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Infrared and Raman Line Shapes of Dilute HOD in Liquid H>0 and D,O from 10 to 90 °C
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A combined electronic structure/molecular dynamics approach was used to calculate infrared and isotropic
Raman spectra for the OH or OD stretches of dilute HOD i@ Br H,O, respectively. The quantities needed

to compute the infrared and Raman spectra were obtained from density functional theory calculations performed
on clusters, generated from liquid-state configurations, containing an HOD molecule along-®igoient

water molecules. The frequency, transition dipole, and isotropic transition polarizability were each empirically
related to the electric field due to the solvent along the OH (or OD) bond, calculated on the H (or D) atom
of interest. The frequency and transition dipole moment of the OH (or OD) stretch of the HOD molecule
were found to be very sensitive to its instantaneous solvent environment, as opposed to the isotropic transition
polarizability, which was found to be relatively insensitive to environment. Infrared and isotropic Raman
spectra were computed within a molecular dynamics simulation by using the empirical relationships and
semiclassical expressions for the line shapes. The line shapes agree well with experiment over a temperature
range from 10 to 90C.

. Introduction The infrared®5%55 and isotropic Rama&#56-5 spectra of
The frequencies of molecular vibrations are extremely sensi- dllu_te HOD. n FO and DO have been widely reported at a
variety of liquid-state temperatures. At room temperature the

tive to their local solvation environments. As a result, experi- infrared and isofropic Raman spectra are not the same: the
mental techniques that probe vibrations, such as infrared. P P '

spectroscopy and Raman scattering, can be ideal for studyingISOtrOpIC Ra”?a” line shape displays a charactgr|st|c ghoulder
the structure and dynamics of condensed phase systems. FoP" the blue side of th_e S.peCtrum that is absent n .the mfrargd
example, in biology infrared spectroscopy has been used to Studyspectrum, and the entire infrared spectrum is red-shifted relative

the elusive structural properties of membrane-bound peptides,to the Raman spectruh%.The shou_lder present in the Raman
either by probing isotopically labeled backbone carbonyl spectrum has been associated with the subensemble of water

stretches (e.gL3CL80)L2 or by introducing amino acids whose ~ Melecules with weak or broken hydrogen bofi@i&’>1.5%.5The

side chains h,ave been derivatized with CN grobipEhe temperature dependence of the infrared and isotropic Raman
vibrational frequencies of the CO or CN probes are sensitive SPECtTa is qualitatively different. Most prominently, the blue
to their degree of hydration (i.e., if they are experiencing a ;houldpr pres_ent in _the Raman spectrum grows in relative
hydrophobic or hydrophilic environment) and to their coupling Ntensity with increasing temperature, and remains completely
with other moded: 23 To extract as much meaningful molecular- absent in the infrared line shape. Also, while the peak positions
level structural and dynamical information as possible from the ©f Poth the infrared and Raman spectra shift to the blue with
experiments, it is important that computational methods be Incréasing temperature, the widths of the peaks show different

developed that can accurately predict the infrared spectrum of (rénds with respect to temperature: for the infrared spectrum
a vibrational probe in a variety of different environments. the width monotonically increases with temperature, but for the

The vibrational spectroscopy of liquid water (and also of Raman spectrum the width first increases and then decreases

solutes in agueous solution) is of paramount interest because?S the temperature increases.

of the prominent role of water as a solvent, and sometimes even Although considerable theoretical effort has been devoted to
as an active participant, in biochemical reactions. The OH stretchdevising strategies for calculating the vibrational frequencies
vibrational spectrum of neat liquid water is complicated by of a solute molecule (such as HOD) in liquid wat&f! 80 the
strong intra- and intermolecular coupling of the ensemble of OH and OD infrared and isotropic Raman line shapes of dilute
nearly-resonant OH oscillators present in the liquid. To avoid HOD in D,O and HO have never been calculated (for a given
these conceptual difficulties, recent ultrafast studies of the water model) with sufficient accuracy to explain all of the
vibrational dynamics of water have focused on the OH stretch differences observed in the experimental spectra. A substantial
of dilute HOD in D;O,2443 or the OD stretch of dilute HOD in  theoretical obstacle to an accurate calculation of at least the
H,0 44750 In these isotopic mixtures the OH or OD vibration infrared line shapes is that the transition dipole moment of the
of interest is spectrally isolated from all of the other modes OH or OD stretch depends very sensitively on the molecule’s
present in the liquid, and to an excellent approximation can be hydrogen-bonding environmefi.8* Most previous works have
considered as an uncoupled local mode. This important sim- neglected this (non-Condon) effect, but there have been some
plification allows the crucial role of the solvent environment efforts to take it into account. For example, Hermansson et al.
on the spectroscopy and dynamics of the vibration of interest calculated the transition dipole moment of the OH vibration
to be studied separately from the effects of vibrational coupling. for 40 clusters each containing an HOD molecule surrounded
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by 4 D,O solvent molecule® The clusters were taken from a  the HOD molecule change upon an infinitesimal displacement
Monte Carlo simulation of the MCY model of liquid watét, of the H (or D) atom of interest from its equilibrium position
and MP2 electronic structure calculations of the OH frequency in the direction of the OH (or OD) bong! anda’ intrinsically

and Hartree-Fock level calculations of the transition dipole depend on the electronic structure of the HOD molecule, which
were performed in the presence of the point charges of the waterin turn is different for different solvation environments. The
molecules not explicitly contained in the cluster. Hermansson quantitiesu’ anda’ are computed for the OH and OD stretches
et al. observed a linear relationship between the transition dipoleof representative HOD/water clusters with ES methadsnd
squared and the OH frequency. IR spectra were not reporteda’ are then empirically related to the electric field due to the
but the vibrational density of states of the 40 clusters were solvent along the OH or OD bond of interest. Using empirical
weighted by the frequency-dependent transition dipole. Buck, relationships derived from ES calculations for the frequency,
Buch, and co-workers have further applied the linear relationship transition dipole, and transition polarizability, the OH and OD
between OH frequency and transition dipole moment squaredinfrared and isotropic Raman line shapes for dilute HOD i®D

derived from the ab initio calculations of Hermansson éfal. and HO are calculated using MD simulations performed at
in their calculations of the spectra of water clusters containing temperatures in the range 10 to 9D.

7_1? molechuleg.l—” WOjICikffEt al. (;aflculated infflrared spectrfa We have previously applied the combined ES/MD approach
(ﬁxc udlng(tj € dynam|c|$ € sctsdo :ce((jq_lljency uct_uatlons(,j) O to the calculation of spectral diffusion of the OH and OD
the OH and OD stretching bands of dilute HOD in®an vibrations of dilute HOD in RO and HO45-47.90.91 Spectral

H,0.87 Vibrational frequencies were calculated by adiabatically diffusion dynamics are typically characterized in terms of the
varying the OH (or OD) vibrational coordinate over a suitable frequency  time-correlation function (FTCF)C() =

range (with the solvent held fixed), and solving the resulting Dw(t)ow(0)[lwheredw(t) is the fluctuation of the instantaneous
Schralinger equation. For the infrared spectra the vibrational anharmonic ©1 vibrational frequency from its equilibrium

e o e ere e b e sl LY vl o)~ () 00 The FTCE s an mporant gty
P y q y P that can be obtained directly from the ES/MD simulation and

|c_)|n r\:\ézti;r\?gliﬁglélrez;gtggffrf:;itsigLvﬁﬁﬁén;rl:g'tgﬁgitgoindo|ar- is measured by time-resolved infrared experiments. The time
y P P P scales for the decay of the FTCF describe how quickly the

izability information into calculations of the sum-frequency- frequency loses memory of its initial value (i.e., how quickl
generation spectrum of the air/water interf&&& Density q y , Y I-€., Now quickly
the solvation environment loses memory of its initial configu-

functional theory (DFT) calculations were performed on ration). Of particular physical and chemical significance is the
CI™+(H20), clusters to assess the perturbation of hydrogen long-time decay of the FTCF, which we and others attribute to

bonding on the transition dipole and polarizabilities of water. . ; . .

For the transition dipole moment a linear relationship with 'lt.he .33;??$$5k0f mka]!;mgdand brei\klng hydrogtjen bonds in th?

frequency was observed, and the transition polarizabilities were Iquid.” =" 1OKMAaKOIt and CO-WOrKers suggest a Enore genera
point of view, that the long-time decay involves “the kinetics

relatively insensitive to the degree of hydrogen bono!lng. of randomizing intermolecular hydrogen bonding structdfe”.
We have recently developed a flexible computational ap- . 92
proach for relating the vibrational frequencies of a solute to its " OUr Previous work“*2we calculated the FTCF of the OD
molecular environment that combines ab initio electronic ViPration of HOﬁD n HZO7for three comrgonly used \_/vater
structure (ES) methods with molecular dynamics (MD) models: TIP4P? SPC/EY" and SPC-FQ? The long-time
simulation?5-47.90-92 The combined ES/MD approach is similar decays of the FTCF for the three models were 0.5, 0.9, an_d
to the one developed and applied fbmethylacetamide in 1.45 ps, respectlvgly. The decay of thel FTCF as measured in
aqueous solution by Cho and co-workéts7® The approach the most _recent vibrational echo experlm_ents is about _1.4 ps
begins by extracting clusters of the solute and its local solvent for HOD in H,0*7'and 1.4 ps for HOD in BO% Thus it
environment from a short MD simulation of the solute/solvent @PPears (but see ref 99) that the polarizable SPC-FQ model is
system. The clusters are of a size that are amenable to ESSUPerior to the nonpolarizable SPC/E and TIP4P models for
calculations, and are representative of the types of solvationdescribing the dynamics of making and breaking hydrogen
environments experienced by the solute. The vibrational fre- bonds in liquid watet® All three of these commonly used water
guencies of the solute are then calculated for each cluster usingnodels have been explicitly parametrized to reproduce the
DFT, typically with the B3LYP functional and a 6-331G** structure of the liquid (i.e., the radial distribution functions
basis set. The ab initio frequencies are empirically related to €xtracted from neutron and X-ray scattering experiméhts.
the electric field, calculated using the solvent point charges of The ability of a water model to reproduce infrared and isotropic
the simulation model, on various atomic sites of the solute. For Raman spectra would attest further to its overall quality. Because
the case of the OH (OD) stretch of dilute HOD in® (H20), of its success in describing the long-time decay of the FTCF,
the OH (OD) frequency is linearly correlated with the electric we have chosen to apply the methods developed in this paper
field due to the solvent on the H (D) atom, and projected along exclusively to the SPC-FQ water model.
the OH (OD) bond. Once the empirical relationship between  The paper is organized as follows: In Section Il we develop
frequency and field has been established for a given solute/ semiclassical approximations for the infrared and isotropic
solvent simulation model, the frequencies of the solute can be Raman line shapes that are amenable to calculation within the
evaluated within an MD simulation with no further ES calcula- ES/MD framework. Section 1l details the combined ES/MD
tions. We note that others have also exploited the connectionmethodology as it applies to dilute HOD in water, and empirical
between electric field and frequengy/*73.93-95 relationships for the OH (and OD) stretch frequencies, transition
In the present work we extend the combined ES/MD dipole moments, and isotropic transition polarizabilities needed
framework to include the quantities needed to compute infrared for calculating the infrared and Raman spectra are presented.
and isotropic Raman line shapesamely, the transition dipole  In Section IVA we discuss our results for the room-temperature
momenty', and the transition polarizabilitg,'. These quantities =~ OH and OD infrared and isotropic Raman line shapes and their
describe how the dipole moment and isotropic polarizability of agreement with experiment. Section IVB examines the temper-
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ature dependence of the OH and OD infrared and isotropic shape function is obtained by substituting the previous equation
Raman spectra. Finally, in Section V we make some concluding for the dipole operator matrix element back into eq 2 to give

remarks. -
$i(t) = e "7 O)u' (%4 Oxao)B(O)- Tt [ droen(z)]
Il. Theory (6)

The time dependence of all of the quantitigs, (io, 0, dw)
contained within eq 6 will be obtained from a standard MD
simulation using the methods described below in Section Il
B. Isotropic Raman Line Shape.To obtain an equation for
the isotropic Raman spectrum that can be calculated within an
MD simulation, the starting point is once again a semiclassical
expression for the isotropic Raman line shape funciéile-112

A. Infrared Line Shape. Infrared spectroscopy of HOD in
water provides information about the structure and dynamics
of the liquid. In particular, the linear infrared absorption line
shape for the fundamental vibrational transition of either the
OH or OD stretch is sensitive both to the inhomogeneous
distribution of solvation environments present in the liquid and
to the time scales of the frequency fluctuation dynamics. For
the purposes of computing the infrared spectrum within a _ oot
classicarl) MD simulatign itgis appropriate ![Oo begin with a () = & "o, (O)ouyo(t)e ﬁ) doow(®t  (7)
semiclassical approximation to the absorption line sHa§9g03107 _ _ ) _ S

oo is the matrix element of the isotropic polarizability operator

(@) ~ f:o dt e_i(”’_m’[%l (0 1) between the ground and excited vibrational states:
0= ]o|00 (8)
where the infrared line shape function is
where
— i t
¢(1) = e "G 0)Fiy()e f drow(@D  (2)
' ot 10 ﬁ) a =% (ot a,, + o) (9)

In the above expressiaddw(t) = w(t) — s the fluctuation
of the vibrational frequency of interest from its equilibrium .
value, T; is the population relaxation lifetime of the excited ofeq 7 asineq 1. ) i ) .
vibration, andiiy is the matrix element of the dipole operator To evaluate the matrix element defined by eq 8 the isotropic

between the first excited vibrational state and the ground statePOlarizability operator is expanded to linear order with respect
for the relevant mode: to the vibrational coordinatg:

The isotropic Raman spectrum is given by the Fourier transform

Zio= |00 (3) a=o,+ (?j_(;)x:ox +..~oy+a'x (10)
The angular brackets in eq 2 indicate a classical equilibrium wherea!' is the transition polarizabilitythe derivative of the
statistical mechanical average. In our numerical calculations we molecular polarizability with respect to the vibrational coordinate
use the experimentally measured valueSpf 750 fs for the X. Using this expansion for the isotropic polarizability operator,
OH stretch of HOD in RO,28108.109and 1.45 ps for the OD  the matrix element in eq 8 is evaluated to give
stretch of HOD in HO#

In what follows we will be describing either the OH or OD oy = o' [AX|00= a'Xyq (11)
vibration as a one-dimensional local mode. To evaluate the . ) ) ) ) .
matrix element in eq 3, the dipole operator is assumed to depend! "€ final equation for the isotropic Raman line shape function
only onx = r — ro, which is the displacement of the OH or  €an be arrived at by substituting this equation back into eq 7:

OD bond distance of interest, from its equilibrium valuero.

_ , , it
We then expand to first order inx: ¢r(®) = & "FHac 0)a (1), 0P (D€ [, dew(T)D(lZ)
U=yt (%’%) X + ... AUyt a'x 4) Once again, all of the quantities contained in eq 12 are amenable
-

to calculation within a standard MD simulation using the
methods described below in Section IlI.

Comparing eqgs 6 and 12 for the infrared and Raman line
shape functions there are two significant differences. The
infrared line shape function depends on the time evolution of
the transition dipole of the vibration of interest'()), as
opposed to the Raman line shape function, which depends on

d the time evolution of the transition polarizability of the vibration
of interest ¢ (t)). Also, the infrared line shape function contains
information regarding the rotational motion of the HOD
molecule, because of its dependence {dft), whereas the
isotropic Raman line shape function is not sensitive to rotations.

u is separated into a magnitude Y and a directiond): z' =
«'0. Surprisingly, for the isolated water moleciiés not along
the bond, but rather is rotated by 25%21n ice, however, where
significant hydrogen bonding is presefitjs much closer to
the bond vecto?* We are not aware of any experiments that
determine the average directioniofor the liquid. Certainly, it
will be true thatli depends on the instantaneous hydrogen-bon
configuration. Nonetheless, since on the average hydrogen
bonding in water is not so different from that in ice, for
simplicity here we takel to be the bond vector. The matrix
element of the dipole operator can now be expressed as
o= ' [LX|0m = u'X; 0 (5) . Methods

A. Electronic Structure. The theoretical challenge to cal-
wherexjg is the matrix element of the vibrational coordinate culating infrared and isotropic Raman line shapes via eqs 6 and
between the ground and first excited (anharmonic) vibrational 12 is relating the frequencw, the vibrational coordinate matrix
eigenstates. The final expression for the infrared absorption line element ), the transition dipole momeng'(, and the isotropic
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transition polarizability ¢') to the instantaneous environment 4000 ——T—— T T T
of the OH or OD stretch of interest. To do so we extend our

ES/MD approach>47:90-92 which was only concerned with,

to the calculation ofi', o', andx;o.

The first step in the ES/MD approach is to extract random 3500
clusters of the solute and its local solvent environment from a
short MD simulation of the solute/solvent system. These clusters
are intended to form a representative sample of the environments
the solute experiences in solution. We selected 100 clusters each
containing a single HOD solute and between four and nine water
solvent molecules from an MD simulation of the polarizable
SPC-FQ modé&#f of water at 298 K (more details regarding the
MD simulations are discussed in Section IlIB). The simulations
contained 128 water molecules, and 20 clusters were chosen
from 5 independent snapshots taken at 100 ps intervals. In our
previous studies of the HOD/water system we found that to
recover the substantial 300 cM(225 cnt?) solvent-induced

3000

o (em™)

2500

red-shift of the OH (OD) vibrational frequency of HOD, it was 2008 050 ""0.02 " 0.04 0.06 0,08
important to choose clusters in which the relevant hydrogen
bond donor/acceptor pair (with the OH hydrogen or OD o
deuterium of interest as the donor) was solvated. The algorithm Figure 1. The symbols represent the ab initio OH or OD stretch

E (au)

: . frequency of an HOD molecule in 100,0 or H;O clusters selected
by which these solvated dimer clusters are taken from the at random from a simulation of SPC-FQ water. These frequencies are

simulation is detailed in ref 90. ) plotted versus the electric field along the OH or OD bond due to the
Properly describing the vibrational properties of a water solvent water molecules in the cluster. The solid lines are linear fits to
molecule in liquid water by applying ES methods to finite the data.

clusters is complicated by the ability of the water molecule to
participate in extended hydrogen bond netwétkd2! and by whereu is the reduced mass of the oscillator. An advantage to
the nonlinear cooperative effects of a water molecule simulta- this procedure for obtaining vibrational frequencies is that they
neously engaging in multiple hydrogen boré&.124 To capture will fully reflect the effects of anharmonicity. This is essential
these effects we apply DFT with the B3LYP functiotat127 because the degree of anharmonicity of the OH or OD stretch
and the 6-31%+G** basis set to our solvated dimer clusters. 0f HOD in water is strongly dependent on environment.
All of the ES calculations were performed using the GAUSSIAN ~ We have implicitly assumed that the vibrations of the HOD
98 software packag@® The solvated dimer clusters are large Mmolecule are comprised of three uncoupled local modes: OH
enough to allow for extended hydrogen-bond networks, and the stretch, OD stretch, and HOD bend. In the gas phase this is an
level of theory and basis set used in the ES calculations areexcellent approximation because the normal-mode eigenvectors
sufficient to provide a reasonable description of hydrogen of the isolated HOD molecule show that more than 98% of the
bonding in the cluster, including the aforementioned nonlinear amplitude in the OH or OD stretches is attributed to H or D
cooperative effects. motion, respectively (this is the result of a normal-mode analysis
The harmonic frequency of the OH or OD vibration of interest on HOD using B3LYP/6-31++G**). The local-mode ap-
could be calculated by simply performing a normal-mode proximation is even better when the molecule is in the liquid
analysis on the cluster. But since each of these vibrations is tobecause of asymmetric solvation environments. Within the local-
a good approximation a local mode, to obtain anharmonic mode approximation the reduced mass of the OH (OD) stretch
frequencies instead we map the ab initio potential energy profile is 18/19 (34/19) amu. We have calculated the OH and OD
of the OH or OD vibration by performing eight single-point fundamental transition frequenciefe( = E; — Eo) of a
energy calculations on the cluster as the OH or OD bond of gas-phase HOD molecule in the SPC-FQ geometry (OH and
interest is stretched from 0.72 to 1.28 A in increments of 0.08 OD bond lengths ol A and an HOD bond angle of 109.97
A. Only the H or D atom involved in the vibration is moved to be 3779 and 2788 crh, respectively. These values compare
(in the direction of the OH or OD bond); all other atoms in the reasonably well with experiment (3707 and 2724 &mM* The
cluster are held fixed. Transition frequencies are obtained by ratio between the measured and calculated OH and OD

fitting the ab initio potential curve to a Morse oscillator foffi,  vibrational frequencies yields multiplicative scale factors of
0.981 and 0.977, respectively. These scale factors are used to

V(r)=D(1 — —Ot(f—fo))2 (13) correct all of the OH and OD vibrational frequencies in the
clusters for systematic errors such as the finite basis set,

whereD is the bond dissociation energy, is the equilibrium incomplete incorporation of electron correlation inherent in the

bond length, andx is a parameter that sets the range of the ab initio vibrational frequenci€’$tand errors due to the Morse
potential. The vibrational energy levelg,, for the Morse fitting procedure and the local mode approximation.

oscillator are given by In Figure 1 we show a plot of the OH and OD stretch
frequencies for the 100 clusters. The OH and OD frequencies
E = DB(n + 1-)[2 _ B(n + 1)] (14) are calculated for each cluster from the same ab initio potential
2 2 energy scan, but using a different reduced mass appropriate for

the OH or OD oscillator (the potential obtained from the ES
wheren =0, 1, 2, ... is the vibrational quantum number, and ca|culation does not depend on the isotopic masses of the nuclei
in the cluster). The OH and OD frequencies are plotted versus
(15) the projection of the electric field (in atomic units) along the
OH or OD bond, at the site of the H or D atom, due to the

B=

gl



6158 J. Phys. Chem. A, Vol. 109, No. 28, 2005 Corcelli and Skinner

TABLE 1: Parameters for the Linear Empirical Relationships Used in the MD Calculations of the Infrared and Isotropic
Raman Spectr&

vibration empirical relationship R rms error
OH w =3737.0cnT! — (6932.2 cmYauE 0.90 68 cmt
OH X10=0.09309 A— (7.280x 1076 A/cm Yo 0.997 8.0x 105 A
oD w =2745.8 cmmt — (4870.3 cmYau)E 0.90 47 cmt
oD X10=0.08156 A— (9.174x 1076 A/lcm Yo 0.998 5.3x 105 A
both wl'g=1.377+ (53.03 au})E 0.93 0.40
both o'lo’yg=1.271+ (5.287 au)E 0.56 0.15

aThe electric field,E, along the OH or OD bond of interest is in au; frequencigsare in cn?; transition dipole momentg', and isotropic
transition polarizabilitiese, are given normalized relative to their gas-phase vajufggnda’q, respectively; and the matrix elementy, is in A.
The correlation coefficientR, and root-mean-square error of each fit are also listed.

solvent water molecules in the cluster. The electric field variable, 0.071 ]
E, is calculated using the expression 0.070¢ §
~ 0.069 -
E_g 3 Gy 16 °$°o.068 -
_ulz (2 (16) * 0.067 -
" 0.066 g
where (i is a unit vector defined earlier for the OH (or OD) 0.065 366 "3300 3600 3800
bond of interest, the sum is over the three charged atom-centered o (em™)
sites on then SPC-FQ molecules that solvate the HOD molecule 0.061 : , ; . ;
in the clusterg; is the charge on sitein atomic units (e= 1), 0.060 ]
rin is the distance between siteand the H (or D) atom of the g 1
HOD molecule in atomic units, arfg is a unit vector pointing < 0059 ]
from sitei to the H (or D) atom of the HOD molecule. In the 5 0.0581 N
SPC-FQ model the charges on the water molecules respond to = 0.057 -
their environment, so when the clusters were extracted from 0.0561 ]

the SPC-FQ simulation we also kept the current values of the . ) . ) .
chargesgq;, on all of the atomic sites for use in calculating the 2400 26001 2800
electric field with eq 16. o (cm’)

Also shown in Figure 1 are fits of the OH and OD ab initio  Figure 2. (a) The symbols are matrix elements of the position of the
frequencies to linear functions & The parameters of the fits  OH bond of HOD away from its equilibriunx = r — ro, between the
are given in Table 1. Both of the linear fits have correlation ground and first excited vibrational stateg = [1|x|0} for 100 HOD/
coefficients of 0.90, with average root-mean-square deviations P20 clusters chosen at random from a simulation of SPC-FQ water.
of 68 cn for the OH frequencies and 47 chfor the OD fThe matrix el_el_rr]]“lentsl_grl(_e plotted I_as a f;{nctltf)nhofctjhe Ol—t|’ vibrational
frequencies. The quality of the empirical relationship between requlenc)é’w' e solid lines are linear fits of the data. (b) Same as

. A ) ! panel a, but for the OD stretch of HOD in,@.

the frequencies andl is comparable to that previously obtained
for the SPC/E” and TIP4P% water model$2°2This relationship For each cluster we have fit the ab initio potential energy
can be used to calculate the OH or OD frequency within an curve for the OH or OD vibration of interest to a Morse
MD simulation, whereE is calculated based on the charges and oscillator form whose parameters are the dissociation energy
positions of the rest of the solvent water molecules in the D, the range parameter, and the equilibrium bond lengifa.
simulation box (using Ewald summation to account correctly In terms of these parameters, along with the reduced mass of
for long-range interactions and periodic boundary conditions). the local mode, the matrix element of the vibrational coordinate
As in our previous worR?-92 the range of electric fields inthe  between the ground and first excited vibrational states of the
clusters, and hence the range of fields over which we have Morse oscillator is given 2133
confidence in our empirical fit, is more or less coincident with

0.055

the range of fields in the liquid. _ 1 [(k —1k—-23)

Buck, Buch, and co-workers have also developed a relation- X10 = a(k — 2)|_ k+1 17)
ship between the electric field and the vibrational frequency of
water by fitting the experimental infrared spectrum obChy where k = 2/B. Using eq 17 we can calculatg, for the

and (HO)s clusters’?~72 Their sigmoidal form is somewhat vibrations of interest in our 100 clusters because we have access
different from the linear correlation shown in Figure 1, but to the parameter® and a (see eq 15). However, within the
would not be appropriate for use in the liquid because it was MD simulation we do not calculate anda. separately for each
explicitly developed for gas-phase water clusters. Cho and co-time step; rather, we calculate the transition frequandyom
workers have obtained empirical relationships between the amidethe empirical relation described above, which is implicitly a

| frequency of the model peptide compound NMA (&H function of bothD anda.. So our strategy is to relate the matrix
CONH—CHj3) in aqueous solution and the electrostatic potential elementx;o to the transition frequencay. In Figure 2 we show

on atomic sites within the NMA molecufé-7%75In ref 92 we a plot of the matrix elemento versus the transition frequency
develop an empirical relationship between the amide frequencyw for the OH (panel a) and OD (panel b) vibrations of our
of the NMA molecule and the electric field on the central C, clusters. There is an excellent linear correlation between the
O, N, and H atomic sites. In the same paper we detail the matrix elements and the transition frequencies. The parameters
differences between the electric field and electrostatic potential- of the linear fits ofx;oto w are listed in Table 1; the correlation
based approaches for both NMA and HOD in aqueous solution. coefficients of the fits are 0.997 and 0.998.
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The transition dipoley’, and isotropic transition polarizability, 6T T T T
, . . . L(a)
o', were obtained approximately for the local mode of interest sk i
within each cluster by performing a harmonic frequency
calculation using the GAUSSIAN 98 electronic structure e ar ]
software package. GAUSSIAN reports the infrared and Raman 3 3+ .
3

intensities of the mode, which are each proportional to the square
of the desired transition moments. The dipole moment deriva-
tives are calculated analytically within GAUSSIAR, and the
isotropic Raman intensities are calculated by numerically
differentiating the analytic dipole derivatives with respect to
an applied electric field.

Typically, it is not meaningful to perform a harmonic
frequency calculation on a cluster of molecules whose geometry
is not at a local minimum of potential energy (i.e., where the
forces on each atom in the cluster are zero). However, the OH
stretch of an HOD molecule in a cluster ob@ s effectively
decoupled from all of the other vibrations in the cluster. This
implies that the mass-weighted force constant matrix is block
diagonal, and meaningful results, for the local OH stretch only,
can be extracted from a harmonic frequency calculation on the
cluster. We begin by optimizing the OH bond length within - yansition polarizabilitiese/oc’y, for the OH (or OD) stretch of 100
each of our 100 HOHD,O), clusters. The geometry optimiza-  HOD in D,0 (or H;0) clusters taken from a simulation of SPC-FQ
tion is accomplished by holding all atoms in the cluster fixed water. In panel b the symbols are scaled ab initio transition dipole
and allowing the position of the H atom to relax along the momentS/{t’/u_g, for the same clusters. These quantities are plotted versus
established OH bond direction. This step is crucial to ensure the electric field along the OH (or OD) bond due to the solvent water

on
=3

=
=

8020

E (au)

Figure 3. Shown as symbols in panel a are the scaled ab initio isotropic

that the OH vibration is at the minimum of its potential energy.
We next perform the harmonic frequency calculation within
GAUSSIAN with the isotopic masses of the atoms in the cluster
explicitly specified. We perform a similar calculation for the
isolated HOD molecule to obtain its infrared and Raman
intensities. The ratio ot for the clusters to that for the isolated
molecule 'y, is then obtained by taking the square root of the
ratio of the intensitieso'/a’y is obtained similarly. We do not
need to repeat the calculations assuming H®EO), clusters
because the transition moments, and o', are intrinsically
electronic properties of the water molecule and do not them-

selves depend on specific isotopic masses of the nuclei. Note,

however, that the matrix elementg that multiply«’ anda’ in

egs 6 and 12 for the infrared and isotropic Raman line shapes

do depend on the reduced mass of the vibration.

In Figure 3 we show the isotropic transition polarizabilities
and transition dipole moments for the OH vibration in 100 HOD
(D20O)n clusterso'/o’ g andu'/u'q are plotted versus the projection
of the electric field along the OH bondE, given by eq 16.
Qualitatively, the isotropic transition polarizabilities are not as
sensitive to the local solvation environment as the transition
dipole moments, which do depend sensitively on local solvation
environment; indeed, they vary by over a factor of 5! These
qualitative differences in dependencecdfandu’ on environ-

ment have profound consequences on the isotropic Raman an

infrared line shapes discussed below in Section IV. Also shown
in Figure 3 are fits of the ab initio transition moments to linear
functions ofE. The parameters of the fits are given in Table 1.
The correlation coefficient of the linear fit of the transition dipole
moments toE is 0.93 with an average root-mean-square
deviation of 0.40. The correlation coefficient of the linear fit of
the transition polarizabilities t& is just 0.56 with an average
root-mean-square deviation of 0.15. Note that the correlation

molecules in the cluster. The solid lines are linear fits to the data.

simulations contained 128 molecules, and the size of the cubic
simulation box was chosen to give the experimental number
density of HO or DO at the temperature of the simulatitf.
Periodic boundary conditions were employed, and the electro-
static forces were calculated using an approximation to the
Ewald sum'3¢ The classical equations of motion were integrated
using the leapfrog algorithm with a 0.5 fs time stépand the
rotations were treated using quaternidffEquilibration of the
system to its desired temperature was accomplished by periodi-
cally rescaling the velocities of the molecules until the temper-
ature was maintained t©1.5 K for 60 000 time steps without
further adjustment. All of the results described below were
computed from 1 ns constant energy trajectories. The temper-
ature of the charge degrees of freeddmas maintained at 5

K by scaling the charge velocities every 1000 time steps.

Our MD simulations are of the neat liquids®l or D,O rather
than specifically HOD in HO or D,O. By simulating the neat
liquid we effectively have 256 independent local modes of
vibration rather than just one (i.e., we can presume that each
bond in the system is the local oscillator of interest). This
approximation is reasonable because the vibrational properties
of the solute, HOD, are primarily modulated by the dynamics

f the solvent The difference in dynamics caused by replacing
he HOD molecule by either an;® or D,O molecule has a
negligible effect on the calculated vibrational properties of the
local oscillator of interest. We have previously demonstrated
that the FTCF computed for the OD vibration of HOD in@
is numerically identical (within the noise) with that computed
in a simulation of neat BD %!

IV. Results

coefficient is somewhat of a misleading parameter to gauge the A, Room Temperature. In Section Il we used ab initio ES

quality of the linear fit ofa’ to E because the slope of the best-
fit line is very small.

B. Molecular Dynamics. MD simulations of HO and DO
were performed for the SPC-FQ water model of Rick, Stuart,
and Berne, details of which are described in ref 98. Our MD

calculations on HOED,0), and HOD(H,0O), clusters to
develop empirical relationships between the projection of the
electric field along the OH (or OD) bond of interest, due to the
solvent, and the fundamental transition frequengy {ransition
dipole momentg'), and isotropic transition polarizability().
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Figure 5. Room-temperature IR and isotropic Raman line shapes for

2 the OD stretch of dilute HOD in D calculated for the SPC-FQ model
& of water.
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Figure 4. (a) Experimental infrared and isotropic Raman spectra of 0.001 \\ E T
dilute HOD in D,O at room temperature from ref 51. (b) Room- L R
temperature IR and isotropic Raman line shapes for the OH stretch of | . | \ |
dilute HOD in Dzo calculated for the SPC-FQ model of water. 3%00 } 3200 * 3400 = 3600 = 3800 * 4000

u)(cm'l)

The vibrational coordinate matrix eflemem“ﬂ IS ?mp'r'ca”y Figure 6. Room-temperature distribution of OH stretch frequencies
related to the frequency. At each time step dgrinl ns MD  for dilute HOD in D,O (solid line). The distribution is shown separated
simulation of neat BO (or H,O) we calculate the electric field  into components for when the OH bond of interest is donating its proton
vector on each D (or H) due to the solvent. The electric field in a hydrogen bond (HB, dashed line), and for when it is not donating
vector is then projected along the bond, presumed to be thea hydrogen bond (not HB, dotted line).
OH (OD) stretch of interest if the simulation is 06O (H,0).
Using the projected electric field variable we can obtain OD stretch of HOD in RO at room temperature (298 K). The
trajectories ofw(t), Xuo(t), #'(t), ando'(t) for each bond in the ~ agreement with experimefi®565%(not shown) is again very
simulation. The simulations also yielit). These trajectories ~ good. The calculated infrared spectrum peaks at= 2478
are then used in conjunction with egs 6 and 12 to calculate thecm %, and has a width of' = 161 cn1. Experimentally, the
infrared and isotropic Raman line shapes for the OH or OD analogous values a®* = 2500-2510 cm* andI' = 162
stretch of dilute HOD in RO or H,0. cm 14653 The calculated isotropic Raman spectrum peaks at

In the lower panel of Figure 4 we show our calculations for @* = 2498 cn1?, and has a width df' = 185 cnt. Experiment
the normalized infrared and isotropic Raman line shapes for givesw* = 2510-2520 cnt?, andI" = 176 cntt.56:9
the OH stretch of HOD in BD at room temperature (298 K). The room-temperature isotropic Raman line shapes for the
In the upper panel are the experimental line shapésr OH and OD stretch of HOD in D and BO both exhibit
comparison (the spectra have been scaled such that their heightshoulders on the blue side of the spectrum. This feature is also
are approximately the same). We also note that very similar seen in the experimental line shapes, although it is slightly less
infrared and Raman line shapes were obtained by Wyss andpronounced, and it is absent in the infrared line shapes (both in
Falk and by Walrafef35°Qualitatively, the agreement between the experiment and in our calculations). The origin of this feature
our calculations and experiment is excellent. The infrared line in the isotropic Raman spectrum has often been attributed to
shape is red-shifted relative to the Raman line shape; the Ramarthe presence of two ensembles of water molecules in the
line shape exhibits a characteristic shoulder on the blue sideliquid: those whose protons of interest are donating hydrogen
(although it is a bit exaggerated in the theoretical result relative bonds to neighboring water molecules, and those whose protons
to what is seen experimentally), whereas the feature is absentare not. The solid line in Figure 6 is the distribution of OH
in the infrared line shape; and the infrared line shape is frequenciesP(w), present in our MD simulation of fD; it
asymmetric with a tail extending to the red. Quantitatively, the clearly contains the characteristic shoulder. In the inhomo-
peak of the experimental infrared line shape & 3407 cnt?) geneous limit, and in the limit that the transition dipole and
is red shifted 31 cm! relative to the isotropic Raman peal*( isotropic polarizability do not depend on environment (i.e.,
= 3438 cn1l). In our calculations the difference in the peak where the Condon approximation has been employ&@)) is
locations is 28 cmt, although, in absolute terms, both calculated the infrared and Raman line shape. Using a geometric criterion
spectra are approximately 40 chtoo red relative to experiment  to define if the proton of a given water molecule is participating
(the calculated infrared line shape peaksvat= 3369 cnr?, in a hydrogen bond (i.e., the distance between the OH proton
and the calculated Raman line shape peaks at 3397 cnt?). and the nearest O of another water molecule is less than 2.45
The width (fwhm,T") of the calculated line shapes is also in A, and the angle between the intermolecular O- -O distance
good agreement with experiment. For the infrared calculation vector and the OH bond vector is less thar)3@8.13%-141 we

I' = 247 cnr?!, and the experimental value is 260 thFor see in Figure 6 that the distribution of frequencies can be
the Raman calculatiof® = 310 cnt?, and the experimental  separated into two components: one for when the proton of
value is 305 cm’, the OH stretch is donating a hydrogen bond (dashed curve,

In Figure 5 we show the results of our calculations for the corresponding to 87% of the total distribution), and one when
normalized infrared and isotropic Raman line shapes for the it is not (dotted curve, corresponding to 13% of the total
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distribution). It is reasonable to assign the blue feature in our =
calculated isotropic Raman line shapes to the equilibrium

subensemble of OH stretches present in the liquid that are not
engaging in hydrogen bonds. This conclusion is consistent with
previous findingg'9-41.51.60

The infrared line shape lacks the blue shoulder discussed
above because the transition dipole moments of the OH stretches
not involved in hydrogen bonds are significantly smaller than
those of the OH stretches that are involved in hydrogen bonds.
In essence, the OH stretches of water molecules on the red side
of the band, those that are engaging in strong hydrogen bonds,
absorb more effectively than the OH stretches on the blue side
of the band whose hydrogen bonds are weaker or nonexistent.
Because the isotropic transition polarizabilities are virtually
constant throughout the band, the Raman line shape retains the
characteristic shoulder feature present in the underlying inho-
mogeneous distribution of frequencies. The significant sensitivity N
of the transition dipole moment on hydrogen bond strength, o (cm )
compared to the isotropic transition polarizability, also explains Figure 7. Calculated infrared (top panel) and isotropic Raman (lower
why the infrared spectrum is red-shifted relative to the isotropic panel) line shapes for the OH stretch of dilute HOD igChat 10 (left
Raman spectrum. Again, it is because there is an inherentmost curve), 30, 50, 70, and 90 (right most curv€). As the
asymmetry as to which molecules are more effective at temperature increases the spectra shift to the blue, and their peak
absorbing the radiation: the red side of the infrared band is intensity decreases.

Intensity

Intensity

1 . 1 . 1 )
3000 3200 3400 3600 3800

augmented, and the blue side is diminished. This results in an . T y T

asymmetric spectrum that is red-shifted compared to the
distribution of frequencies (and Raman spectrum).

B. Temperature-Dependent Line ShapesMD simulations
were performed to explore the effects of temperature in the range
10 to 90°C on the infrared and isotropic Raman line shapes of
HOD in H,O and DO. The empirical relationships fas, X1,

', anda’ developed in Section Il using water clusters from ‘
the room-temperature simulations are assumed to be applicable Raman
at other temperatures in the liquid regime. This assumption is
reasonable because there are no grossly different solvation
environments present at other liquid-state temperatures that are
completely absent at room temperature. We also use the room-
temperature values of the population relaxation time for both
the OH and OD oscillators (750 fs and 1.45 ps, respectively).
Actually, it is known that the OH population lifetime displays 1 ) ) .
an anomalous temperature dependence; the lifetime is longer 2200 2400 2600 2800
at higher temperature8? At the highest temperature studied, o (em™)

QQOC' the OH Ilfetlme Of,HOD in ROis 900 fs. Incorporating Figure 8. Calculated infrared (top panel) and isotropic Raman (lower
this value ofT; into the line shape calculation, as opposed to panel) line shapes for the OD stretch of dilute HOD iOrat 10 (left

the room-temperature value, has a negligible effect on the most curve), 30, 50, 70, and 90 (right most curv€). As the
calculated spectra (for example, the width of the infrared temperature increases the spectra shift to the blue, and their peak
spectrum changes by less than 1 é&n The temperature  intensity decreases.

dependence of the lifetime of the OD oscillation of HOD in shown in Figure 8. Qualitatively, the infrared and Raman line
Hz0 has not been measured. shapes for both OH and OD shift to the blue with increasing

Simulations of neat kO (for OD line shapes) and D (for temperature, and decrease in overall intensity. Also, the
OH line shapes) were conducted at 10, 30, 50, 70, antC90  calculated OH and OD infrared spectra are seen to broaden
The box size was chosen to reproduce the experimental densitymonotonically as temperature is increased. However, the OH
at each respective temperatiféFor HO the densities used  and OD isotropic Raman line shapes exhibit more complex
were 1.000, 0.996, 0.988, 0.978, and 0.965 §/dfor D,O the behavior than the infrared spectra, with the shoulder on the blue
densities used were 1106, 1103, 1096, 1084, and 107fg/0m side of the Spectrum Ciearly growing in relative magnitude as
The system was equilibrated to its desired temperature by the temperature is increased. These same qualitative trends are
periodically rescaling the velocities of the molecules until the gpserved in experimental measurements of the inff&féchs
temperature was maintained 4¢1.5 K for 60 000 time steps  and isotropic Raman line shapg$s-5°
without further adjustment. The infrared and iSOtrOpiC Raman We can also make a quantitative Comparison to experiment
line shapes were then computed from 1 ns constant energyof the trends with respect to temperature for the peak positions
trajectories. (w*) and widths ) of our calculated infrared and isotropic

In Figure 7 the infrared and isotropic Raman line shapes are Raman spectra. In Figure 9 we compas& and I'" of our
shown for the OH stretch of dilute HOD in;D for temperatures  calculated OH and OD infrared spectra (open circles) to
in the range from 10 to 90C in increments of 20C. The published experimental data from a number of different
analogous line shapes for the OD stretch of HOD y®©Hare laboratories in the normal (1 atm) liquid water temperature

Intensity

Intensity
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Figure 9. Calculated infrared peak positions?¥, and widths,I", for Figure 10. Calculated isotropic Raman peak position$, and widths,

the OH and OD vibrations of dilute HOD inJ® and HO plotted as T', for the OH and OD vibrations of dilute HOD in,D and HO plotted

a function of temperature (open circles). The other symbols and lines as a function of temperature (open circles). The other symbols and lines
are experimental measurements made by various groups: (pluses) refre experimental measurements made by various groups: (pluses) ref
51; (stars) ref 46; (filled squares) ref 52; (filled triangles) ref 53; (filled 51; (filled circles) ref 56; (filled squares) ref 57; (filled diamonds) ref
diamonds) ref 54; and (dotted line) ref 55. 58; and (filled triangles) ref 59.

range?®:5155 In some cases the peak position and width data spectra (open circles) to experiment. As is the case for the
were explicitly reported, but in other cases only the graphed infrared OH spectra, the experimental trend is for the isotropic
spectra were available and the parametersand I' were Raman peak position to shift to higher frequencies as the
extracted by magnifying the images and using a ruler to estimatetemperature is increased. This trend is captured in our calcula-
them. tions, although the overall red-shift of the OH peak position

In the upper two panels of Figure 9 we compare the peak relative to the gas phase is too great (by about 10 %). The width
positions and widths of the calculated OH infrared spectra (open of the calculated OH isotropic Raman line shape exhibits very
circles) to experiment. The experiments agree very well with different behavior compared to the calculated OH infrared
one another for the peak position as a function of temperature, widths; the Raman spectrum first broadens as the temperature
and the calculations reproduce the nearly linear trend)’of is increased and then narrows at higher temperature. The
toward the blue with increasing temperature, albeit with a turnover temperature in our calculations is roughly”80 This
slightly different slope. The calculations systematically over- qualitative trend is also seen in the limited number of temper-
estimate the solvent shift of the spectra by about 40'cat atures for which data are reported by Scherer €t a@lthough
low temperature and 10 crh at high temperature. For the there are quantitative discrepancies of roughly 30'chetween
widths, there is more discrepancy among the reported experi-theory and experiment. However, at room temperature the
mental measurements, but the trend is clear: the widths agreement between the calculated OH Raman line width and
monotonically increase with increasing temperature, and this the experiments by Wang et%@land by Murphy and Bernsteth
trend is again captured by our calculations. The calculated OH is excellent.
widths are in very good agreement with the measurements by In the lower two panels of Figure 10 we compare the peak
Wyss and Falk? and deviate by less than roughly 20 ¢n positions and widths of the calculated OD isotropic Raman
from the measurements by Palamarev and Geofgi€lie most spectra (open circles) to experiment. The experimental trend
recent room-temperature measurement of the OH infrared width for the OD isotropic Raman peak position to shift monotonically
by Wang et aP! agrees more closely with Palamarev and to the blue with increasing temperature is reproduced by the
Georgiev. calculations. Quantitatively, the calculated peak positions agree

In the lower two panels of Figure 9 we compare the peak well with experiment, although the calculations are uniformly
positions and widths of the calculated OD infrared spectra (openslightly red of the experiments. The calculated OD isotropic
circles) to experiment. The trends are again very well reproducedRaman line widths first broaden with increasing temperature,
by our calculations. Fow* the experiments agree well with  until about 50°C, at which point the line shapes narrow with
each other and show a monotonic shift of the peak position increasing temperature. Three different sets of experiments also
toward the blue with increasing temperature. As was the caseshow this trend, although the turnover temperature appears to
for the OH infrared spectra the OD infrared spectra are be slightly higher in the experiment3®”5°The quantitative
systematically to the red of experiment (by about 30 trmt agreement between the calculated line widths and experiment
low temperature and less than 10 ¢nat high temperature).  is very reasonable.
The calculated OD infrared line widths are in very good  Some years ago there was a lively debate about whether the
agreement with the measurements of Senior and Véfnathich Raman and infrared line shapes for dilute HOD isC-br DO
near room temperature agree well with the most recent measuredisplayed isosbestic points as a function of tempera&fapé58.59
ment reported by Asbury et # The calculations also are within ~ The implications were that if they did, this provided support
about 10 cm? of the measurements made by Wyss and Falk.  for the so-called “mixture” models of water, and if they did not

In the upper two panels of Figure 10 we compare the peak this provided support for the “continuum” models. More recent
positions and widths of the calculated OH isotropic Raman experiment%-5657seem to indicate that the isosbectic points
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T e anda_’_to b(_a constant for all environments). We found that the
o~ |==10Crotns transition dipole moment of the OH (or OD) stretch of the HOD
AN ™ molecule is very sensitive to its instantaneous solvent environ-

7 - ment, as opposed to the isotropic transition polarizability, which
; was found to be relatively insensitive to environment. By
. incorporating the environmental dependence/odnda’ into
; X our calculations of the line shapes, we are able to recover all of
2 DAY the qualitative differences between the experimental infrared
L4 L N and Raman spectra. At room temperature the quantitative
300032003400 3600 3800 4000 agreement between our calculated line shapes and experiment
(cm”) is very reasonable. In addition, we reproduce the frequency
Figure 11. Shown are the distributions of OH frequencies at 10 and f|yctuation time scales measured in some recent ultrafast
90 °C of dilute HOD in D,O separated into components for when the | ; ; : ; ;
OH bond of in_te_rest is dona_ting its proton in a hydrogen bond (HB), zg)éag?r,:ﬁé eé:g(é_?:xge;rgggl? éc.)-ll—hvlvsatpe r:)\iléd?)fhzl:pgyggrﬁirc;hgn d
and for when it is not donating a hydrogen bond (not HB). .
spectroscopy calculations.
d Our calculated infrared and Raman line shapes were also able

are only approximate. Our theoretical results in Figures 7 an ) i
8, showing approximate isosbectic points over limited temper- to rec_over_th(_e _experlmental trends W|t_h respect to temperature.
Despite significant effects of dynamics on the spectra, the

ature ranges, are quite similar to these more recent experiments; . . :
Given that any definition of a hydrogen bond is really quite temperature dependence of the isotropic Raman line shapes

arbitrary, there is perhaps no meaningful resolution to the old mirrors that of the inhomogeneous d_istribution _of freq_uencies.
controversy regarding mixture and continuum models, and the The shoulders present on the blue side of the isotropic Raman
new controversy about the number of hydrogen bonds per spectra can clearly be identified as being associated with the
molecule in liquid wate#4314Nonetheless, to understand the SuPensemble of non-hydrogen bonded water molecules present
temperature dependence of the line shapes, it is useful to adopf” the liquid, whose relative fraction increases with temperature.
a definition of the hydrogen bond, and examine the conse- The underlying distribution of frequencies is obscured in the
quences. Again choosing the usual deometric definifi®ipe-141 infrared spectra both becau;se of motional narroyving, and also
for the HOD/DO system the distribution of OH stretch because the OH (or OD) OSCI||6.lt'OI’S that are donating a hydrogen
frequencies can be separated into components for when the HONd have much larger transition dipole moments than those
atom is donating a hydrogen bond, and for when it is not OH_ (or(_)D) stretches that are not forming hydrogen bonds with
engaged in a hydrogen bond. In Figure 11 we show the €Il neighbors. _ _ _

decomposition of the distribution of frequencies into hydrogen AN important conclusion of this work is that, at least for water,
bond and non-hydrogen bond components for the lowest (10 it is 'e'ssentllal to incorporate the strong dependence of the
°C) and highest (99C) temperatures studied. The full normal- transition dipole moment on hydrogen-bond strength and
ized distribution of frequencies is the sum of the two compo- coordination in spectroscopic calculations. This was true for
nents. Two effects are apparent: the non-hydrogen bond the infrared line shapes, which depend, effectively, on the square
component of the distribution of frequencies is increasing in of the transition dipole. Certainly, it will also be important for
magnitude with temperature, but its position and width remain calculations of the signal measured in ultrafast vibrational echo
essentially constant, and the hydrogen bond component shiftsEXPeriments. These signals d'efgnd on even higher powers of
significantly to the blue (by approximately 100 cH and the transmon dipole momgny( in heterodyng experlmepts
narrows (by about 50 crd). The relative magnitude of the non-  ©F #' © in homodyne experiments). Incorporating the environ-
hydrogen bond component is increasing because the fractionMental dependence of the transition dipole moment in the
of H atoms donating a hydrogen bond drops from 0.90 at 10 observaples measurepl in the ultrafast wpran_onal echo experi-
°C t0 0.75 at 90C. The shift of the hydrogen bond component Ments will be the subject of a future publicatith.

of the distribution of frequencies to the blue implies that on
average hydrogen bonding in the liquid is weaker at higher " ) a
temperatures. All of these effects manifest themselves in the Schmidt, Chris Lawrence, and Michael Fayer for helpful

calculated isotropic Raman spectra, as evidenced by the shouldefiScussions, Dana Dlott for providing room-temperature IR and
on the blue side of the spectra growing, and the overall blue R@man spectra of HOD in 4D, and Andrei Tokmakoff for

shift and narrowing of the spectra at high temperatures. |ndeed’suggesting that we investigate how the transition dipole depends
even the nonmonotonic behavior of the Raman line widths can ©N €nvironment from ES calculations. The authors are grateful
be understood from the frequency distributions, whose widths fOr support from the National Science Foundation through grants
(for HOD/D,0) give the nonmonoatonic progression of 362, 404, CHE-0132538 and CHE-0446666. S.A.C. also acknowledges

358, 340, and 316 cri for the temperatures 10, 30, 50, 70 the support of a Ruth L. Kirschstein National Research Service
and 90°C. "7 Award administered through the National Institutes of Health.
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