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Spectral diffusion in a fluctuating charge model of water
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We apply the combined electronic structure/molecular dynamics approach of Corcelli, Lawrence,
and SkinnefJ. Chem. Phys120, 8107(2004)] to the fluctuating chargeSPC-FQ model of liquid

water developed by Rick, Stuart, and Befde Chem. Physl01, 6141(1994]. For HOD in H,O

the time scale for the long-time decay of the OD stretch frequency time-correlation function, which
corresponds to the time scale for hydrogen-bond rearrangement in the liquid, is about 1.5 ps. This
result is significantly longer than the 0.9 ps decay previously calculated for the nonpolarizable
SPC/E water model. Our results for the SPC-FQ model are in better agreement with recent
vibrational echo experiments. @004 American Institute of PhysickDOI: 10.1063/1.1803532

Ultrafast time-resolved vibrational spectroscopy hascluster by determining thab initio potential energy curve
been used extensively to investigate the dynamics of liquidor stretching the OH bond. The resulting anharmonic vibra-
water'~?3 These techniques are especially powerful becaustional frequenciesfor the 0-1 transitiopare then empirically
the vibrations of a water molecule are sensitive to the differrelated to the local environments by performing a linear fit to
ent environments in the liquid.e., the vibrational frequen- the electric field, due to the point chargém the simula-
cies of the molecule depend on the number and relativgon mode) of the solvent molecules, at the H atom in the
strengths of its hydrogen bond3he time resolution of these  direction of the OH bond. A second MD simulation is then
experiments allows the dynamics of hydrogen-bond networlgerformed, and a trajectory of the OH vibrational frequency
rearrangement to be probed. Understanding the elementay obtained by simply evaluating the relevant component of
mechanisms and time scales for making and breaking hydrgpe electric field at each time step and employing the empiri-
gen bonds in water is an important step toward the developsy) frequency-field relationship. From the frequency trajec-
ment of improved water simulation models, and also of theOtqry 3 number of quantities can then be calculated that are
ries of chemical reactions occurring in aqueous solutionyg|ateq to experimental observables. Complete details of the
particularly for crucial electron and proton transfer processes /vip approach applied to HOD in @ and DO have
relevant to biochemistry.

. _ Peen reported elsewhet®.

Recently we _have deyeloped a flexible .computatlona An important quantity that can be obtained directly from
strategy for relating the vibrational frequencies of a WaterES/lle simulation and is measured by time-resolved infra-
molecule(or other solutgto its molecular environment. This . . . . .

. . . red experiments, is the frequency time-correlation function
approach combines electronic structyeS) methods with (FTCP, C(t) = (8w (t) 60(0)), wherew(t) is the fluctua-
molecular dynamicéMD) simulation, and was applied to the . e 2 ; .
OH (OD) stretch of dilute HOD in liquid RO (H,0).672* t.|or? of the instantaneous vibrational frequency from its equi-
The method is closely related to one recently developed ant!tb”um value: dw(t) = “’(,t)_<“’>' The tme S(;ales for. the
applied toN-methylacetamide in aqueous solution by Chodecay of the FTCRthat is, for spectral diffusiondescribe
and co-worker€>-2" Briefly, the combined ES/MD approach how quickly t_he frequency loses memory of its |n|t.|al ya_tlye
begins with a short MD simulation of the solute/solvent sys-(i-€-» how quickly the molecule loses memory of its initial
tem, whose potential typically includes Coulomb interactionsSolvation environment MD studies have demonstrated that
between point charges. From this initial simulation we ex-the long-time decay of the FTCF corresponds to the dynam-
tract clusters of the solute and its local solvent environmentcs of forming and breaking hydrogen bonds in the
for analysis by ES. As an example, for HOD in® we  liquid.?*~*In Ref. 24 we employed the ES/MD methodol-
analyzed 100 small clusters consisting of the HOD molecul®gy to calculate the OH FTCF of HOD in O for two
along with four to nine solvating D molecules. The clus- commonly used models of liquid water: SPGfef. 32 and
ters form a representative sample of the kinds of solvatioMIP4P33 For the SPC/E model the long-time decay of the
environments the HOD molecule experiences in the liquidFTCF was 0.9 ps, and for the TIP4P model it was 0.5 ps.
The OH vibrational frequency was then calculated for eachiThese values are in agreement with those reported previously
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using different theoretical approaches for the same water I

models?9-31:34.35 o — H,0 SPCE ]
Experimental time scales for the long-time decay of the -- E%Dgéo}%) C/E
FTCF span the range from 0.4 to 15 pgit213:1521-23 064 ! §

C(H/ICO)

critical discussion of the differences and limitations of the
different techniques that have been used to obtain these
FTCFs is presented in Ref. 7. The general conclusion is that
vibrational echoe® (as opposed to pump-probe experi-
mentg provide superior time resolution, and that frequency-
resolved three-pulse echoes that discriminate between the
0-1 and 1-2 transitions are most useful for determining the
FTCF for the 0-1 transition. Along these lines Asbetyal.,’
using two-dimensional echo correlation spectroscopy, found
that for HOD/H,O the long-time decay of the FTCF is 1.8
ps. More extensive experimeffon the same system find a T
more accurate value of 1.41 ps. Earlier two-pulse hetero- %% 035
dyned echo experiments by Yeremenko, Pshenichnikov, and
Wiersma found 0.9 ps for the HOD/D systent, and three-  FIG. 1. The normalized OD stretch FTCFs for the SPC/E and SPC-FQ
pulse integrated echo peak shift measurements by Feck¥pter models. Thesg functions were calculated with the combined ES/MD
approach described in Ref. 24.

et al. found 1.2 ps for the same systém.

Comparing our theoretical results to the time scales mea-
sured in these most recent experiments, it is apparent that thg\q the equations of motion were integrated using the leap-
SPCI/E and TIP4P water models predict a decay of the FTCkog algorithm® The rotations were treated using
that is too fast. This implies that the kinetics of hydrogen-quaterniong® Equilibration of the system temperature to 300
bond rearrangement are not properly represented within ek was accomplished by periodically rescaling the velocities
ther of these commonly used water models. Xu, Stern, angf the molecules. The temperature of the charge degrees of
Berne have suggested that these models underestimate igedoni® was maintained at 5 K by scaling the charge ve-
lifetime of a hydrogen bond in liquid water because they lacKqcities every 1000 time steps. From a short simulation run
the effects of polarizability(i.e., because of their fixed we generated 100 clusters containing five to ten water mol-
charges, the water molecules in the SPC/E and TIP4P modelgules each. As described above we then established a linear
do not respond to their changing environmerifdn models  relationship (with correlation coefficient 0)9between the
that do include the effects of polarizabilitye.g., the calculatedab initio vibrational frequencies and the electric
TIP4P-FQ and SPC-FQ fluctuating charge models of Rickfield, which in this case was due to the actual instantaneous
Stuart, and Berrid) the interactions between a pair of water values of the atomic charges from the solvent molecules in
molecules depends not only on their relative orientations anghe cluster(as extracted from the configuration of the liguid
positions, but also on their environments. This gives rise tayithin our approach the normalized FTCF is simply the nor-
many-body interactions and cooperativity in hydrogen-bondmalized time-correlation function of the electric field
dynamics. Xu, Stern, and Berne investigated the differenceBuctuations’* which can be obtained directly from simula-
between the hydrogen-bond lifetime for the TIP4P andtion.
TIP4P-FQ models, and found that the lifetime was about  In our previous work we ran MD simulations specifically
50% longer for the latte®® MD simulations of the polariz-  for HOD in H,O (or D,0).2* However, since the FTCF is
able PSPC mod# have also demonstrated that the effect ofprimarily sensitive to the dynamics of treolvent in the
polarizability is to significantly lengthen orientational corre- present work we have calculated the FTCF for nea®OH
lation times** This is particularly interesting when taken in This is accomplished by supposing, for the purposes of the
the context of the recent suggestion by Gadibal. that the  calculation, that every OH bond in the neat liquid is treated
lifetime of a hydrogen bond in liquid water is rotation lim- as the OD vibration of interest. Thus, we calculate two OD
ited (i.e., that there is significant coupling between rotationalvibrational frequencies for each molecule in the simulation.
and OH--O motions.*” The evidence from all of these pre- This approach is much more computationally efficient be-
vious studies suggests that the decay time of the FTCEause there are 256 vibrations in the simulation rather than
would also be longer for these polarizable models, and hengest one. To demonstrate that there is no loss of accuracy in
in closer agreement with experiment. this approach, in Fig. 1 we show the normalized OD stretch

In the present work we applied the combined ES/MDFTCEF for the SPC/E model calculated using a 50 ns trajec-
approach of Ref. 24 to the SPC-FQ water model, details ofory of HOD in H,O. Also shown in Fig. 1 is the FTCF
which are described in Ref. 39. Our MD simulations of thecomputed from a 0.5 ns trajectory of neaf® The results
SPC-FQ model contained 128, molecules. The size of are numerically identical, indicating that the small change in
the cubic simulation box was chosen to give the numbethe dynamics of the single HOD molecule compared to a
density of water at 300 K (3.3810°® m~%),*® and periodic  H,O molecule are not manifested in the FTCF.
boundary conditions were employed. The electrostatic forces In Fig. 1 we also show the normalized OD stretch FTCF
were calculated using an approximation to the Ewald &tim, for the SPC-FQ model. The normalized FTCF is fit well by
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| larly good agreement with any of the experiments in that

08 A i they decay too fadtas discussed abokeOn the other hand,
_ \ ——~ Yeremenko et al.| the SPC-FQ model is more similar to the results of Asbury
S OO SPOE et al. and Yeremenko, Pshenichnikov, and Wiersma, and its
§ long-time decay is more similar to those of all three echo

04PN N
experiments. It is interesting to note that although the ampli-
tudes of the three exponentials differ somewhat between the
N - 2 fit of Asbury et al3” and the SPC-FQ model, the intermediate
2N E and slow decay times are very similar.

RN ] Given the level of disagreement among experiments on
AR 1 one systen{HOD in D,0,3~>1213152233 it remains unclear
| : whether there is a significant difference between spectral dif-
; ’ NI fusion in normal and heavy water. The experimental diffu-

0.2

C(5)/C(0)

"~ sion constant for heavy water is smaller than that for normal

N TG water by gbout 20%.. Since spectral diffusion reflects a simi-

| 15 2 lar collective dynamical process, one would guess that spec-
tral diffusion in heavy water would also be slowgelative

FIG. 2. The normalized FTCFs for three different vibrational echo experi-to that for normal water This trend was observed experi-

ments and three diffgrent theoretical models of water: TIP4P, SPC/I_E, anﬂ,]enta”y by the Bakker group—they find a spectral diffusion
SPC-FQ. The theoretical FTCFs are for neaOHand were calculated with . f 400 fs f o d 500 fs f 13,21
the combined ES/MD approach described in Ref. 24. Asktrgl. (Ref. 37~ UME€ O s for HO compare 'to s for JO. '
studied HOD/HO, and Fecket al. (Ref. 4 and Yeremenket al. (Ref. 5 ~ However, the more recent experiments show the opposite

studied HOD/BO. trend: for D,0 0.9 ps> 1 ps? and 1.2 pgRef. 4 have been
reported for the long-time decay, while for,&8 the corre-
sponding values are 1.4 gRef. 37 and 2 ps Future ex-
three exponentials with decay times of 48 fs, 352 fs, and 1.4periments will hopefully quantify more accurately the differ-
ps, and amplitudes of 0.44, 0.20, and 0.36, respectively. Aence between these two systems, but in the meantime we feel
anticipated from the work of Xu, Stern, and Beth¢he reasonably comfortable discussing the experiments without
long-time decay of 1.45 ps is about 50% longer for theundue attention to this possible difference.
SPC-FQ model than the 0.9 ps decay of the SPC/E model. In summary, the results of our spectral diffusion calcu-
The SPC-FQ FTCF does not contain the oscillation at abouttions within the SPC-FQ model are consistent with the fact
150 fs present in the SPCA&and TIP4R FTCFs, which has that polarizability slows down the dynamics of hydrogen-
been attributed to an intermolecular hydrogen bond stretchbond rearrangement in the qulﬁa.‘” The FTCF for the po-
ing motion?4~3-4"~*\We have also calculated FTCFs for |arizable SPC-FQ model is in better agreem@oimpared to
(the OH stretch of HOD ihneat O. These are not shown the fixed-charge modelswith the most recent vibrational
because for both the SPC/E and SPC-FQ models they aeho experiments briefly described h&f@here still remain
quite similar to those of bD. In particular, for the SPC-FQ substantial differences among the different experimental re-
model the triexponential fit gives decay times of 52 fs, 419sults, which hopefully will be resolved in the near future. It
fs, and 1.52 ps, with amplitudes of 0.43, 0.23, and 0.34{s possible that despite the considerable success that the fluc-
respectively. tuating charge models have had with reproducing other dy-
In Fig. 2 we show the FTCFs obtained from three recenhamical properties such as the frequency-dependent dielec-
vibrational echo experiments for HOD in,D (Refs. 4 and  tric constant® the SPC-FQ model will not quantitatively
5) and H,0.*" In the latter case the normalized FTCF was fitreproduce the experimental FTCFs. Indeed, this would not
to a sum of three exponentials, with amplitudes of aboube entirely surprising, since in the absence of reliable dy-
0.41, 0.15, and 0.43, and decay times of 45 fs, 400 fs, anflamical experiments, this modéike its predecessoysvas
1.4 ps, respectively/ Because the fastest exponential is in primarily parametrized from thermodynamic and structural
the motionally-narrowed lim;* it is difficult to determine  gata. In any case, these experiments will provide important

its amplitude and decay time separately, and so the decayenchmarks for testing the dynamics of present and future
time was simply set to 45 fs. One sees that the three expefjyater models.

mental results are qualitatively different: the result of Fecko

etal® shows a substantial oscillation at about 150 fs,  The authors thank J. R. Schmidt for many insightful dis-
whereas the results of Yeremenko, Pshenichnikov, andussions, and Andrei Tokmakoff for helpful correspondence
Wiersma and Asburyet al.” do not. Furthermore, the rela- and for providing us with his experimental FTCF. J.L.S. is
tive amplitudes of the short- and long-time features differgrateful for support from the National Science Foundation
among these three results. Finally, the rate of the long-tim¢hrough Grant No. CHE-0132538. S.A.C. acknowledges the
decays of Fecket al* and Asburyet al.” are similar, while  support of a Ruth L. Kirschstein National Research Service
the decay of Yeremenko, Pshenichnikov, and Wiersisa Award administered through the National Institutes of
somewhat faster. Also shown in the figure are our theoreticatealth. J.B.A., T.S., and M.D.F. thank the AFO3&rant
results for the TIP4P, SPC/E, and SPC-FQ models fddH No. F49620-01-1-00)8and the NIH (Grant No. 2 ROl
One sees that the TIP4P and SPC/E results are not in particGM061137-05% for support.
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