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Time-Domain Calculations of the Polarized Raman Spectra, the Transient Infrared
Absorption Anisotropy, and the Extent of Delocalization of the OH Stretching Mode of
Liquid Water
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The polarized Raman spectrum and the time dependence of the transient infrared (TRIR) absorption anisotropy
are calculated for the OH stretching mode of liquid water (neat liqu@)Hby using time-domain formulations,

which include the effects of both the diagonal frequency modulations (of individual oscillators) induced by
the interactions between the dipole derivatives and the intermolecular electric field, and the off-diagonal
(intermolecular) vibrational coupling described by the transition dipole coupling (TDC) mechanism. The IR
spectrum of neat liquid $D and the TRIR anisotropy of a liquid mixture of®/HDO/D,O are also calculated.

It is shown that the calculated features of these optical signals, including the temperature dependence of the
polarized Raman and IR spectra, are in reasonable agreement with the experimental results, indicating that
the frequency separation between the isotropic and anisotropic components of the polarized Raman spectrum
and the rapid decay~0.1 ps) of the TRIR anisotropy of the OH stretching mode of neat liqui® Hre

mainly controlled by the resonant intermolecular vibrational coupling described by the TDC mechanism.
Comparing with the time evolution of vibrational excitations, it is suggested that the TRIR anisotropy decays
in the time needed for the initially localized vibrational excitations to delocalize over a few oscillators. It is
also shown that the enhancement of the dipole derivatives by the interactions with surrounding molecules is
an important factor in generating the spectral profiles of the OH stretching Raman band. The time-domain
behavior of the molecular motions that affect the spectroscopic features is discussed.

1. Introduction Because of the liquid dynamics, the hydrogen-bonding
conditions of individual molecules and the vibrational coupling
among molecules are both time-dependent in the liquid phase.
As aresult, it is necessary to analyze the spectroscopic features
on the basis of time-domain formulations. Even for the spectra
observed in the frequency domain, effects of liquid dynamics
are seen as changes in the band profiles, such as band
broadening induced by vibrational dephasing and band narrow-

Hydrogen bonding of water molecules is important in the
structures, dynamics, and thermodynamics of liquid water and
aqueous solutions, as well as in controlling chemical reactions
in aqueous solutions and in prompting various functions of
biomolecules. It is well-known that the OH stretching mode is
sensitive to the hydrogen-bonding condition, and is accessible

by various vibrational spectroscopic methods in the time- and ing induced by the motional narrowing effétif the liquid

frequency domains. As a result, it is highly desirable to correctly dynamics is sufficiently fast. This problem is especially

understand the relation between the spectroscopic features . . L o

. Important in evaluating the extent of delocalization of vibrational
observed by those methods and the hydrogen-bonding and Othe[axcitations in relation to the NCE and the decay of the TRIR
properties of liquid water and aqueous solutions. y

With the use of ultrashort infrared (IR) pulses, it has been anisotropy. Usually, in the frequency-domain picture, the extent

- - of delocalization of vibrational excitations is evaluated by
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. . ) - time evolution of the extent of delocalization of vibrational
from rapid transfer of vibrational excitations among molecules, tations324 By calculating thi ity it | ted that
because the decay becomes much slower upon dilutioa@ D excnathn : y carcuiating this quantity, It IS expected tha
It has been showf that the corresponding phenomenon in the we can interpret the NCE and the decay of the TRIR anisotropy
frequency domain is the noncoincidence effect (NER2jwhich in a more unified way. )
is the phenomenon that the isotropic and anisotropic components 1N the present study, we calculate the polarized Raman
of the Raman band and the IR band of the same vibrational SPectrum and the time dependence of the TRIR anisotropy for
mode appear at different frequency positions. Strong resonantthe OH stretching mode of liquid water (neat liquid®) using
vibrational coupling between molecules gives rise to rapid time-domain formulations. The IR spectrum of neat liquigDH
transfer of vibrational excitations in the time domain and and the TRIR anisotropy of a liquid mixture ob&/HDO/D,O
delocalization of vibrational modes in the frequency domain. are also calculated. The results are compared with the observed

data shown in previous studi&33°-32 and discussion is made
TTelephone and fax: +81—54-238-4624. E-mail: tori@ on how the vibrational coupling between molecules affects the
ed.shizuoka.ac.jp. spectroscopic features, and how the vibrational frequencies and
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orientations of individual molecules are modulated by liquid equation describes a finite-difference approximation that be-
dynamics. We also examine the extent of delocalization of comes exact adtr — 0, in the same way as the equations for
vibrational excitations in relation to the spectroscopic features the molecular translations and rotations (of MD simulations).
in the time and frequency domains, and we make comparisons  Assuminghw > kT, the Raman spectrudﬁ)(w) is ex-
with the cases of some vibrational modes of other liquids. pressed as

2. Theoretical Formulation IE)FC? (w) =Re j:o dt exp(iw t) [0 |0t |1/J$)(t,0)fm (4)
The time-domain method (called the extended MD/TDC/WFP

method) for calculating polarized Raman and IR spectra where the large bracket stands for statistical average, assuming
developed previousty is employed in the present study, with  that the effect of vibrational population relaxation is negligible.
an extension to the case Of two OSCI||atOI’S na m0|ecu|e The The |Sotr0p|c and an|sotrop|c Components Of the Raman Spec-

formulation is briefly described as follows. The wave function . \m are obtained from appropriate combinations! §¥w)
of the Raman excitation at timterelated to thepq element of with p, 9= 1, 2, 3. In the same way, the IR spectrif®(«)

the polarizability operatow,q (wherep, q= 1, 2, 3 corresponds is expressed as
to thex, y, andz axes of the system) is expressed as

1(w) = Re [ dtexpfio ) [0 ) 1P 0)E (5)

it
[Wpalt, )= expy | — f1 dr H9)| [ypd(to, )0 (1)
Where|ng)(t, to)Ois the wave function of the IR excitation at
where timet, given as
N .
| ot
[y &ty t) = Z|mmmw ap(to) | OO0 ) w5 (4 0= expy| = [, dr )| 195t )0 (6)
m=
is the wave function initially made by the Raman excitation at with
timeto, expressed by the wave functions of the ground gGite N
and the one-quantunv (= 1) excited state$mlClon the mth (IR) = N 0 7
oscillator (1< m < N), and the polarizability operatary(to) e (o ) %'m l45(t0)10 ()

evaluated with the molecular orientations at tirtge This

polarizability operatoro,g (as well as the dipole operatpg, and up(t) is the dipole operator evaluated with the molecular
that appears below) is an operator for the entire system, so thaiorientations at time. The time-ordered exponential in eq 6 is
the productou(to) | 00(as well asuy(to)|00) is expanded by the  eyajuated in the same way as shown in eq 3/4df)t, o)l

wave functions of the one-quantum excited statesof all the The TRIR absorption intensity at delay tirméom the pump
oscillators (1= m < N). H(7) is the vibrational Hamiltonian pulse is expressed as

for the one-quantum excited states (defined below). Its diagonal
and off-diagonal terms are both dependent on the liquid N
structures and is therefore time-dependent because of the liquid Dyplt) = &” Q?‘quq(t) WSR)(I’ O)EUZD (8)
dynamics, which is calculated by the molecular dynamics =
(MD) method in the present schemi. is the number of
oscillators participating in the vibrational band in question, so
that |1/)E)F;)(t, to)Jand HQ(7) are represented by aN-dimen-
sional vector and aN x N matrix, respectively. Since @
has two OH bondsN = 2M for neat liquid BO, whereM is
the number of molecules in the system. It is assumed as an
approximation that the set gmd(1 < m < N) forms an
orthogonal basis of the space of the=1 excited states. N

The time-ordered exponential (denoted as.§¥pin eq 1 is — (IR) D
evaluated as the product of short-time evolutions assuming that Dap(®) = &LZ |mn|,uq(t)|0|]]2|mn|wp (tO)F ©
the Hamiltonian is essentially invariant during a very short time . . .
period Az, which is taken as equal to the time step of the MD 1€ TRIR anisotropy is then given as
simulations. We obtaft#224 D,(t) — D.(1)

I/ 0

In eq 8,|4;'0is an eigenstate (numbered byin the overtone
band® at timet, and Uq(t) is the transition operator between
the one-quantum and two-quantum excited states. Within the
harmonic approximation folUy(t), and assuming that the
overtone band is spectrally separated from the combination band,
we havé

W+ Ar, )0 A= 5,0+20.0 (0
- exr{—%Ar HlQ(r)] Rz, )0 with

= ilé’,ﬂaxp[— i0:(7) AT1E [y Rz, t)0 Di(®) ? Dpe(®) (11)

®3) D(t) = ) D) (12)

Z
wherewe(7) is the vibrational frequency for the eigenst#ig | o
(numbered by) of H1<(7), and|&’,[is the wave function with The vibrational population relaxation (to the overtone of the
the same amplitudes of molecular vibrations|&$lbut with HOH bending mode, etc.) is not considered to affect the TRIR
the molecular orientations evaluated at timet Arz. This anisotropy A(t), because it is expected to reduce both the
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denominator and the numerator of eq 10, keeping the value ofthe cyclic HO hexamer, (HO)s, with a chair-form hydrogen-

the ratio. bonded backbon®.To obtain a better agreement between the
The vibrational HamiltoniaHQ is constructed as follows,  observeé3133and calculated vibrational frequency positions,

from the liquid structures and dynamics obtained in the MD however, we reduced the magnitude to 85% of this value

simulations. The modulations in the diagonal termsi&f? (the (f/km = —7.965 x 1072 ap! me 13, In fact, the value of

shift from hm are assumed to be controlled by the electric fn/ky calculated for an isolated 4 molecule € —8.536 x

field from the surrounding molecul@$2436-44 and are expressed 1072 ag~! me~%2) was closer to this reduced value. The dipole

ags 244547 derivativedun/ogm was determined also by referring to the result
of the ab initio MO calculation for the cyclic (#)s. According
AHIQ — O T B az,um E 13 to this calculationgu/dqnm, of the stretching of the hydrogen-
mm ka—m K, 30, aqﬁq m (13) bonded OH (of magnitude equal to 2.000410°2 e m,"12)

was almost parallel to the OH bond, and the projection of
O/ gm onto the OH bond was 0.6212 10-2 e m~ Y2 for the
stretching of the free OH. As a result, we assumed as an
approximation thatu./ognm is parallel to the OH bond, and

where k,, and f, are the diagonal quadratic and cubic force
constants for the vibration of theth oscillator @), andEy, is
the electric field operating on theth oscillator from the - ) s n
surrounding molecules. The off-diagonal terms 1R are |0/ 90m)ol = 0.6 x 107% & m"“ as the value d&n = 0. The
classified into two types. The coupling between the oscillators €nhancement factdr was varied in the range of 0.39.26¢?
of different molecule®52 is assumed to be determined by the Me 28 En* (estimated from(9un/dgm)| = 2 x 10°2e m*2
transition dipole coupling (TDC) mechanigii24535%xpressed ~ and the magnitude of the electric field in liquid water) as an

as adjustable parameter. The dipole second derivaifug/ddm’
was neglected in the present study, since its effect seems to be
10 h ou ou,, smaller than that of. In constructing the vibrational Hamil-

> (kmkn)lMWm mna_qn tonian, the interaction point of the dipole derivative was assume(_j
to be located at the site of the hydrogen atom, as suggested in

[(m, n) € different molecules] (14)  the previous studie®:565" The Raman tensor=(n| oy OLin

eq 2) needed to calculate the Raman spectrum was assumed to

be axially symmetric with respect to the OH bond, with the

ratio oy:o.g = 5.7:1. In fact, only the overall intensity ratio

mn

whereTmnis the dipole interaction tensor between thin and
nth oscillators, which is given as

3 fo T 2 between the isotropic and anisotropic components but not the
= Lsmn (15) band profile of each component is affected by varying this ratio.
I'mn For comparison, we also calculated the polarized Raman and
) ) IR spectra with|(dun/dgm)ol = 2.0 x 102e m2and =0
whererm, = rm — rn is the distance vector (of lengthy) to clearly see the effect df on the band profiles.

between the two oscillators, arldis a 3 x 3 unit tensor.
Equation 14 applies to hydrogen-bonded as well as distant pairs,
of molecules, meaning that the present method deals with the
vibrational interactions between all the pairs of molecules in a
unified way, rather than assuming a special interaction mech-
anism for hydrogen-bonded paft%3°As for the intramolecular
coupling termsK'mn [(M, n) € identical molecule], comparison

of the observed and calculated dispersion of the depolarization
ratio (described below in section 4A) suggests #at of H,O

The MD simulations for calculating the polarized Raman and
IR spectra and the time dependence of the TRIR anisotropy
were carried out for the liquid system of 128 molecules in a
cubic cell by using the TIP3P model potenfilllhe temperature
was set at 263, 283, 303, 323, 343, and 363 K in calculating
polarized Raman and IR spectra to make comparison between
the experimerit-33and calculation with regard to the temperature
dependence of the band profiles, and at 298 K in calculating
in liquid water is much smaller than that of an isolategH the time dependence.of the TRIR anisotropy. The time depend-
molecule. Therefore, in the present stullyy, is assumed to ence of the TRIR amsotropy was also calculated for a liquid
be zero for all the molecules unless otherwise stated explicitly. Mixture of LO/HDO/DO with 3 H,0, 33 HDO, and 92 BD

Considering that the IR intensity (proportional to the square (H:D = 1:5.56). The volume of the cubic cell was fixed by
of the dipole derivative) of the OH stretching mode is very referring to the experimental denS|_ty ofllqw_d waféilhe time
sensitive to the hydrogen-bonding condition, the dipole deriva- StePA7 was set to 1 fs. In calculating polarized Raman and IR

tives appearing in eqs 13 and 14 are assumed to be enhancegipectra, the time evolution ¢f{(t,t)Jand |y {(t, to)Owas

by the electric field from the surrounding molecuf&s®’ The calculated for~16.4 ps (16384 time steps) to obtain a frequency
enhancement factdr= a(9u/dq)/9E is treated as an adjustable  resolution of~2 cn?, and the spectra were averaged over 2250
parameter, as described below in section 3. samples to get good statistics. The calculated TRIR anisotropy

was averaged over 1350 samples. Taking into account the
3. Computational Procedure diffusion constant ((1.92.3) x 1075 cn? s71) of liquid water3

The parameters of molecular properties needed for construct-It 1S considered that the full length of the simulations for the
ing the vibrational Hamiltonian were determined as follows. TRIR anisotropy {-26.5 ns) is long enough for sufficient mixing
The value ofky was determined from the average of the Of the three isotopic species 48, HDO, and RO).
observed frequencies of the symmetric and antisymmetric OH  The calculations were carried out on Hewlett-Packard zx6000
stretching modes of #0 in the gas phase (3656.65 and 3755.79 and other workstations with our original programs. Parts of the
cm 1)%8 asky, = 28.5163x 107° Ep ag 2 me 1 (=8.0931 mdyn calculations were also carried out on TX-7 computers at the
A-tamu?). The ratiof/kn was calculated afy/kn = —9.370 Research Center for Computational Science of the National
x 1072 ay~1 me~12 by the ab initio molecular orbital (MO) Institutes of Natural Sciences at Okazaki. The computation time
method at the MP3/6-38G(2df,p) level (by using Gaussian needed to calculate polarized Raman and IR spectra (at one
039 for the stretching of the hydrogen-bonded OH bonds in specified temperature with one set of molecular parameters, as
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Figure 1. (a—e) Polarized Raman spectra of the OH stretching mode
of neat liquid HO at 303 K calculated with(dgn/d0m)o| = 0.6 x 102

e m Y2 and (a)¢ = 0.35, (b) 0.32, (c) 0.29, and (d) 0.26m."2 a,

En~! (atomic unit), and (e) with a fixed dipole derivativé € 0) of
|(3um/d0m)o| = 2.0 x 1072 e m*2 The value ok'm is set to be zero.
Solid line: isotropic component, dotted line: anisotropic component.
(f—j) IR spectra calculated with the same sets of parameters.

averages over 2250 samples) was equivalent760 h of a
single zx6000 (ltanium-2, 1.5 GHz/6MB cache) CPU time.

4. Results and Discussion

A. Polarized Raman and IR Spectra.The polarized Raman
and IR spectra calculated for the OH stretching mode of liquid
water (neat liquid HO) with |(9gm/d0m)ol = 0.6 x 1072 e my 12
and four different values df in the range of 0.350.26€? m,~1/2
ap En~! (atomic unit) at 303 K are shown in Figure 1, parts
a—d and f-i. The spectra calculated witkdg/9qm)o| = 2.0 x
102e m~Y2and¢ = 0 are also shown for comparison (Figure
le and j). It is seen that, irrespective of the valuesaf the
range of 0.35-0.26€2 me Y2 a9 E; 1, two bands of comparable

Torii
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Figure 2. Frequency dependence of the depolarization ratio in the OH
stretching Raman band of neat liquid® at 303 K calculated with
|(Oum/9gm)o] = 0.6 x 102 e m 2 and{ = 0.32€ me 12 ay Ep %
Solid line: the case df,»= 0, dotted line: the case &f,,= —0.7628

x 105E, a2 me L.

spectral features in the OH stretching region as a whole. From
this viewpoint, the frequency separation between the first
moments of the isotropic and anisotropic Raman spectra shown
in Figure 1a-e is interpreted as the NCE, with both bands in
the isotropic Raman spectrum being related to the same band
at ~3500 cn1? in the anisotropic Raman spectrum. It is also
seen that, if we assumé& = 0, the lower-frequency band
becomes much stronger in the isotropic Raman spectrum. This
result suggests that the enhancement of the dipole derivatives
by the interactions with surrounding molecules is an important
factor in generating the spectral profiles of the OH stretching
Raman bands, in agreement with the results obtained in the
previous studie’57 By contrast, the IR band profile shown in
Figure 1f-j is rather insensitive to this enhancement factor, with
the peak located at~3400 cnt! in agreement with the
experimental resuf

The existence of the NCE means that dispersion is present
in the depolarization ratio (denoted @bereafter). The spectrum
of p calculated with|(dgn/dgm)ol = 0.6 x 1072e m~Y2and¢
= 0.32e2 me Y2 gy B, 1 is shown with a solid line in Figure 2.
(Similar spectra are calculated with the other values iofthe
range 0.35-0.26€” me Y2 ag E,7L.) It is seen that a maximum
(p = 0.21) and a minimump(= 0.09) appear at-3500 and
~3050 cntl, respectively, in reasonable agreement with the
experimental result f{cm™, p) = (3585, 0.25) and (3130,
0.05)]32 The calculated feature in the frequency region above
3600 cntt arises from the high-frequency tail of the band, and
will not be discussed further.

If we setk'mn [(M, n) € identical molecule] as-0.7628 x
105 Ep ap 2 me ! (= —0.2165 mdyn A amul, the value
estimated from the observed frequencies of the symmetric and
antisymmetric OH stretching modes of®lin the gas phas8,
the maximum in the spectrum pfat ~3500 cnt! disappears
as shown with a dotted line in Figure 2. This result suggests
that the intramolecular coupling of the OH stretching mode of
H,0 in liquid water is much smaller than that of an isolated
H,O molecule. A similar conclusion has been obtained in some
previous studie&}66

intensities appear in the isotropic Raman spectrum, and the The temperature dependence of the polarized Raman and IR
higher-frequency one is located close to the peak of the aniso-band profiles in the range of 26363 K calculated with
tropic Raman spectrum, in reasonable agreement with the|(dun/dgm)o] = 0.6 x 1002e m~Y2andf = 0.32e2 me 12 a4

observed spectral featurés® These bands cannot be regarded
as arising from the symmetric and antisymmetric OH stretching
modes of HO that arise from the intramolecular vibrational

couplingKk'mn, because the antisymmetric OH stretching mode
is not totally symmetric and, hence, would have vanishing iso-
tropic Raman intensity. It is more appropriate to consider the

En1is shown in Figure 3. It is seen that, as the temperature
decreases, the lower-frequency band is enhanced and the higher-
frequency band is reduced in the isotropic Raman spectrum
(Figure 3a). This result is also in reasonable agreement with
the experimental resuit,although the height of the lower-fre-
guency band is a little too low at 263 and 283 K. A similar but
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Figure 3. (a) Isotropic Raman, (b) anisotropic Raman, and (c) IR

spectra of the OH stretching mode of neat liquidOHat 263, 283,

303, 323, 343, and 363 K calculated wj{g/dgm)o| = 0.6 x 102 e

me Y2 ¢ =0.3262 me 12 gy Ep 7L, andk'»n = 0. The intensities of the
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Figure 4. Distribution of the intermolecular vibrational coupling
constants £H!? and |H!Y defined in eq 14) plotted against the
number of neighboring oscillatord\g, defined in the text), calculated
for the OH stretching mode of neat liquid.@® at 303 K with
|(Qum/d0m)o] = 0.6 x 102e m Y2 andf = 0.32e? me *2 a Ep 2. (@)

A semilog plot, and (b) a loglog plot. The blue dotted lines in part b
show the dependence 6fNg~12° and ~Ng~%97.

vibrational coupling constants-lf;f}’1 defined in eq 14) in de-
tail, the coupling constants of all the oscillator pairs belonging
to different molecules, the number of which is equal (1

— 1), are arranged in the sequence of their sign-reverted values
or absolute values, and are plotted against their sequential
numbers divided by, regarded as the number of neighboring
oscillators (denoted ablg hereafter). Plotting sign-reverted
values is essentially equivalent to taking only negative coupling

anisotropic Raman spectra are magnified by the factor of 4 as ComparedConstarlts The result (calculated it /800l = 0.6 x 102

with the isotropic Raman spectra.

e m Y2and = 0.32e2 me Y2 ay E; 1) is shown as a semilog

less significant change is obtained for the IR band (Figure 3c), plot in Figure 4a and a loglog plot in Figure 4b. It is seen
in agreement with the observed temperature dependence (athat almost all of the large coupling constants3(x 107 E,

264—320 K) 32 These changes in the band profiles are consid-

ao 2 mg 1) are negative, as expected from the arrangement of

ered to be related to the variation in the hydrogen-bonding the hydrogen-bonded OH bonds (=B---H—0...), and the
conditions. The enhancement of the total intensity of the IR magnitude decreases as a poweNgfin the region ofNg > 1.
spectrum that occurs upon decreasing temperature arises fronWhen we take only the negative coupling constants, the
a combined effect of the strengthening of hydrogen bonds and magnitude decreasesldg 2% Supposing thalls ~ r*, where

the enhancement factgr The dependence of these features on r is the intermolecular distance, this behavior is equivalent to

the model potential (such as the TilPmodel&”) will be studied
in a future study.

B. Distribution of Intermolecular Vibrational Coupling
Constants. To see the distribution of the intermolecular

r—388 faster than the2 dependence arising from the denomi-
nator of HX2 Even|H'Y decreases faster than3, asNg~1-%7
(equivalent tar=3-2)). This faster dependence of the magnitude
of the coupling constant is related to the orientational factor



9474 J. Phys. Chem.

A, Vol. 110, No. 30, 2006

e
—
|

il

o
1

5+

Transient IR absorption anisotropy

0.01

0.0 0.8 1.0

0.2

04 0.6
Time / ps

Figure 5. Red and green lines: the time dependence of the TRIR
anisotropy calculated for the OH stretching mode of neat liqui® H
(red lines) and a liquid mixture of #/HDO/D,O with H:D = 1:5.56
(green lines) at 298 K calculated witunw/dgm)o] = 0.6 x 102 e
me Y2 andk' mn = 0. The value of is set as; = 0.35, 0.32, 0.29, and
0.26 & m. Y2 gy E4* (dotted, solid, broken, and detlashed lines,

respectively). Blue dotted lines: the decay curves with a time constant

of r = 0.10 and 0.61 ps. Pink and orange dotted lines: the time
dependence of the TRIR anisotropy calculated for the OH stretching
mode of neat liquid KO at 298 K calculated with(dgm/dqm)o] = 0.6

x 102emY2 =032 m Y2 ay B %, andkmy = —0.7628 x

1075 (pink) and—0.3814x 1075 E, ap 2 me * (orange), but with all

the intermolecular vibrational couplings being switched off.

(the numerator) OH#?] in eq 14. It is also true, however, that
this dependence is not too far fram3, in contrast to the case
of strictly isotropic orientation (isotropic even on the molecular
scale)®® This property is not peculiar to liquid water or hydro-
gen-bonding liquids. For example, in the case of threCC
stretching mode of liquid aceto&which is a nonprotic polar
liquid, the dependence of-H!? and |H'Y againstNg is
calculated adNg~13! and Ng~1-%3 respectively.

C. Time Dependence of the TRIR Anisotropy and Related
Correlation Functions. The time dependence of the TRIR
anisotropy A(t) calculated for the OH stretching mode of
neat liquid BO and a liquid mixture of KHO/HDO/D,O
(H:D = 1:5.56) with|(dgm/ddm)o| = 0.6 x 1072 e m~*2 and
four different values of in the range of 0.350.26 €2 m,~1/2
ap Ep! at 298 K are shown with red and green lines,
respectively, in Figure 5. It is clearly seen that the TRIR
anisotropy decays very rapidly in neat liquid®but the decay
rate becomes much slower when it is diluted iFODThe time
constant of the decay (in the caseof 0.32e? me Y2 a5 Ep 1,
shown in solid lines) is calculated as= 0.10 ps for neat liquid
H,O from the fit in the time range df= 0.00-0.20 ps, and as
7 = 0.61 ps for the liquid mixture of O/HDO/D,O from the
fit in the time range oft = 0.05-0.60 ps, in reasonable
agreement with the observed value=t 0.07 and 0.70 ps, the
latter for H:D = 1:6)2

When we neglect all the intermolecular vibrational coupling
and increase the magnitude of the intramolecular vibrational
coupling Kmn instead, we obtain the decay of the TRIR
anisotropy for neat liquid D as shown with pink and orange
dotted lines (folk yn = —0.7628x 107% and—0.3814x 107°
En a2 me 1, respectively) in Figure 5. It is seen that the TRIR

Normalized correlation function

0.4

0.6
Time / ps

Figure 6. Blue lines: the time correlation functioi@xa(t) and Cra(t)
(dot—dashed and solid lines, respectively) of tiig vectors calculated

for a liquid mixture of HO/HDO/D,O (H:D = 1:5.56) at 298 K. Orange
line: the normalized time correlation functid®ys(t)/Chs(0) of the
hydrogen-bond lengths as defined by eq 21 calculated $Q/HDO/
D,0. Red lines: the normalized time correlation functi@r(t)/C.(0)

of the modulations of the vibrational frequencies calculated for the OH
stretching mode of KED/HDO/D,O (solid line) and neat liquid $D
(dotted line) with|(gm/dgm)o] = 0.6 x 1072 e m 2 and¢ = 0.32¢?
me 12 ay Ex~L. Green solid line: the normalized time dependence of
the TRIR anisotropy calculated for the OH stretching mode gdH
HDO/D,0O with |(dn/d0m)ol = 0.6 x 102e m 12 = 0.32€6? me 12

a EnY, andKmy, = 0 (denoted asA(t)/A(0)lve=o0z=0.32 in the text).
Green dotted line: the same quantity calculated in the case where all
the intermolecular and intramolecular vibrational couplings are switched
off but the modulations of the dipole derivatives are fully retained
(denoted asA(t)/A(0)]ve=0:=032 In the text).

0.8 1.0

OH stretching mode of neat liquid2® mainly arises from the
resonant intermolecular vibrational coupling, and the TDC
mechanism described by eq 14 reasonably explains this vibra-
tional coupling. It also suggests that the decay rate is not much
affected by intramolecular vibrational coupling as far as its
magnitude is less than0.4 x 107° E, ap™2 mg L.

It is noticed from the plot in Figure 5 that, in the first 25 fs,
the TRIR anisotropy decays rapidly even in the case of the liquid
mixture of HO/HDO/D,O, from 0.4 att = O fs to ~0.33 att
= 25 fs. This initial rapid decay has also been observed
experimentall®>~"1 To examine the reason for this behavior,
the time correlation functions of th&y (=row/|ronl, fon = ru
— ro) vectors defined as

Cralt) = H]OH(t)'nOH(O)D (16)

Cad) = 3Blnor® - nou@F - 10 (17)
are calculated. The result is shown with blue lines in Figure 6.
The normalized TRIR anisotropd(t)/A(0) is also plotted with

a green solid line for comparison. It is seen t@ap(t) decays
rapidly to ~0.77 in the first 30 f$272in a manner similar to
that seen forA(t)/A(0). A similar (but smaller) decay is also
seen forCgy(t). The time constant of this decay corresponds to
the librations of water molecules, observed in the low-frequency
Raman spectrum in the 45800 cnt?! region’3 This result

anisotropy remains larger than 0.04 even at a time close to 1suggests that the initial rapid decay Aft) calculated for the

ps, in contrast to the experimental res?This result confirms
that the rapid decay of the TRIR anisotropy observed for the

liquid mixture of HO/HDO/D,O mainly arises from the
librations of water molecules.
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In fact, Cro(t) is equivalent toA(t)/A(0) in the case where all
the intermolecular and intramolecular vibrational couplings and
the modulations of the dipole derivatives (inducedigndE)
are switched off, denoted a&(f)/A(0)]ve=0.=0. Then, a problem
arises as to what is the origin of the difference betwegs(t)
andA(t)/A(0) of H,O/HDO/D,O shown in Figure 6. (Hereafter,
the latter is denoted asA(t)/A(0)]ve=0z=032 for clarity.) To
examine this problemA(t)/A(0) is calculated for the case where
all the intermolecular and intramolecular vibrational couplings
are switched off but the modulations of the dipole derivatives
are fully retained{ = 0.32e2 me"Y2 a9 E, 1), denoted asA(t)/
A(0)]ve=0,=0.32 The result is shown with a green dotted line in
Figure 6. It is seen that, in the same way A&)[A(0)]ve=0=0.32
the initial decay of A(t)/A(0)]ve=0¢=0.32 in the first 50 fs is
slightly shallower than that ofCgr(t), suggesting that this
difference arises from the modulations of the dipole derivatives.
In contrast, the slightly faster decay @(f)/A(0)]vc=0,=0.321in
the region oft = 0.2 ps is considered to be due to the weak
intermolecular vibrational coupling among the OH oscillators
present even in the liquid mixture of,@/HDO/D,O.

In relation to the behavior o€ry(t), the time correlation
function of the modulations of the vibrational frequencies has
also been discussé#%9.70It is defined as

N
C(t)= ELLZ@%WWW(O)D

(18)
where

(19)

N
TR =P(0) — EEZ%%’D

and i%)(t) is the (uncoupled) vibrational frequency of thih
oscillator [equal to thenth diagonal element of the vibrational
Hamiltonian, Hr(t)] at time t. The result obtained in the
present study for FD/HDO/D,O with |(gm/90m)o] = 0.6 x
102e m Y2 andf = 0.32e2 me Y2 g9 E, 1 is shown with a
red solid line in Figure 6. It is seen th& (t)/C.(0) decays
rapidly to~0.35 in the first 100 fs, exhibiting a small bump in
the 106-150 fs region, and decays more slowly at later times.
Similar behavior has been obtained in previous stu#fiés.
Experimentally C, (t) is obtained from the measurement of the
photon echo peak shift.”>76The calculated behavior described

above is in reasonable agreement with the experimental result,

suggesting the validity of the mechanism of the frequency
modulations described by eq 13. The similarity of the behavior
of C_(t)/C.(0) between neat liquid D (red dotted line in Figure

6) and HO/HDO/D,O indicates that measurements opOA
HDO/D,O are appropriate for obtaining information on the
frequency modulations of the OH stretching mode in neat liquid
H.0.

As clearly seen in the inset of Figure 6, the time dependence

of C_(t)/CL(0) aroundt = 0 is approximated as % (ux/2) t2 +
O(t%) or exp[-(u/2) t3] + O(t* with u, > 0. [Note thatC (—t)

= C_(t) from eq 18.] On the basis of the stationary nature of
the frequency modulation’d,u; is related to the time scale of

the frequency modulation as
N
[%Z@ﬂa?(o#ﬂ (20)
t=0 m—=

Bl
U, = n;dt Vm()

From the fitting to the plot ofC, (t)/C.(0) in the first 6 fs, we
obtainu, = 2.65 x 10° ps2 for neat liquid HO. The correlation
time defined as the integral of exp({u,/2) t3 is calculated as
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1c = (m/2up)Y2 = 24.4 fs, which is close to the experimental
estimation ofrc = 30 fs/8 Combining with the value of\¢
(=[CL(0)]*3) = 1.90 x 102 cm™1, we have ZcrcAs = 0.877°
which is close to unity, indicating that the frequency modulation
is (on the average) in the intermediate c#se.

Because the vibrational frequencies are modulated by the
electric field from the surrounding molecules according to the
mechanism described by eq 13, with the interaction point being
located on the hydrogen atom of each OH oscillator, and the
electric field is considered to originate mainly from the oxygen
atom (hydrogen-bond acceptor) of the hydrogen-bonded mol-
ecule, it is expected that the behavior@f(t) is similar to that
of the correlation function of hydrogen-bond lengths. To
examine this point, the correlation function defined as

o & SO S W D 21
et = n; ([rm(o'"H)(t)]z) ([rm(O-..H)(O)]z) (21)

is calculated, where

1

OP0P OO

1

Pz
rr;[rm‘o"'“ﬁz -

and r(OH)(t) is the distance between the hydrogen atom of
the mth oscillator and its nearest oxygen atom (except the
oxygen atom in the same molecule) at titnelro model the
effect of electric field, the inverse square of the hydrogen-bond
length rather than the length itself is taken in the definition of
Cug(t). The result is shown with an orange line in Figure 6. It
is seen that the behavior 6f;5(t)/Crg(0) is indeed quite similar

to that ofC_(t)/C_(0). This result supports the suggestion made
in a previous experimental stuththat the measurement of the
photon echo peak shift provides information on the dynamical
properties of hydrogen bonds.

D. Time Evolution of the Extent of Delocalization of
Vibrational Excitations. To examine the relation between the
rapid decay of the TRIR anisotropy and the delocalization of
vibrational excitations, the time evolution of the extent of
delocalization of the initially localized vibrational excitations,
denoted asi(t), is calculated for the OH stretching mode of
neat liquid HO. It is expressed &%2*

dt) = &t S (iznm(m“)lﬂ

wherez,(t) is the transfer amplitude of the vibrational excitation
from themth to thenth oscillator, defined as

(23)

m

It is noted that eq 23 is valid as far §§‘21|znm(t)|2 is equal to
unity. When the vibrational population relaxation is explicitly
taken into account, the transfer amplitudg{t) should be
normalized before evaluating eq 23. The result (calculated with
£ =0.32e2 me Y25 Ep 1 at 298 K) is shown in Figure 7. Itis
seen that initially localized vibrational excitations become
delocalized over-3 oscillators in the first 0.1 ps and ove20
oscillators in about 0.55 ps. The values of the same quantity
calculated for the amide | mode of liquN,N-dimethylforma-
mide (DMF}* and the G=0 stretching mode of liquid acetotfe

are also shown for comparison. The delocalization rate calcu-

~1 [ dr H%) (24)

2ol = Bexp,
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4 interactions and the dynamics that affect those spectroscopic
] features have been examined.

The conclusions obtained in this study may be summarized
as follows. (1) The frequency separation between the first
moments of the isotropic and anisotropic components of the
polarized Raman spectrum (which is regarded as the NCE,
Pk shown in Figure 1) and the rapid decay of the TRIR anisotropy

(A(t), shown in Figure 5) of the OH stretching mode of neat
liquid H,O are mainly controlled by the resonant intermolecular
24 ” acetone C=0 str. vibrational coupling described by the TDC mechanism (eq 14).
............... From the comparison of the behavior betwe&f) and the
.................... function d(t) (defined by eq 23, shown in Figure 7), it is
T ' T ' T ' recognized tha#\(t) decays in the time needed for the initially
0.0 0.2 0.4 0.6 localized vibrational excitations to delocalize over a few
Time / ps oscillators, as suggested in our previous stddyr the amide
Figure 7. Time evolution of the extent of delocalization of the initially | mode of liquid DMF. (2) The intermolecular vibrational
localized vibrational excitationd(t) as defined by eq 23, calculated  coupling of the OH stretching mode of neat liqui® is
for the OH stretching mode of neat liquick® with |(dgn/9qm)o| = 0.6 stronger than those of the amide | mode of liquid DMF and the
x 102em Y2 ¢ =0.32€? m 12 gy Ey 2, andkmy = O (solid line). C=0 stretching mode of liquid acetone. This is seen in the faster

The plots for the amide | mode of liquit,N-dimethylformamide A P, . . . .
(broken line, data from ref 24) and the=0 stretching mode of liquid delocalization speed of the initially localized vibrational excita-

acetone (dotted line, data from ref 23) are also shown. tions (shown in Figure 7), and is rationalized by comparing the
magnitudes of the dipole derivatives and the intermolecular
lated for the OH stretching mode of neat liquig®is much distances. As a function of the number of neighboring oscillators

faster than that of the other two cases. (Ng), the magnitude of the coupling decreases-gdq ~

— 1 —_ . .

This faster delocalization rate is considered to be due to the Na+%° and [Hyel ~ Ng 07 (shown in Figure 4), faster than
larger magnitude of the intermolecular vibrational coupling. the r~3 dependence arising from the denominatortgf (eq
According to the TDC mechanism, as shown in eq 14, the 14). Qualitatively, this behavior is not peculiar to liquid water
magnitude of the intermolecular vibrational coupling is pro- or hydrogen-bonding liquids. (3) The intramolecular vibrational
portional to the square of the dipole derivative and the inverse coupling is considered to be small for the OH stretching mode
cube of the intermolecular distance. The average magnitude ofof Hz0 in liquid water, as suggested in some previous
the dipole derivative of the OH stretching mode of neat liquid Studies?*~%¢ A large value of this coupling leads to disagreement
H,0 is calculated as 1.591% 1072 e my22 (with & = 0.32¢€? in the spectrum of the depolarization rafiqshown in Figure
me Y2 ag En ! at 298 K), which is nearly equal to that of the 2) with the experiment? and does not explain the time
amide | mode of liquid DMF (1.540% 10 2e myY224and is dependence of the TRIR anisotropgt) (shown in Figure 5).
larger than that of the €0 stretching mode of liquid acetone  (4) The enhancement of the dipole derivatives by the interactions
(1.0143x 102 e my ) 23 The molecular volume of water-@30 with surrounding molecules, introduced by the paramétés
A3) is much smaller than that of the other two liquidsiQ9 an important factor in generating the spectral profiles of the
A3 for DMF and~122 A3 for acetone), indicating the shorter OH stretching Raman bands, as suggested in some previous
intermolecular distances in the former. Combining these two Studies:®>"The effect of this factor is also seen in the behavior
factors, the larger intermolecular vibrational coupling operating of A(t) of a liquid mixture of BO/HDO/D;O in the first 50 fs
among the OH stretching oscillators in neat liquidgCHis (shown in Figure 6), and the enhancement of the total intensity
rationalized. of the IR spectrum that occurs upon decreasing the temperature.

Comparing with the time constant of the decay of the TRIR (5) The vibrational frequencies of individual OH stretching
anisotropy £ = 0.10 ps), it is recognized that the TRIR oscillators are also modulated by the interactions with surround-
anisotropy decays in the time needed for the initially localized Ng molecules. The time dependence of the correlation function
vibrational excitations to delocalize over a few oscillators. This Ci() (defined by eq 18, shown in Figure 6) is in reasonable
result supports the suggestion obtained in a previous 2tudy agreement with that obtained from the observed photon echo
for the amide | mode of liquid DMF on the relation between Peak shift®7*suggesting the validity of the mechanism of the

the delocalization speed of vibrational excitations and the decay frequency shift (eq 13), and is mainly explained by modulations
rate of the TRIR anisotropy. of the hydrogen-bond length€iis(t) defined by eq 21]. From

the value of ZrctcAr = 0.87, the speed of this modulation is
considered to be (on the average) in the intermediate case. (6)
The overall behavior of(t) of a liquid mixture of HO/HDO/

In the present study, the polarized Raman spectra and theDP20, including the rapid decay in the first 25 fs, is mainly
time dependence of the TRIR anisotropy have been calculatedcontrolled by the librational motions of water molecules
for the OH stretching mode of neat liquid,® by using the ~ described by the correlation functi@k(t) defined by eq 17,
time-domain computational method developed in our previous @s shown in Figure 6. However, the slightly faster decay of
study?3 which takes into account the effects of both the diagonal A(t) as compared with that @rx(t) in the region oft = 0.2 ps
frequency modulations (of individual oscillators) and the off- is considered to be due to the weak intermolecular vibrational
diagonal (intermolecular) vibrational coupling. The IR spectrum coupling among the OH oscillators present even in the liquid
of neat liquid HO and the TRIR anisotropy of a liquid mixture ~ Mixture of HLO/HDO/D,0.
of H,O/HDO/D,O have also been calculated. On the basis of  The results in the present paper have clearly shown how the
the reasonable agreement between the obskfvéd® and spectroscopic features of the OH stretching mode of liquid water
calculated features of these optical signals, the intermolecularin the time and frequency domains are affected by the delocal-

24

water O-H str.

Extent of delocalization

5. Summary
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ized nature of vibrational excitations and the modulations
induced by liquid dynamics. It is expected that they will help
to obtain deeper insight into the behavior of vibrational
excitations in liquids.
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