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The apparently-multicomponent subpicosecond intermolecular dynamics of carbon disulfide liquid are addressed
in a unified manner in terms of an inhomogeneously broadened quantum mechanical harmonic oscillator
model for a single vibrational coordinate. For an inhomogeneously broadened (Gaussian) distribution of
oscillators, the model predicts naturally the bimodal character of the subpicosecond intermolecular dynamics
of carbon disulfide liquid, and also the spectral evolution effects (spectral narrowing and saturation) that are
observed for solutions of carbon disulfide in weakly interacting alkane solvents. The unique dynamical signature
of these low-frequency vibrational coordinates is determined largely by the physical constraints on the
coordinates (near equality of oscillator frequency, dephasing frequency, and inhomogeneous bandwidth), such
that constructive and destructive interference effects play a dominant role in shaping the experimental
observable.

I. Introduction T T T . T . T

. . .. . . E ~ - 10% CS_/isopentane
The microscopic origins of the unique spectral and dynamical : : neat Cs:/

characteristics of the intermolecular degrees of freedom in
liquids have been the subject of inquiry for more than three
decaded>* Recent advances in nonlinear-optical spectro-
scopy3:16.18-20,32,36,38.4%n( theoretical approactié4>-54 have
added significantly to our recognition and understanding of these 3
dynamic coordinates and led to a resurgence of interest in this &
area. Despite these advances, a satisfactory understanding of§ g1 |
intermolecular structure and dynamics of liquids remains elusive. 2 E
The primary objective of this report is to present a model
that accounts for the apparently universal signature of the
subpicosecond nonlinear-optical (NLO) response of molecular . . .
liquids 16:17:2:-23,29-31.55-59 Thjg characteristic signature is il- 0 1 2 3
lustrated in Figure 1, which shows the nondiffusive nuclear Time Delay, ps
contributions to the optical Kerr effect (OKE) impulse response  rigyre 1. Nondiffusive (vibrational) nuclear contributions to the OHD
function of neat Cgand a 10% (by volume) solution of G# OKE impulse response function oatCS; (solid line) and a 10%
isopentane. The response consists of an inertially delay&8Qq (by volume) solution of Cgin isopentane (dashed line).
fs) rise, an initially rapid, Gaussian-like decay, followed by a
slower, approximately exponential relaxation. Also apparent in
the neat Cgdata is evidence for a weak oscillation with a period
of approximately 800 f&* Details of the data analysis procedures
used to extract these response functions are given below.
This unique temporal signature was initially observed in the
OKE responses of nitrobenzene and chlorobenzene ligBids

Amplitude
o
T

carbon disulfide, chloroform, and methylene chlorifleand
numerous other liquids shortly thereaftéPs-61 We believe that
the functional form of this response reflects a universal property
of low-frequency intermolecular motions in liquid&®®and that
~ a mechanistic understanding of the origin of this characteristic
* temporal signature will improve our understanding of molecular
TCurrent address: Idaho National Engineering and Environmental -mo“on In liquids in general, and the nat-ure-Of nondlffuswe
Laboratory, MS 2211, P.O. Box 1625, Idaho Falls, ID 83415, intermolecular degrees 'of freedom in liquids in particular.
£SFA, Inc., Landover, MD: under contract to NRL; current address: 1€ most elementary interpretations of the universal temporal
Department of Chemistry, University of Florida, Gainesville, FL 32611  signature of molecular liquids are based on multimode curve
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fitting analyseg617.21.22.2729,61 Although these are straightfor-  constraints on the intermolecular coordinates. In particular, in
ward to implement, and have provided significant physical the presence of inhomogeneous broadening, the near equality
insight, the assignment of the different fitted components to of the oscillator frequencies and (homogeneous and inhomo-
unique intermolecular degrees of freedom is not justified in geneous) dephasing bandwidths gives rise to constructive and
general. The first attempt to address the unique characteristicsdestructive interference effects that are unique to these combina-
of the intermolecular dynamics in a self-consistent fashion tions of parameters, and result in the unique temporal signature
utilized an inhomogeneously broadened classical-mechanicalcharacteristic of intermolecular modes in liquid§,(Figure 1).
harmonic oscillator (HO) model for the intermolecular coordi- Also, because the relationship between frequency and damping
nates?”-59The recognition that the oscillator damping/dephasing rate (frequency pulling effect) is absent in the quantum model,
mechanisms in liquids are of the same physical origin, and the transients are well behavedm@s-0. Finally, we show how
exhibit a similar frequency dependence, as the motions of the the evolution of the intermolecular spectral density of, @5
intermolecular coordinates themselves led to a model for the serial alkane dilutions can be described by the dependence of a
intermolecular coordinates consisting of a superposition of single generalized intermolecular coordinate on multipolar
underdamped, critically damped, and overdamped oscillators.intermolecular interactions.

That superposition model offered a physically intuitive account
for the qualitative characteristics of the experimental daté:
destructive interference of the underdamped oscillators gives
rise to the rapid Gaussian-like relaxation, whereas constructive
interference of the critically damped and overdamped oscillators
results in the slowly relaxing tail. As described below, however,
the classical HO model exhibits a serious flaw for continuous
distributions of oscillators with nonnegligible amplitudes as
w—0, which is generally the case of interest for intermolecular
degrees of freedom in liquids.

In this paper, we revisit the intermolecular dynamics 06 CS

Il. Experimental Section

A. Experimental Details. The experimental procedures of
the optical heterodyne detected (OHD) OKE have been dis-
cussed previousl}t26:2758gnly the essential features will be
repeated here. The data used in this study were generated using
modelocked Ti:sapphire lasers that generate 4D fs nearly
transform-limited optical pulses near 800 nm. The laser output
is divided by an uncoated glass optical flat (BK-7A or fused
silica) with the front surface reflection directed through a
in solutions with weakly interacting alkane solvents. The computer-controlled optical delay line. This probe beam is
subpicosecond molecular dynamics ofAC&s a pure substance  polarized with a calcite Glan-Taylor polarizer, passed through
and in solution, have been investigated by several laboratoriesy proadband/4 waveplate, and focused into the 1 mm fused
in recent years using diverse (third and higher order) nonlinear- sjlica sample cell  a 6 cmfocal length achromatic doublet.
optical technique?1517.19.20.27.3036,38,39.59.6L.60yr initial in- The probe beam is then recollimated and analyzed by a second
vestigation of C&alkane solutiond! which utilized a time- matched polarizer, the transmission of which is detected with a
domain multimode curve fitting data analysis, provided significant photomultiplier tube/lock-in amplifier combination. The signal
insight into the role of microscopic interactions in shaping the s recorded as a function of the delay between the pump and
ultrafast intermolecular dynamics. The conclusions of that work probe pulses and stored on a computer.
were largely reinforced in a more recent study that utilized  gtatic strain birefringence in the lens and sample cell are
Fourier transform/deconvolution data analysis procedures 10 compensated for by fine adjustments of the waveplate (a
separate uniquely the nuclear and electronic contributions to corresponding adjustment of the probe analyzer polarizer is
the OKE data and generate a spectral density representation o§ometimes required). The pump beam is polarizedréftive
the nuclear dynamic¥.°% In that study, the interpretation of 15 the probe with ai/2 waveplate/polarizer combination,
the intermolecular vibrational contributions to the spectral modylated with a kilohertz chopper, passed through a matched
density was premised on the classical HO model, with the gptical flat to balance the arms of the interferometer, and

distribution of damping conditions noted above.

Recently, the OKE dynamics of the g&kane system were
analyzed in terms of a multimode Brownian oscillator model.
There are few practical distinctions between the Brownian
oscillator model and the classical HO representation, and
although the physical trends identified in our earlier studi€<?

overlapped with the probe beam in the sample by the achromat.
The optical local oscillator is introduced with th&l waveplate
positioned between the crossed polarizers oriented with its “fast”
axis parallel to the polarization plane of the probe beam. A slight
rotation (<1°) of the input polarizer introduces a small
orthogonal polarization component (the local oscillator) that is

were largely corroborated, the authors presented some interestin@0° out-of-phase with the probe field. The out-of-phase local

heuristic arguments that led them to question interpretations
derived from the multimode and classical harmonic oscillator

oscillator is in quadrature with the real part of the nonlinear
susceptibility, and the detected (heterodyne) signal (the induced

model analyses. These issues are addressed in the followingirefringence) is nominally linear in the pump beam intensity.

sections. Another recent report showed a strong correlation
between the ¥ times for reorientational diffusion and the
exponential “tail” of the subpicosecond intermolecular re-
sponse® That correlation led to the suggestion that the
exponential “tail” is a consequence of spectral diffusion of the
intermolecular oscillators arising from fluctuations in the
intermolecular potential as molecules reorient.

In what follows, we investigate the implications of an

The heterodyne signal is contaminated with the homodyne
signal (which scales quadratically with the pump intensity), with
the degree of contamination depending on the amplitude of the
local oscillator. The pure heterodyne responses can be recovered
by constructing the sum of data scans collected with positively
and negatively sensed local oscillators; this operation eliminates
the homodyne contamination of the heterodyne sighal.

B. Data Analysis ProceduresThe theoretical development

inhomogeneously broadened quantum mechanical harmonic-associated with the optical heterodyne detected optical Kerr

oscillator mode¥ for the description of subpicosecond dynamics
in molecular liquids. The conclusions of this analysis are, in
many ways, similar to those of the classical HO model, with
the observed dynamics determined largely by the physical

effect experiment and the relevant Fourier transform relation-
ships are described in detail elsewh&e? only the essential
expressions will be repeated here. For Fourier transform-limited
optical pulses and a local oscillator that i @uit-of-phase with
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the probe field, the transmission function for the Kerr cell is individual r; are treated as exponential and damped sinusoidal
described by the relation functions?’® The assignment of the three contributions to specific
nuclear coordinates or well-defined physical processes, however,
T(r) = f_"; G — ty ReySty dt=GP(@) * RE() (1) lacks rigorous physical justification.
In what follows, we focus on the nondiffusive contributions
to the nuclear dynamics. If we assume separability of the

where ng)(r) is the background-free laser pulse intensity - *' 3 . A L 7
diffusive (orientational anisotropy) and vibrational (nondiffusive)

autocorrelation functiorR3)(t) 0 ReyE)(t) is the time-domain . : . .
OKE impulse response function of the mediums the delay gggtggu:gmrse?emgds'ggi’ ;Z%ng?s/% Itn; f#llsse response function
between pump and probe pulses, and the asterisk (*) indicates P
a convolution operation. Fourier transformation of 1 gives rise

to the frequency-domain product ROM =+ (7)
AT} = AGP(0)} ARG} (2) Distinguishing between the diffusive and the vibrational con-

tributions as in eq 7 has been widely utilized in the analysis of
where the’A’} indicate Fourier transform operations. Equation femtosecond NLO data, and is usually premised on time scale
2 explicitly describes the spectral-filter effect of finite bandwidth  separation argument&53 For the purposes of this paper, we
optical pulses on the intrinsic frequency response of a material. refer to the “vibrational” part of the signal as those contributions
Because bothr(r) and ng)(r) are experimentally measured that are nondiffusive in character (e.g., do not conform to
functions, the frequency dependent susceptibility can be deducedDebye-Stokes-Einstein (DSE) type behavior) and typically

from 2 using the relationship exhibit subpicosecond decay characteristics. This signal com-
ponent is associated with dynamically coherent nuclear motions,
xf#(Aw) =E&EHA Rff’f)(t)} 3) and can contain contributions from diverse origins such as

molecular librational or free rotational motions, translational
whereAw = wm £ wn, thewmnare Fourier components of the  modes that lead to a net change in the polarizability (through
pump pulse is a constant, anqg;?(Aw) is the third-order interaction-induced effects), as well as more complex lattice-
OKE frequency response function (spectral density) of the like “collective” modes that can involve the reorientation and
material. translation of locally ordered groups of molecules. This signal
In this study, our primary interest is in the nuclear part of component decays through dephasing and population relaxation.
the NLO response. The nuclear and electronic contributions canThe diffusive contribution, in contrast, is associated with an
be separated on the basis of symmetry and by recognizin§ that orientational anisotropy that decays through the random, thermal
fluctuations which are highly correlated with bulk properties

ROM =27 {Im y(Aw)} H(t—t,) 4) such as viscosity and diffusivity. o
In the following sections, we assume validity of eq 7, and
where H(t) is the Heaviside step function arih,{t) is the focus our attention on the vibrational nuclear contributions,

nuclear part of the impulse response function. All of the r®(t). The experimental data are analyzed in terms of two
information on the nuclear response of the material to the optical models that treat the vibrational dynamics in a self-consistent

pulses is contained itm ;g(,fﬂ)(Aa)).l8 manner. The first is the classical-mechanical HO model noted
above®® the second is a HO model derived from a quantum-
lll. Theory mechanical guantum-mechanical development in which dephas-

ing is implemented in the weak coupling liniit Both models
account for the coarse qualitative features of the experimental
data, but differ significantly in their low-frequency behaviors.
We note that neither model should be considered purely “single-
31) = (1) + RO (t 5 particle” in nature. More correctly, each should be considered
Rg‘ﬁ() v R(“‘C() ) an “harmonic coordinate” model in which the precise identity
to (i-e., single molecular vs collective) of the individual oscillators
f aneed not be specified. Although it is tempting to assign response
unified model that minimizes the number of free fitting functions to the vibrational motion of single-molecule “libra-

parameters. Unfortunately, the complexity of condensed mattertc_’rsn’ and such assignments certa|_nly help de_velop a thS_ICSJ
systems often precludes such analyses. In the case of moleculaP'cture of the sy?tem, the_y C,,OU|d Just as egsny be |dent!f|ed
liquids, it is common to treat the nuclear part of the NLO Wlth delocalized “phonon-like” modes. It is likely that reality
response function as a sum of contributions lies somewhere betyveen these extremes..
A. Classical Oscillator Model. In previous analyses of
Rf;) (1) = zri(t) (6) intermolecular dynamic%,7;5QV\/_e introduced a classical oscillator
: representation that recognized the unique characteristics of
intermolecular vibrational coordinates compared to those of the
Equations 5 and 6 form the basis of the commonly used more familiar intramolecular vibrational modes. Those unique
multimode curve-fitting data analyses. In such analyses, func- characteristics are a consequence of three effects: (i) the
tional forms are assumed for a finite number of thevith the vibrational potential is defined by the (mostly nearest neighbor)
various parameters adjusted to obtain the best agreement withntermolecular potential (this is in contrast to intramolecular
the data. For the intermolecular dynamics of highly symmetric modes where the intermolecular potential appears as a small
species (such as G&nd CHCN), the experimental OKE data  perturbation); (ii) the vibrational frequencies span the same time
have revealed the existence of three distinct time sé&fg$859 scale as the dephasing and relaxation processes for these modes;
resulting in a minimum of three terms in eq 6 when the and (iii) local fluctuations in the intermolecular potential

Within the Born-Oppenheimer approximation, the third-order
nonlinear-optical impulse response function may be written as
a sum of electronic and nuclear parts

In the analysis of experimental data, it is always desirable
describe the dynamics (or spectrum) of a system in terms o
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responsible for the decay processes also give rise to distributionselsewherg' for the Brownian oscillator representation in the
in the oscillator frequencies (inhomogeneous broadening) thatlimit of a linear dependence of the polarizability on the nuclear
persist over the time scale of the fluctuations. These consider-coordinates.

ations can be expressed by the relation Equations 9-12 illustrate that, when the physical constraints
of the system are recognized (eq 8), the classical harmonic
0~ 0.~ A (8) oscillator treatment leads naturally to a superposition of under-

) ) ) N damped, critically damped, and overdamped oscillators (a
wherew is the oscillator frequencyy. is a critical frequency  sijtuation that appears to be unique to low-frequency intermo-
related to the 1/e time for fluctuations of the liquid local structure |ecylar degrees of freedom), and this simple functional form
(which results in dephasing and relaxation of intermolecular can account for the rather complex bimodal dynamical profiles
vibrational coordinates), andw is the width of the inhomo-  and line shapes of the intermolecular degrees of freedom in a
geneous frequency distribution of tsge oscillator. self-consistent manner. Equations 9 through 12 represent the

In the classical oscillator modél;* the first equality of 8 yiprational response of a single intermolecular coordinate. In
forces consideration of the possibility that any of the three the event that multiple coordinates contribute to the system
solutions to the classical HO equation of motion, underdamped, response, a superposition of solutions 11 is required.
critically damped, and overdamped, may contribute to the e point out one obvious shortcoming of the classical model
dynamics of the intermolecular coordinate. This is in stark that has not been noted previously. For fixeds the frequency
contrast to the case for intramolecular vibrational modes, which (, . decreases toward zero, the effective decay rate of an
are almost always strongly underdamped. Expressed formally oyerdamped oscillatoy;;, also approaches zero (egs 10). That

these three solutions are given by is, the decay time (%) of an overdamped contribution to the
1 signal increases as the frequency is decreased. This is a general
ri(w;,t) = —expyt) sin (@it), o, > v (9a) characteristic of classical overdamped oscillators with practical
;

consequences for continuous distributions of oscillator frequen-
cies with nonvanishing amplitude as — 0 (the common

ri(wpt) = texpyt), wg =y (9b) situation for simple molecular liquids). In this case, the classical

1 oscillator model predicts a slowly decaying component in the
r(wt) = —expyt) [1 — exp(—2w )], g <y (9¢) response fgnctlon dge to t_he lowest frequency (ov_erdam_ped)

; oscillators in the distribution, a result that conflicts with

experimental observationside infra).
in which egs 9a, 9b, and 9c correspond to the underdamped, B. Quantum Oscillator Model. A quantum mechanical
critically damped, and overdamped solutions, respectively,  harmonic oscillator representation of the nonlinear-optical
is the undamped frequency of the oscillator. The quantities  response of transparent liquids to electronically nonresonant
radiation has been developed in the Beppenheimer limit

w; = |a>§i - Vzlll2 (10a) by Steffen, Fourkas, and Dupp&Response functions for third-
and fifth-order NLO processes were characterized in the limits
and of homogeneous and inhomogeneous broadening of the nuclear
transitions. Here, we summarize the key results of that work
ViV T o (10b) that are relevant to the third-order processes.

) . ) Using a perturbative treatment the nonlinear-optical polariza-
are th_e effective _frequency and damlplng rate, resp.ecn.vely. tion, third-order in the applied field, may be written in the f6tm
Equations 10 define the mutual “pulling” of the oscillation
frequency and damping rate for classical harmonic coordinates. w o -

Of the response functions 9, only the first actually oscillates; Pi(s)(t) - ﬁmdtlf 7mdt2‘/iwdt3 R'(J"a(t’tl’tz"[3)'EJ(tl)Ek(tz)El('%)

the other two rise and decay to zero in a monotonic fashion. (13)

The second equality of 8 implies that, when the vibrational

coordinate is inhomogeneously broadened, all three solutionsyyhere R(Ja is the third-order nonlinear-optical impulse re-

can contribute to the response for a single dynamical coordinate.gponse function. For transparent media in which all applied

The vibrational response function then can be represented by &yptical frequencies are well below any electronic resonances,

superposition of the solutions 9, and can be represented in theyne Born-Oppenheimer (BO) approximation may be employed.

general form Within the BO approximation, when the optical frequencies are

- well above all (dipole allowed) nuclear resonances, only two

@) = fo do g(w) r® (o, 1) (11) terms contribute to the third-order NLO response funétion

in which the amplitudes of the different frequency components (3) _ i 1.
are collected in the distribution functiog(w), the subscript i (Lt ts) = Oy (7)) + hma“ ©. 2ak'(t2)]m-l(rl) (14)
denotes that we are considering only the vibrational part of the
nuclear response functiorf(, eq 7), the integral is over all  The first term on the rhs of eq 14 corresponds to the
frequency components of the inhomogeneously broadenedinstantaneous nonlinear electronic hyperpolarizability, and the
ensemble, and we have written egs 9 in the more compact formsecond term to Rayleigh/Raman scattering processes. In this
expressionA,B] denotes a commutatoA(t) indicates that the
(12) operatorA is in the interaction representatiofi(t) represents
the Kronecker delta functiorti(z1) represents the Heaviside
step function, and the response function in terms of the (single)
which allows for complex frequency arguments. These general positive propagation time;; = t; — t, with t = t; andt, = t3,
results, eqs 11 and 12, are formally identical to those presentedwherer; is the delay between the pump and probe laser péises.

o, ) = - exp(, 9 sin (0,9
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The representation of eq 14 permits identification of R&(t) sidered using eq 11 in the same manner as for the classical
defined in eq 5 with the commutator of the effective molecular oscillator model.

polarizability (for the OKE, the commutator would be over the Equation 18 is similar to eq 12, with one notable exception;
anisotropic part of the polarizability). We will show later that in the weak coupling, limit the frequency and damping argu-
the subsequent decomposition Bf)(t) to a sum of linear ~ ments of eq 18 are not constrained by the frequency pulling
terms (eq 6) presumes that the polarizability is a strictly linear relationships of egs 10. Thus, the oscillators described by 18
function of the nuclear coordinates of the medium (the Placzek are, in the classical sense, always underdamped, and approach
approximation). The meaning of the quanti§i(Aw) (eqs 3  the critically damped limit (eq 9b) wheilr > w. For an

and 4) and the linear decomposition Rfﬁ}c(t) with respect to inhomogeneously broadened ensemble of molecular oscillators

the coordinate dependence of the polarizability are discussed(eq 11), the practlce_tl consequences of the quantum oscillator
in greater detail in section IV-E. model (eq 18) are similar to those of the classical model (egs

An expression for the third-order polarization may be found 9, 10, and 12): destructive |_nterfe_rence of th? more Stfong.'y
by inserting eq 14 into eq 13. A more useful expression for the underdamped components gives rise to a rap_|d, Ge_lu_ssmn-hke
response function is obtained by evaluating the commutatorsdecay’ followed by a quasi-exponential relaxation arising from

and transforming the polarizability operators back into the constructive interferer)ce .Of the.nearly critically damped com-
Schradinger representatiéh ponents. The key distinction being thgt, for the weak coupling
model,the absence ofi@rdamped oscillators ensures that the
~ i(e2 — eUh __ it ensemble-geraged dynamical profile decays in a physicall
16(0)lul= [loulie TEE (15) realistic manngrat onnger timeps, a result )t/hat givgsyrise tg
giving the result excellent agreement with the experimental data.

IV. Results and Discussion

1
(3) — = i

RP(w) = B0 + h;P(A) 03,(Q) 0,2(Q) sinz, 7) In what follows, we analyze the experimental OHD OKE data

' (16) for neatCS; and its solutions in alkane solvents in terms of the

o . ) classical and quantum harmonic oscillator models presented

whereP(1) denotes the equilibrium distribution of eigenstates ;pve It is shown that, although the classical model diverges
AL} €; is the energy of eigenstaiél] the dependence of the  gjgpificantly from the experimental data at long times~(1.5
polarizability on the nuclear coordinates)™is explicitly ps), the quantum-mechanical model does an excellent job of
indicated, and for simplicity, the tensorial notation has been describing the Cdata at all times. In particular, the “universal”

suppressed. Again, because we are interested only in the nucleafggnonse of the low-frequency intermolecular modes: a Gauss-
response functions, from this point forward we consider only o jike initial decay followed by a quasi-exponential, interme-

the second term on the rhs of 16. _diate time scale relaxation, is correctly predicted by the response
The response function 16 is a general result for nuclear motion ¢,ntion for a single inhomogeneously broadened nuclear
under nonresonant excitation, and does not depend on they,qrginate. Further, we find that for a Gaussian distribution of
specific forms of the Hamiltonian or the polarizability oper&or.  ,ijjator frequencies, the quantum-based model describes the
Calculation of the matrix elemenés,, requires the adoption of 4y namical and spectral evolution observed on increasing dilution

amodel for nuclear motion. For harmonic motion, the nonlinear- i a\kane solvents, and accounts naturally for the experimentally
optical response function can be transformed into terms of the jpqarvedt2? saturation of the spectral shift at low €S

HO eigenstate$i[] Under the constraints of damping in the ., centrations.
weak coupling limit and a linear dependence of the polarizability A. Intermolecular Vibrational Dynamics of CS,. The
on nuclear coordinates, the qguantum HO expression for the third-ess'ential details of the third-order NLO response of 6}81 be

order nonlinear response function becoffies seen in the data of Figure 1, which shows the intermolecular

" vibrational part of the OHD OKE impulse response functions
1 _ for neatCS, and a 10% solution of GSin isopentane. The
(3) - -1t _
ro(m) = 2mwsm(wn)2P(A)[le impulse response functions of Figure 1 were generated from
* RS the measured OKE data using egs4 with the tail-matched
(A + 1) ] (17) diffusive reorientational contribution removed in accordance

with eq 7. Analogous results are obtained for the other alkane
solvents investigated.

These data reveal clearly the ubiquitous signature of inter-
Imolecular dynamics in liquids: inertially delayed rise and a
bimodal decay consisting of a rapid Gaussian part followed by
a slower quasi-exponential relaxation. On dilution in alkane

wherea, is defined by the polynomial expansiofg) = ouq

+ ap0? + -+, and the subscript indicates that we consider
only the nuclear (vibrational) contribution to eq 16. When
damping is assumed to be independent of the quantum numbe
(level independent damping) eq 17 reduces to

% solvents, the response function evolves toward a more expo-
r(f)(w,t) —_1lght sin(wt) (18) nential decay characteristic, with the relative amplitude of the
2mw Gaussian-like contribution decreased (cf., Figure 1). This

evolution is most apparent in a spectral density representation

in which the dephasing is fully described by a single decay rate of the data (cf., eq 4), where the vibrational spectrum changes

of the form shape significantly as it narrows and shifts to lower frequency
[=y+4TI* (19) with increasing dilution. Examples of this spectral evolution
are given in references 27 and 31.
In this expressiony is the population decay ratE¥ is the pure A description of the C8alkane OKE data in terms of an

dephasing rate and, for the present analysis, we assumE that inhomogeneously broadened ensemble of intermolecular har-
is frequency independent. Inhomogeneous broadening is con-monic oscillators leads naturally to an intuitive physical picture
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that describes the observed spectral evolution. Within this 10— — T — 1 T 1
framework, the curvature of the multipole intermolecular I ——Cs, Data
potential is decreased as the GBolecules are replaced in the osk i\ e UD/OD Fit
liquid by the weakly interacting alkane species, giving rise to a
shift of the spectral density to lower frequencléd’ In the
discussion below, it is shown that, within the quantum harmonic
oscillator model, the number density effect on the intermolecular
potential is the dominant factor contributing to the spectral
evolution observed for the Galkane system, and that (higher-
order) interaction-induced effects, which have been shown by = 0.
0

0.6

simulations to make a small contribution the intermolecular
spectral density? need not be implicated.

The two HO models described in section Il can be applied
to inhomogeneously broadened systems through the use of eq
11. This requires the choice of a distribution functigf).
Assuming that the inhomogeneity is a consequence of a
Gaussian random process, a Gaussian forngfe) might be
expected. Two Gaussian functions that meet the boundary
conditions for intermolecular vibrational modes have been used
to represeng(w). The first is the “antisymmetrized” Gaussian
functiorf® 0.01¢

1 (Cl) - wo)z (Ll) + wo)z
g(w)=% ex —T — ex —7

and the second is commonly referred to as the “modified

Amplitude (Normalized)

] L 1 N 1 L [ L 1 " 1
(20) 00 05 10 15 20 25

Time, ps

Gaussian” function Figure 2. OHD OKE vibrational impulse response function for neat

CS (solid line) is shown together with a fit (dashed line) to the classical

harmonic-oscillator modetw, = 7.08 ps?'; 0 = 2.77 ps'; y = 5.26
ps™

(21)
(o

(w - w0)2

J(w) = wexpg — T
Gaussian model is used in this case. Clearly evident, especially

in which w, and o are parameters which, for an isolated inthe log plot, is the divergence of the fit from the data at times
Gaussian distribution, correspond to the center frequency andgreater than 1 ps. This divergence is a consequence of the
standard deviation, respectively. In what follows, since the inclusion of overdamped oscillators in this model response
functions of eqs 20 and 21 are not symmetric ahogt we function, and the mutual pulling of the oscillator damping and
refer to w, and o as the characteristic frequency and width frequency (egs 10), as is discussed in section llIA above, and
parameters, respectively. These two functions are very similar is @ general result for distribution functiogéw) that have any
for |0W_frequency resonances, and parameters can be Choseﬁigniﬁcant amplitude for frequenCieS below the critical frequency
such that the frequency distributions of the two are nearly Of wq = y. Similar results are obtained for the antisymmetrized
identical (although the parameters for each will be different). Gaussian function, with the exception that the divergence at
For the range of parameters relevant to the current analysis,'ong times is somewhat greater. We note that the failure evident
the only significant difference between the two is that the in Figure 2 is for the particular classical HO model described
antisymmetrized Gaussian carries somewhat more amplitude orin section Ill. Itis entirely possible that other approaches based
its low-frequency edge when the parameters are adjusted toon classical dynamics, such as the stochastic models of Bubo,
ensure that the two distributions match at the peak and on themay provide an equally adequate description of the experimental
high-frequency edge. In this study, we utilize both functions in data as the quantum-mechanical-based model described elow.
analyses of the experimental data for both HO models, with  C. Application of the Quantum Model. The CS OHD OKE
the results being similar for each. We note that the “antisym- vibrational impulse response function is shown again in Figure
metrized” form of the Gaussian function given in eq 20 arises 3, this time with a fit to the inhomogeneously broadened
naturally in the OKE because the spectral density function is quantum oscillator model described in section 11IB (eq 11 using
antisymmetric about\ew = 0 (it is common practice to plot  the response function eq 18). Neglecting the normalization
only the positive-frequency half). In the limit thai, > o, as factor, the fitting procedure involves three parametess:and
is generally true for intramolecular modes, the positive and o of the distribution function (eq 20), and of the oscillator
negative frequency contributions to eq 20 do not interfere and impulse response function (eq 18). Parameters for the fit shown

can be treated independently. It is only in the limit thatand in Figure 3, and those for the pentane dilutions (vide infra), are

o are of the same magnitude that it is necessary to considercollected in Table 1.

both terms explicitly as in eq 20. As is evident, the quantum HO oscillator model for a single
B. Application of the Classical Model. TheneatCS, OHD nuclear coordinate does an excellent job of describing the

OKE vibrational impulse response function is shown again in temporal dynamics of theeatCS, OKE vibrational response
Figure 2, together with a fit to the classical oscillator model function at all probe delays. We note that the only adjustable
described in section llIA (eq 11 using the response function parameters are those cited in the previous paragraph, and that
from eqgs 9, 10, and 12). The parameters used in this fit are there are no independent parameters for adjusting the relative
identical to those of reference 31 and, therefore, the modified amplitudes of the Gaussian-like and quasi-exponential features
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Figure 3. OHD OKE vibrational impulse response function fuzat Figure 4. Behavior of eq 11 using the antisymmetrized Gaussian
CS (solid line) is shown together with a fit (dashed line) to the quantum  gistributionfunction (eq 21) as a function ef, with o and T held
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of the fitted functions. Similar results are obtained when the g 0.4
modified Gaussian distribution function is used with the 2
guantum oscillator model. A significant conclusion from the g—
result of Figure 3, then, is that the quantum oscillator model, < 0.2
which is based solely on a Gaussian distribution of exponentially
damped harmonic oscillators, provides a remarkably accurate
1

account for both the qualitative characteristics and the quantita- . ! . . —
tive details of the experimental data. 0 20 40 60 80 100
D. CS/Alkane Dilution Data. Figure 4 shows the simulated
behavior of the quantum oscillator model under conditions that
are similar to those observed for the £z8kane dilutions. This
example illustrates the behavior of the inhomogeneous respons
function (eq 11) using the antisymmetrized Gaussian distribution

1
120
Frequency, cm™

Figure 5. Spectral density representation of the data of Figure 4. The
spectral evolution saturates fog, values less than 2.5 pis(13.3 cnt?),
Sith the 2.0 ps?t curve representative of this limiting case.

function (eq 20) as a function af, with o andI" held constant. A frequency-domain representation of the Figure 4 result is
The parameters chosen for the highest-frequency distributionshown in Figure 5. As is evident, the spectral density narrows
correspond to those extracted from the fit of Figure 2rfeat and shifts to lower frequency as the characteristic frequency of
CS: wo=8.5pst(45cnd), 0 =5.0 ps?(26.6 cnTl), and the distributionw,, is reduced. Analogous to the time-domain
I'=11pst data, the spectral evolution saturates dgrvalues below 2.5

It is clear from these simulations that, as is decreased, ps!, with the 2.0 ps?! curve representing the limiting case.
the temporal response broadens and the Gaussian-like contribuThe results of Figures 4 and 5 bear a striking resemblance to
tion becomes less prominent. Fog values below 2.5 pg (~ the CS/alkane OKE data, examples of which are illustrated in
13 cntY), the dynamical profile undergoes no significant further Figure 1 and in references 27 and 31.
evolution. The 2.0 ps? curve of Figure 4, therefore, represents A significant characteristic of the simulations of Figures 4
a limiting case after which no further evolution in the dynamical and 5 is the saturation of the spectral/dynamical evolution as
profile occurs. the characteristic frequency of the oscillator distribution function
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01k | Figure 7. Experimentally measured spectral density function for neat
: CS; compared to the distribution functiog(w), determined from the
. fitting procedure and used to generate the theoretical curve of Figure
. 3.
0.01 E in Table 1 are fairly unique (to within the experimental error),
i ] such thate and w, cannot be played against one another to
PR I P W obtain equally good agreement, and that the quality of the fit is

N
3

L 1
0.0 0.5 1.0 1.5 20 quite sensitive to variations of the parameters. We also note
Time, ps that the reduc_:ed data sets used in this analysis are sensitive to
' both the quality of the original data and the procedure used for
Figure 6. OHD OKE vibrational impulse response function for a 20%  removing the diffusive reorientational contribution. Nevertheless,
solution of C3in n-pentane (solid line) is shown together with afitto  1ha gpjlity of the model to account for the trends of the data is
the quantum mechanical harmonic-oscillator model (dotted line). . . .. . . .
impressive. It is interesting to note that while the experimental
spectral bandwidth decreases with increasing dilution, the
characteristic width parametes, of the quantum HO model
remains effectively constant. This is in contrast to the behavior
of the classical HO and multimode analyses, in which
decreases in a monotonic fashion with increasing alkane
concentratiort”-2737The present result is in agreement with the
expectations of reference 31.
Further, we note that the relaxation rdtd@s not equivalent
to the 1£ time of the exponential tail of the intermolecular
response (cf., Figure 1). Within this model, the subpicosecond
guasi-exponential decay feature of the intermolecular response
in liquids is accounted for without invoking a dynamic process
that matches the experimentally observegltithe constant (the
value of the observed ddlecay time of the intermolecular “tail”
is approximately one-half of the damping constaiit &ttracted
from the analysis). As a result, the common assumption that

a _f't to the_ quantum oscillator model._ The quality of the fit in this time constant directly represents the rate of local structure
this case is comparable to that of Figure 3 featCS,. For fluctuations in liquids needs to be reexamined.

e e eraos g oo 1L i itrestng to compare th expermentaly measured
g plextty spectral density to the distribution functiog(w), determined

simplicity of the model (the results of Figure 6 represent the from the fitting procedure. Figure 7 shows the vibrational
poorest agreement of the data sets analyzed). It is important to

. - ; ! spectral density function for neat €&he imaginary part of
pote again that the fitted response funpnon represents a Smgle’the Fourier transform of the response function shown in Figure
inhomogeneously broadened harmonic coordinate.

t th ith the distribution f ti ing to th
The data of Table 1 reveal that, within the framework of the 3), together wi e distribution function corresponding to the

. . ’ theoretical curve of Figure 3. The striking difference between
inhomogeneously broadened guantum harmonic oscillator model,;, o tvo curves arises from theuilependence of the response
the primary contributor to the dynamical/spectral evolution of

. o O function, eq 18, which leads to a nonlinear weighting of the
the CS/alkane data is a shift in the characteristic frequency, lowest-frequency contributions to the density of states. Clearly,

o, Of the distributio_n functiong(e). B.Oth the Width parameter, ;s effect has a profound impact on the experimental observable.
o, and the relaxation rate, remain relatively unchanged

through the series. The fitted data of Figures 3 and 6 reveal
that the quantum oscillator model for a single nuclear coordinate
does an excellent job of accounting for the qualitative trends  The quantum mechanical HO model applied in the previous
of the CS/n-pentane OKE data, and a very good job with the sections does an excellent job of accounting for both the
guantitative agreement. We note that the fitting parameters givenqualitative and quantitative aspects of theatkane OKE data.

o shifts to lower frequency. A similar saturation effect is
observed in the experimental data for £z8kane solutions, as
has been noted elsewhéfeThus, althoughw, is expected to
continue to decrease as the number density of @%reases
(for a multipolar interaction), both the dynamical waveform and
spectral density cease to evolve. This saturation effect is not
inconsistent with the interaction model, and is a consequence
of the unique frequency relations for intermolecular coordinates
at low frequencies that fulfill the relationship ~ w. ~ Aw
noted above.

The quantum oscillator model has been applied to OHD OKE
data collected for a series of €Solutions inn-pentane. The
results of this analysis for the different mixtures are collected
in Table 1. Figure 6 shows the vibrational impulse response
function for a 20% solution of GSn n-pentane, together with

V. Discussion
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The complex dynamical profile (or line shape) associated with independent of frequency and depends exclusively on the
the subpicosecond intermolecular dynamics is addressed in adephasing ratel’. Thus, to the extent thdf is constant, all
unified manner in terms of a simple functional form. The three- oscillators for which the limiting condition @b < T is fulfilled
parameter response function provides an excellent account ofwill exhibit identical OKE response functiofhis limiting case

the complex dynamical profile ofieat CS;, as well as the is attained forw ~ T'/4, but the oscillators begin to take on
evolution in this dynamical profile as G% diluted with weakly critically damped character as becomes less thah.

interacting alkane solvent. The description of the intermolecular A second contribution to the saturation effect arises as a

dynamics of the highly symmetric G#nolecule in terms oé consequence of the inhomogeneous character of the intermo-
singlevibrational coordinateis quite appealing, eliminating the  |ecular degrees of freedom, and the near equality of the oscillator
need to assign the intermediate-lifetime, quasi-exponential frequency and the inhomogeneous width% Aw). This can
relaxation to a unique nuclear coordinate (as is necessary inpe addressed within the framework of eq 20. When the
multimode curve fitting approaches). For highly symmetric characteristic frequency of the distributian, and the spectral
molecular species, such as £8uch assignments are question- width, Aw (which is characterized by the paramet®r are of
able, at best. S o the same magnitude the distribution function becomes markedly
The present model provides insight into the origin of the asymmetric. The precise shape depends on the relative values
complex intermolecular OKE line shape, and suggests that theof the parameters, ando. This behavior is distinctly different
apparent universality of the quasi-exponential relaxation is a from that of isolated resonances for whiohtypically is much
natural consequence of the low-frequency nature of intermo- greater thaw. For the limiting case in which, < o, the shape
lecular vibrational modes in liquids. This signal contribution is pecomes independent of,. Thus, for a fixed value of, there
expected whenever the oscillator frequeney,becomes less il be some value ok, below which the distribution will cease
than that of the damping/dephasing rafg,as is the usual g evolve. For the parameters used to generate the data of Figures
condition for the intermolecular coordinates of molecular liquids. 4 and 5, the antisymmetric Gaussian distribution function ceases
The_ present analysis _doe_s not, however, _add_ress the ph_ysma{o undergo any significant spectral evolution fog < o/2.
origin of the exponential time constant, which is characterized Thus, within the harmonic oscillator model presented here
by the parameter. A recent analysis of t_emperature-depgnd.ent a saturation in the spectral evolution is expected as the oscillator
OHD. OKI.E data fpr arange of symmetric top molecular liquids frequencies become small. Both effects noted here are mani-
provides insight into this issué.That work revealed that the fested in the spectral evolution that is evident in the data of

expon(_antial_ rela>_<ation time _is highly correlgted with t_he Figure 5. Both effects are unique to low-frequency modes, and
collective orientational correlation time, suggesting that the time have no known analogue in the vibrational spectroscopy of ’high-

constant might be a consequence of spectral diffuidrhis frequency intramolecular modés Specifically, the condition
hypothesis seems reasonable within the framework of our < 0/2 is satisfied for solutions of less than approximately

present understanding of the nature of intermolecular coordinateszg vol % CS and appears to be the primary contributor to the
in liquids. As noted irf® however, additional work is required spectral saturation in this system. The conditions T/4 is

to the;;etmls hé?;;fgisf{gp noted some peculiar aspects of the fulfilled for lower-frequency oscillators of the distribution at
behavior gf the C§OKE. with res ectpto dilutionpin alkane all concentrations, and contributes to the ubiquitous presence
P of the quasi-exponential relaxation.

solvents. The two primary observations noted were as follows: i . )
The narrowing of the observed intermolecular spectral density

(i) very little spectral evolution occurs for G8oncentrations L9 S
below 20 vol % even though, at this concentration, the CS of CS on dilution in alkane solvents appears counterintuitive

molecules are not yet fully solvated by alkane molecules; and at first glance. Experience V\.Iith. isolz?lted, intrampleqular reso-
(ii) an apparent decrease in the inhomogeneous spectral width&1Ces teach_es us t_hat, on d|Iut|o_n, line broadening is expected,
is observed on dilution when, on the basis of entropy consid- With the maximum line width typically observed for the 50%
erations, a broadening is expected. Each of these observationS°!ution, reflecting the maximum number of local configurations
is addressed within the framework of the quantum HO models (Maximum entropy). On further dilution, the (shifted) line will
described here. When the unique characteristics of intermo-Narrow as the solute molecules become fully solvated. This line-

lecular degrees of freedom are considered, the observed behavigProadening effect is a consequence of the overlap of two (or
is in agreement with expectations based on first-order changes™°re) shifted Raman lines which correspond to differently
in the multipole intermolecular potential, and it is unnecessary SClvated species in the solution.

to speculate on higher-order effects as the primary cause of the The same physical principles apply to the case of intermo-

observed spectral evolution. lecular vibrational modes, with at least two additional con-
We return to the issue of the saturation of the spectral shift straints, however. Intermolecular modes, like their intramolecular
for CS, concentrations of less than 20%, which is addressed counterparts, can shift either to higher or lower frequency,
above in the discussion of Figures 4 and 5. The behavior of the depending on whether the soluteolvent interaction is stronger
spectral density and temporal response functions noted there i®r weaker than the solutesolute interaction. They can even
a consequence of two effects that originate in the equalities of remain effectively unshifted, as in the case of benzene/CCl
eq 8. The first half of eq 8 relates to the fact that~ T for solutions?” For the present case, €SCS; interactions are
intermolecular oscillators. For constdntas the oscillator shifts ~ mediated by the electrostatic multipole potentfed®2’ A
to lower frequency ¢ < TI'), the impulse response function substantial contribution to the interactions derive from the large
approaches the critically damped limit. In this case eq 18 can permanent quadrupole moments of the,Gfolecules’® In
be written as contrast, the multipole moments of the alkanes are all negligibly
small?3 such that alkanealkane and Cg-alkane interactions
B @ M. are small comparegl to GSCS, inte_ractipns. Itis expe_cted,_
lim ri¥(w.t) = () = 5 te (22)  therefore, that the intermolecular vibrational frequencies will
decrease on dilution in alkane solveftd?” An additional
As is evident, in this limit, the impulse response function is constraint that must be recognized for intermolecular vibrational

2
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modes is the zero-frequency “barrier”: the oscillator frequencies of CS,, and a response function that cannot be supported by a
cannot become negative. More correctly, the low-frequency conventional equation of motion.
shape of the spectral density function is determined by the time |t is useful to diverge briefly on this point. The term
scale of damping and dephasing processes in the liquid, which“inhomogeneous broadening” often connotes a static distribution
is exemplified byI" in eq 18 and appears to remain largely of molecular environments, as might exist in a glass. Clearly
unchange® through the dilution serie¥:3! On dilution with such a condition is inappropriate in liquids. It is more appropriate
alkane solvents, as is discussed above, the higher-frequency CSto refer to a mode as being “inhomogeneously broadened on a
molecular oscillatorsnustshift to lower frequency. To the extent  given time scale”. This is equivalent to stating that, at a given
thatT is approximately constant throughout the dilution series, instant in time, there exists a distribution of molecular environ-
the lower-frequency edge of the spectral line shape remainsments (intermolecular potentials) in the liquid, and that this
largely unchanged. The net effect is a compression (narrowing) distribution persists for a finite period of time. For intermolecular
of the spectral density such that the intermolecular spectrum modes, the relevant time scale clearly is that of the damping
for CS, moleculescompletely salated by alkane species and dephasing (including spectral diffusi®yrprocesses that alter
compressed toward the low-frequency edge of the intermolecularthe local intermolecular configuration. For most molecular
spectral density oheatCS,. For intermediate concentrations, liquids at room temperature, this time scale lies somewhere
the vibrational spectrum will lie between these two extremes. between 500 fs and 1 ps. The destructive interference effects
Thus, for CS/alkane solutions, to the extent that the spectral that result in the rapid Gaussian-like relaxation evident in the
evolution is determined primarily by changes in the multipolar OKE of CS and other liquids require that the local structure
intermolecular potentials, the OKE spectral density is expected persist for only a few hundred femtoseconds (the relevant time
to benarrowerthan that of thaeatCS; solution. The arguments ~ constant is 160 fs for GSand 80 fs for benzene). Thus, for the
presented here apply to the case of a strongly interacting soluteeffects of inhomogeneous broadening in liquids to be manifested
diluted by a weakly interacting solvent. If the roles of the solvent in & femtosecond NLO experiment, it is sufficient that the local
and solute are reversed, the oscillator frequencies will shift Structure persist for only a few hundred femtoseconds.
higher, and the broadening expected from considerations of Fifth-order two-dimensional (2-D) Raman experiments hold
intramolecular resonances will be observed. As is evident from promise for separating experimentally the homogeneous and
a comparison of the data of Figures@ this effect, which might inhomogeneous contributions to the intermolecular vibrational
be referred to as thérequency pile-up effectcan have a line shape’>46.70For the past several years, significant effort
significant impact on the experimental observable. has been expended toward developing and interpreting the fifth-
A central issue, that has been the subject of recent de-Order experiment:#twith recent work!“zrevealing that many
bate27:32.3336.3839545 the degree to which the intermolecular o_f the earlier results were conFamlnated by cascaded thlrd-ordgr
modes in liquids are inhomogeneously broadened. It is widely signals that mask the weak fifth-order signals. Recent experi-

acknowledged that third-order coherent Raman techniques, suctnents ha_lve bfﬁ” deS|gne_d to minimize such interfering signal
as the optical Kerr effect, cannot directly demonstrate the contrl_butlons‘!v _In t_he flft_h-qrder intermolecular R_ama_m
presence of inhomogeneous broadening in the nuclear Cc’ordi_expenment, a pair of time-coincident pulses creates a vibrational

nates® Line shape analyses that are based on specific modeIsCOherenCE; a second pair of pulges, separated from the_ f'rSt by
. L - a delayr,, alters that coherence in a manner that can initiate a
for molecular motion, however, can provide insight into the

hysical processes relevant to the experimental observablesrel[)haSing process that serves to remove the inhomogeneous
phy P P contribution to the relaxation. The resulting coherence is probed

degrees of success, 10 mestigate inared and Rarman vibratonaf 2 T puise (at a delaysrelative to the second puise pain)
9 ' 9 n a manner that is analogous to that of third-order experiments.

spectra, anq more re(_:ently for the analysis of stimulated _Raman.l-he rephasing is expected to be complete whe 74, with
spectro_cgples, including the optical Kerr effect. The mu|t|m_ode the effects of inhomogeneous broadening expected to appear
curve-fitting analyses noted above, which have provided i, 1o 2D data as signal amplitude along= 7. (in the ideal
§igqificant ilnsight. into the ultrafast dynamics of molecular case, for a static distribution, a ridge along= 74 is expected).
liquids, fall into this categpry. L ) For the fifth-order experiments reported to date, the 2-D signal
To the extent that the intermolecular vibrational dynamics decays very rapidly along = 74,344with no evidence for the
of liquids can be described in terms of a linearly independent expected “ridge”. Correspondingly, in apparent disagreement
collection of oscillators (harmonic or otherwise), the present \yith the conclusions based on third-order measurerfeHid?
results make a strong statement with regard to the question of3nq the successes of instantaneous normal mode calcula-
inhomogeneity in liquids. Within the framework of the quantum  tjong48.495254the fifth-order measurements suggest that the
oscillator model, the presence of the characteristic temporal jntermolecular spectrum of G3s well described in terms of
signature that is observed for &Solutions of Cawith alkane  homogeneous broadening of the intermolecular vibrational
solvents, and numerous other liquigsa direct indicationthat  coordinates. Although additional work will be required to fully
the mode in question is inhomogeneously broadéh&dated  ynderstand both the third- and fifth-order results to resolve this
conversely, the characteristic temporal signature of intermo- gpparent contradiction, we make a few relevant points here. The
lecular modes in liquids, a fast Gaussian-like decay followed |owest-order contribution to the fifth-order response involves
by a slower quasi-exponential relaxation, cannot be accountedthe second-derivative term in the polarizability expan3hii.>2
for in terms of exponentially damped sinusoids without the Recent work suggests that the fifth-order signal arises largely
consideration of inhomogeneous broadening. In view of the as a result of collision-induced (dipetinduced dipole) effects,
quantum HO analysis presented above, the alternate possibilitieswvith the contribution from molecular (libration-like) coordinates
of two independent modes, or a single homogeneously broad-expected to be negligibR:°In contrast, recent woPRsuggests
ened degree of freedom with the required complex, two- that the third-order signal for nonassociated liquids (including
component relaxation dynamics respectively invoke a complex- CS;) arises predominately from the first-derivative term, and is
ity in the liquid structure that is inconsistent with the symmetry dominated by molecular contributioR5Because the frequency



7970 J. Phys. Chem. A, Vol. 105, No. 34, 2001 McMorrow et al.

dependence and damping/dephasing characteristics of moleculaoptical measurements, an observation that suggests that nonlinear
and collision-induced contributions to the many-body polariz- coordinate coupling may be significatttBecause the spectral
ability tensor are expected to be different, it is not particularly density of the second term is biased to low frequency by the
surprising that the two experiments lead to different conclusions 1/w? coefficient, the slow, low-frequency dynamics are expected
regarding the degree of inhomogeneity associated with theto be a reasonable diagnostic of the need for the inclusion of
intermolecular coordinate®8.Therefore, rather than concluding nonlinear coordinate terms in the response function. The
that the intermolecular coordinates are homogeneously broad-assumed response function linearity explicit in eqs 6 and 18 is
ened, it might be more appropriate ask why the inhomogeneoussupported by the agreement of the longest-lived component in
character of molecular liquids is not manifested in the fifth- the CS$ OHD-OKE response with the DSE behavior of
order experiment. One consideration in this regard is the molecular reorientation as measured by nonoptical techniques.
suppression of the rephasing process through mode coudfling.

Instantaneous normal mode calculations of the 2-D fifth-order VI. Conclusions

response reveal that nonlinear polarizability coupling between
modes (mode mixing) results in a significant suppression of
the rephasing proceésFurther, with the inclusion of vibrational
relaxation in the calculations, all evidence for inhomogeneous

broadening is eliminatetf. Although the significance of these ~ €T€Ct dynamics of neat Gind its binary solutions in alkane
results is a subject of current discussion, it is clear that a more SCIVents. For an inhomogeneously broadened distribution of

complete understanding of the fifth-order results is required oscillators, this model predicts naturally the bimodal character

before conclusions are made regarding the degree of homogene‘-’f the subpiposecond OKE dynamics, a Gaussian-like ultra}fast
ity of intermolecular coordinates. decay (1/e timex 160 fs for CS at 295 K) and a slower, quasi-

Finally, we address the issue of the coordinate dependenceexponenti"’II relaxation (L/e tme 4_50_fs at 295 K), that is
of the molecular polarizability in the third-order experiment. unlver§ally observed in molecular liquids. I_:ur.ther, t_he spectral
The results presented here illustrate that a response functiorfvolution effects that are observed on dilution with weakly
derived on the basis of a polarizability that is linear in the nuclear 'Nteracting alkane solvents (band narrowing and downshit in
coordinates (the Placzek approximaBidnis sufficient to the peak freq_ue_ncy) are remarkably well accounted for by this
characterize the third-order nuclear dynamics of @8d its ~ SImple description. _ o =
n-alkane dilutions. In the most general case, however, higher- A particularly satisfying result of this analysis is the ability
order terms can contribute to the polarizability response function. 0 accurately represent the complex, apparently multicomponent
In the circumstance that the coefficient of the quadratic term is SUbpicosecond dynamics with a response function for a single

nonvanishing, the response function (eqs-18) acquires a  (intermolecular) vibrational coordinate. Analytical descriptions
second (2 “phonon”) contributiéh of the bimodal character of the dynamics derived from muilti-

mode curve-fitting®17:2” require at least two independent
o? o intermolecular coordinates. For a rodlike molecule such as CS
r(f)(a),rl) = glm sin(r,) + that decomp(_)smon, \_/vhe_ther the_ se_cond coordinate is presumed
2mw 2mim? to be associated with interaction-induced effects, molecular
complex formation, or some other interaction, is difficult to
justify.

Furthermore, within the quantum mechanical harmonic oscil-
wherea, is defined by the expansion(q) = ouq + a2 + lator representation of the nuclear response functions, inhomo-
--«. In this case, the spectral density generated by the Fouriergeneous broadening of the nuclear coordinate is required to
transform operations is no longer a linear superposition of single achieve this result; the presence in the OKE data of the
phonon line shapes, and contains an additional two phononcharacteristic Gaussian-like ultrafast decay followed by a slower,
contribution that results from the quadratic dependence of the quasi-exponential relaxation, is a clear indication that the
polarizability on the nuclear coordinate Therefore, in the intermolecular dynamics are inhomogeneously broadened. This
general case where the nuclear dependence of the polarizabiliticharacterization of the nuclear dynamics does not contravene
is unknown, interpretation of the spectral density deduced by the theoretical limitations on the information content of third-
data manipulations such as eqgs 2 and 3 in terms of a sum oforder nonlinear spectroscopy in the nonresonant regime since
one-phonon vibrational line shapes may be inappropriate. it is a model-based result. The advantages of the third-order
Furthermore, if the polarizability is known to be nonlinear in experiment and the data analysis we have described are their
the nuclear coordinates, data manipulations such as the subtracdirectness, simplicity, and the uniqueness of the physical model
tion of empirically identified response components cannot be for the constraints of the GHlilution system. While the
identified with removing the contribution of a particular successful implementation of this analysis to,@8d its binary
coordinate from the response function of eqs 5 and 6, since solutions in alkanes is possibly a consequence of the simplicity
individual coordinates may appear in both the linear and of the intermolecular structure and dynamics of this system,
nonlinear parts of the nuclear response function. The secondthe result remains remarkable due to the simplicity and
term in the response function explicitly includes coupling generality of the model.
between nuclear coordinates and a dependence on line broaden- It is important to recall that the universal behavior of low
ing mechanisms that is distinct from the linear tefm. frequency intermolecular dynamics in liquids cannot be recov-

A response function of the form represented by eq 23 was ered from the classical oscillator model for the intermolecular
utilized in the analysis of the third-order response of pure liquid coordinates: the mutual pulling of the oscillator damping and
water2® where unlike the case of G&nd other nonassociated frequency results in a continuous loss of oscillator energy to
organic molecular liquids in general, the time constant of the the surrounding solvent bath and a dynamical characteristic that
longest-lived component of the measured OHD-OKE response contravenes the experimental observable. Conversely, we have
did not agree with the reorientation rate extracted from non- shown that a quantum-mechanical oscillator model, where

An inhomogeneously broadened quantum-mechanical har-
monic oscillator model of intermolecular nuclear coordinates
has been applied to the analysis of subpicosecond optical Kerr

Z(u + 1)P(A)e " sin(2wt,) (23)
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stationary energy levels are damped in the weak coupling limit,
results in an impressive fit to the experimentally observed
dynamics with a minimum of model assumptions and con-
straints. The details of the physical implications of the distinc-

tions between the classical and quantum representations will

be explored in a future report.

In future work, we will extend this analysis to address the
temperature-dependent OKE dynamics o @8d acetonitrile
liquids, and to systems such as substituted ben2&foesvhich

the lower molecular symmetry demands the invocation of more
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