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Interrogation of Vibrational Structure and Line Broadening of Liquid Water by
Raman-Induced Kerr Effect Measurements within the Multimode Brownian Oscillator
Model?
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The method used to deduce the spectral density distribution of intermolecular and intramolecular (vibrational)
degrees of freedom in the liquid state from optical heterodyne detected optical (Raman-induced) Kerr effect
(OHD-RIKE) measurements is reexamined within a multimode Brownian oscillator model. The ramifications
of nonlinear coupling of the nuclear degrees of freedom to the medium polarizability are explored for
discrimination between “homogeneous” and “inhomogeneous” contributions to the vibrational spectral density.
Under physically reasonable assumptions, an estimation of the homogeneous contribution to the vibrational
line shape can be made from the OHD-RIKE observable (if nonlinear coupling is nonnegligible). The model
is developed generally, and calculations are applied specifically to temperature-dependent OHD-RIKE
measurements of liquid water. The results indicate that the line broadening in the low-frequency vibrational
distribution due to the hydrogen-bonded network structure of liquid water is mostly inhomogeneous, with an
effective homogeneous relaxation time of 350 fs at’e4

Introduction separation of time scales distinguishes these contributions.
The nature of the motions and relaxation processes of When the system is characterized by a continuous distribution

intermolecular degrees of freedom in molecular liquids has 01; time scales (33 |n_t§hehcase of rgolecular fl|qu|dds), It 'ISh
important ramifications for chemical processes in solution. Of 2dvantageous to describe the system degrees of freedom with a

particular interest is the time scale for irreversible reorganization continuous spectral density function, and the distinction between

of solvent structure around excited solute species, which Can;)homogggleous(; andtf‘lnhtl)lmogeneous”dc?.ntntiﬁnons mtay not
affect the outcome of chemical reactions where dynamics along Re possible. | pekr]a ||(:)na Y, one (;an eflnhe Re spon %neo?js
a “solvation coordinate” are rate-limiting. Extensive spectro- aman signal or the Fourier transform of the Raman-induce
scopic investigations of these dynamics have been conducted€"" effect (RIKES) signal as the s.pectrgl.(jensny of the system
using for example spontaneous Raman and femtosecond opticajjegrees_ of freedom_. Howe\{er,_thls deflnl_t|on does not provide
Kerr techniques. Due to the complexity of molecular liquids, Insight into the_ microscopic Interpretation of Fh_e spectra.
the motions and relaxations span a broad range of time SC(,ilesTherefore, despite the difficulties outlined above, it is tempting

(static to femtosecond). The low-frequency motisr800 cnr?! to retain the not!ons of h.omogeneolus and inhomoggneous
contain information about the structure and dynamics of PTOCESSES. This is theoretically possible by decomposing the

collective intermolecular interactions and can be probed by spectral (_jensny Into a homogeneous_plém;r) that depends
ultrafast coherent Raman spectroscopiés. on coupling para”.‘e‘?rs.a”d dynamical constdntand an

A major complication in a modal analysis of the spectral mhompgeneous d's”'b“"oﬂ qf these .parameﬂﬂé). The .
density function of these degrees of freedom is that a static experimental spectral density is then given by the convolution

distribution of environments usually makes a significant con- ©f these guantities
tribution to the line widths of the individual modes. The _ .
dominance of this effect makes an interrogation of the dynamical Clw) = f J(w:T) ST) dr @)
contribution to the line widths difficult. Ideally, one would like A simple measurement @(w) as produced by the spontane-
to make a clear distinction between the “fast” and “slow” ous Raman or femtosecond RIKES techniques cannot directly
contributions to the linewidths. Static (or very slow) contribu- reveal the contributiond andSseparately, and there are many
tions are conventionally denoted “inhomogeneous broadening” possible choices of and S giving the sameC(w) which may
as opposed to the “homogeneous” fast contributions, which give be unphysical or not objectively distinguishable. Nevertheless,
rise to the more interesting and relevant structural dynamics of this decomposition ofC(w) makes sense il and S can be
the medium. Such distinctions are possible only when a clear independently manipulated and measured. It has been shown
T ed at the Northeast Redional ACS Meeting in Rochester. NY that higher-order Raman measurements, which involve more
resented at the Northeast Regional eeting in Rochester, : : : : e :
(October 24 and 25, 1995), on the “Structure and Dynamics of Liquids”. than one time evolution period, constitute a multidimensional
*Current address: Department of Chemistry, University of Pennsylvania, SPectroscopy which can directly distinguish the homogeneous
Phi§laédelphia, Zg\ 19020lj ¢ Chemi 80 St G S and inhomogeneous contributiohs.Such experiments are
urrent address: epartment o emistry, t. eorge Street, i i i i
University of Toronto, Toronto, Ontario, Canada M5S1A1. technically very demandmg and currently in progress. In thI_S
* Corresponding authors. paper, we propose a different procedure. We show that a series
® Abstract published irAdvance ACS Abstractdday 15, 1996. of RIKES measurements, where the temperature (or possibly
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another state parameter) is varied, can be used to distinguishdegrees of freedonQQ in eq 2 are not (necessarily) the
the contributions ofl andSto the third-order RIKES response  configurational and structural coordinates of molecules and their
function. This analytical procedure depends on a specific model nearest neighbors found in the pairwise multipole expansion of
of the nonlinear optical response of the medium, unlike the the molecular polarizability. Equation 2 describes the coupling
higher-order techniques which are model independent. Our of structural coordinates which emerge from a vibrational mode
analysis is based on the nonlinear dependence of the mediumanalysis of the local molecular configuration under the influence
polarizability on the intramolecular and intermolecular degrees of intermolecular forces due to contributions to the intermo-
of freedom (coordinates). The nature of the coupling of the lecular potential such as the multipole expangiofihe linear
coordinates to the polarizability has important ramifications for approximation decomposes the medium polarizability into a
the connection of molecular dynamics and normal mode basis set of modal contributio some of which are molecular
simulations to experimental measurements of the Raman spectrahnd some of which are intermolecular, arising from interactions

density. like those described by the multipole potential The nonlinear
hypothesis considers the static and dynamic coupling between
Theory individual modes in this set of (basis) coordina@s Such a

Fourier-transform analysis of the femtosecond time-resolved 'ePresentation can be regarded as an extrapolation of the theory

optical heterodyne detected Raman-induced Kerr effect (OHD- fc.)r. “interaction-induced” contribllétions to the. Ram@n spscepti-
RIKE) transient wave form directly recovéithe spectral density b_|||ty developed by M_addeat al, . where the identification of
distributionC(w) underlying the third-order susceptibility®) (|)_the modeQ an_d (i the coupling between t_hera.g., €a 2.)
under certain assumptions. Of these, the principal one is that®/1S€ from terms in the mtermole_cular potential that are linear
the medium polarizability is a linear function of the intramo- 2nd higher order in the, respectively. . -~
lecular and intermolecular nuclear coordinates. Then the line "€ nonlinear response functions have been derived within
broadening mechanisms for these degrees of freedom contributd?©th p_ath-mtegré? and quantum mechanical coherent state .
to the spectral density functidw), and the response function fqrmallsms. ,Wh'le the re?‘,“ts presented below are the same in
R® (¢) (vide infra) in the same way, and no objective basis either formalism, the traditional sum-over-states interpretation

exists for an evaluation of the time ordering or coupling between Of Optical response functions in terms of populations and
them. On this basis, information about line broadening of the °°here“9es _between SPeC'f'C Ievelg IS more transparent in the
spectroscopic transitions associated with these coordinates datter derivation. T he th|rd-orQer optical response can be written
inaccessible to the OHD-RIKE measurement taken at a single 10 S€cond order in the coordinat@sas

set of state parameters. When the medium polarizability
depends nonlinearly on the nuclear coordinates, the nonlinear
optical response of the medium acquires contributions which
may be distinguishable by their functional dependencies on state
variables such as temperature, isotopic composition, and chemi-
cal composition. The distinctions derive from differing func-
tional dependencies of thkandS contributions to the spectral
density C(w) on these variables and can be quantified by Where
theoretical nonlinear optical response functions derived from

L2
2ioy

RO =—

Jdr r)Cr(z.T) +

2i

2
:2 Jdr S(r) c'(r.r) (L) (3)

the multimode Brownian oscillator modébr the intermolecular C'(r)= f dw J(w:T) sinwt (4)
degrees of freedom fitted to the measured OHD-RIKE transients.

In this way, it is possible to distinguish homogeneous and oY — R ) pho'
inhomogeneous contributions to bands in the vibrational spectral c@ f do’ J(w'T) cosw'r coth 2 ©)

density function by a series of third-order nonlinear optical

measurements. are the imaginary and real parts of the correlation function for

The semiclassical Brownian oscillator model of Tanimura and
Mukameflatreats the molecular and intermolecular coordinates
as a distribution of harmonic oscillators. (The generalization
to nonharmonic oscillators is in progress.) In general, the
dependence of the polarizabilitQ) on the (set of) nuclear
degrees of freedom (mode<) can be represented by a
polynomial series:

[

1
Q) = Z‘ ;anQ” )

where the coefficientst, are given by the differentialolo/

aQ" of the polarizabilitya in a finite volume of the medium.
The coordinate dependence in eq 2 has been described previ
ously by an exponential generating functi@(Q) = oo exp(s
AQ,) for simplicity and generality. The polynomial form can

be derived from the exponential generating function and was

the nuclear degrees of freedom (modéd) SI') is the
inhomogeneous distribution of oscillators ad@y;I) is the
homogeneous spectral density for each given realizati&ITo)f
where 8 = 1KT (k is the Boltzmann constant an@l the
temperature).T" represents the distribution of parameters for
each oscillator #fs, ys, ws) Wherens is the coupling strength,
ys is the damping, andvs is the center frequency for each
mode.

When the polarizability is linear in the coordina®sa(Q)
= a,Q; and only the lowest-order term (with the coefficient
a4?) of RO(z) is nonzero, with all higher-order responsg$)
R, -+) identically zerd’ In this case the set of nuclear
coordinatesQ specify noninteracting “normal modes” of the
medium structure, giving

RIr) O [dl §T) ['do J(wT) sinwr (6)

chosen here since the expansion is taken only to the quadraticThe discrete Fourier-transform (DFT) technique introduced by

term in the present exampleide infra). Forn > 1 in eq 2,
the a, can be regarded as identifying contributions to the bulk
polarizability due to nonlinear coupling afnuclear degrees of
freedom in the polarizability of the medium. Note that the

Lotshaw et al8 and extensively developed by McMorrow,
Lotshaw, and co-worke?§P® extracts the spectral density
distributionC(w), which can also be recovered by spontaneous
light scattering (after significant data manipulation) and stimu-



10382 J. Phys. Chem., Vol. 100, No. 24, 1996 Palese et al.

lated Raman gain measurements. While there are manymore than one delayis needed to describe the pulse sequence,
attributes which recommend the OHD-RIKE method for the the second integral term describes the response “€cingither
purpose of obtainin@(w),? neither the spectral line broadening the coordinate identity of individual modes i@ nor the
contributionsI') andJ(w;I") to C(w) nor mode couplings can  qualitative details of the modes.§., damping) are in any way
be directly evaluated since all degrees of freedom, including implicated in the presence or absence of this term in the
bath interactions, contribute ®&3(z) throughST) andJ(w;I") response.

in the same way. Other considerations also suggest that a DSE type orienta-
The major problem with the linear polarizability hypothesis tional coordinate may not unilaterally account for the exponential
is the difficulty of eq 6 to account for measured parametric tail of the OHD-RIKES transient in hydrogen-bonded liquids.
dependencies in the long-lived exponential relaxations which With respect to orientational degrees of freedom in liquid water,
have been observed in the OHD-RIKE response of hydrogen- it is unclear whether the large extended molecular clusters stay
bonded, network-forming liquids like watér.In molecular intact longer than the cluster rotation time since the hydrogen-
liquids exhibiting less structure and less specific interactions, bond lifetime has been suggested to be around 560 i
these contributions have been attributed to reorientational addition, cascaded dipoeténduced-dipole effects could lead to
diffusion processés$ and therefore fit to classical rotational a depolarization rate, through dipolar hopping, faster than
Brownian modelsi(e., Debye-Stokes-Einstein (DSE) model). molecular rotation. Either of these effects would obscure
The previously noted excellent agreement between the longest+otational reorientation contributions (which for water have a
lived exponential relaxation observed in the femtosecond OHD- 1/e time of~8 pdY) to the experimental observable, although
RIKE, dynamic light scattering (DLS), and NMR measurements molecular reorientation would still contribute to homogeneous
of molecular orientational dynamics in “simple” organic liquids relaxation of the intermolecular modes @ In such a case,
supported this attributioh® Such agreement, however, is an analytical paradigm alternate to that of the classical DSE
lacking with the reorientation rate of water molecules deduced representation may be warranted. The Brownian oscillator
from dielectric relaxation and NMR studiéswhich is over an representation of the OHD-RIKE response thus has interesting
order of magnitude slower than the slowest exponential relax- implications for analyses of dynamical mode coupling and
ation observed in the femtosecond OHD-RIKE trangi¢ne., structural relaxation in the condensed phase and constitutes a
716 = 8 ps for NMR, dielectric relaxation; 0.6 ps for OHD-  physically intuitive starting point for an exploration of the rates
RIKES!? at 24 °C). In part, it is the lack of convergence and paths of energy propagation from initially excited high-
between the lifetimes derived from these diverse measurementdgrequency, localized structural modes into lower-frequency,
which suggests that the quasi-exponential behavior of the RIKES delocalized modes which may ultimately be observed macro-
transient of water at times longer than 1 ps may partly arise scopically.
from nonlinear coupling of the nuclear coordinat€ (o the The existence of nonlinear coupling of the coordinae®
bulk (optical) polarizability. the polarizability means that the line broadening details of the
The DSE contributions to the OHD-RIKE response have been spectral density function cannot be recovered by direct Fourier
previously approximated by a data reduction (“tail-matching”) transformation of the OHD-RIKE transient; instead, an analysis
procedur&in which an overdamped oscillator response function based on the more complicated response function of eq 3 is
with the same decay rate and amplitude as the presumed DSEnecessary. The response function of eq 3 invokes additional
contribution is subtracted from the OHD-RIKE transient in order contributions to the third-order response and allows that the
to generate a purely “vibrational” spectral density from the DFT amplitude of the observed long time relaxations may partly result
operatior® This procedure makes assumptions regarding the from nonlinear coupling of the polarizability to the nuclear
rise time of the oscillator response (through the moment of coordinatesQ and not only from the contribution of a nonin-
inertia of the oscillator and the resistance of the medium) and teracting molecular orientation degree of freedom to a linear
therefore may distort the spectral density distribution determined R®)(z) (eq 6). In contrast to the lineas(?) term, the quadratic
by the DFT analysis of the reduced data. Furthermore, unless(0z%) contribution to the response functié¥®(z) is biased to
the polarizability is strictly linear in the medium coordinates lower frequencies due to the presence of the hyperbolic
Q, the subtraction of a single response component from the setcotangent thermal occupation function. The line shape functions
of coupled components iRA)(z) is theoretically inconsistent ~J have a viscosity dependence similar to a DSE rotational
with eq 3, in which the same dynamical coordinate (as an reorientation througl® (eq 11,vide infra) via the homogeneous
element ofQ) can contribute to more than one of the integral dephasing constantin both the linear and quadratic contribu-
terms of the respons®3)(z). In order to justify the component  tions to R®)(z), buty appears to higher order in the? term
subtraction, two conditions must be satisfied: first, the coupling due to the quadratic dependenceJorDue to these distinctions
of the polarizability and nuclear coordinates must be strictly in functional dependence, the,? term of R®)(z) will be
linear; second, the intermolecular modes must be divided into Significantly more sensitive than the? term to parameters that
at least two groups, with a band at the lowest frequencies leadingaffect the dephasing rate, such as the (coordinate) moment of
to diffusive motions. Such a division was proposed by Ohmine inertia, temperature, and mode coupling.
and Tanakd? subsequently discussed by Clet¢ al.,'* and In this report, contributions of the quadratic coupling term
implied by the “tail-matching” procedure of McMorrow and (the a2 term in eq 3) are used to exemplify the effects of a
Lotshavw? described above. Due to the conditions enumerated more general higher-order dependence of the medium polariz-
above, pure linear coupling of the polarizability to the nuclear ability on (harmonic) nuclear coordinates, such as the expo-
degrees of freedo® explicitly means that higher-order signals, nential coupling cited above. When the medium polarizability
such as the fifth-order response measured in carbon disulfidedepends nonlinearly on intermolecular coordinates, the nonlinear
by Tominageet al.,**> should vanish according to the harmonic response functiorR®(r) will contain information about the
theory of higher-order Raman echo experiments. This theoreti- coupling between and broadening of specific spectral bands
cal consequence of the second integral term in eq 3 is due tothrough the state variable dependence of the static (inhomoge-
the quadratic dependence of that term on the coordifgatesd neous) and dynamic (homogeneous) contributior3(te). This
the associated pulse delay(s): in multiple pulse probes whereinformation can be recovered by fitting the experimentally
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measured transients to a system of equations analogous to eqgs ’ ' ' ' '
3-5 at each value of a varied state parameter. The specific A
functional form of the coupling in eq 2e@., polynomial,
exponentialetc) will affect the number and weighting of the
terms in the nonlinear response function, but the qualitative
trends will be similar for any nonlinear couplifigOnce the
various contributions td®)(z) have been identified within a
physical model, theC(w) can be factored into homogeneous
and inhomogeneous termdde infra). This procedure, which
analyzes the (model-based) parametric dependence of a single-
time correlation function through the third-order optical non- ‘ ‘ , , , :
linearity, is to be contrasted with higher-order nonlinear optical 0 1 2 3 4 5
measurements of multiple-time correlation functions which can TIME (ps)
directly distinguish the unique time orderings of homogeneous . . . : ; .
and inhomogeneous modulatiof$.

We noted above that the lineag? term in the responsg®-
(7) is incapable of discriminating homogeneous and inhomo-
geneous contributions and that a purely ling8l(z) is identical
in the homogeneous and inhomogeneous limits. Physically, the
linear term gives rise to optical phase interference between
individual oscillators in the ensemble, and therefore its decay
depends only on the total spectral distribution. However, the
homogeneous and inhomogeneous contributions enter into the
guadratiocn,? term of R®)(7) differently. This can be explicitly

a,b

AMPLITUDE (arb. units)
3

AMPLITUDE (arb. units)

seen in the homogeneouW§®s) = d(ws)) and inhomogeneous 0 1 2 3 4 5
(J(w,ws) = d(w—wy)) limits TIME (ps)

Figure 1. Homogeneous (a) and inhomogeneous (b) limits for the linear

i (A) and quadratic (B) coupling of the polarizability and nuclear
3(r) = 1 i coordinates oR®. The linear term is identical in these two limits
(1) = do, Swy sinw T + ,
R(”( ) h f sy s while the quadratic term shows a fast decay of 85 fs for the
2i0L22 Ao homogeneous_ limit and nonexp_onential behavior with relaxations of
dog Sy sinw, T coswg coth S 7) >2 ps for the inhomogeneous limit.
A f s S S 2

nuclear degrees of freedo@ in the polarizability (eq 2) and
and not the parametrizations & andJ, illustrate the difficulty in
the assignment of this component of the measured response and
alz the need to assess the importance of the quadratic term through
A fdw J(w) sinwt + its state variable dependence.
These arguments indicate that, in practice, the homogeneous
and inhomogeneous contributions to the line shape can be

2i

RI(x) =

2i

2
a ]
2 [do J(w) sinwr [do’ Jo') cosa's cothﬁhTw 8)

A estimated through third-order measurements for the nonlinear
coupling model. Since discrimination arises in the second (or

where any distributions in the coupling strengthg) (and higher)-order term(s), these measurements require that the

damping rates)() have been ignored, so th&") = Sws) is homogeneous and inhomogeneous distributions are distinguish-

the frequency distribution responsible for inhomogeneous ably altered as a state parameter is varied and that the amplitude
dephasing. The second term containing two-quantum transitionsOf the nonlinear termd?) in the response functions (eqs 7 and
results from time-ordered couplings within the ensemble of 8) is above the experimental signal-to-noise ratio. In order to
oscillators and frequencies generated through thermally excitedcorrelate simulations to experimental measurements, the func-
bath fluctuations. The bath fluctuations are causally related to tional dependencies d andJ on experimentally accessible
the homogeneous contribution in the spectral density of specific Parametersife., temperature, viscosity, molecular mast:)
intermolecular degrees of freedom, and the quadratic dependencére required. The form fad(w;I') can be obtained assuming

of the second term in eq 8 od(w) allows discrimination that each nuclear mode is coupled to a set of bath harmonic
between homogeneous and inhomogeneous effects. This ca®scillators with coordinateg® and momentunps. = The

be seen explicitly in Figure 1, which shows the linear and interaction between the system and #ik bath oscillator is
quadratic terms foR®(z) in the homogeneous and inhomoge- assumed to be linear, with coupling strengifi The total
neous limits of the spectral densiB{w). The parametrization ~ Hamiltonian can be written &

of C(w) (obtained by fitting the Fourier transform of the OHD-
RIKES transient of HO with functions forJ andSas discussed

2
p 1
below) resulted in identical linear coupling dynamics (th@ Hg(p,q) = Z i—i— E rrgqsza)s2 +

terms of egs 7 and 8) in the homogeneous and inhomogeneous S

limits, since the dependencies of thg? integral on the line ) s ) s )
shape functions are equivalent. In contrast, the quadeafic P mi@) s G Gs

term decays rapidly in the homogeneous limit with a time . "‘T X~ 9)
constant of approximately 85 fs, while the inhomogeneous limit 5| 2m, mc(wy)

shows nonexponential behavior with long-lived componeris
ps. These results, which are a consequence of the order of theBy tracing over the nuclear and bath coordin#tes
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ongyw) using temperature-controlled flowing and static cells. The liquid
2 22 > 2 (10) temperature was monitored and stabled0.2 °C or better.
2n((wg — 0"+ 0% () Figure 2 shows representative pure OP OHD-RIKE responses
for temperatures of 2.6, 24.0, 53.5, and 920 It can be seen
where that the long-lived exponential relaxation becomes increasingly
shorter with increasing temperature (decreasing viscosity).
(©)? As can be seen from eq 9, contributions R¥®)(zr) would
yw) = Z —(w — ) (12) also be expected to exhibit a dependence on the molecular
2m(w>)? mass or moment of inertia. Experimental results o@Dave
been found to be consistent with this theoretical descrigfion.
Figure 3 displays the Fourier transforms of the OHD-RIKES
Assuming a frequency-independent dampjr@w) = ys transients shown in Figure 2 at 2.6, 24, and 53% and
calculated according to our previous prescripfiénThe spectral
< W1sYs density derived from this analysis presumes the linear coupling
zJ ) = Jw;I) = z > e 2 a (12) hypothesis which results in eq 6. This spectral density, which
s s 21((wg” — 0)" + 0%y) we take as our defaulE(w) (eq 1), changes with temperature
as follows: the modes centered near 60 and 170'hift to
where the sum oves signifies that in general each physical |ower frequency, and the 170 cchmode appears to broaden
mode of the system can have a different effective homogeneousand decrease in amplitude, while the librational modes between
width and coupling strength. Hene is related, in the liquid 350 and 600 cm! increase in amplitude with increasing
phase, to a viscosity-dependent teggi, and a molecular mass-  temperature. There is an inherent uncertainty in the behavior
dependent termm¢, analogous to the classical Langevin of the spectral amplitudes in the 35600 cnT! range due to
equatior?! uncertainty in the precise position of the time origin of the OHD-
Previous work has shown that only higher-order Raman RIKES experiment which we have noted previouslyThe
experiments can directly separate homogeneous and inhomochanges in the band shape at frequencie00 cnT! are
geneous components to the spectral derf$ity.The term  substantially independent of this effect. The evolution of the
“directly” in this context means “in a single experiment and spectral density with temperature contains specific information
without any further knowledge of the line shape functional forms  about the structure and dynamical properties of the liquid, which
and/or their dependencies on physically accessible parameters”we want to extract unencumbered by the possibility of analytical
The method presented here is not inconsistent with that premise artifacts. The analytical procedures employed by the Brownian
since the homogeneous and inhomogeneous contributions camscillator analysis developed herein extract the temperature
only be extracted if a physical model provides the functional dependence of the medium response in the time domain, prior
dependencies of the respective line shape contributions. Thusto the discrete Fourier-transform manipulations which are
there is basically a hierarchy of assumptions which must be sensitive to the above-mentioned details regarding the precise
made to extract the homogeneous and inhomogeneous contribuexperimental time origin. In this regard, the results of the
tions. While higher-order (fifth, seventh;-) Raman experi-  Brownian oscillator analysis serve to validate qualitative conclu-
ments require no assumptions regarding the functional formssions emerging from the direct Fourier-transform analysis
of the inhomogeneous and/or homogeneous distribufihs, represented in Figure 3.
there are many experimental difficulties that must be overcome  The calculated temperature dependence of the terr®&in
in order to acquire data with sufficient signal-to-noise for an () within the quadratic coupling limit of the Brownian oscillator
unambiguous interpretation. Conversely, a series of third-order model (egs 3-5, 11, 12) are shown in Figure 4. The precise
Raman experiments in which temperature (viscosity), isotopic functional form of the inhomogeneous distribution used in these
composition, or number density are varied can provide high- calculations is not critical, as other functional forms give similar
quality, high-signal-to-noise data for detailed analyses of the results. In this instance the inhomogeneous distribution was
above-mentioned “physically reasonable” assumptions regardingassumed to be of the form
the dependence of the homogeneous and inhomogeneous line

Fw) =

shape on these parameters. These conditions are to be contrasted szmCm
with a third-order measurement at a single set of state Sw) = z (13)
parameters, which requires that the exact functional forms of w27((w? — B,2)? + 0?’C,2)

both homogeneous and inhomogeneous distributions be known
through well-founded theoretical arguments, as in gas phasewhere the indexn specifies physically different modes which

experimental studies. contribute to the spectral distributiond, librations, transla-
) ] ] tions). The inhomogeneous parameters extracted from the fit
Experimental Results and Numerical Calculations are A5 (cm™) = (1.4, 2.6, 6.7, 5.8, 10.0B;...5 (cm™)) =

The laser source for these experimental studies was a Ti: (70, 200, 420, 570, 720), arth...s (cm™*) = (140, 140, 240,
sapphire laser synchronously pumped by 5 W from a mode- 240, 240) wheré\ is related to the relative amplitudes of each
locked and frequency-doubled Nd:YAG laser. The Ti:sapphire mode, B the center frequencies, ar@ to the width of the
laser produces 3040 fs (fwhm) pulses at 76 MHz and average inhomogeneous distribution around each mode. The number
powers up to 1.0 W2 The experimental method for the of terms and their center frequencies were chosen to be
heterodyne-detected Raman-induced Kerr effect studies isconsistent with the results of previous spontaneous Raman
identical to that described previou$ly. The pure out-of-phase  scattering measuremerits. The librational bands centered
(OP) heterodyne responses have been constructed from datat 420, 570, and 720 cm could be fit with a single broad
scans collected with positively and negatively sensed local band to reduce the number of terms in the fitted spectral density,
oscillators?® which eliminates homodyne contamination of the but such a computational simplification would not affect
heterodyne signal. The temperature dependence of the low-the results due to the presence or absence of the nonlinear
frequency Raman-active modes in water was investigated by coupling.
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Figure 2. Temperature-dependent fits to time domain responses at (A) 2.6, (B) 24.0, (C) 51.9, and () @&li2ing electronic hyperpolarizability
contribution and calculated linear and quadratic nuclear terms. These terms are identified by the relative peak amplitudes: eleetlioeiar(a)
(b) quadratic (c). Curves (d) are the calculated fits to the experimental data (e). The homogeneous line width is 16, 29, 52, ane:83entively.
Note that these responses are still convolved with the finite laser pulse width.

1.1 e L A B B B e B independent coefficient (which varies with the functional
1+ form chosen for the inhomogeneous distribution) and the
08 effective homogeneous damping. Lastly, to simplify this
08 [ demonstration of the multimode analysis, the number of
3 ot} parameters in the fitted spectral density is restricted by our
3 06 L assumption of a single homogeneous damping parameter
§ 05 |- all of the modes.
T 04l The linear term (panel A) shows a qualitative temperature
Z sl dependence for the high-frequency oscillations that is consistent
02 - with the experimental results for time delaydl ps: as the
o1 b temperature is increased, the oscillations become less distinct.
oL This part of R®)(r), however, does not show the observed
_01' Lo temperature dependence of the longest-lived relaxations. The
".50. 0. 50. 100. 150. 200. 250. 300. 350. 400. 450. 500. 550. 600. linear term can fitted to the measured response to account for
FREQUENCY (1/cm) the dynamics at a single temperature, but the time constant of
Figure 3. Temperature dependence of the spectral densije§ of the exponential tail in the calculated response decreases incom-

the OHD-RIKE wave forms shown in Figure 2 and obtained by discrete mensurably with that of the measured response as the temper-
Fourier-transform analysis preomlsed on theo linear coupling hypothesis gt,re is varied. The temperature scaling of the linear term is
of eq 6: (a) corresponds to 2°, (b) to 24°C, and (c) to 92C. due to increased broadening of the homogeneous line shape.

In these fits three assumptions are made regarding the TNis broadening arises from the coupling tecghin eqs 9 and

parametrization of the spectral density. Two of these pertain 11, which in these calculations is related to the inverse of the
to the inhomogeneous distribution. The first is that the center temperature-dependent shear visco3ityAs the temperature

frequencies and amplitudes of the inhomogeneous distribution €S, the viscosity decreases and the damping rate (and
are slowly varying relative to changes in the homogeneous homogeneous line width parametgrncreases. The q_uadratlc_
damping that result from viscosity variations within the tem- term (panel B), on the other hand, shows behavior that is
perature range studied. This assumption is supported by MD consistent with the measured temperature dependence of the
simulations of hydrogen-bonded water clusters which indicate €xponential tail. The enhanced temperature sensitivity of the
that the cluster size, and hence the local environment of quadratic term derives from both the higher-order dependence
molecules in a cluster, is not a strong function of temperafure. 0n the homogeneous dampingand the hyperbolic cotangent
Second, there exists a low-frequency cutoff in the inhomoge- describing the thermal occupation of the modes. The exact
neous distribution which depends on the time scale of bath position of the peak depends on the homogeneous damping rate
fluctuations that redistribute molecules into new clusters. in the line shape function which ranges from 150 fs at 45
Physically, this cutoff simply recognizes the practical restriction to 80 fs at 92°C (see Figure 4C). This is similar to the

of “slow” line broadening processes to time scales longer than overdamped oscillator dynamics assumed in the tail-matching
the (underdamped) oscillator peri&fd. Computationally, this procedure of McMorrow and Lotshatv.In the present case,
cutoff frequency is given by the product of a temperature- this contribution results from the nonlinear coupling of the
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Figure 5. Spectral density functions for 2°€ response: total spectral
density (a), linear coupling term (b), and quadratic coupling term (c).

B
a
102} \ 1 Note that these spectral densities are still convolved with the finite
10! laser spectral bandwidth.
b

0 . I .
107¢ 3 to the nuclear response, an electronic contribution will also be
10 . 1 present in the experimental OHD-RIKE response. Within the
) Born—Oppenheimer approximation, and for off-resonance ex-

T T T T T

citations, the nuclear and electronic contributions will be

1 separable with the electronic contribution following the auto-

] correlation?® The fit, consisting of the electronic hyperpolar-
izability and the linear and quadratic nuclear contributions, is
also shown in Figure 2. It can be seen that the calculated
responses are in good qualitative agreement with the experi-
. mental measurements. The corresponding frequency domain
representation is shown for the 2°€ fit in Figure 5. (The

a curves presented in Figure 5 cannot be directly compared to
the 2.6°C spectral density shown in Figure 3, since the curves
in Figure 3 have been deconvoluted from the spectral density
function of the exciting laser pulse. The deconvolution has two
effects: the amplitude and the amplitude noise increase with
increasing frequency, the former due to the decreasing amplitude
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in the wings of the (finite) laser spectrum and the latter due to

0.0F . the quotient of two small numbers in the deconvolution
00 01 02 03 calculation at high frequencies>2 times the fwhm laser

TIME (ps) bandwidth)®9) It can be seen that the quadratic term affects

Figure 4. Calculated temperature dependence of the nuclear responsén€ low-frequency portion of the spectrum most dramatically
function with mixed line broadening within the multimode Brownian due to the presence of the hyperbolic cotangent thermal
oscillator model for nonlinear coupling of nuclear coordinates and occupation term. This behavior, as well as the actual spectral
polarizability at (a) 2.6, (b) 24.0, (c) 52.0, and (d) 92@ (A) linear density of the quadratic term, is also heuristically consistent
term and (B) quadratic term; (C) dependence of the rise time on the yjith the simpler DSE interpretation of a noninteracting, mo-
homogeneous contribution to the distribution which changes as a ¢y reorientation mode due to isolated molecules reorienting
function of temperature. The curves are offset for clarity. . . . : .

within a viscous dielectric continuum, as was noted above.
However, the mechanism of the observable is now open to a
more appropriately convoluted interpretation in which the
dynamics of the various higher-frequency intramolecular and

polarizability and nuclear coordinates and not from a noninter-
acting reorientational mode. This component, however, shows
behavior analogous to such a reorientation coordinate; namely,. ) L
the molecular mass- and viscosity (temperature)-dependent'mermc’le‘:u'a_r modes of the medium e>‘§p_I|C|tIy c"ouple and
studies show the decay becomes longer with increased moleculafherer)y contribute to th? Iow-.frequency, dlf_fuswe response
moment and shorter with lowered viscosity. component. Such considerations are'espgually relgvant to the
The global fit to the temperature-dependent data was obtainedcou!Ol!ng between the underdamped I|br_at|onal motions W,h'(.:h
within the Brownian oscillator model using the linear and exh|b|E Zero root-mean-square (rms)_ (_jlsp_la_cement _and dif-
quadratic terms of eq 3. It should be noted that these fusive” (DSE) reorientation which exhibits finite rms displace-

calculations still retain the finite spectral bandwidth of the laser ment in the same molecular orientational coordinate.
since the comparisons are made to experimental OHD-RIKE
responses without deconvolution. Increasing the homogeneou
contribution to the line shape of each mode at low temperatures A linear dependence of the polarizability on harmonic nuclear
will cause the response to evolve more rapidly with temperature, degrees of freedom in molecular liquids is inconsistent with
thereby allowing the determination of homogeneous part to the experimental observations of higher-order Raman responses in
spectral distribution. The correlations between the calculated the liquid phase and the measured temperature dependence of
best fit and experimental data are shown in Figure 2. The the third-order nonlinear response functi®®)(z) for the
extracted homogeneous line widthg @re 16, 29, 52, and 83  hydrogen-bonding liquid water. Inclusion of a quadratic
cmtat 2.6, 24.0, 51.9, and 92°C, respectively. In addition  dependence of the medium polarizability on the nuclear degrees

Loncluding Remarks
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' ' ' ' distribution. The Fourier-transform dynamics of these terms

LOr A is shown in Figure 6B,C, respectively.
% osl | We have observed that the precise functional forms of the
Z homogeneous and inhomogeneous line shape functions do not
& o6l i materially alter the qualitative effects of nonlinear coupling on
Lé the dynamics or parameter scaling of the nonlinear response
E 04f i function R®)X(z), or the parameters extracted by this analysis. It
= is the coordinate coupling, not the number of terms in the line
5 02+ . . shape functions, that qualitatively affects the state-parametric

behavior of the nonlinear responB¥)(r). Additionally, it is
0.0 | . . P—— P ; important to understand that the qualitative distinctions between
0 200 400 600 800 1000

the linear and nonlinear terms Bf¥)(z), as well as the effects
of the line broadening mechanisms on the dynamics of the
. . . - 1 nonlinear term, do not depend upon a highly multimode spectral
B density like that of water. [Note, however, that even highly
symmetric “simple” liquids like Cgexhibit an intermolecular
spectral density composed of at least two modal contribu-
tions26:29

The parameters deduced from our analysis can be used to
. calculate both the relative amplitude and dynamics of higher-
order correlation responses, which can directly determine
inhomogeneous contributions to the line shape. This application
of the OHD-RIKE spectral density has been described previ-
oush?® and can be used to bracket the range of some

WAVENUMBER (1/cm)
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0.0 0.2 04 0.6 0.8 experimental parameters required for the higher-order Raman
TIME (ps) probe. For example, the 29 and 140 dnhomogeneous and
, , , i , , inhomogeneous line width contributions to the 200 ¢mode
! C correspond to 350 and 65 fs 1/e times, respectively, and imply

[
[==]
T

L

\ that sub-50 fs pulse widths are required for fifth-order measure-
ments on this liquid. In addition, by assuming a specific
: coupling form, the relative amplitudes for third- and higher-
order experiments can be determined. For the coupling specified
by eq 2, the coefficients for the linear and quadratic terms are
given by 2%k and 2x%/h, respectively, and a ratio of 50:1 is
obtained for the relative amplitudes from the experimental fits.
. When combined with the signal amplitude of the third-order
response under the experimental excitation conditions, this ratio
' ‘ : : ' : allows an estimation of the fifth-order signal amplitude in the
0 1 2 3 4 5 . L L o

TIME (ps) quadra}tlc_coqpllng I_|m|t. From thesg conditions it is fo_und that
) ] o an excitation intensity of 30 GW/chwill produce an equivalent
Figure 6. Homogeneous and inhomogeneous contributions for one signal amplitude in the fifth-order response as 6 G\W/did

mode within the Brownian oscillator model. (A) This figure shows . . .
the line width for the 200 crit mode using the extracted homogeneous in the third-order OHD-RIKES measurement. This scaling

line width of 30 cmr® (solid) as well as the experimentally obtained implies that ay® signal should be observable and separable
spectral distribution (dashed line). It can be see that the distribution from the ¥ signal at excitation levels achievable even with
has significant contributions arising from inhomogeneous contributions. unamplified, cavity-dumped Ti:sapphire lasers.
(B, C) Time domain analog for these contributions. The envelope decay  Thg intent of our analysis is not to unilaterally dismiss the
Lor the mhomogengou_s d_|str|but|0n is 65 fs while that of the DSE representation, but to propose an alterredeitional
omogeneous contribution is 350 fs. ' . .

mechanism (and interpretation) that can accounafmmalous
of freedom results in a reasonable account of the temperatureparametric behavior of a “DSE-like” relaxation. The response
dependence of the OHD-RIKE experimental results for water. function R®(r) given by eq 3 containdoth the linear and
This nonlinear coupling model addresses both the temperaturenonlinear contributions: the linear contribution of any orien-
dependence of the high-frequency oscillations and long-time tational coordinate has not been discarded. The lack of
relaxations, thereby eliminating potential inconsistencies in the convergence between the measured 1/e times of the “exponential
extraction of the vibrational spectral density distribution from part” of the OHD-RIKES and NMR transient cannot be
the OHD-RIKE temporal wave form. In addition, the multi- attributed to the distinction of isomolecular and collective
mode Brownian oscillator model (with nonlinear coupling) relaxations’® Such distinctions commonly result in deviations
indicates that temperature- and isotope-dependent third-orderon the order of unity in the measured response tiffess
nonlinear optical studies enable an estimate of the homogeneou®pposed to the observed deviation on the order of 10 in the
contribution to the spectral density function. These studies case of water. This magnitude of deviation is heuristically
indicate that the liquid water system is highly inhomogeneous. consistent with the effective broadening of the response (non-
For example, the extracted homogeneous line width at Z4.0  Lorentzian) spectral density due to contributions of the higher-
is 29 cnr! compared to an inhomogeneous width of 140ém  frequency modes in the “wings” of the nonlinear term (curve
for the low-frequency Raman-active modes. These relative ¢, Figure 5). By explicit inclusion of couplings which allow
bandwidths can be seen explicitly in Figure 6A, which illustrates for energy migration from higher-frequency structural modes
the total distribution for the 200 cm mode and the homoge-  to low-frequency modes which account for structural relaxation,
neous contribution for one mode within the inhomogeneous the Brownian oscillator model is capable of accounting for the
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coupling of coordinates whose motions exhibit zero net dis-  (11) Barthel, J.; Bachhuber, K.; Buchner, R.; HetzenaueGh&m Phys
placement (underdamped oscillators) and coordinates that exhibif-€tt 1990 165 369.

L h . (12) We have been unable, after repeated measurements@rartl
finite net displacement and hence structural relaxation. DO over a wide range of temperatures, to observe a relaxation component

Further theoretical and experimental work is underway to with the 1/e time of 1.2 ps reported by Chang and Castner (Chang, Y. J.;
explore the physical nature of the mode damping and coupling Castner, E. W., JrJ. Chem Phys 1993 99, 7289) using an unamplified
and to determine whether terms similar to those obtained dueT|.sapph|re laser for excitation at 800 nm. We have observed a small-

. . . . amplitude 1.8 ps relaxation when an amplified dye laser at 625 nm was
to the nonlinear coupling of harmonic nuclear coordinates and
the polarizability can arise in a representation using anharmonic
oscillators.
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