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Abstract 

Computer simulations of a protonated, linear cluster of four hydrogen-bonded water molecules, (O4H9) +, are reported. 
The potential energy surface governing the motion of the nuclei was described with the polarization model of Stillinger and 
co-workers. The quantization of all the hydrogen nuclei was treated with the discretized Feynman path integral formalism. 
Results indicate that quantum dispersion has a significant influence on the conformational fluctuations of the system at 300 
K. Configurations in which the energy profile of the central proton along the transfer coordinate possesses a single- or 
double-well character occur spontaneously due to thermal fluctuations. 

1. In t roduct ion  terization of  proton transfers in such a complex 
environment as a hydrogen-bonded water chain is a 

The role of water molecules in mediating the challenging problem due to a combination of  two 
transfer of protons is of fundamental importance in different factors. First, it is essential to take rigor- 
the function of  a number of biological systems, ously into account the quantum mechanical nature of  
There is considerable evidence that the fast translo- the proton and its manifestation in terms of  zero 
cation of  protons over large distances may take place point vibration and tunneling. Second, for a mean- 
in several systems along a linear chain of  hydrogen- ingful study it is important to use an accurate and 
bonded water molecules, or 'proton wire'  [1]. For realistic description of  the Born-Oppenheimer po- 
example, such a mechanism was proposed to account tential surface governing the motions of the nuclei in 
for the fast conduction of protons across transmem- the hydrogen-bonded water chain. Extensive calcula- 
brane pores such as the gramicidin channel, which tions dedicated to the characterization of  the geome- 
can occur at rates one to two orders of magnitude try of  small proton hydrates, ( H 2 0 ) , H  +, indicate 
higher than those of  other cations [2]. A similar that the potential energy surface of  these small clus- 
mechanism has been proposed to account for the ters is very sensitive to the details of  the ab initio 
rapid transfer of a proton over a distance of 10-12  A method [6-11]. In particular, the calculations showed 
in the last steps of  the photocycle of  the light-driven that the potential surface of  (H20)2 H÷ is strongly 
proton pump bacteriorhodopsin [3-5]. anharmonic and has many local minima [6,7,12,13]. 

Given the importance of proton wires in biology, The significant structural flexibility of  small proton 
it is desirable to gain more information on their hydrates [11,14] suggest that thermal fluctuations can 
properties using computational models. The charac- lead to considerable distortion of  the geometry of the 
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proton wire and large variation in the energy barriers ployed to generate trajectories and to compute free 
opposing proton transfer from donor to acceptor, energy profiles and other properties of the system. 
Despite their interest from a fundamental point of The PM6 version of the polarization model devel- 
view, most previous theoretical studies of proton oped by Stillinger and co-workers [15,17,18] was 
transfer were based on simplified model systems and used to approximate the potential energy surface of 
do not provide a realistic description of proton trans- the (H20)4 H÷ cluster. The PM6 model energy func- 
fer along a flexible water chain. At the present time, tion was developed and parametrized to accurately 
the interplay between the quantum mechanical ef- reproduce the structure and energy of small hydro- 
fects and the strong and complex anharmonic charac- gen bonded cationic and anionic water clusters. In 
ter of the potential energy surface has not been contrast with rigid [19,20] or partially flexible water 
explored for such systems, models [21], the basic structural elements of PM6 are 

The main objective of this study is to investigate H ÷ and 0 2- atoms, which makes it possible to 
the importance of quantum effects on the structural account for the full dissociation of water molecules 
fluctuations of a linear hydrogen-bonded water chain into ionic fragments. The basic structural elements of 
at room temperature. We present results from quan- PM6 are 0 2- and H ÷ atoms. For a configuration of 
turn and classical molecular dynamics simulations the oxygen and hydrogen constituents with coordi- 
for a linear, protonated cluster of four water nates{ro}={ro~ . . . . .  to,} and {r n} ={rH~,.. . ,rng}, 
molecules, (H20)4 H+. The potential energy surface the PM6 potential energy is [15] 
governing the motion of the nuclei was modeled 
with the polarization model (PM6) of Weber and U({r°}'  {rn}) 
Stillinger [15]. The effects arising from the quantiza- No 
tion of the hydrogen nuclei were treated with dis- = E t h o o ( I r o , -  r% I) 
cretized Feynman path integrals [16]. The structural i<yffi 1 
properties of the linear hydrogen-bonded network are No NH 
analyzed. The potential ofmean force for the motion + E ~] ~boH(Iro,--rn, I) 
of the excess proton at the center of the hydrogen- i= 1 j = 1 
bonded network is calculated. The observed proper- N, 
ties of the flexible hydrogen-bonded chain are con- + E ' # H n ( l r n , -  rHj l) 
trasted to previous theoretical studies of proton trans- i<j = 1 
fer based on simplified model systems. An important + f0ol({ ro}, {rn} ), (1) 
aspect of the present simulations is that the quantiza- 
tion of all nine proton nuclei along the water chain is where ~boo, ~bon and ~bnn are pair-wise radially 
taken into account in the path integral simulations, symmetric functions and qbpo I represents a many-body 
To our knowledge, this study is one of the first polarization energy contribution resulting from the 
attempts to describe a proton-transfer system in a polarization of the oxygen particles that must be 
quantum, protic environment using a realistic poten- determined self-consistently. 
tial energy surface. To illustrate the features of the PM6 model, we 

briefly compare the properties of the protonated wa- 
ter dimer, (O2H5) +, obtained with the PM6 model 

2. Method with those obtained by ab initio calculations using 
the 4-31G basis set at the Hartree-Fock level [22,23]. 

This section starts with an overview of the poten- In the optimized PM6 configuration, the oxygen- 
tial energy function devised to represent water oxygen distance is 2.47 whereas it is 2.37 A in the 
molecules in the PM6 model; we then discuss the ab initio calculations. In both cases, the central pro- 
implementation of that model in the discretized ton lies half-way between the two oxygens and the 
Feynman path integral approach used to account for energy profile along the oxygen-oxygen axis has a 
quantum effects involving hydrogen nuclei; we end single minimum. A double well separated by an 
with a brief description of the methodology em- energy barrier appears for larger oxygen-oxygen 
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separation and the height of the barrier increases the quantization of the rotational and librational mo- 
sharply as a function of oxygen-oxygen separation, tions of rigid water models [25]. A much larger 
Ab initio calculations performed with the 4-31G number is necessary in the present study because 
basis set using the GAUSSIAN 90 program [24] high frequency bond stretching modes are included. 
indicate that the barrier is 2.61 kcal/mol for an A discretization of the path integral with 20 to 30 
oxygen-oxygen separation of 2.59 A, whereas it is fictitious particles was found to be adequate in recent 
3.01 kcal/mol with the PM6 model. For larger path integral studies of proton transfer in model 
separations, the barrier rises more rapidly with the systems [26-28]. 
PM6 model than in ab initio calculations. Neverthe- The configurational sampling was performed by 
less, the PM6 model reproduces the qualitative fea- generating Langevin molecular dynamics trajectories 
tures of the ab initio potential essential to the transfer of the effective system. For all degrees of freedom 
of the central proton, namely, the existence of a x,~ in the effective classical system, the trajectory 
potential energy barrier and its dependence on the was calculated according to the Langevin equation of 
oxygen-oxygen separation, motion, 

The importance of quantum effects was investi- 
gated by exploiting the isomorphism of the dis- m,,.~,~ =--~x Ueff-yYc~+f(t), (3) 

cretized Feynman path integral representation of the where Y is a friction constant and f ( t )  is a random 
density matrix with an effective classical system gaussian force obeying the fluctuation-dissipation 
obeying Boltzmann statistics [16]. Only the quantiza- theorem, 
tion of the protons was considered and the oxygens 
were treated as classical particles. Following the path ( f ( t ) f ( O ) )  = 2kBTyS( t ) ,  (4) 
integral approach, each proton was replaced in the insuring that the configurations were generated ac- 
effective classical system by a ring polymer, or cording to a Boltzman distribution, exp[-Ueff/kBT], 
necklace, of P fictitious particles with a harmonic at temperature T. It should be emphasized that the 
spring between nearest neighbors along the ring. The resulting Boltzmann distribution is independent of 
potential energy of the effective classical system is the choice of dynamical mass m,~ attributed to each 

Ueff({ro } {rE)}, {rtHe)}) degree of freedom. The choice of Langevin dynam- 
. . . . .  ics was dictated by the need to avoid the non- 

1 P ergodicity of path integral simulations based on 
= ~ Y'~ U({ro} '  {r~HP)}) molecular dynamics with thermostats [29]. 

p=l 
During the trajectories of the effective system, the 

N, p full PM6 potential function, U({ro}, {r~P)}) was re- 
+ E E 1gpolymer ] r(P) -- g(P+ 1) 12, H, H, (2) calculated for each p-step of the discretized path 

i= 1 p= 1 integral. In particular, the interactions involving the 
where {r~ p)} = I r ( P )  r (p)~ represents the coordi- pair-wise interactions ~brm and 4'OH were re-calcu- t HI~...~ H9/ 
nates of the pth particle for protons H1-H9, and lated. It is important to note that the polarization 
Kpolyme r =PMHkBT/h  2 is the harmonic spring con- energy contribution, q~l({ro}, {r~P)}), was deter- 
stant acting between the pth and (p  + 1)th nearest mined by solving a set of self-consistent equations 
neighbors along the polymer necklace representing for each value of p. In other words, each molecular 
each proton H i of mass M H. Note that in the second dynamics time-step involved the determination of 32 
summation of Eq. (2), P + 1 = 1 is required so as to polarization states induced on the four oxygen atoms. 
satisfy the closure of the ring polymers. In the The forces on all particles due to the many-body 
present path integral simulations, each proton was polarization were calculated analytically by solving a 
represented as a polymer necklace of P = 32 ficti- similar set of self-consistent equations derived by 
tious panicles, yielding a total of 292 particles in the Stillinger [17]. Other contributions arising from con- 
effective system. This contrast with previous path stant terms, such as the oxygen-oxygen thoo inter- 
integral simulations of water in which only three action, were calculated only once and stored for 
fictitious panicles per hydrogen were used to study computational efficiency. 
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Molecular dynamics simulations were performed of gyration of each ring polymer Hi, 
on a protonated linear chain of four water molecules, ~/2 

(O4H9)+, using the method described above. For the ~gyr E II r~He)(t) - rH,(t) I[ (6) 
sake of comparison, the simulations were repeated in n, = , , 

p= l  
the classical limit, which corresponds to P = 1. The 
energy-optimized conformation of the chain was used where averaging runs over the entire simulation time 
as a starting point. During the course of the simula- of 2 ns, and ?n( t )  = (1/P)Epe=I r~P)(t) corresponds 
tions, a harmonic restoring potential was applied to to the position of the centroid of ring polymer H i at 
the oxygen lying beyond 1.5 A from the axis of the time t. 
linear chain. This cylindrical restoring potential was The quantum energy levels corresponding to the 
used to model the channel environment of the proton motion of the proton along the central hydrogen 
wire and to maintain the linearity of the chain. The bond were computed by solving the one-dimensional 
trajectories were generated at 300 K with a modified Schr~idinger equation for the potential energy profile 
version of the CHARMM program [30] using U(r), 
Langevin dynamics with a time-step of 0.5 fs. A h 
dynamical mass corresponding to the mass of a - 2 M - - - - - ~ ¢ " ( r ) + U ( r ) ~ b ( r ) = E ~ b ( r ) .  (7) 
proton was assigned to each p-proton in the ring 
polymers. A friction coefficient "y corresponding to a The one-dimensional potential energy profile U(r) 
velocity relaxation time of 0.2 ps was assigned to all was calculated from a given configuration of the 
the particles in the effective system. After equilibra- chain by moving the central proton along the oxy- 
tion, 2 ns simulations were produced for both the gen-oxygen axis at a distance r from one of the 
classical and the effective quantum systems. The oxygen atoms. All other degrees of freedom fixed 
coordinates of the system were recorded every 100 were held fixed. The one-dimensional SchrSdinger 
steps for analysis, equation was solved numerically by using basis sets 

In order to evaluate the influence of proton too- constructed from the lowest eigenstates of the parti- 
tion on the structure of the chain, two-dimensional cle in a square well potential of width L, namely, 
separation distribution functions p(R, r) were com- functions of sin(narr/L), where n is a non-zero 
puted, where R and r are respectively the oxygen- integer. The potential was assumed to be infinite for 
oxygen and the proton-oxygen separations for the r ~< r 0 and r i> r 0 +L.  The choices of r 0 --0.8 .~, 

o 

central hydrogen bond. In the quantum case, the L = 1.0 A, and 1 ~< n ~< 10 were found to be appro- 
distribution function was calculated as an average priate for the calculation. 
over the P configurations of the discretized path 
integral, 

3. Results and discussion 

p(R, r ) =  ~ 6 ( 1 r o 2 -  ro3 I - R )  The system is depicted schematically in Fig. 1. 

p= 1 The presence of an extra proton induces a strong, 
) short hydrogen bond at the center of the oligomer. In 

X 6 ( l r o  2-r~p ) l - r  . (5) 

Hd H c The topological symmetry around the center of the | | 
tetrameric chain was used to improve the conver- 

f 1" . . " 0 3 % H  b" 
+ 

gence of the statistical sampling. The potential of H "" -Hb~o2. .H;  
mean force (PMF), ~ (R ,  r), relative to the global .. o.~H~ 
minimum was obtained from the distribution p(R, r) 
using ~ ( R ,  r ) =  -kBT In[ p(R, r)]. I I 

He The analysis of the spatial dispersion of protons Hd 
was carried out through the calculation of the radius Fig. 1. Linear, protonated chain of four water molecules. 
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the minimum energy configuration, there is no intrin- 
sic barrier to proton motion along this symmetric 
bond. Around the central hydrogen bond, the 1.6 
donor-acceptor pattern inverts into acceptor-donor. 
While the PM6 model predicts ,an optimized oxy- 1.s 

watergen-°xygen separatiOnhydrogenOf 2.90 A for the gas-phase ~ , ~  
dimer [17], bond distances in the ! 1.4 

chain are affected by the net positive charge of the $ ~' 1.a 
excess proton. As listed in Table 1, the central bond " 
is shortest at separations in the vicinity of 2.50 A, 1.2 
while the end bonds have intermediate lengths of 
about 2.70 ~,. The inclusion of temperature and 1.1 
quantum effects alters the geometry of (O4H9)+. 
Comparison of the columns of Table 1 shows a 2.4 2.s  2.e 2.:, 2.a 

systematic increase of 0.02 ~, for the end hydrogen R (Anptrom) 

bonds to 0.04 .~ for the central hydrogen bond going Fig. 2. Two-dimensional potential of mean force ~¥(R, r) for the 

from optimized to average classical. Likewise, there classical motion of a proton in a linear, hydrogen-bonded chain of 
is an increase of 0.02-0.03 ,~ in the average quan- four water molecules. In this figure and Fig. 3, r and R represent 
tum hydrogen bond lengths with respect to the aver- the central proton-oxygen and the central oxygen-oxygen separa- 
age classical hydrogen bond lengths. The average tions, respectively; contours are spaced by 0.2 kcal/mol.  

radius of gyration of the ring polymer, calculated 
using Eq. (6), is given in Table 1. The greater forces 
acting on the protons involved in hydrogen bonds, the motion of proton, typically, at hydrogen bond 
labeled H a and H b in Fig. 1, relative to that imposed lengths of about 2.60 A. In the following discussion, 
on their dangling counterparts, H c and H d, is re- the coupling of the central proton coordinate to 
flected in a consistently smaller radius of gyration of oxygen-oxygen separations is investigated in more 
0.14 and 0.15 A, compared to about 0.16 A for Hc detail. 
and H d. This translates into an average diameter of Two-dimensional potentials of mean force (PMF) 
0.28 A for the central proton, a value consistent with for proton motion along the central hydrogen bond 
the width of the potential energy barrier opposed to obtained respectively from classical and quantum 

simulations of linear ( O 4 H 9 ) +  a re  shown in Figs. 2 
and 3. Classically (Fig. 2), the proton is restricted to 

Table 1 three well-defined minima and its position along the 
Geometry of the hydrogen-bonded chain. Top: O - O  separations hydrogen bond depends strongly on the oxygen- 
obtained from energy minimization, and from molecular dynamics oxygen separation. Theglobal minimum corresponds 
trajectories obtained successively in the classical limit and with tO a short, strong 2.46 A hydrogen bond in which the 
the path integral treatment, rms fluctuations are given in parenthe- proton is located halfway between the two oxygen 
ses. Bottom: Radii of gyration of the path integral ring polymers. 
All values are in ,~. See Fig. 1 for atomic labels centers in a broad, single wel l .  A s  the hydrogen bond 
Properties Optimized Classical Quantum length increases, the well splits into two equivalent 

minima of higher energy (relative to the global mini- 
o - o  separations mum). Each of these secondary minima corresponds 

O 1-02 2.70 2.72 (0.07) 2.74 (0.08) 
0 2 - 0 3  2.46 2.50 (0.06) 2.53 (0.05) to a weaker, 2.60 A hydrogen bond in which the 
O 3-O 4 2.70 2.72 (0.07) 2.74 (0.09) proton associates with one of the off-central oxygen 

radii ofgiration atoms. The barrier separating the two secondary 
H a - - 0.141 wells at a given oxygen-oxygen separation rises 
Hb - - 0.150 sharply with increasing hydrogen bond length. In the 
H c - - 0.158 light of these observations, one expects that the 
H d - - 0.164 

transfer of the central proton couples strongly to 
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Fig. 4. Potential energy profile U(r), where r is the distance 

Fig. 3, Two-dimensional potential of mean force for the quantum between 02 and Ha, obtained from a molecular dynamics simula- 
motion of a proton in a linear, hydrogen-bonded chain of four tion. A projection of the ring polymer representing the central 
water molecules, calculated using Eq. (7). proton H a is shown for illustration. In this example the central 

hydrogen bond length 02 - O  3 is R = 2.51 A. 

successive fluctuations of the donor-acceptor dis- o 
tance in the classical limit. A, the barrier is typically 3 kca l /mol  in height and 

The quantum potential of mean force shown in about 0.3 .~, in width. Two instantaneous configura- 
Fig. 3 differs dramatically from its classical counter- tion of the system, involving central oxygen-;oxygen 
part. There is a striking broadening and flattening of separations of R = 2.51 A and R = 2.59 A, were 
the global minimum well, and the secondary minima chosen to illustrate the single- and double-well cases, 
disappear. The contours of the PMF calculated with respectively. The corresponding potential energy for 
the path integral simulations are broadened due to motion of the excess proton along the central hydro- 
the finite radius of gyration of the polymer necklace, gen bond, U(r), is shown in Figs. 4 and 5. We first 
This corresponds to quantum dispersion effects aris- note the asymmetry of the potential energy profile, a 

ing from a combination of tunneling and zero-point 
vibration of the proton. Penetration in classically U(r) ~ - b e a d s  

forbidden regions of the potential energy wells also 1 0 
i i i i i i 

contributes to the broadening of the PMF contours. 
The importance of such effects in the context of s 
model hydrogen bonds has been noted by other 
authors [27,31]. o 

Because of its importance to the mechanism of ~ 6 
proton transfer between two water molecules, the 
character of the energy profile of the central proton 
along the oxygen-oxygen axis is of particular inter- 
est. Accessible hydrogen bond lengths in the quan- z 
tum simulations range from 2.46 to 2.59 A. The 
absolute minimum is located at an oxygen-oxygen 

o separation of 2.52 ,~. Whereas there is a single 0.9 ~ 1.1 1.z 1.3 1.,, 1.s .6 
minimum for an oxygen-oxygen distance smaller r (Angs t roms)  

o 

than 2.52 A, there are  t w o  energy wells separated by Fig. 5. Same as in the previous figure; in this example the central 
a barrier in the case of larger distances. At R = 2.60 hydrogen bond length is R = 2.59 .~. 
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consequence of the asymmetry of the chain beyond anharmonicity cautions against the calculations of 
the central hydrogen bond. The zero-point energy of zero-point energy correction based on a harmonic 
the proton in this one-dimensional potential, calcu- approximation around the minimum energy structure. 
lated by solving the Schr/Sdinger equation (7), is As noted by other authors, development based on the 
shown. The zero-point energy is in both cases larger classical free energy surfaces may also not be valid 
than 3 kcal/mol. The projection of the ring polymer [27,28]. Although these results depend, in part, on 
necklaces, representing the excess proton on a plane the PM6 model, we believe that the model retains the 
containing the hydrogen bond axis, are also depicted essential features of the potential energy surface (see 
in Figs. 4 and 5. In the double-well case (Fig. 5), the the discussion in Section 2). Because it is important 
polymer necklace of the central proton is delocalized to sample a large number of configurations for mean- 

o 

over a distance of approximately 0.5 A. It extends ingful studies, empirical potential functions such as 
into both wells along the transfer coordinate r and PM6 represent a necessary compromise at the pre- 
some sections lie in the classically forbidden barrier sent time. It should be stressed that the potential 
region. Calculations of the first excited energy levels energy of proton hydrates remains very difficult to 
indicate that they are 5.9 and 2.7 kcal/mol higher characterize accurately, even with high-level ab ini- 
than the ground state, respectively, in the cases tio calculations. Extensive calculations have indi- 
depicted in Figs. 4 and 5, suggesting that the system cated that the results have a significant dependence 
is dominated by the ground state, on the basis set used [6,10,23]; effects due to elec- 

Interestingly, we note that the double-well case tron correlation, considered with M~ller-Plesset per- 
o 

shown in Fig. 5, at R = 2.59 A, illustrates the upper turbation theory or with configuration interaction, are 
limit of accessible oxygen-oxygen distances among also important [12,13,23]. 
the equilibrium configurations of (O4H9)+, accord- This study has implications for the mechanism of 
ing to the PMF contours depicted in Fig. 3. Because proton transfer between hydrogen-bonded water 
of the sensitivity of the barrier height upon the molecules. The dominant factors controlling the pro- 
hydrogen bond length, probable configurations of the ton transfer along hydrogen bonds are emerging 
proton wire thus involve alternatively a single- or from a number of theoretical and computational stud- 
double-well energy profile along the transfer coordi- ies on model systems. Those involve mostly quan- 
nate. In the latter case, situations in which the barrier tum effects arising from vibrational energy and tun- 
height is smaller than or comparable to the zero-point neling through potential energy barriers. In addition, 
energy of the proton nucleus can occur. Thus, the modulation of the potential energy profile along the 
character of the proton transfer along the central hydrogen bond axis by a polar environment are also 
bond at room temperature depends on the fluctua- important. In cases where the hydrogen bond is 
tions in donor-acceptor separation which are them- relatively weak, the occurrence of proton transfer 
selves strongly coupled to quantum disperson effects, may necessitate tunneling of the proton through the 

Our results indicate that the structure correspond- substantial energy barrier. A number of recent stud- 
ing to the energy minimum does not provide a sound ies have addressed such cases with model systems 
basis for understanding the dynamics of the present [26-28,31-37]. In intermediate cases where there is 
system. Differences in the geometry of the a small to moderate intrinsic barrier opposing the 
hydrogen-bonded chain arising from the inclusion of transfer, zero-point energy and thermal activation of 
classical dynamical effects with respect to the en- the proton could also significantly contribute to the 
ergy-minimized structure reflect the anharmonicity mechanism [27]. Finally, the intrinsic potential en- 
of the potential energy surface and the existence of ergy profile along strong hydrogen bonds presents no 
multiple wells. The further increase in hydrogen barrier to the proton motion and the influence of the 
bond lengths in the quantum case arises from the surrounding solvent is dominant [28,33]. The present 
combined effects of tunneling and zero-point vibra- results based on a realistic potential contrast with 
tional energy. As a consequence, the shape of the studies based on model systems in which the 
quantum PMF well is very anharmonic compared to donor-acceptor separation was either fixed or re- 
the intrinsic potential energy profile. This strong strained to small variations. In the linear hydrogen- 
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