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Molecular Dynamics simulations are used to examine several key aspects of recent ultrafast infrared experiments
on liquid water dynamics in an amplified and extended version of a recent communication [J. Phys. Chem.
A 2002, 106, 11993]. It is found that the relation between the OH stretch frequency and the length of the
hydrogen bond in which the OH is involved is characterized by considerable dispersion. This dispersion,
which is in part related to the varying OHO angle of the hydrogen bond, precludes a one-to-one correspondence
between the OH frequency and the hydrogen bond length. Further, it is found that the time scale currently
interpreted in terms of a stochastic modulation by the surrounding solvent of a highly frictionally damped
hydrogen bond system is largely governed by hydrogen bond-breaking and -making dynamics, while the
motion of an intact hydrogen-bonded complex is underdamped in character. A detailed analysis of these
issues is provided for calculated spectral dynamics after creation of a hole in the ground vibrational state, in
terms of a three time analysis (in addition to the H-bond period). Further, the validity of describing the OH
frequency fluctuations as a Gaussian random process is examined, as is the character of the associated
autocorrelation function of the OH frequency shift.

1. Introduction

In view of the well-recognized importance of liquid water in
chemistry and physics, elucidation of its microscopic dynamics
has long been of major interest. Recently, modern ultrafast
spectroscopic methods have opened a new experimental window
on these dynamics, and there has been intensive activity aimed
at unravelling water dynamics via measurements on the
experimentally convenient aqueous system of HOD diluted in
D2O, using ultrafast infrared (IR),1-8 IR-Raman,9 or photon
echo10,11 spectroscopy.

One major focus of these experiments has been the excited
OH vibration population lifetime. This is currently interpreted
as being dominated by either vibrational predissociation,3 i.e.,
the breaking of the hydrogen bond (H bond) in which the excited
OH stretch is involved,12 or vibrational relaxation of the excited
OH vibration without such IR-induced bond breaking.9,13-15 A
second focus, which is of interest in the present work, has
concerned the spectral diffusion within the OH stretching
band.4-8 This has been initially discussed in terms of the H
bond DOH‚‚‚OD2 (hereafter OO H bond) via the time evolution
of this bond initially prepared in a nonequilibrium stretched or
compressed condition5-8 and subsequently discussed more
formally in terms of stochastic models which assume strongly
overdamped motion of the oscillator. In the present paper, we
amplify and extend the results on these spectral diffusion issues
described in our recent communication.16

As we noted in our initial study,16 an aspect of the initial
interpretations of such experiments concerning the presumed
intact OO H-bond dynamics which we found striking is that
the OO motion is inferred to be overdamped: for example, an
H bond initially stretched beyond its equilibrium length will,
on average, monotonically relax to equilibrium, without any
oscillation (see, e.g., Figure 3 of ref 5 and the discussion
thereof).17 Further, subsequent discussions all invoke a highly
overdamped character of the H-bond motion.5-8 In our view,
this is surprising since the H bond is estimated in H2O to have
a reasonably high frequency of∼200 cm-1. This frequency has
been observed in Raman spectroscopy,18,19 IR spectroscopy,20

and neutron scattering,21 as well as in computer simulations of
the IR spectrum.22 To examine this issue, we performed
Molecular Dynamics (MD) simulations of an equilibrium system
(298 K) of an HOD molecule in liquid D2O (simulation details
are given in Section 2), focusing on the OO H-bond dynamics.
Figures 1 and 2 show, both for individual trajectories and for
the calculated velocity time autocorrelation, that the OO
vibration is decidedly not overdamped.23,24 In addition, Figure
2 shows the Fourier transform of the OO velocity autocorrela-
tion, exhibiting a clear 200-cm-1 shoulder.

In view of the discrepancy of the evidence just recounted
and any image of overdamped OO H-bond motion, it is natural
to scrutinize aspects of the discussion of the experiments which
may not be valid or which require clarification. In particular,
we examine two key assumptions. The first is that there is a
one-to-one correspondence between the frequencyωOH of the
OH vibration and the OO distanceR in a HOD-D2O pair. While
this type of relation, in whichωOH decreases with decreasing
R, as the H-bond strength is increased, is quite well established
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on the aVeragefor a wide variety of static systems,25-27 it may
not be sufficiently sharp to use in the context of the dynamic
spectroscopic experiments.10 The second aspect concerns the
interpretation of the dynamics being probed during the experi-
mental time window (∼1-2 ps). While this has been discussed
in terms of stochastic models of diffusive or high friction
“Brownian oscillator” models,5-8 it seems fair to say that a clear
identification of the dynamics and measured time scales was
not achieved. However, it has been noted6,11 that the experi-
mental time scale (∼500-700 fs) is the same order of magnitude
as the estimated thermal lifetime of an H bond in liquid H2O,28

though this was not pursued. We concluded in ref 16 that the
one-to-one OH frequency H-bond length assumption is not valid,
and that the observed experimental time scale should be
interpreted in terms of H-bond-breaking and -making dynamics.
Here we amplify and extend those results.

Several related studies by Lawrence and Skinner29 have
appeared after ref 16; we comment on the differences and
similarities with ref 16 and the present work at various locations
within.

The outline of the remainder of this paper is as follows. In
Section 2 we give the details of the computational models and
methods. The results regarding the relationship between the OH
frequency and the H-bond length are presented in Section 3,
and in Section 4 we present the results related to the time-

resolved experiments (spectral dynamics). Some concluding
remarks are given in Section 5.

2. Computational Models and Methods

In this section we present details of the MD calculations and
important aspects of the calculation of the OH stretch frequency.
The reader primarily interested in the results might wish to skip
to Section 3 and return to Section 2 as needed.

2.1. General Simulation Details.In all of the simulations
reported in this work, standard Molecular Dynamics methods30

have been applied to a system composed of 108 water
molecules. The well-known SPC/E model for intermolecular
interactions and molecular geometry31 has been adopted. No
internal motions have been considered, keeping molecules rigid
by way of the SHAKE30 algorithm (that this is nonetheless
consistent with the determination of the OH frequency is shown
in Sections 4.3 and 4.5). The simulation box dimensions have
been chosen to yield a density of 1.104 g/cm-1, which
corresponds to that of heavy water at ambient conditions.32 A
molecular spherical cutoff at half the box length has been used
for short-range forces, while the Ewald summation procedure
for the electrostatic forces has been applied. The integration
algorithm is of the leapfrog type with coupling to a thermal
bath,33 with a 1 fstime step, keeping the temperature at a mean
value of 298 K with a coupling constant of 0.5 ps. In all cases
initial equilibration runs of 15 ps have been performed, followed
by long production runs, whose length depends on the properties
under study.

If not stated otherwise, the results presented within correspond
to a 3-ns simulation of a single HOD molecule immersed in
liquid D2O.

2.2. Water Intramolecular Potential. The first task is the
construction of a suitable intramolecular potential for HOD. The
largely local nature of vibrations in the HOD molecule13,34

allows a one-dimensional (1D) treatment of the OH coordinate
as an independent vibrational mode, an approximation that is
very convenient for several reasons. First, it obviously eases
considerably the calculations, since the three-dimensional (3D)
vibrational problem is reduced to a diatomic vibration. Second,
and more importantly, this approach allows treatment of the
intermolecular coupling to all orders. By contrast, taking into
account the 3D nature of the HOD vibrations would require
computation of the solvent-solute coupling as a power series
in the normal modes,13,35 which in conjunction with perturba-
tional or variational calculations can be used to obtain, for
instance, the instantaneous vibrational levels. The problem is
that it is not possible to unambiguously ascertain if the basis
set, perturbation theory level, or most remarkably the order to
which the coupling is expanded is sufficient. For example, it
has been shown for liquid chloroform, a liquid less associated
than water, that terms up to quartic order in the coupling are
required to explain the relaxation dynamics.35

With a 1D approach, however, such problems can be
overcome, as the exact instantaneous anharmonic potential can
be computed easily and solved exactly for the vibrational levels
(see below). Given the large shifts characteristic of the OH
stretching in liquid water, it seems essential to ensure that no
important high order contributions are left out. The internal
potential of Reimers and Watts,34 which has been used here for
the computation of frequency shifts, is very convenient in this
connection, since it is parametrized in terms of a local (rather
than normal) mode expansion. It yields the result for the gas-
phase OH frequency of 3725 cm-1 if the other modes are frozen
and the potential expanded to fourth order in the stretch

Figure 1. The OO distanceR(t) between HOD and a D2O molecule
initially its nearest neighbor for four arbitrarily chosen trajectories, with
the condition that the two molecules remain nearest neighbors for 1
ps. The clearly underdamped motion has an amplitude of∼0.4 Å.

Figure 2. Normalized velocity autocorrelation function for the OO
distanceR between HOD and a D2O molecule initially its nearest
neighbor. Note the oscillatory behavior, with a frequency of∼200 cm-1.
Insert: Fourier transform of the velocity autocorrelation with a clear
shoulder at∼200 cm-1.
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coordinate, which is acceptably close to the experimental value
of 3707 cm-1,36 and which highlights the small effect of
intramolecular local mode coupling for HOD. This reasonably
accurate result can be compared with the value of 3791 cm-1

obtained with the potential of Smith and Overend,37 a potential
that is expressed in terms of rectilinear normal modes rather
than local modes.

It is interesting to note that perturbation theory to second order
(usually employed for the intermolecular coupling) can be
considerably misleading for gas-phase levels; for the Reimers
and Watts potential it yields a value of 3695 cm-1, a value much
closer to the experimental value than the exact result, and on
the opposite side. More curiously, for the Smith and Overend
potential it yields 3735 cm-1, much closer to experiment than
the exact result obtained with this same potential. In contrast
to this somewhat unpredictable character in the gas phase,
perturbation theory to second order is remarkably accurate for
the intermolecular inducedshift in the liquid phase, as will be
shown below. Contrary to what might be expected, this different
behavior cannot be easily ascribed to a more feeble effect of
intermolecular forces; actually, while the intramolecular red shift
is of the order of 100 cm-1, the mean intermolecular red shift
is approximately 200 cm-1, an interesting circumstance where
intermolecular forces dominate the intramolecular forces.

2.3. Direct Calculation of the OH Frequency Shift.The
solvent-induced frequency shift from the gas-phase value has
been computed in two different ways. First, the vibrational
problem is exactly solved in the Born-Oppenheimer (BO)
approximation of a fast vibration and a slow “bath”, i.e., all the
other degrees of freedom, an adiabatic approximation that is
reasonable given the high OH frequency (and which is also
employed in the perturbational approach below). At each
simulation time step, the OH vibrational coordinateq has been
expanded and contracted, while the remaining degrees of
freedom have been kept at their instantaneous values. For each
value of q, the total energy is computed, resulting in a
q-dependent perturbation which, together with the intramolecular
gas-phase potential, constitutes the exact (within the BO
approximation) instantaneous potential for the vibration. The
resulting vibrational Schro¨dinger equation is then solved
numerically.38 This methodology has previously been success-
fully applied to the case of the cyanide ion in water.39

2.4. Perturbational Calculation of the OH Frequency Shift.
While the method described in Section 2.3 is exact (in the
adiabatic approximation), it has been demonstrated for CN- in
water39 that a perturbational approach, if sufficiently accurate,
is more useful for providing physical insight. It is therefore
important to determine if such an approach holds for the present
system.

The second-order perturbational calculation of the shift for a
single vibrational mode in powers of the oscillator displacement
results in the standard expression40

involving the first (F1) and second (F2) derivatives of the
solute-solvent potential. We have computed the instantaneous
shift using this formulation, which only requires the simulation
of a rigid HOD molecule immersed in the liquid. As shown in
Figure 3, the agreement is extremely good; the simple and
rapidly evaluated perturbational formula is very efficient at
reproducing the exact results. Such a good accord is perhaps
remarkable given the large shifts characteristic of the OH

vibration in water, and the poor performance of second-order
perturbation theory for the gas phase levels discussed in Section
2.2. Most importantly, this success allows us to use the
semiclassical approach to confidently analyze the origin of the
shift in detail (as was done for CN-),39 since the contributions
resulting from different sources can be easily separated, a feature
not available in a nonperturbational calculation. Two examples
of such separations will be described next, while the separation
central to the shift induced by any molecule of choice within
the liquid will be addressed in more detail in Section 3. (This
analysis is the basis of the remarks made in ref 16 concerning
the role of the D2O partner in the H bond with HOD.)

2.5. Partitioning of the OH Frequency Shift According
to Different Schemes.2.5.1. Linear and Nonlinear Couplings.
According to eq 1, the simplest partition of the OH shift consists
of the computation of the contributions of the linear and
quadratic terms in the intermolecular coupling. Such a partition
is displayed in Figure 4, from which it is evident that the
quadratic contribution’s weight is almost negligible. While this
feature is known to apply in more simple liquids,40,41 it is
instructive to note for CN- in water,39 where a strong
electrostatic coupling exists, that the second-order term (F2)
contribution was in fact twice that of the linear contribution. It
may then be regarded as somewhat surprising that such an effect
is absent for water, such that the coupling is almost linear, even
though a strong coupling exists; it should be noted that the
frequency shift is roughly an order of magnitude larger for OH
than for CN-. The likely explanation is that the water density
around CN- is larger than that for HOD, due to the H-bond
structure disruption by the ion, which gives rise to an increased
importance of repulsive interactions. In contrast, pure water is
less dense and therefore repulsive interactions (which contribute
particularly to the nonlinear part of the shift) are largely absent.

δω(t) ) - 3f

µ2ω0
3
F1(t) + 1

µω0
F2(t) (1)

Figure 3. Comparison of the instantaneous OH frequency shiftδω(t)
obtained by quantum mechanical calculation (see text) and by perturba-
tion theory (eq 1), respectively.

Figure 4. Contributions of the two terms in eq 1 for the OH frequency
shift, involving respectively the first (F1) and second (F2) derivatives
of the solute-solvent potential. The first term is clearly dominant.
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This results in comparatively feeble short-range interactions
(which are significantly nonlinear), in contrast with those that
a charged species can induce after locally collapsing the
tetrahedral water structure.39

2.5.2. Coulomb and Non-Coulomb Contributions.The role
of Coulomb forces for solution-phase vibrational dynamics
issues has been explored for several systems (see ref 42 for a
review). For HOD in D2O, it has been shown that in the
dominantF1 contribution to eq 1 for the shift, the Coulomb
forces carry all the weight, with a negligible contribution of
short-range forces.42,43 Such behavior is common to all three
HOD vibrational modes (OH stretch, OD stretch, HOD bend),
and the considerations of Section 2.5.1 concerning this feature
apply. Here such calculations have been extended to include
the Coulombic nonlinear contributions (via theF2 term in eq
1), for the particular case of the key OH mode. Figure 5 displays
the contribution of each term for a short run. The inclusion of
nonlinear terms does not change the picture according to which
the Coulomb interactions are overwhelmingly important in
water.

It is important to note that the demonstrated simultaneous
dominance of Coulombic interactions and of theF1 term in eq
1 indicate that the environmental effects on the OH stretch
frequency shift are strongly related to the electric field expe-
rienced by the OH bond from all sources,46 a perspective adopted
in other contexts.47 While we do not emphasize this aspect in
our subsequent analysis of various contributions to the shift,
the partitionings that we study could also be discussed in terms
of the corresponding partitioning of the electric field.48

2.6. Total OH Frequency Shift. With the present model,
the average shift induced by the solvent calculated from eq 1 is
〈δω〉 ) - 212 cm-1, giving a liquid-phase frequency of 3513
cm-1, to be compared with the experimental value of 3420
cm-1.1 As a further comparison, Hermansson and co-workers,50

using a variational approach to solve the instantaneous potential,
obtained an average shift of-136 cm-1, only about half of the
one obtained here, the only difference from the present
calculation being a different choice of model for the inter- and
intramolecular potentials. Evidently, by simply changing the set
of (classical) water potentials, a substantial variation in the mean
shift results. If the contrary would occur, namely, that the shift
is very robust, then it would make sense to try to look for the
physical origin of the difference with experiment by including
polarization, etc. Since, however, this is not the case, we see
no real point in simply adjusting the potential in an ad hoc
fashion and we do not pursue this route here.51

2.7. OH Spectrum.From the time series of the instantaneous
OH frequency shift, we construct a density of states histogram
Peq(∆ω), where∆ω ) δω - 〈δω〉 ) ω - 〈ω〉 is the frequency
shift (or frequency itself) measured with respect to its average

value. The histogram is shown in Figure 6. Its fwhm is∼240
cm-1, which in principle compares very well with the experi-
mental value53 of 280 cm-1. It is known, however, that motional
narrowing is important in liquid water, and that density-of-states
histograms substantially overestimate the width of the stretching
band.54 The actual spectrum, centered at the origin, is to be
computed from ref 55

where∆ω(t) ) δω(t) - 〈δω〉 is the instantaneous shift measured
with respect to its average value. The resulting spectrum is also
displayed in Figure 6, and its fwhm is considerably narrower
(∼130 cm-1), reflecting the rapid dynamics of the solvent. We
note for later reference that a “motionally narrowed” density-
of-states histogram almost identical with the spectrum computed
from eq 2 can be constructed using OH frequencies obtained
by averaging the instantaneous OH frequencies with a time
window of 200 fs (in accordance with the findings of ref 54 for
this system). As for the case of the absolute value of the shift,
other models may yield only half of this value,54 and therefore
this is a noticeably model-dependent property as well.

3. OH Frequency-Hydrogen Bond Length Relation

We now turn to the first of the central issues mentioned in
the Introduction: the validity of the one-to-one correspondence
between OH frequency and H-bond length in the context of
ultrafast spectroscopy experiments on aqueous systems.

Figure 7 displays the density-of-states histogram of the OO
distance and the frequencyωOH, using either the instantaneous
or a “motionally averaged” OH frequency obtained for each
OO distance by averaging the instantaneous frequency over 200
fs as described in Section 2.7. The figure shows that there is
indeed a general trend of higher frequency (smaller red shift
with respect to the gas-phase value) with increasingR, consistent
with weaker H bonding at largerR. However, for a givenωOH,
the distribution inR is quite broad, as seen clearly in Figure 8
where we plot the probability distribution inR for differentωOH.
The distribution is most disperse at high frequencies, for which
there are more loosely H-bonded configurations (numbers based
on the instantaneous OH-frequency results): atωOH ) 3400
cm-1 the fwhm inR is 0.15 Å; atωOH ) 3600 cm-1 it is 0.4 Å.
Hence, in strong contrast to the standard assumption, theωOH-R
relation is far from being sharply defined; indeed, on the blue
side, the fwhm inR is comparable to the oscillatory OO motion
amplitude (cf. Figure 1).

Here and in ref 16, while noting the existence of the average
correlation, we have emphasized the departures we have found
from a one-to-oneωOH-R relation. In ref 29, more emphasis is

Figure 5. Contributions from various sources to the dominant F1-
containing term in eq 1 for the OH frequency shift.

Figure 6. Density-of-states histogramPeq(∆ω) for the OH frequency
shift ∆ω ) δω - 〈δω〉 and the spectrumI(∆ω) calculated according
to eq 2.

I(∆ω) ) ∫-∞

∞
dtei∆ωt〈exp[i∫0

t
dτ∆ω(τ)]〉 (2)
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placed by Lawrence and Skinner on the correlation of these
quantities. Beyond our previous remarks that an assumed one-
to-one correspondence indicates incorrectly that the OO H bond
is overdamped, it is useful in this connection to pose a
fundamental question stemming from the data above and in ref

16 in the following way: is it then correct to interpretω(t) as
a faithful record ofR(t), so that by monitoring the frequency
one is directly monitoring the distance evolving in time? From
the dispersion shown in Figure 8 the answer is negative: nothing
like a uni-valued function exists.

It is instructive to examine real “trajectories” in theωOH-R
space, sampled from the MD simulations, to make this point
more clear. Figure 9 displays two such trajectories (for
instantaneous frequencies), rather different in character. The
dashed line represents the sort of behavior to be expected if a
one-to-one correspondence would hold: it starts at a large OO
separation (3.2 Å) and monotonically goes down to smaller
distances, with a concomitant parallel decrease in frequency
(note, however, that not even this “well-behaved” trajectory is
overdamped, as it does not pause for any significant time at
the most probable distance,∼2.8 Å). The second trajectory
(points) is more representative of the sort of wandering motion
that one frequently encounters in the trajectories. Again, starting
at a large OO separation (∼ 3 Å) it goes down to smaller
distances, but in doing so it shows rather different characteristics.
Perhaps the most significant feature is the oscillatory behavior
in the vertical direction displayed in different portions. The
meaning of this feature is clear: for the very same OO distance,
a whole range of frequencies is possible. Moreover, this range
is by no means negligible: a full OH oscillation (with no change
in distance) might easily span a range of more than 100 cm-1.
This same feature can be analyzed from a constant frequency
point of view: if one imagines a horizontal line at for instance
3600 cm-1, it would cross the trajectory at several points,
ranging from∼2.7 to∼3.1 Å, i.e., one cannot predict the O-O
bond length from knowledge of the frequency. Finally, it is
interesting to note that the trajectory crosses itself (and the first
trajectory) at several places, and at right angles: an increase in
distance can imply both an increase or a decrease of frequencies,
both cases with the same steepness. Again this highlights the
unpredictable sequence of frequencies for a given course of
H-bond separations, and vice versa.

The solid hydrate experimental data for theωOH-Req relation
taken as the basis for a one-to-one relationship are in fact quite
scattered,25-27 and H-bond bending has been mentioned as a
possible source of this scatter.27 Specifically, Libowitsky27 noted
that bent H bonds yield consistently too high frequencies in
the OO-distance frequency plot, pointing out that, taking into
account bond symmetry, “the attractive influence of the H bond
acceptor is attenuated if the H‚‚‚O distance in a bent H bond is
longer (as a consequence of the bent geometry) than in a straight
H bond.” The possibility that the bending is an important source
of the ωOH-R relation dispersion we have found is explored
via Figure 10, which shows the frequency distribution for a fixed

Figure 7. Density-of-states histogram for the OO distanceR between
HOD and its nearest neighbor and the OH frequencyωOH (contour
levels are 10%, 20%, ..., 90% of maximum value) using (a) the
instaneous OH frequencies and (b) “motionally averaged” OH frequen-
cies (see text). The traversing line in part a shows the averageωOH for
a fixedR (( 0.01 Å) and the fwhms inωOH for R ) 2.6 Å (200 cm-1)
andR ) 3.3 Å (150 cm-1), both being larger than typical experimental
laser bandwidths∼70 cm-1.5-7

Figure 8. Probability distribution ofR for fixed values of the OH
frequency ((5 cm-1) using (a) the instantaneous OH frequencies and
(b) motionally averaged OH frequencies (see text).

Figure 9. Examples of “trajectories” in the OH frequency-H-bond
coordinate space.
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nearest-neighbor OO distance, separated into different OHO
bending angleR intervals. Overall, there is a clear dependence
of R on the OH frequency, with the general trend that a larger
R leads to a higherωOH (smaller red shift), as expected for
progressively weaker H bonds. The key lesson of Figure 10 is
that the bending angle is very clearly a source of significant
dispersion in theωOH-R relationship.16 This is in accordance
with the observation that most of the dispersion is already
present in the frequency shift induced by just the HOD-nearest-
D2O-neighbor interaction, as now discussed.

3.1. OH Frequency Shift Induced by the Closest Molecule.
The contributions ofF1 andF2 to the OH frequency shift in eq
1 can also be split into those arising from each neighboring
molecule (or even a particular site within a given molecule).
Here we examine the effect of the HOD-nearest-D2O-neighbor
interaction to shed further light on the microscopic aspects of
the ωOH-R relationship.

First, it is found that∼70% (146 cm-1) of the total red shift
is accounted for by the interaction with the molecule closest to
the H in HOD. This is quite substantial (and is the basis for the
remark in ref 16) and motivates a first focus, followed hereafter,
on the effect of this nearest neighbor. The remaining significant
influence of the rest of the molecules precludes any extreme
notion according to which the H bond completely accounts for
the full shift, except for small random perturbations, is not
sustained by the present results.

Second, to further elucidate the OHO bending-angleR
dependence of the OH frequency, we plot the values of (R,R)
giving rise to a certain OH frequency. Figure 11a shows the
resulting OH frequency when only including the oxygen in the
neighboring D2O molecule. These “distributions” are lines (the
widths are due to a narrow frequency interval around each
frequency) illustrating a one-to-one relationship between a given
set (R,R) and the resulting OH frequencyswhich one would
expect since the relative position of the oxygen neighbor to the
OH bond is uniquely determined byR and R. The deviation
from vertical of the line-like distributions in Figure 11a creates
dispersion in theωOH-R relationship for this partial contribution.
Note that this dispersion is comparable to the overall dispersion
shown in Figure 10. However, this picture of the angle being
responsible for the dispersion in theωOH-R relationship in a
simple one-to-one fashion is somewhat obscured when making
a similar plot including the contribution from the entire
neighboring D2O molecule as shown in Figure 11b. Here the
“distributions” are no longer line-like (they overlap), indicating
that also the orientation of the deuterium atoms on that D2O

plays a role, which is not unexpected if one considers the
orientation of the electronic lone pairs of the HOD oxygen atom.
This represents a topic for further research.

3.2. H-Bonded and Non-H-Bonded Molecules.Clearly it
is of interest to analyze the OH frequency shift in terms of
hydrogen bonding. A key question to answer is: What fraction
of the mean shift is due to H-bonded D2O-HOD pairs? Thus,
for example, the 30% portion of the average shift noted above
that does not arise from the closest molecule might be an
indication that fully H-bonded molecules are after all determin-
ing the full shift, and that it is the OH stretchings which are
not H bonded that can be affected by more than one neighbor.
To study this possibility, all the configurations obtained from
the simulation have been grouped into several classes, and the
mean OH shift computed for each one separately. For this
purpose, we adopt here and hereafter the geometrical definition56

of an OO H bond in a HOD-D2O pair: OO distance less than
3.6 Å, distance from H to O in D2O less than 2.4 Å, and OHO
bending angleR less than 30°.

The following classes have been defined, with the percentages
of occurrences found noted: (a) 1 H bond: configurations in
which the H in HOD is involved in a single H bond (these
constitute a large majority, 87.7% of the configurations); (b)
two H bonds: in some cases two D2O molecules fulfill the
hydrogen bonding conditions to a single OH bond (this occurs
for a mere 0.1% of configurations); (c) partial H bonds: the
angle does not fulfill the geometric conditions for hydrogen
bonding (4.5% of cases), but the remaining conditions are met;
(d) no H bonds:at mostthe oxygen-oxygen distance to the
molecule closest to the OH fulfils the hydrogen bonding

Figure 10. Probability distribution of the OH frequency for HOD-
D2O pairs with the OO distanceR ) 2.8 ( 0.01 Å and its separation
into different bending angleR intervals.

Figure 11. Pairs of oxygen-oxygen distance and bending angle (R,R)
resulting in a given OH frequency ((2.5 cm-1) including (a) only the
nearest-oxygen contribution and (b) all nearest-D2O contributions.
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condition (although in almost all cases the distance is larger
than 3.2 Å); this is what might be taken as a “free” OH bond
(7.7% of configurations).

An important conclusion of the above is that, although the H
bond is somewhat fragile,28 our results indicate that HOD is
fully H bonded to a D2O most of the time (∼90%). (Note that
this is a purely statistical statement about frequency and gives
no information about the dynamical character of the H bond.)
More importantly for the OH frequency shift issue, the mean
red shift induced by the closest fully H-bonded molecule (class
a) is 158 cm-1, which is slightly larger than the total mean shift
induced by the closest molecule (146 cm-1) but which is far
from the average value of 212 cm-1 for the total shift. We must
conclude that for all configurations,including fully H-bonded
pairs, there is a substantial part of the shift arising from the
rest of the liquid.

Regarding the remaining classes, as is to be expected, the
violation of any of the criteria (proceeding from class a to d)
results in a smaller shift (higher frequency), explained by the
weaker interaction. However, it is worth mentioning that for
class d (“free” OH bond), the total shift (not only that of the
closest molecule) is 80 cm-1. This represents a substantial 40%
of the total mean value (212 cm-1), and is rather far from the
null gas shift value that in principle might be expected in this
nominally “free OH” case.

Finally, when the distribution of frequencies for fully H-
bonded molecules is computed, it can be seen that a nonneg-
ligible number of them give rise to comparable modest shifts.
These results suggest that the discrete-number-of-environments
picture of water,1,2,4,10,11,57each one characterized by a particular
shift, is not an appropriate perspective.58 However, a deeper
analysis would examine how different structures are distributed
in frequency space.

4. Spectral Dynamics

4.1. Hole Dynamics.We now turn to an examination of the
spectral diffusion for the OH frequency. To both illustrate the
impact of theωOH-R dispersion and to examine the possible
role of OO H-bond-breaking and -making dynamics for ultrafast
IR experiments, we calculate a quantity related to the experi-
mental IR signal associated with the ground OH vibrational state
hole dynamics, namely the time dependence of the average OH
frequency∆ωj (t) for the distribution of OH frequencies initially
created from an equilibrium distribution by excision of a band
of ωOH values corresponding to laser promotion to the vibra-
tionally excited OH state. This average frequency function is
closely related to the average frequency function describing the
total pump-probe signal reported in refs 5 and 6. It is also
directly related to the ground-state contribution to the pump-
probe signal extracted from experiment in ref 7. In particular,
Woutersen and Bakker7 decompose the transient signal into
bleaching of theνOH ) 0 f 1 transition andνOH ) 1 f 2
excited-state absorption. The bleaching consists of a hole
contribution (ground state) and a particle contribution (excited
state). (We also note parenthetically that the calculation of the
full transient signal seems not currently possible, due to
quantization requirements and the possibility of vibrational
predissociation.)3,12

We assume that the ultrashort (pump) pulse has a Gaussian
frequency profile around the center frequencyω1, f(ω) )
exp[-(ω - ω1)2/(2σ1

2)]. Then, ignoring the time duration of
the pulse, cross sections, etc., a hole is burned in the ground-
state frequency distribution of the form (not normalized),

where∆ω1 ) δω1 - 〈δω〉 ) ω1 - 〈ω〉 measures the pulse
center frequency compared to the average OH frequency, such
that the molecules remaining in the ground state have the
(unnormalized) frequency distribution

In our simulations, we use anf(ω) with a widthσ1 ) 70 cm-1

corresponding to the experimental value5-7 and calculate
Pr(∆ω,t) from a large set of system trajectories reflecting the
initial distributionPr(∆ω,0). The average∆ω of the remaining
molecules is determined from

whereNr ) ∫d(∆ω)Pr(∆ω,0).
The obtained∆ωj (t) values are displayed in Figure 12 (solid

curves), where we simulate excitations to the blue/red by setting
∆ω1 ) (100 cm-1. For the blue (red) excitation, the average
frequency of the initial ensemble is less (greater) than that of
the equilibrium ensemble, since more weakly (strongly) H-
bonded species have been excised. As this hole is dynamically
filled in with more weakly (strongly) H-bonded species, the
average frequency increases (decreases). The curves in Figure
12 are normalized by their initial value. Both excitation results
are mildly bimodal in time with a slightly oscillatory feature
present for the latter. Analysis of these curves in terms of two
exponentials yields59 for the short time scale 66 fs (blue) and
36 fs (red) and for the long time scale 863 fs (blue) and 777 fs
(red); the ratio between the short- and the long-time components
is about 2:1. We have obtained similar results for other values
of ∆ω1 as well as for different choices of the laser bandwidth.

In the IR experiments, only a single longer time scale is
extracted, estimated variously as 700 fs5,6 or 500 fs,7 this
difference being related to the different experiments involved
and the differing details of extraction of this time.5-7 The short-
time component as well as the slight oscillation for the red
excitation result seen in Figure 12 could be quite difficult to
detect due to current experimental time resolution capabilities
(our simulations ignore the time duration of the laser pulse)
and other contributions to the signal.5-7 (We discuss more recent
results10,11,49,60later in the paper.)

The fundamental interpretation of the solid curves in Figure
12 is revealed more clearly when we examine the corresponding
dynamics subject to the restriction that only initially OO
H-bonded molecular pairs which remain intact on the time scale
of the figure are involved. Hence, we calculate the quantity

whereNr′ ) ∫d(∆ω)P′r(∆ω,0). The prime indicates that only
the above-mentioned H-bonded configurations are included in
the calculation. It should be noted that the subensemble of OO
H-bonded molecular pairs is no longer an equilibrium ensemble,
and therefore〈∆ω〉′ is different from zero and has a slight time
dependence.

The results are shown in Figure 12 (dashed curves) including
only initially OO H-bonded molecular pairs which remain intact
for up to 2 ps. For both excitations, the OH frequency averages
in this subensemble display two important features: (i) oscil-

Ph(∆ω,0) ) Peq(∆ω) exp[-
(∆ω - ∆ω1)

2

2σ1
2 ] (3)

Pr(∆ω,0) ) Peq(∆ω) - Ph(∆ω,0) (4)

∆ωj (t) ) 1
Nr
∫d(∆ω)∆ωPr(∆ω,t) (5)

∆ωj ′(t) ) 1
Nr′

∫d(∆ω)∆ωP′r(∆ω,t) - 〈∆ω〉′ (6)
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latory behavior is more clearly pronounced for these intact
species than for the full averages and (ii) the long-time
component of the full averages has largely disappeared (it now
constitutes less than 10% of the signal, compared to the about
33% it constitutes of the solid curves). Similar results are
obtained when including initially OO H-bonded molecular pairs
which remain intact for up to, for instance, 1.5 ps. Regarding a
less critical feature, the initial values of the dashed curves
compared to the solid curves, we note the following. The initial
distribution of OH frequencies for the subensemble of H-bonded
molecular pairs which remain intact for up to 2 ps is both
narrower and red shifted compared to the equilibrium distribu-
tion of the full ensemble. Hence, for excitation to the blue, a
smaller fraction of molecules is excised from the subensemble
than from the full ensemble, which results in a smaller initial
red shift of the dashed curve compared to the solid curve. For
excitation to the red, comparable fractions of molecules are
excised from the subensemble and the full ensemble, resulting
in comparable initial blue shifts of the remaining molecules.

These results indicate16 (i) that in the intact OO H-bonded
species subensemble, the underdamped motion is visible, despite
theωOH-R relation dispersion, a conclusion we have confirmed
by calculation (see Section 4.2) of the H-bond lengthRdynamics
in the subensemble and (ii) that the longer time dynamics in
the full averages is largely determined by H-bond-breaking and
-making dynamics; it isnot, for example, determined by the
overdamped motion of intact H-bonded species. Indeed, the
characteristic time (∼0.5-1 ps) of the longer time component
is in the range of previous estimates of the thermal lifetime of
H bonds in liquid H2O.28 Lawrence and Skinner,29 who estimate
the HOD/D2O H bond lifetime as∼500 fs, have reached similar
conclusions, via comparison of certain equilibrium correlation
functions, although the numbers involved somewhat differ (for
different HOD and D2O models).

Finally, we have examined these issues by following in time
the OO distanceR(t) for ensembles of initially H-bonded HOD-
D2O pairs with a givenR(0). Figure 13, for the caseR(0) ) 2.7
Å, shows the ensemble-averaged OO distance, as well as the
averaged OO distance for the subensemble composed of
trajectories for which the H-bonded molecular pairs remain
intact for up to 2 ps. The figure clearly shows bound oscillatory
behavior for the latter whereas the full-ensemble averaged OO
distance shows signs of divergent, dissociating behaviorsfor
which H-bond breaking and making is a necessary precursor,
completely consistent with the picture from the hole dynamics.61

We also note that the averaged OO distance for the suben-
semble composed of trajectories for which the H-bonded
molecular pairs remain intact for up to 2 ps shows no signs of
diffusion toward the most probable nearest-neighbor OO
distance〈R〉 ) 2.85 Å, but rather oscillates steadily around the
shorter distance 2.78 Å.

4.2. More Detailed Analysis of the Hole Dynamics Results.
At the beginning of Section 4.1, we noted that a simple two-
exponential time analysis of the hole dynamics average fre-
quency results for blue and red excitation gives the following
times: 66 and 863 fs (blue); 36 and 777 fs (red). The subsequent
restriction of the trajectories to those which remain H bonded
for 2 ps largely suppressed the longer time behavior. Clearly, a
two-exponential fit is a very crude analysis, and, e.g., obviously
misses the “bump” features att ∼ 160 fs in Figure 12 associated
with the H-bond oscillation. Here we explore a more detailed
description.

We will examine a fit of the various hole dynamics∆ωj (t)
results via the representation

in which the first term is an attempt to capture the evident feature
that some part of the shorter time dynamics is related to intact
H-bonded species, and indeed we preassign the frequency in
its oscillatory component asωOO, the H bond frequency 200
cm-1 ∼ 2π/(160 fs) ) 0.038 fs-1. The remaining two terms,
whose coefficients, together with that of the first term, provide
normalization of the function, are simple exponentials, whose
significance is to be determined. Equation 7 is thus a five-
parameter function.

We first discuss the results of a fit of eq 7 for the time
dependence of the Figure 12 average frequency results for the
hole dynamics, restricted to HOD-D2O pairs which remain

Figure 12. Solid curves: time dependence of the average OH
frequency shift∆ωj OH(t) for the distribution of OH frequencies initially
created from an equilibrium distribution by excision of a band
corresponding to laser promotion to the vibrationally excited OH state,
calculated according to eq 5. Dashed curves: the corresponding results
for subensembles containing only H-bonded HOD-D2O pairs, calcu-
lated according to eq 6. Frames a and b are for excitation to the blue
and red, respectively (see text).

Figure 13. Average of the time-dependent OO distanceR(t) for an
ensemble of initially H-bonded HOD-D2O pairs with fixed initial OO
distanceR(0) ) 2.7 ( 0.01 Å (solid); average for the corresponding
subensemble composed of trajectories for which the H-bonded molec-
ular pairs remain intact for up to 2 ps (dashed). The transition to
diffusive, square root in time behavior for, e.g., the “All” case is difficult
to see in this figure. A separate plot (not shown) shows that the transition
from linear in time to square root in time is essentially complete at∼1
ps.

A cos(ωOOt)e-t/τ1 + Be-t/τ2 + (1 - A - B)e-t/τ3 (7)
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H-bonded for 2 ps. The results of this fit for the blue and red
excitation frequencies are (see Figure 14, top)

(all numbers in fs), while the corresponding fits for the average
frequencies for unrestricted trajectories are (see Figure 14,
bottom)

A striking aspect to which we will return presently is the
similarity of the first two terms for the restricted and unrestricted
trajectory results. But first we examine the slowest decaying
terms in eqs 8 and 9. We need to remark that in eq 8 for the
restricted trajectories, the determination of the final terms is
somewhat uncertain because the time scales obtained by the fit
are similar to the time over which the curves are fitted.
Nonetheless, these relatively small amplitude terms can be
assigned to trajectories for which H-bond breaking and making
occurs after 2 ps (recall that the restriction is to remaining
H-bonded for 2 ps). The corresponding longest lived terms in
the unrestricted trajectory results in eq 9 are three times larger
in magnitude, and would include H-bond breaking and making
at any time; the results suggest that∼1 ps is the appropriate
time scale for this in the context of the hole dynamics. Although
we would not wish to overemphasize it, given the overall
crudeness even of eq 7 and the fact that the OH frequency is,
even in the absence of dispersion, a nonlinear function of the
H-bond coordinate and bend (e.g., the OH frequency is not one
constant when an H bond exists and another constant when it
does not), it is interesting to note this time is not far from that
(1.5 ps) currently recommended as the best estimate for the time
scale for H-bond making and breaking (for H2O).28 Finally, we
should also note that the long time dependence in the H-bond
restricted results, in addition to the source mentioned above,
may have some contribution from the remaining solvent

surrounding the HOD/D2O pair (see Section 3.1), which judging
from solvation dynamics studies in water indicating the presence
of longer time scales62 could contribute something here and to
the unrestricted results.

Turning to the first two terms in eqs 8 and 9, given the
similarity for restricted and unrestricted cases, and given that
the times involved are noticeably shorter than any that one would
connect with H-bond breaking and making and the imposed 2
ps lifetime restriction, these terms evidently represent the time
behavior of the contribution of intact H-bonded species. Perhaps
one should not be surprised, in view of the strong dispersion of
ωOH-H-bond length we have evidenced previously as well as
the involvement of the bend and contributions to the frequency
from the remaining solvent, that the simple first, oscillatory term
by itself is insufficient to describe the intact H-bonded system.

We can add one further aspect to this analysis of the H-bond
restricted hole dynamics trajectory results. In particular, we can
ask if there is anysimplerelation between these results for the
average frequency and the time correlation function of the
fluctuation OO H-bond coordinate. We already know from our
implication of the H bond-breaking and -making dynamics that
the only real possibility for such a relation is for short times,
and so we focus on those here. In some approaches,57,63-65 the
fluctuating OH frequencyδω would be linearly expanded in
the H-bond coordinate and the relation would be a direct
proportionality; in view of eq 1 and the fact that we have shown
in Section 2.5 that the second term there is negligible, this
amounts to assuming that the force on the OH coordinate is
linear in the OO H-bond coordinate; again, we emphasize that
given our preceding results, this could only potentially be tenable
for short times.

There is, however, an important preliminary issue to address
here. In the image that the H bond remains intact, the H bond
time correlation function would remain bounded in time. Since,
however, we have already demonstrated that H-bond-breaking
and-making are important contributing processes for the OO
coordinate dynamics, resulting ultimately in unbounded behavior
(while the behavior of the average frequency is clearly bounded
in time), we need to consider which time-correlation function
definition for the H-bond coordinate could provide an appropri-

Figure 14. Fits (dashed) of the average OH frequency time dependence for the hole dynamics curves shown in Figure 12 (solid): (top) H-bond
restricted; (bottom) unrestricted trajectories. These fits are reported in eqs 8 and 9, respectively, of the text.

blue: 0.31 cos(0.038t)e-t/97 + 0.58e-t/94 + 0.11e-t/1954

red: 0.53 cos(0.038t)e-t/75 + 0.39e-t/143 + 0.08e-t/2355 (8)

blue: 0.15 cos(0.038t)e-t/80 + 0.58e-t/100 + 0.27e-t/1002

red: 0.35 cos(0.038t)e-t/70 + 0.39e-t/122 + 0.26e-t/999 (9)
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ate comparison. For our present purposes, we have adopted the
definition

where the prime notation indicates molecular pairs which are
restricted to be H-bonded for 2 ps. The calculated normalized
time correlation functionC′R(t) is displayed in Figure 15. We
pause to note that a Brownian oscillator description,66 con-
structed using the known frequencyωOO of the OO vibration
and a friction constantf determined from the time area equal to
f/ωOO

2, and also shown in Figure 15, is rather a poor representa-
tion, predicting incorrectly an overdamped behavior.67

We compareC′R(t) with the restricted average frequency
results for blue and red initial excitations, in Figure 16, and in
the bottom member of each panel of this figure we also compare
C′R(t) with the average OO distance for the H-bond restricted
trajectories. Note that the average OO distance is measured with
respect to the mean OO distance in an H-bonded pair (2.78 Å,
cf. Figure 13).

There are several points to make. First, while there are certain
similarities between the restricted average frequency results (for
both blue and red excitations) andC′R(t), most notably in the
very shortest time decay and the appearance of an OO frequency
feature, there are notable deviations, e.g.,C′R(t) goes negative,
while the average frequency does not, and the magnitudes of
the longer time tails differ. We have to conclude that there is
no simple relation between the average frequency results and
C′R(t), even for the H-bonded restricted trajectories. Second, in
the bottom portion of panels a and b of Figure 16,C′R(t) is
compared with the average OO separation for the H-bond
restricted trajectories (normalized by its initial value), and it is
seen that the correspondence of these is much closer, though
some disparities remain, especially for longer times. In con-
nection with these observations, we also note that a fit of
C′R(t) with the first two functional terms of eq 7 yields (see
Figure 15)

The combination of these assorted restricted trajectory results
reinforces the point made above that while the H-bond restricted
C′R(t) gives a quite reasonable description for the H-bond
average OO separation in the hole dynamics trajectories, it is
not a good description for the average frequency results, and
we have indicated various sources of this disparity in our
remarks above. We do notice for the two short time contributions
in eqs 8 and 9 (especially for the red excitation) and eq 11 the

repeated occurrence of (in addition to the H-bond period) the
two time scales in the range∼70-80 fs and∼100-200 fs,
respectively. These are times which one might associate very
loosely with librational motions and (surrounding solvent
molecule) OO motions, respectively.68 However, a deeper
analysis would be required to clarify any such identifications
(or other ones, e.g., involving the H-bond bending or D2O
H-bond partner orientation, see Section 3.1). Instead, our fittings
of various quantities have rather had the purpose of showing
the OO H-bond motion explicitly and to sort out what is
connected to bound H-bond motion and what is not, and to help
sort out the difference between the OH frequency dynamics and
features connected linearly to OO dynamics.

Before leaving the hole dynamics, we would like to emphasize
a particular aspect of the above analysis, namely that even on
reasonably short time scales before significant contribution of
H-bond breaking and making would enter, the time behavior
of the average frequencies in the hole dynamics are not well
represented by a time correlation function of the H-bond
coordinate. There can be many sources for this discrepancy.
Beyond the dispersion in theωOH-R relationship that we have
evidenced in Section 3 and in ref 16, the assumption of a linear
connection betweenωOH andR fluctuations is quite problem-
aticalseven if one were to accept the averageωOH-R relation
displayed in Figure 7asin view of the large fluctuations in the
H-bond length that we have detailed within. Further, we have
shown in Section 3.1 that fluctuations in the OH frequency
arising from the influence of the remaining solvent molecules
are not entirely negligible, a point we have discussed above in
connection with the second term in our three-term representation,
and which is a point that goes back to early discussions of
“direct” (coupling of the OH vibration directly to the electric
field of the solvent) versus “indirect” (coupling of the OH
vibration to the H bond, which in turn is coupled to the solvent)
mechanisms for the dephasing of H-bonded OH vibrations.63,64

Finally, we can note that even the proper method to calculate
an OO coordinate correlation function for an intact H bond can
be an issue.65

In concluding this subsection, it is worthwhile remarking that
while we certainly would not claim that the above analysis
provides the last word on the key time scales involved, it is at
least a refinement pointing to the need for a more detailed
description beyond two simple exponentials.

4.3. The Gaussian Random Model.In this section, we
comment upon the model used by Woutersen and Bakker7 to
interpret their obtained pump-probe transients within the
framework of Gaussian random processes, in an effort to place
our results in perspective with respect to that model and further
to comment on the significance of the frequency shift autocor-
relation function often used in discussions of motional narrow-
ing54,55,70 and in connection with the spectral diffusion prob-
lem.7,8,10,11,57

We first turn to the question of the Gaussian random model
and consider it in connection with the hole contribution of the
bleaching, as discussed in Section 4.1. In deriving an expression
for this contribution, we follow the basic assumptions of ref 7
and assume that (i) the linear spectrum is Gaussian and (ii) the
fluctuating frequency shift can be considered as a Gaussian
random process (GRP). It is of considerable interest to examine
the applicability of a GRP description in the context of our
calculated hole dynamics, since its validity is by no means
certain, given, e.g., the anharmonicity of the OO H bond,
strongly indicated by Lippincott-Schroeder models for it,8c12

the H-bond breaking and making dynamics we have implicated,

Figure 15. Oxygen-oxygen-distance autocorrelation functionC′R(t)
for HOD-D2O pairs that remain H-bonded for at least 2 ps (solid).
Also shown is the OO-distance autocorrelation function constructed
by using the known frequencyωOO of the OO vibration and a friction
constantf determined from the time area of the solid line, equal to
f/ωOO

2 , (dashed). Finally, the eq 11 fit is shown (dotted).

C′R(t) ≡ 〈δRδR(t)〉′
〈δR2〉′

(10)

C′R(t) ) 0.77 cos(0.038t)e-t/82 + 0.23+ e-t/187 (11)
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as well as the important contribution to the OH frequency shift
of the nearest neighbor H-bonded D2O and further remaining
solvent contributions (cf. Section 3.1 and ref 65). It is worth
observing at the outset that a GRP model for the frequency shift
does not itself necessarily identifywhichmolecular or individual
coordinates are most important for the spectral diffusion.

To begin, by assuming thatPeq(∆ω) is Gaussian with the
width σ, we obtain from eq 3 the (Gaussian) hole,

where∆ω0 ) ∆ω1σ2/(σ2 + σ1
2) and σ0

2 ) σ2σ1
2/(σ2 + σ1

2).
Then, on the assumption that the fluctuating frequency shift can
be considered as a GRP, the (normalized) frequency distribution
of the hole at later times is given by ref 71

whereC(t) is the normalized OH frequency-shift autocorrelation
function,

Ph(∆ω,t) is a Gaussian distribution at all times, which obviously
approaches the equilibrium distributionPeq(∆ω) for large times
(Ctf∞f 0). The center of the hole is

or, equivalently, the average frequency shift at timet is

Hence, the dynamics of the hole is given by eq 13 with the
decay of the center frequency shift given by eq 16.72 These are

the expressions used by Woutersen and Bakker7 to simulate the
hole dynamics. In addition, these authors assume a single-
exponential frequency-shift autocorrelation function (Markovian
limit) and they determine its time constant to be 500 fs.

However, in our simulations we focus on the molecules
remaining in the OH ground state with the distribution given
by eq 4. Using that〈∆ω〉 ) 0 by construction, eq 5 can be
rewritten as

whereNr ) ∫d(∆ω)Pr(∆ω,0) and therefore within the Gaussian
random model,

whereNh ) ∫d(∆ω)Ph(∆ω,0). Thus, the time dependence of
the average frequency shift’s decay to its average value is again
given by the frequency-shift autocorrelation. Note that∆ωj (t)
has the opposite sign of∆ω0 (the laser frequency measured from
the equilibrium mean OH frequency), which is natural (and we
see it in our simulations), since pumping with a pulse in the
red (blue) of the absorption band leaves the average frequency
of the remaining molecules on the blue (red) side of the band.

To proceed further, we require the time autocorrelation
function of the OH frequency shift, eq 14. This function can be
calculated by using eq 1, and the result is shown in Figure 17.
(C(t) has also been calculated for different D2O models by
Lawrence and Skinner29 and Fecko et al.,49 with similar results.)
Similarily to the frequency shift∆ωj (t), it exhibits an apparent
bimodal decay; when analyzed in terms of two exponentials,
we find the time constantsτ1 ) 50 fs andτ2 ) 785 fs in a ratio
of about 2:1. For comparison, we can refer to a previous
calculation of frequency autocorrelation functions for the related
but different case of the three normal modes of a H2O molecule
dissolved in D2O;74 each of these three correlation functions
was found to be bimodal, with time constants of 50 and 800 fs,
but in a ratio of about 1:1. While it has not been possible to
resolve in IR experiments, a short-time component (30-90 fs)
of the OH frequency autocorrelation has been extracted from

Figure 16. Comparisons of the H-bond-restricted OO separation time correlation functionC′R(t) (solid) with several quantities related to the
H-bond-restricted hole dynamics for blue and red excitations (dashed): (top) average OH frequency and (bottom) OO separation.

Ph(∆ω,0) ) exp[-
∆ω1

2

2(σ2 + σ1
2)] exp[-

(∆ω - ∆ω0)
2

2σ0
2 ]

(12)

P̂h(∆ω,t) ) [ 1

2π{C2(t)σ0
2 + σ2[1 - C2(t)]}]-1/2

×

exp[-
[∆ω - C(t)∆ω0]

2

2{C2(t)σ0
2 + σ2[1 - C2(t)]}] (13)

C(t) ) 〈∆ω∆ω(t)〉/〈(∆ω)2〉 (14)

∆ωj (t) ) ∫d(∆ω)∆ωP̂h(∆ω,t) ) C(t)∆ω0 (15)

δωj (t) ) 〈δω〉 + C(t)(δω0 - 〈δω〉) (16)

∆ωj (t) ) - 1
Nr
∫d(∆ω)∆ωPh(∆ω,t) (17)

∆ωj (t) ) -
Nh

Nr
C(t)∆ω0 (18)
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an analysis of recent photon echo experiments on HOD in
D2O.10,11 (Such a short time component in a fluctuating
frequency autocorrelation function indicates a significant ho-
mogeneous broadening.10,11)

Returning to the issue of the hole dynamics and the validity
of the GRP model, our result for the OH frequency-shift
autocorrelation (Figure 17) is similar to the behavior of the solid
curves in Figure 12 (as noted in ref 16), although it is important
to remark that the difference we observe between excitation to
the blue and excitation to the red in Figure 12 cannot be
accounted for by this simple analysis; this could be termed a
“breakdown of the linear response approximation” by analogy
to related things for solvation dynamics in electronic spectros-
copy.73 Hence, eq 18 seems capable of capturing some aspects
of the simulated frequency shift’s qualitative behavior. There
are, however, limitations beyond the one just noted. The
derivations leading to eq 18 assume that the frequency distribu-
tion of the hole as well asPeq(∆ω) are Gaussian. Figure 6
displaysPeq(∆ω) and Figure 18 shows the calculated time-
dependent frequency distribution for the remaining molecules
Pr(∆ω,t) after excitation to the blue and the corresponding hole
distribution Peq(∆ω) - Pr(∆ω,t). While Peq(∆ω) appears
reasonably Gaussian, it is not really the case that the time-
dependent frequency distribution for the hole,Ph(∆ω,t), is
Gaussian (similar results are obtained for excitation to the red).
In conclusion, the very simplistic Gaussian random model
provides, within the limitations noted above, a reasonably good
description of the average frequency shift butnot of the time-
dependent frequency distributions themselves.75 The clear
implication is that future theoretical models must take this into
account.

While we have just seen that a description in terms of the
frequency shift autocorrelation functionC(t) has some very
definite limitations, we nonetheless pursue its analysis below
in an attempt to shed more light on the H-bonding dynamics.

4.4. Three Time Scale Analysis.In Section 4.1, we presented
a two-exponential analysis of the hole dynamics; a similar
analysis of the OH frequency shift correlation functionC(t)
yields the times of 50 and 785 fs, respectively (see Figure 17).
It is clear that this analysis is quite crude, and, for example,
misses the “bump” feature att ) 160 fs in C(t), just as the
corresponding features for the hole dynamics in Figure 12 are
missed. It is obviously of interest to attempt an improved
representation, just as we examined in detail in Section 4.2 the
hole dynamics average frequency results. Again we employ the
three-term expression eq 7, and the result of the fit forC(t),
also shown in Figure 17, is

This result should be compared with results of the fitting for

the unrestricted trajectory results for the average frequency in
the hole dynamics, eq 9. These are very roughly similar,
especially for the red excitation result in eq 9; the three times
determined in each case, while comparable, differ in detail. In
view of our demonstration in Section 4.2 of the limitations of
the connection between the hole dynamics and the frequency
shift correlation function, this is perhaps all that could be
expected.

We have carried out various analyses ofC(t), via its
representation in eq 19, and various other quantities, e.g., the
normalized time correlation function of the OO separation for
H-bonded restricted trajectories, eq 10, just as we did for the
hole dynamics average frequency results in Section 4.2. We do
not present these here, because we consider that the hole
dynamics results are a more faithful representation of the spectral
dynamics than isC(t). However, the overall conclusions of the
C(t) analyses are very similar to those of Section 4.2.76

4.5. Further Issues Related to the OH Frequency Shift
Autocorrelation. Finally, the calculated OH frequency shift
autocorrelation functionC(t) can be employed to address some
issues connected to the overall spectrum in Figure 6. The first
of these concerns the question of whether the standard cumulant
expansion-based formula for the spectrum55,70

reproduces the exact eq 2 results for the spectrum. Figure 19
shows that eq 20 employing the calculatedC(t), Figure 17, is
in fact only moderately satisfactory; a similar result is obtained
by Lawrence and Skinner29 for a different D2O model, so that
this conclusion seems to be robust. This difficulty, over and
above that noted in Section 4.3 for the hole dynamics-C(t)
connection, makes use ofC(t) for the spectral dynamics problem
of somewhat restricted value. Nonetheless, we will use it in
the remainder of this subsection to make several general points.

First, for completeness, we have also plotted in Figure 19
two limiting approximations to the spectrum, each within the
cumulant expansion-based formula eq 20. These are the Gauss-
ian approximation obtained by ignoring the dynamics of the
frequency and settingC(t) ) 1 in eq 20, producing a purely
inhomogeneously broadened spectrum and the homogeneously
broadened Lorentzian approximation (or “extreme motional
narrowing” limit), which involves the approximation that the
time dependence ofC(t) is so rapid that the exponential in eq
20 can be replaced by exp(-t/T2) with T2

-1 ) 〈(∆ω)2〉τc, where
τc ) ∫0

∞ dtC(t). As is now perhaps not so surprising, neither is
a good representation either of the calculated spectrum or of
the cumulant expansion-based spectrum eq 20 with use of the
calculatedC(t),77 and thus they do not appear to be especially
useful in a discussion of the spectrum.

A final issue to be considered is the following. The calculated
spectrum in Figure 6, as well as the cumulant expansion version
calculated with the numericalC(t) in Figure 19, shows no
indication of sidebands associated with the OO H bond, i.e.,
features at ca.(200 cm-1, (2 × 200 cm-1, ..., related to the
OO H bond stretch. The corresponding absence of these
sidebands in experimental IR water spectra has, over the years,
been used to support the overdamped character of the OO H
bond dynamics.63-65 On the other hand, we already showed in
Figures 2 and 3 (see also Figure 9) that the OO H bond is not
overdamped in the HOD-D2O system. The question then is:
Why are the sidebands absent? To answer this, we have
examined the contributions to the spectrum eq 20 which result

Figure 17. The OH frequency-shift autocorrelation functionC(t) )
〈∆ω∆ω(t)〉/〈∆ω2〉. Also shown is the eq 19 fit.

0.32 cos(0.038t)e-t/60 + 0.49e-t/180 + 0.19e-t/1500 (19)

Icum(∆ω) ) ∫-∞

∞
dt ei∆ωt exp[-〈(∆ω)2〉∫0

t
dτ(t - τ)C(τ)]

(20)
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if C(t) is approximated solely by the oscillatory term in the three-
term fit in eq 19, i.e., we takeC(t) ) exp(-t/τ1) cos(ωOOt),
whereτ1 ) 60 fs. The reasoning here is that, with the omission
of the longer time scale contributions toC(t), this reference
spectrum would provide the optimum opportunity for sidebands
to be manifest. In particular, we examine the integral

This analysis gives forI(t) a term linear in time as well as a
remaining contribution involving OO frequency oscillations
which provides the potential contribution of sidebands. Calcula-
tion shows that any oscillatory contribution toI(t), and thus the
spectrum, vanishes after only a few multiples of the relaxation
time τ1, whereas the linear in time term contributes, in view of
its gradual annihilation of the exponential integral in eq 20, for
up to times of more than 25τ1. (A straightforward analytical
analysis of the linear in time term inI(t) gives, withωOOτ1 ∼
2 and〈(∆ω)2〉1/2τ1 ∼ 1, the estimate of this required time ast
∼ 5τ1[1 + (ωOOτ1)2]/[ 〈(∆ω)2〉τ1

2] ∼ 25τ1.) The OO oscillatory
contributions toI(t) are thus too quickly damped (although they

are not overdamped) on the time scale of the contributing
lifetime of I(t) to give any sideband contribution to the spectrum.

5. Concluding Remarks

In summary, MD simulations for the HOD dilute in a liquid
D2O system have indicated very significant departures from a
one-to-one correspondence between the OH vibrational fre-
quencyωOH and the OO hydrogen bond lengthR. Analysis
shows that this dispersion is dominated by the dispersion of
the H-bond OHO angle, with further contributions arising from
(especially) differing OD bond orientations in the D2O partner,
and from the surrounding D2O molecules. A related analysis
fails to support the discrete number of environments picture
for water.

Thus, spectroscopic selection of a givenωOH value should
be interpreted as providing a significant range of H-bond
distances, rather than a unique one. While this feature obscures
to some degree the underdamped character of the OO H-bond
motion in an intact species, it does not obliterate it. More
importantly, we have argued that the longer time dynamics are
largely associated with the breaking and making of H bonds.
(In the calculations presented, this is due to thermal motion,
rather than IR-induced vibrational predissociation.3,12,78) Thus,
for example, a spectroscopic interpretation in terms of an intact
OO H-bonded species would not be appropriate. We have
presented an analysis in terms of three times (in addition to the
H-bond period of∼160 fs) for the calculated hole dynamics,
in which the first two shorter times, approximately 70 and 100
fs, are associated with an intact H-bonded HOD/D2O pair, while
the longer time∼1 ps is strongly correlated with H bond
breaking and making. As already mentioned in Section 4.1, a
time roughly of order 1 ps has been previously extracted from
experiments.5-7 More recently, in photon echo experiments,
short times of 30,10,11 130,60 and 60 fs49 have been extracted,
and very recently an oscillation at 170 fs has been extracted.49

Further, a very long time feature (∼15 ps) has been experi-
mentally extracted;11 we have not found an analogous feature
in any of our simulations.

Figure 18. Calculated time-dependent frequency distribution for the remaining moleculesPr(∆ω,t) after excitation to the blue (top) and the
corresponding hole distributionPeq(∆ω) - Pr(∆ω,t) (bottom) for times 0, 20, ..., 100 fs (a) and 100, 300, ..., 1100 fs (b).

Figure 19. Various forms of the OH spectrum: the exact spectrum
obtained from the standard expression eq 2 (solid), the spectrum
obtained from the cumulant expansion based formula eq 20 by using
the calculated OH frequency-shift autocorrelation function Figure 17
(long dashed), the Gaussian (short dashed), and the Lorenztian (dotted)
limits (see text).

I(t) )∫0

t
dτ(t - τ) C(τ) (21)

H-Bond Dynamics in Water and Ultrafast IR J. Phys. Chem. A, Vol. 108, No. 7, 20041287



Further, we have found that a Gaussian random process
description, while having some qualitative validity for OH
frequency shifts, is not adequate for a description of the time
evolution of distributions of the OH frequency shifts. There are
also certain limitations on the connection of the equilibrium
frequency shift time correlation functionC(t) for the averaged
frequency results in the hole dynamics as well as for the steady-
state spectrum. While there is a broad similarity betweenC(t)
and our hole dynamics results, we believe, for the reasons
mentioned within, that future efforts focused on quantities more
closely connected to the experiment than isC(t) could prove
especially valuable. The various features mentioned above need
to be taken into account in experimental interpretations, as well
as in a more complete theoretical treatment, including both
ground and excited OH states, currently underway. We also note
that both the OH frequency dispersion as well as the time
evolution of the OH frequency should be taken into account in
theoretical treatments of vibrational predissociation for the OO
H bond12 and vibrational energy relaxation13,14as well as other
aspects.79

We have already referred to various similarities and differ-
ences of our results and approach here and in ref 16 with that
of Lawrence and Skinner29 in various places within the present
article. In a very recent contribution, Fecko et al.49 stress an
interpretation in terms of the electric field acting on the OH
bond, an approach we have commented upon in Section 2.5.2.
Also, rather than the focus on H-bond breaking and making,
Fecko et al.49 stress the collective aspects of the solvent motion
in connection with the longer time dynamics; this is surely not
orthogonal to the perspective presented in the present work (and
refs 16 and 29), but the precise connection awaits elucidation.
A fair summary of the theoretical and experimental situation at
this point would seem to be that, while significant questions
remain, important major features of the interpretation of ultrafast
IR spectroscopy experiments on the HOD/D2O system have
already emerged.

The considerations related to those of the present work and
ref 16 are currently being applied to the experimental results of
Bakker and co-workers80 on vibrational dynamics of water
molecules in the first solvation shell of ions.

Acknowledgment. This work was supported by EC TMR
network HPRN-CT-2000-19, MCYT project BFM2001-2077,
the CNRS, and NSF grant CHE-0108314. K.B.M. is a Steno
Fellow of the Danish Natural Science Research Council.

Note Added after ASAP Publication. This article was
published ASAP on 1/24/2004 with errors in the text following
eq 21 and in Figure 19. The corrected article was posted 2/03/
2004.

References and Notes

(1) Graener, H.; Seifert, G.; Laubereau, A.Phys. ReV. Lett.1991, 66,
2092.

(2) Woutersen, S.; Emmerichs, U.; Bakker, H. J.Science1997, 278,
658.

(3) Woutersen, S.; Emmerichs, U.; Nienhuys, H.-K.; Bakker, H. J.Phys.
ReV. Lett.1998, 81, 1106. Nienhuys, H.-K.; Woutersen, S.; van Santen, R.
A.; Bakker, H. J.J. Chem. Phys.1999, 111, 1494.

(4) Laenen, R.; Rauscher, C.; Laubereau, A.Phys. ReV. Lett. 1998,
80, 2622. Laenen, R.; Rauscher, C.; Laubereau, A.J. Phys. Chem. B1998,
102, 9304.

(5) Gale, G. M.; Gallot, G.; Hache, F.; Lascoux, N.; Bratos, S.;
Leicknam, J.-C.Phys. ReV. Lett. 1999, 82, 1068.

(6) Bratos, S.; Gale, G. M.; Gallot, G.; Hache, F.; Lascoux, N.;
Leicknam, J.-C.Phys. ReV. E 2000, 61, 5211.

(7) Woutersen, S.; Bakker, H. J.Phys. ReV. Lett. 1999, 83, 2077.

(8) Bakker, H. J.; Woutersen, S.; Nienhuys, H.-K.Chem. Phys.2000,
258, 233. Gallot, G.; Lascoux, N.; Gale, G. M.; Leicknam, J.-C.; Bratos,
S.; Pommeret, S.Chem. Phys. Lett.2001, 341, 535. Bakker, H. J.; Nienhuys,
H.-K.; Gallot, G.; Lascoux, N.; Gale, G. M.; Leicknam, J.-C.; Bratos, S.J.
Chem. Phys.2002, 116, 2592.
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