in proton wires is thought

to arise from successive protonation-dissociation reactions,
whereby hydrogen ions hop from oxygen to oxygen along the
hydrogen-bonded chain, in a Grotthuss-like mechanism.11

However, even in the case of the relatively simple and well-
characterized gramicidin channel,9,12 experimental elucidation
of the molecular mechanism is difficult because it is intrinsically
transient in nature. Theoretical methods represent a possible
approach for exploring the microscopic processes underlying
proton transport in such complex systems. Due to their
importance in chemistry and biology, much work has been
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devoted to the study of proton transfer phenomena (see ref 13
for a recent discussion). For investigation of the particular
influence of various factors, such as the variations of the barrier
height between the donor and acceptor or the external forces
due to the surrounding solvent, proton transfer processes have
traditionally been characterized on the basis of simple model
systems depicting a H+ shared by two atomic centers represent-
ing the donor-acceptor pair.14,15 Despite their interest, such
models do not constitute a realistic description of proton transfer
in a protic medium and stop short of providing a basis for
understanding the function of proton wires.16-18

For a meaningful investigation of proton translocation along
proton wires, it is necessary to allow full flexibility and
dissociation of the water molecules. Particularly in the case of
protonated water aggregates, it may be essential to take into
account the inherently collective nature of the proton transfer
which results from the equivalence of all potential donor and
acceptor molecules in a protic medium. In such systems, the
notion of solvent cooperativity reaches its full meaning, which
suggests that all the water molecules of the system should be
treated on the same footing. In addition, the proton translocation
process being essentially governed by thermal motions, it is
necessary to incorporate the influence of thermal fluctuations
corresponding to a finite temperature in a quantum statistical
mechanical formulation.Ab initio quantum chemistry represent
the most fundamental approach for calculating the Born-
Oppenheimer potential energy surface of the system. Yet, at
the present time this requirement is difficult to meet with high-
level ab initio calculations. The accurate computation of the
properties of protonated water clusters is difficult because of
the strong anharmonicity of the potential energy surface
governing the motion of the nuclei.19,20 Recently, a molecular
dynamics simulation of a hydronium ion in aqueous solution
using forces computed directly from density functional theory
(DFT) has been reported.21 However, the dynamical trajectory
was generated using the classical equation of motion, and the
quantum effects due to the light mass of hydrogen nuclei were
neglected. An effective method to incorporate quantum effects
in many-body systems consists of using discretized Feynman
path integral simulations.22 Although the approach has usually
been employed to investigate proton transfer with model
interaction potentials.23-25 its incorporation into an all-quantum
molecular dynamics simulation method (AQMD) was recently
presented in the case of small proton hydrates, OH3

+ and
O2H5

+.26 In that study, path integral simulations were performed
using anab initioBorn-Oppenheimer potential energy surface
calculated using local DFT. Such a rigorous treatment remains
computationally prohibitive in the case of large biological
systems. Alternative approaches may be sought in the study
of the essential factors governing the translocation of a proton
in a realistic, yet computationally tractable, model of a proton
wire. In an earlier paper,27 we presented classical and path
integral computer simulations of a model proton wire of 4 water
molecules. The polarizable and dissociable PM6 potential
energy function for water developed by Stillinger and co-
workers was used.28-30 In particular, the study revealed that
the quantum dispersion of the hydrogen nuclei had a significant
influence on the conformational fluctuations of the sytem at
300 K. Configurations in which the energy profile of the central
proton along the transfer coordinate possessed a single- or
double-well character occurred spontaneously due to thermal
fluctuations.27

The goal of the present work is to pursue our investigation
of the dominant structural and dynamical features of proton
wires and to assess the importance of quantum effects, such as
tunneling and zero point vibration. Following the spirit of our

preliminary study, we limit the simulations to protonated chains
of hydrogen-bonded water molecules in vacuo as relatively
simple models of proton wires. We point out that the study of
the mechanism of proton wires in vacuo opens the way to
simulations of proton translocation in biological systems.31

Linear chains of 4, 5, and 9 water molecules are studied here.
These numbers correspond approximately to the proposed length
of the proton wires of bR,5,7 the cytochromeb6f complex,4 and
the gramicidin channel.9,10 A description of the model and of
the methodology used to compute molecular dynamics simula-
tions is presented, and the potential energy dependence on the
donor-acceptor distance is briefly discussed. The properties
of a protonated chain of 4 water molecules, O4H9

+, are then
investigated. The quantum energy levels of the central proton
are calculated, and the importance of quantum correlations
between the hydrogen nuclei is assessed. The potential of mean
force surfaces for the motion of a proton in relation to oxygen-
oxygen separations are subsequently presented and compared
for chains of 4 and 5 water molecules. Finally, the mechanism
for long-range proton transfer along a proton wire is illustrated
in the case of the hydrogen-bonded chain of 9 water molecules.

Method

Potential Energy Function. The PM6 version of the
polarization model developed by Stillinger and co-workers28-30

was used to approximate the potential energy surface of
protonated water chains. The PM6 model energy function was
developed and parametrized to accurately reproduce the structure
and energy of small hydrogen-bonded cationic and anionic water
clusters. In contrast with rigid32,33 or partially flexible water
models,34 the basic structural elements of PM6 are H+ and O2-

atoms, a feature which makes it possible to account for the full
dissociation of water molecules into ionic fragments. For a
configuration of the oxygen and hydrogen constituents with
coordinates{rO} ) {rO1, ..., rON0

} and {rH} ) {rH1, ...,

rHNH
}, the PM6 potential energy is28

where φOO, φOH, and φHH are pairwise radially symmetric
functions andΦpol represents a many-body polarization energy
contribution resulting from the polarization of the oxygen nuclei.
In order to illustrate the properties of the PM6 model for the

transfer of a hydrogen ion between two water molecules (i.e.,
in the H2O-(H+)-OH2 complex), the dependence of the
potential energy profile upon the oxygen-oxygen separation
is described and compared with the results ofab initio
calculations. Theab initio calculations were performed at the
Hartree-Fock level with the 4-31G basis set using the GAUSS-
IAN90 program.35 The 4-31G basis set was found to be
satisfactory by previous authors,36 although the difficulty in
calculating the accurate structures and energy in the case of
small water clusters is documented.37 At this level, the
optimized geometry of O2H5

+ is planar, with an absolute
minimum corresponding to an oxygen-oxygen separation of
R ) 2.37 Å. At the absolute minimum, there is no barrier
opposing the transfer, and the central proton is located halfway
between the two water oxygen atoms. As the oxygen-oxygen
separation increases, a barrier defining a double well appears
and gradually increases in height.

U({rO},{rH}) ) ∑
i<j)1

NO

φOO(|rOi
- rOj
|) +

∑
i)1

NO

∑
j)1

NH

φOH(|rOi
- rHj
|) + ∑

i<j)1

NH

φHH(|rHi
- rHj
|) +

Φpol({rO},{rH}) (1)
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Analogous calculations done with the PM6 model indicate that
the global minimum on the potential energy surface lies atR)
2.46 Å and corresponds to a C2h geometry, with the central
proton lying halfway between the two water oxygen atoms in
a single well. At larger separations, a central barrier emerges.
The barrier height is shown in Figure 1 as a function ofR for
both the ab initio calculations and the PM6 model. The
empirical PM6 potential overestimates both the oxygen-oxygen
distance at the absolute minimum and the barrier height at longer
hydrogen bond lengths. However, the presence of a barrier and
the dependence of its height upon the donor-acceptor separation
is qualitatively reproduced with the PM6 model. Furthermore,
in the range of strong hydrogen bond lengths analyzed in this
work, 2.50-2.60 Å, the potential energy profiles obtained with
both methods are comparable.
Discretized Feynman Path Integral. The importance of

quantum effects was investigated by exploiting the isomorphism
of the discretized Feynman path integral representation of the
density matrix with an effective classical system obeying
Boltzmann statistics.22 Only the quantization of the protons was
considered, and the oxygens were treated as classical particles.
Following the path integral approach, each proton was replaced
in the effective classical system by a ring polymer, or necklace,
of P fictitious particles with a harmonic spring between nearest
neighbors along the ring. The potential energy of the effective
classical system is

where{rH
(p)} ) {rH1

(p), ...,rHNH

(p) } represents the coordinates of the
pth particle for protons H1 through HNH. The harmonic spring
constant acting between thepth and (p+ 1)th nearest neighbors
along the polymer necklace representing each proton Hi of mass
MH, is defined asKpolymer ) PMHkBT/p2, wherekBT andp are
the Bolztmann thermal energy and Planck constant, respectively.
In the second summation of eq 2,r (P+1)≡ r (1) is required so as
to satisfy the closure of the ring polymers. In the present path
integral simulations, each proton was represented as a polymer
necklace of P ) 32 fictitious particles. This choice is
appropriate for the present system, as discussed elsewhere.27

Langevin Dynamics Simulations. The configurational
sampling was performed by generating Langevin molecular

dynamics trajectories of the effective system. For all degrees
of freedomxR in the effective classical system, the trajectory
was calculated according to the Langevin equation of motion,

whereγ is a friction constant andf(t) is a random Gaussian
force obeying the fluctuation-dissipation theorem,

ensuring that the configurations were generated according to a
Boltzmann distribution, exp[-Ueff/kBT], at temperatureT. It
should be emphasized that the resulting Boltzmann distribution
is independent of the choice of dynamical massmR and friction
constantγ attributed to each degree of freedom. The choice of
Langevin dynamics was dictated by the need to avoid the non-
ergodicity of path integral simulations based on molecular
dynamics with thermostats.38

In the course of the trajectories of the effective system, the
full PM6 potential function,U({rO},{rH

(p)}), was recalculated
for eachp-step of the discretized path integral. In particular,
the interactions involving the pairwise interactionsφHH andφOH
were recalculated. It is important to note that the induced
polarization energy contribution,Φpol({rO},{rH

(p)}), was calcu-
lated self-consistently for each set of polarization vector{µ(p)}.
In other words, each molecular dynamics time step involved
the determination of 32 polarization states induced on the oxygen
atoms. The forces on all particles due to the many-body
polarization were calculated analytically by solving a similar
set of self-consistent equations derived by Stillinger.30 In
contradiction to previous statements,39 it was verified by finite
differentiation that the analytical forces were consistent with
the gradient of the PM6 energy. For computational efficiency,
contributions arising from constant terms, such as the oxygen-
oxygenφOO interaction and the dipole-dipole interaction tensor,
were calculated only once and stored.
Molecular dynamics simulations were performed on proto-

nated linear chains of 4 (O4H9
+), 5 (O5H11

+), and 9 (O9H19
+)

water molecules using the method described above. The
simulations were repeated in the classical limit, which corre-
sponds toP ) 1. The energy-optimized conformation of the
chain was used as a starting point. During the course of the
simulations, a harmonic restoring potential with a force constant
of 10 (kcal/mol)/Å2 was applied to any oxygen atom lying
beyond 0.75 Å from the axis of the linear chain. This cylindrical
restoring potential was used to model the channel environment
of the proton wire and to maintain the linearity of the chain.
The trajectories were generated at 300 K with a modified version
of the CHARMM program40 using Langevin dynamics with a
time step of 0.5 fs. A dynamical mass corresponding to the
mass of a proton was assigned to eachp-proton in the ring
polymers. A friction coefficientγ corresponding to a velocity
relaxation time of 0.2 ps was assigned to all of the particles in
the effective system. After equilibration, 2 ns simulations were
produced for both the classical and the effective quantum
systems. The coordinates of the system were recorded every
100 steps for analysis.
One-Dimensional Schroedinger Equation.To examine the

character of the quantization of the proton motion, the energy
levelsEn and the corresponding wave functionsψn(r) of the
central proton in the tetrameric water chain were calculated by
solving the one-dimensional Schroedinger equation numerically,

Figure 1. Dependence of the potential energy barrier for H nucleus
motion upon the donner-acceptor distance in H2O-(H+)-OH2. The
results fromab initio calculations at the HF/4-31G level (dashed line)
and from the PM6 model (solid line) are shown.

Ueff({rO},{rH
(1)}, ...,{rH

(P)}) )
1

P
∑
p)1

P

U({rO},{rH
(p)}) +

∑
i)1

NH

∑
p)1

P 1

2
Kpolymer|rHi

(p) - rHi

(p+1)|2 (2)

mRẍR ) -∂xR
Ueff - γx̆R + f(t) (3)

〈f(t) f(0)〉 ) 2kBTγδ(t) (4)

- p2

2MH
ψ′n′(r) + U(r) ψn(r) ) Enψn(r) (5)
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The potential energy profileU(r) was calculated from a given
configuration of the chain by moving the central proton along
the oxygen-oxygen axis at a distancer from one of the oxygen
atoms. All other degrees of freedom were held fixed. Equation
5 was solved numerically by using a basis set constructed from
the lowest eigenstates of the particle in a square well potential
of widthL, namely, functions of sin(nπr/L), wheren is a nonzero
integer. The potential was assumed to be infinite forr e r0
andr g r0 + L. The choices ofr0 ) 0.8 Å, L ) 1.0 Å, and 1
e n e 10 were found to be appropriate for the calculations.

Results and Discussion

Quantum Energy Levels of the Excess Proton. The
importance of quantum effects arising from the light mass of
the hydrogen nuclei is first investigated in detail in the case
of the protonated tetrameric water chain. Figure 2 shows a
statistically representative configuration of the system in the
path integral representation. The ring polymers corresponding
to each hydrogen nucleus are depicted, and each O-H covalent
bond is drawn between the oxygen and the first bead of each
path integral necklace. On average the central hydrogen bond
is much stronger than the two outlying hydrogen bonds. As
reported in a previous publication,27 the central proton is located
halfway, on average, in the strong hydrogen bond between
oxygen atoms 2 and 3 in the O4H9

+ chain. The quantum
dispersion of the hydrogen nuclei results in an average spread
of the ring polymers over 0.28-0.30 Å, whereas the De Broglie
wavelength of hydrogen nuclei is closer to 0.5 Å. The reduction
reflects the confinement of chemical O-H bonds.27

Because the height of the barrier opposing the motion of
proton between two water molecules is strongly dependent upon
the donor-acceptor separation (see the preceding section), a
proton involved in a strong hydrogen bond is more likely to
undergo transfer than a proton in a comparatively weaker
hydrogen bond. Our previous study showed that the central
hydrogen bond is the strongest on average, with donor-acceptor
separations covering a range of cases in which the barrier to
proton transfer is moderate, small, or vanishing.27 For this
reason, we focus on the central hydrogen nucleus of O4H9

+.
For examination of the character of the quantum mechanical
state of the central proton, the properties of 300 configurations
selected randomly from the path integral simulation were
analyzed in detail. For each of these configurations, the
potential energyU(r) for the motion of the central proton was
computed as a function of the O-H separationr in the fixed
field of the other nuclei. From each potential energy profile
thus obtained, the quantum energy levelsEn and the corre-
sponding wave functionsψn(r) of the central proton were
calculated by solving the one-dimensional Schroedinger equation
numerically. The energies of the ground and first excited states

of the central proton, respectively,E0 andE1, the barrier height,
Eq, and the energy splitting between reactant and product wells,
∆E, were defined relative to the absolute minimum of the
potentialU(r). The interplay of the proton’s vibrational energy
with the potential energy profile for motion along the tetramer’s
central hydrogen bond is illustrated in Figure 3. Four cases,
corresponding to increasingly weak hydrogen bonds, can arise.
In the first case (a), the oxygen-oxygen distance is short and
there is no intrinsic barrier to proton transfer (Eq ) ∆E ) 0);
in the second case (b), there is a barrier which is lower than the
zero point energy of the proton (Eq e E0); in the third case (c),
the ground state wave function occupies the classically-forbidden
region of the central barrier (∆E e E0 < Eq); and finally, in
the fourth case (d), the ground state distribution of the proton
is confined to one well due to the strong asymmetry of the
potential (∆E > E0).

Figure 2. Instantaneous configuration of the protonated water tetramer,
O4H9

+, in the path integral representation. The four oxygen atoms are
labeled 1-4, while the ring polymers representing the nine hydrogen
nuclei are labeled a-d according to the topological symmetry of the
cluster. Note that Ha is shared by O2 and O3 in a strong hydrogen
bond.

Figure 3. Potential energy profiles for the motion of an excess proton
in a linear water tetramer calculated from an MD trajectory at 300 K.
The zero point and first excited states of the proton are shown, together
with the probability densities||ψ0(r)||2 and ||ψ1(r)||2, in four ex-
amples: (a) no barrier to proton transfer; (b) smaller barrier lower than
the zero point energy; (c) proton tunneling; (d) strong symmetry. The
four distinct classes correspond respectively to 59, 27, 11, and 3% of
the configurations sampled at 300 K. The results were obtained by
solving eq 5 numerically.
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The four distinct classes a-d defined above correspond
respectively to 59, 27, 11, and 3% of the configurations sampled
at 300 K. Configurations in which the central proton is strongly
bound to a single water molecule (case d) are infrequent.
Configurations in which the proton is shared by the two central
water molecules without a significant energy barrier (case a or
b) occur 86% of the time. Lastly, we note that in the third
class (c), the ground state wave function is delocalized over
both wells, indicating that proton tunneling through the barrier
can occur.14 Conditions favorable to proton tunneling prevail
11% of the time. As we shall see, this corresponds to a
relatively symmetric double well and a low first-excitation
energy.
Histograms for the distribution of the O2-O3 separation are

shown in Figure 4a. This distance is seen to vary very
significantly over the course of the simulation, from 2.43 to
2.70 Å, under the influence of thermal fluctuations. Because
the energy profile for the motion of the central proton is very
sensitive to the O2-O3 separation, configurations in which the
barrier is alternatively moderate, small, or absent occur spon-
taneously. The four cases described above are distinguished
in Figure 4a. The case where there is no barrier (a) dominates
up to O2-O3 separations of 2.54 Å, whereas separations of 2.58
Å and more correspond exclusively to tunneling and strong
asymmetry conditions, c and d. Interestingly, the strong
asymmetry in d arises from atypical configurations where one
of the end hydrogen bonds in the tetramer (i.e., either O1-O2

or O3-O4) is stronger than O2-O3. Compared to the statisti-
cally dominant cases, the asymmetric case corresponds to
configurations where the central proton is not shared by two
water molecules and where transfer has effectively occurred.
These results illustrate the flexibility of the system and how
the localization of the central proton is affected by variations
in the geometry of the hydrogen-bonded chain as a whole
(thermal effects).
An important question is that of the dominance of the ground

state of the proton. Figure 4b depicts the histogram of the
distribution of first excitation energies in units of thermal energy
kBT. Clearly, in most cases, the energy required to reach excited
vibrational states is significantly larger than the thermal energy.

A notable exception arises at the lower end of the distribution,
in which the excitation energy is comparable to the thermal
energy. Figure 4b shows that this condition corresponds to case
c, where the proton can tunnel through the potential energy
barrier. To further illustrate the ground state dominance, we
compare the probability density of the ground state and the first
excited state obtained from the solution of the one-dimensional
Schroedinger equation,|ψ0(r)|2 and|ψ1(r)|2, with the average
spatial distribution of the central proton obtained from a 10 ps
path integral simulation of the tetrameric system in which all
of the other nuclei were held fixed. The results are shown in
Figure 5. First, we note (with some satisfaction) that the results
obtained with these two significantly different methods are
remarkably consistent with each other. In both examples shown,
the projection of the thermally averaged path integral proton
distribution along the hydrogen bond axis is seen to closely
resemble the analytical ground state probability density. How-
ever, contributions from excited states are required to recover
the finite-temperature path integral distribution. This is espe-
cially true in the case depicted at the bottom of Figure 5, because
the first excitation energy is in the low-lying limit for this
configuration. Since the first excitation energy is generally
larger thankBT, the properties of the system are dominated by
the ground state wave function of the proton. A similar
conclusion was reached in a previous study of small proton
hydrates by considering the complex time correlation function,
C(p,p′) ) 〈(rHi

(p) - rHi

(p′))2〉.26 The present analysis shows that
the ground state is less dominant for some configurations in
which the central proton is delocalized over a relatively
symmetric double-well potential (class c).
For further analysis of the character of quantum effects in

relation to the geometry of the hydrogen-bonded chain, the
distribution of the first excitation energy,E1-E0, was plotted
as a function of the zero point energy,E0. The result is shown
in Figure 6. In this scatter plot, different symbols were used
according to the four cases described above. The four cases
correspond to well-defined regions of the (E0, E1 - E0) map.
In the strong asymmetry case (d), the proton is confined to the
well lowest in potential energy. In that well, the first vibrational
excitation energy is comparable to the zero point energy: i.e.,
E1 - E0 = E0 (circles in Figure 6). On the contrary, tunneling
conditions (case c) are met with a nearly symmetric double well,

Figure 4. Distribution of O-O distances for the central hydrogen bond
in O4H9

+ (a) and distribution of first vibrational excitation energies
for the central proton of O4H9

+ (b).

Figure 5. Two examples for the comparison of the proton distributions
along the central hydrogen bond of O4H9

+. The probability densities
||ψ0(r)||2 and ||ψ1(r)||2 calculated from the solution of the one-
dimensional Schroedinger equation (thin) and the density matrix
obtained from the path integral treatment (bold) are shown.
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which corresponds to a small first excitation energy (shown with
triangles at the bottom of Figure 6). As the donor-acceptor
separation decreases, the barrier is lowered and becomes less
than the zero point energy (case b) and eventually vanishes (case
a). The anharmonicity gives rise to a very flat well. Such broad
wells appear both in regions of smallE0 and of largeE1 - E0.
As the single well gets narrower due to a shorter O-O
separation, the vibrational energy of the proton increases. There
is a linear dependence with a slope of approximately 1.75
between the first excitation energy and the zero point energy
in case a. A slope of 2 would be observed if the energy levels
corresponded to those of a harmonic well with variable
vibrational frequencyω and were exactly given byEn ) (1/2 +
n)pω. It is important to note that the zero point energy
undergoes significant variations, from 2 to 6 kcal/mol, which
may have important effects on the accessible configurations of
the system.
Proton-Proton Correlations. As the previous analysis

demonstrates, the motion of the central proton is strongly
coupled to the configuration of the chain of water molecules in
the O4H9

+ system. This raises important questions concerning
the presence of collective motions and the importance of
quantum correlations between the different hydrogen nuclei in
the system. In order to address such questions, the quantum
correlation coefficientsCHi,Hj between two distinct ring polymers
Hi and Hj were estimated as

where

is the radius of gyration of ring polymer Hi and rjHi(t) )
1 / P∑p)1

P rHi

(p)(t) corresponds to the position of the centroid of
ring polymer Hi at timet. Table 1 lists the normalized quantum
cross-correlation coefficients between thep-protons on second-
neighbor polymer rings, as calculated from eq 6. In the event
of full correlation, the position of eachp-proton relative to the
centroid would be identical to that of the correspondingp-proton
in the other polymer ring, and the value of that coefficient would
be exactly 1. Inversely, a coefficient of-1 would indicate
strong anticorrelation, whereby the position of eachp-proton
relative to the centroid would be diametrically opposed to that

of the correspondingp-proton in the neighboring polymer ring.
As Table 1 shows, the average quantum correlation coefficients
are all negative, as the charge-charge repulsion between
individual protons favors anticorrelation between the ring
polymers. The coefficients are also relatively small, ranging
from -5 × 10-3 to -4 × 10-2. For comparison, the value
extracted from a test simulation of two hydrogen nuclei whose
centroids were forced to lie at the origin is-0.95. The
correlation drops to-0.122 if the centroids are separated by 2
Å and to-0.026 when the separation is 20 Å. A value of-4
× 10-2 was obtained for the cross-correlation coefficient of the
two hydrogen nuclei in an isolated water molecule. This value
is consistent with that obtained for the hydrogens of each of
the individual water molecules 1-4 in O4H9

+ (see pairs (b,c)
and (d,d) in Table 1). Smaller values are obtained for cross-
correlation coefficients involving the central hydrogen nucleus
Ha. The smallest coefficient shown in Table 1 corresponds to
cross correlation between protonsa and b, which are both
involved in water-water hydrogen bonds, and to protonsb and
d, which are not bound to the same water molecule. The
coefficients not listed, which correspond to pairs involving more
distant neighbors, are not significant.
These results indicate that the quantum correlations between

second-neighbor protons are small and somewhat screened by
the presence of intervening oxygen atoms. The small magnitude
of proton-proton correlations suggests that the density matrix
of the hydrogen nuclei in the fixed field of the heavy nuclei
could be written as an independent product of effective one-
particle distribution functions,

by analogy with the neglect of electron-electron correlations
in self-consistent field Hartree-Fock ab initio calculations.
Using a density matrix of the form given by eq 8 yields proton-
proton correlations that are identically zero. A similar ap-
proximation could perhaps be useful to describe the real-time
dynamics of proton transfer. In a further effort to simplify the
description of the system, quantization of the hydrogen nuclei
removed from the immediate vicinity of the excess proton may
be taken into account solely in terms of reorientational librational
motions of water molecules, as suggested by the significant
stiffness of OH bonds in water.41

Potential of Mean Force. Potential of mean force surfaces
(PMF) for the motion of a proton in relation to donor-acceptor
separations were calculated with classical and path integral
simulations to further understand the mechanism of proton
translocation along a linear water chain. The top part of Figure
7 shows the calculated PMFW(r,R), wherer andRcorrespond
respectively to the O-H and O-O (donor-acceptor) distances
of the central hydrogen bond in the tetrameric water chain. The
motion of a classical proton in the tetramer is confined to three
wells. The absolute minimum corresponds to a short hydrogen
bond atR ) 2.46 Å, whereas two equivalent, secondary free
energy wells exist atR ) 2.60 Å, which correspond to

Figure 6. Distribution of properties of the central H+ of O4H9
+ as a

function of its zero point and first excitation vibrational energies.
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TABLE 1: Quantum Mechanical Cross-Correlation
Coefficients between First-Neighbor Hydrogen Atoms (See
Text), Averaged over 2 ns of Langevin Dynamics of the
Protonated Water Tetramera

Hb Hc Hd

Ha -0.005 -0.01 -
Hb - -0.04 -0.005
Hd - -0.04

a Atomic labels are given in Figure 2.

〈F{rO}({rH})〉 = ∏
i)1

NH

〈F{rO}(rHi
)〉 (8)
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configurations where the central proton is bound to one of the
two surrounding water oxygen atoms. In sharp contrast, the
PMF contours in the path integral quantum treatment indicate
that the central proton is largely delocalized over a single broad
well with an absolute minimum atR) 2.52 Å, which englobes
the configurations corresponding to the classical secondary
minima. In general, the zero point energy of the proton is
sufficient for overcoming the moderate potential energy barrier
opposing the transfer at short O-O separations. Consequently,
all the configurations obtained at thermal equilibrium correspond
to a single minimum in the PMF mapped along central O-H
separations.
For examination of the influence of increasing the length of

the hydrogen bonded chain, the corresponding PMF’s were also
calculated from classical and quantum simulations for the
hydrogen bonds involving the central oxygen atom of the
pentameric chain, O5H11

+. The bottom half of Figure 7 shows
the calculated PMF’s for the pentameric chain. In this case,R
andr designate the O-O and O-H distances for either hydrogen
bond involving the central oxygen atom. As in the tetrameric
chain, three minima are observed in the classical limit. But, in
contrast to the previous case, the minima are distinguished by
a strong asymmetry in the pentamer. The global minimum at
R) 2.65 Å corresponds to a moderately strong hydrogen bond
with a covalently bound H atr ) 1.10 Å. In such configura-
tions, the underlying potential energy profile for the motion
of a hydrogen nucleus is strongly asymmetric, whereby the
proton is closely associated with the central oxygen atom. The
free energy well corresponding to a strong hydrogen bond atR
) 2.47 Å is also found, merely 0.2 kcal/mol higher in energy.
In addition, the third free energy well in the classical pentamer
PMF lies 2.6 kcal/mol above the global minimum at (R,r) )
(2.57 Å, 1.43 Å) and corresponds to infrequent configurations
in which, instead of the central water molecule, it is one of the
off-central water molecules which is covalently bound to H+.
Compared to the tetramer, in the pentamer the symmetry of the
PMF profile has been broken by the addition of a water molecule
at one end of the chain. Nevertheless, the quantum treatment
of protons has a similar effect in the tetrameric and pentameric
chains (see Figure 7). Compared to their classical counterparts,
the wells of the PMF broaden dramatically due to the vibrational
energy and tunneling of the hydrogen nuclei along the hydrogen

bonds lying on either side of the central oxygen atom. The
two lowest minima subsist and possess approximately the same
free energy.
In Figure 8 the classical and quantum PMF surfacesW(R,R′),

where R and R′ designate the off-central oxygen-oxygen
distances in the pentamer, are depicted. The classical PMF
contours delineate four minima corresponding to (long, short),
(short, long), (long, long) and (short, short) configurations of
hydrogen bonds 2 and 3 of the chain. The configurations
corresponding to the two asymmetric minima, (short, long) and
(long, short), are lowest in free energy. The other two minima
on the classical surface are shallow. They lay respectively 0.7
and 1.2 kcal/mol higher in energy and correspond to a
“hydronium-like” structure involving symmetric configurations
of the heavy atoms. In the classical limit, the exchange between
(short, long) and (long, short) configurations of the system takes
place via such symmetric, hydronium ion intermediate states.
In the quantum treatment, there are only two stable configura-
tions, for which one of the hydrogen bonds is short at 2.52 Å
and the other is long at 2.68 Å, with a free energy barrier of
only 0.6 kcal/mol between them, compared to 0.9 and 1.4 kcal/
mol in the classical limit.
The above results indicate how the geometry and the length

of the chain, combined with thermal fluctuations, participate in
the proton translocation mechanism. In the pentameric water
chain, as in the tetramer, there is in general only one short, strong
hydrogen bond in a given configuration. The size and asym-
metry of the two chain segments lying on either side of the
strong hydrogen bond have a determining influence on the free
energy for the translocation of the excess proton along the water
chain. In the tetramer, the potential energy profile does not
often deviate very much from a symmetric configuration because
of the limited size of the chain. Therefore, there is no substantial
potential energy barrier along this strong hydrogen bond, and
with the help of zero point energy, the delocalization of the
hydrogen nucleus from one water molecule to the other prevails
statistically. Such properties correspond to a “nonpolar”
hydrogen bond in the sense of Zundel (symmetric charge
distribution in O-H+-O).42 By contrast, with the addition of
an extra water molecule to form the pentamer, the intrinsic
energy profile for proton motion along the strong hydrogen bond
becomes asymmetric, or “proton-polarized”. From the PMF
we learn that while the excess (transferring) proton is in general
confined to the central hydrogen bond of the tetrameric chain,
isomerization around the central OH2 of the pentameric chain
can readily take place at 300 K. The translocation mechanism
is sensitive to variations in the geometry of the proton wire as
a whole.
The above results also indicate that the quantum nature of

the hydrogen nuclei affects the equilibrium configuration of the
heavy atoms at the center of the system significantly. Further-

Figure 7. Classical and quantum potential of mean force (PMF)
surfaces for the central O-H distance,r, as a function of central O-O
separation,R, in tetrameric and pentameric water chains.

Figure 8. Classical and quantum PMF surfaces for the two O-O
separations involving the central water molecule of O5H11

+.
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more, a lower PMF barrier suggests that the interconversion
between the two limiting structures of the pentamer is facilitated
by the inclusion of quantum effects. Yet, because the inter-
conversion occurs via the formation of O2H5

+ in both the
quantum and classical cases, we note that the changes in heavy
atom configuration coupled to proton translocation along the
chain are similar in both treatments and do not differ funda-
mentally.
Proton Mobility along a Chain of Nine Water Molecules.

In this section we further investigate the mechanism of proton
mobility along a chain of 9 water molecules. Classical
simulations were used (P ) 1), because the discretized path
integral treatment is valid only for calculating average properties
from the equilibrium density matrix and does not allow one to
follow the real-time dynamics of the system. On the basis of
the preceding analysis, it is reasonable to expect that the classical
limit can provide meaningful insight into the molecular mech-
anism governing proton transfer.
The protonated nonamer is shown in Figure 9. As was

observed with a pentameric water chain, it is the central water
molecule that binds the excess proton most often. On average,
the hydrogen bonds involving the central oxygen are strongest,
with the remaining hydrogen bonds in the chain getting
progressively weaker with increasing distance from the center.
By following the dynamics of the oxygen-oxygen distances
along the chain, we focus on the degrees of freedom that appear
to be strongly coupled to the transfer of proton. In Figure 10,
the successive O-O separations are shown as a function of time
for a 20 ps window. These data, which were extracted from a
2 ns simulation of O9H19

+, help characterize the dynamics of
the chain. While the four outer hydrogen bonds remain weak
at all times, the four central hydrogen bonds are seen to become
alternatively long and short. At any given time, one of them is
shorter than the others, atR = 2.50 Å. In contrast, the other
O-O distances range from 2.65 Å all the way to 2.9 Å (at the
edges of the oligomer). The location of the strong hydrogen

bond is chaotic and fluctuating rapidly. From Figure 9, the
lifetime of a strong hydrogen bond in the chain is seen to vary
from 0.05 ps or less, up to periods of approximately 1 ps. On
the basis of the analysis of the mean-square fluctuations of the
strong hydrogen bond over the entire simulation of 2 ns, the
position of the excess proton diffuses from one O-O pair to
the adjacent one at an estimated rate of 1.2 ps-1. This
interchange takes place via large variations in O-O separations.
For instance, the O4-O5 distance remains short for 1 ps around
t = 485 ps (Figure 9). Then, there is a large fluctuation which
is anticorrelated with strengthening of O5-O6. That hydrogen
bond remains strong for about 1.5 ps, until large successive
fluctuations take the excess proton transiently back through O4-
O5 to O3-O4 (t = 487 ps). A detailed observation of Figure
10 reveals that such large fluctuations are accompanied by
smaller, opposite changes in the O-O separations of neighbor-
ing hydrogen bonds. Thus, the mechanism of proton translo-
cation emerges as a cooperative dynamical process involving
more than just 2 or 3 water molecules. Occasionally, collective
motions may favor a rapid propagation of the process over
several hydrogen bonds within less than 1 ps (see the diffusion
from O6-O7 to O3-O4 betweent ) 491 and 492 ps). There
are also many recrossings, which indicates that the translocation
process is strongly non-Markovian. This last observation
warrants the modelization of proton wires using a master
equation.43

Compared to the pentameric water chain, the net mobility of
protons along the nonamer is very notably enhanced. This may
be described as a “solvent effect”, whereby the proton trans-
location is ultimatey driven by fluctuations in the polar
environment. In hydrogen-bonded chains of finite size, the
excess charge is best solvated at the center of the chain. As
the length of the chain increases, the transfer of protons along
more distant, off-central hydrogen bonds is made increasingly
accessible by the relative stabilization of asymmetric configura-
tions of the chain’s heavy atom. All hydrogen bonds become
equivalent in the limit of an infinite chain. In that perspective,
the above results suggest that changes in the relative strength
of hydrogen bonds constitute the rate limiting step for the net
diffusion of the proton transfer reaction in a long hydrogen-
bonded chain.
In the future, the necessity to characterize and follow the

dynamical translocation of protons along long chains of water
molecules could raise the need for a collective reaction
coordinate that takes into account the asymmetry (or proton
polarity) of the hydrogen bonded chain. Since the distance
between nearest oxygen neighbors is a dominant factor govern-
ing the proton translocation, we propose constructing a reaction
coordinate r as a weighted average over oxygen-oxygen
distances,

wherew(r) is a smooth weighting function designed to give
more statistical weight to strong hydrogen bonds; e.g.,w(r) is
equal to 1 when the O-O distance is less than 2.60 Å, and
close to zero when it is larger. Such a construction would allow
the analysis of a long-time correlation function describing proton
translocation along a linear chain as well as in bulk solution.

Conclusions

In this work, we have characterized the properties of proton
wires and provided some insight into the complex interplay

Figure 9. Classical representation of the linear chain of 9 hydrogen-
bonded water molecules with one excess proton.

Figure 10. Time evolution of the distances between adjacent oxygen
atoms in a protonated chain of 9 hydrogen-bonded water molecules.
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governing the molecular mechanism of H+ translocation in
hydrogen-bonded chains. Although proton transfer reactions
in model systems are sometimes distinguished on the basis of
the strength of the hydrogen bond, the distinction is not
appropriate in the case of protonated water chains. This is
because, in such flexible systems, the presence of an excess
proton forces the range of thermally-accessible water-water
separations to include moderate and strong hydrogen bonds, for
which the energy barriers vary from fairly large to small, and
often vanish. Thus, the flexibility of water hydrogen bonds with
an excess proton, combined with zero point energy effects, is
essential in modulating the process leading to proton translo-
cation. Furthermore, the polar, protic nature of the whole system
underlines the importance of collective properties.
All the relevant effects were incorporated in the present

model, and the interdependence of quantum effects with the
geometry of the water-water hydrogen bond was analyzed in
some detail. The motion of protons appears to be dominated
by the ground state nuclear wave function, and the influence of
quantum effects on the local geometry of the proton wire was
seen to be significant. Cross-correlation coefficients between
protons seem negligible, suggesting that the density matrix of
the hydrogen nuclei is separable into an independent product.
The sharing of an excess proton by two water molecules engaged
in a strong hydrogen bond dominates in a nearly symmetric
environment; breaking that symmetry favors the thermal inter-
conversion of structures in which a proton is shared alternatively
by neighboring pairs of water molecules. Moreover, our results
suggest that the rate limitation for translocation over several
hydrogen bonds arises from successive thermal fluctuations
involving the heavy nuclei of the entire chain. Thus, while the
mechanism for proton transfer can be rationalized from the
properties of hydrogen bonds between two water molecules,
the net translocation of H+ is governed by symmetry-breaking
effects arising from cooperative motions within the water chain
at large.
It is interesting to compare the present results with proposed

mechanisms for the transport of protons in liquid water. As
noted in the recent report of anab initio simulation of H+ in
bulk water,21 it is the reorganization of water molecules in the
solvation shell of OH3+ and O2H5

+ that limits the rate of
translocation in three dimensions. The reason is that the
coordination number of OH3+ (three) differs from that of H2O
(four) in bulk water.21 In contrast, the coordination of water
molecules (besides the extrema) is always two along a linear
water chain, and the proton transfer coordinate is modulated
by subtle effects involving the relative strength of pre-existing
hydrogen bonds. Moreover, in linear water chains the “solvated
proton” is more akin to O2H5

+ than to OH3+. On the basis of
these observations, a reaction coordinate was proposed to follow
the dynamics of proton translocation.
While this study was restricted to protonated water chains in

vacuo, it should have interesting implications for the transport
of protons along biological water wires, where additional
perturbations to the symmetry of the water chain are likely to
arise from the presence of charges or other hydrogen-bonding
competitors. Moreover, the polarization properties of water
molecules will change in the presence of a membrane potential.
These factors should affect the energy profile for proton
translocation and the dynamics of the proton wire. In that
perspective, the extension of the present methodology to studies
of proton wires embedded in complex biological systems has
been undertaken in our laboratory.31
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