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A comparative study of the collective polarizability anisotropy dynamics of benzene, 1,3,5-trifluorobenzene,
and hexafluorobenzene was carried out by using optical heterodyne-detected Raman-induced Kerr effect
spectroscopy (OHD-RIKES) with 45 fs laser pulses. The OHD-RIKES data were analyzed by using a model-
dependent approach and a Fourier transform approach, which yields a spectral density for the liquid. From
an analysis of the long-time tails, collective reorientation times of 2:4506, 9.05+ 0.10, and 13.5- 0.1

ps were obtained respectively fortds, 1,3,5-GFsHs, and GFs. The spectral densities are narrower for
1,3,5-GFsH3z and GFs than for GHe by roughly a factor of 2. Information about the intermolecular vibrational
modes of the liquid is contained in the reduced spectral density which is obtained by subtracting the tail-
matched diffusive reorientational response from the OHD-RIKES data. In the casglobd GFs, the
intermolecular spectral density can be decomposed into at least two broad overlapping bands. In contrast,
the intermolecular spectral density for 1,3,6-¢H3 is characterized by a single band. These spectra are
rationalized in terms of the librational dynamics of perpendicular dimers in ligstits @d GFs and parallel

dimers in liquid 1,3,5-@F3sHs.

I. Introduction TABLE 1: Molecular Parameters for Liquids Studied 2P
The structure and dynamics of aromatic liquids have been o (10 Q10 a(}2(r4; Aafg(T:O
the subject of intense investigation for many years. Neutron ___'lquid kgmp) CmH  JIVZm) Jv=Em)
and X-ray diffraction studies of benzene show that the average CeHs 14.75 —30 11.56 —6.25
molecular arrangement in the liquid is similar to that in the 1,3,5-GFsHs  47.5 31 113 —6.78

solid12 In the solid, benzene molecules are oriented perpen- CeFe 821 L7 11.65 —7.06

dicular to each other in an L-shaped geometry. The molecules *References 26, 28, and 29Symbols: I, moment of inertiaQ,
are arranged in such a way that one hydrogen atom in a moleculeglectric quadrupole moment, mean polarizabilityAc, polarizability
is in contact with both a hydrogen atom and a carbon atom in @SOtropy-

another molecule. Structural modélspmputer simulation? of the liquid. Until recently, this information has been difficult
and statistical mechanical calculatiéref liquid benzene are o obtain and to interpret unambiguously, because of the low
consistent with molecules being oriented perpendicular to eachintensity in the wings of the experimentally measured DRS
other in the liquid. Although the structure _ofa_llqwd |s_IargeI_y spectra. Within the past decade, nonlinear optical (NLO)
determined by shape-dependent repulsive interactions (i.e..techniques have been developed which use ultrafast lasers that
packing effectsf,the perpendicular arrangement of molecules generate sub-50 fs pulses to probe the dynamics of liquids. These
in liquid benzene can also be rationalized in terms of electrostatic techniques include transient grating optical Kerr effect (TG-
interactions. The dominant multipole interaction between OKE) spectroscopy* optical-heterodyne-detected Raman-
benzene molecules is the electric quadrupojeadrupole term,  induced Kerr effect spectroscopy (OHD-RIKES)18 position-
which is predicted to be attractive for the T-shaped geonetry. sensitive Kerr lens spectroscoffyand impulsive stimulated
Molecular beam electric deflectidrand Fourier transform  Raman scattering (ISRY:23 Because of the Fourier transform
microwavé measurements support the T-shaped structure for relationship'7:20¢.24.2%ime-domain data contain the same infor-
isolated benzene d|mer-s. Ab initio Calpulaﬂamnﬁrm that mation about the dynamics ofa ||qu|d as contained in frequency_
the T-shaped structure is a stable configuration for the benzenegomain data. NLO techniques have been touted as being
dimer. Recent neutron and X-ray diffraction studies indicate syperior to DRS, because the short-time dynamics that show
that the quadrupolar interaction is the Structure-determining up in the Wings of the DRS Spectrum are greaﬂy enhanced in

factor in other nonpolar liquid aromatic systefisSuch  NLO time-domain data. However, recent advances in light
interactions are also important in controlling the stereochemistry scattering instrumentation have now it possible to obtain the
of certain organic reactiori binding in model receptors,and low-frequency intermolecular spectra of liquids from DRS
the stability of proteins and nucleic acitfs. measurements that rival those obtained from OHD-RIKES

Local order obviously plays a role in determining the measurements in terms of quality and signal-to-ndise.
intermolecular modes of a liquid. In principle, information  Benzene, 1,3,5-trifluorobenzene, and hexafluorobenzene form
about these modes can be gleaned from the high-frequencyan insightful triad of molecules in which to probe the effect of
wings of the depolarized Rayleigh scattering (DRS) spectrum |ocal order on the intermolecular dynamics of aromatic liquids.
Table 1 lists a few relevant properties for this triad of molecules.
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Department of Chemistry and Biochemistry. lari i . 035 I . imil .

+ Department of Physics. polarizability anisotropies® As well as being similar in

® Abstract published ifAdvance ACS Abstractdpril 1, 1997. molecular geometry and shapesHg and GFs have similar

S1089-5639(96)04047-9 CCC: $14.00 © 1997 American Chemical Society



Structure and Intermolecular Dynamics of Liquids J. Phys. Chem. A, Vol. 101, No. 16, 1992937

physical propertie$’ Their electric quadrupole moments are described in an earlier publicati®nand is similar to ones
roughly equal in magnitude but opposite in sf§A? These reported previously>~182225 The out-of-phase heterodyned
molecules differ in that the moment of inertia ofFg is ~5.6 signal, which probes the real part of the effective nonlinear
times larger than that of ¢€ls.2° As we will show below, this susceptibility, was measured. In principle, scans involving
partially accounts for the difference between the intermolecular oppositely sensed local oscillators must be taken in order to
librational dynamics in these two liquids. In contrast, 1,3,5- correct for the residual homodyne compon®fit® However,
CsF3H3z has a moment of inertia in between that of the other we could not detect this residual component with the apparatus
two molecules and has a much smaller electric quadrupole in the homodyne configuration (no local oscillator). Therefore,
moment?® The T-shaped geometry is the favored structure for in the analysis of the temporal behavior of the OHD-RIKES
isolated dimers of €’ as confirmed by molecular beam data, we assume minimal contamination of the signal by the
electric deflection measuremerifsNeutron diffraction dataon ~ homodyne component.

the liquid are also consistent withsks molecules being oriented The second-order background-free pulse intensity auto-
perpendicular to each othérHowever, molecular beam electric correlation,ng)(t), was measured by replacing the sample with
deflection measurements show that dimers of 1,355 are a 100um KDP autocorrelation crystal. These scans were used
planar with the molecules parallel to each otfferin this in the analysis of the short-time part of OHD-RIKES data and
configuration, the F atoms are symmetrically staggered, therebyin the calculation of the spectral densities by the Fourier
maximizing the stabilization interaction between locatE transform approachphil—a.16b-d.17.18a,c.22.2535The pulse auto-
dipoles on one molecule with the polarizable-8 and C-C correlation was symmetrical and well fitted by a séftction,

bonds of the othef2% Although structural measurements for  even after passing through the dispersive optics in the apparatus.
1,3,5-GF3Hs in either the solid or liquid state are lacking, the The fwhm of the autocorrelation was 70 fs, which corresponds
parallel orz-stacked geometry is expected to prevail in the to a pulse width of 45 fs. Such a pulse has a spectral fwhm of
liquid. The relative intensities of the far-infrared spectra for ~230 cnrl.
these liquids have been recently explained with a model based To determine the femtosecond nondiffusive dynamics, short
on these molecular orientations and distributed electric quad- scans of 1024 points over 3.41 ps were measured, corresponding
rupole moments? to 3.33 fs/point. Sixteen scans were averaged to give a final
In this article, we present new results from a femtosecond data set. The base line before zero time delay was averaged
OHD-RIKES study of the collective polarizability anisotropy and subtracted from the data, and the data were then normalized
dynamics of GHe, 1,3,5-GFsH3, and GFg at room temperature  prior to fitting the data. The short scan data were fit to time-
and ambient pressure. The molecular dynamics of liquldsC ~ dependent model responses. To determine the diffusive dynam-
have been extensively studied by using OR#;n.018¢,22.2530.3233  jcs and obtain the low-frequency @00 cnTl) spectral
ISRS21.22 gand stimulated gain spectroscopy (S@S¥ which densities by the Fourier transform approach, longer scans of
is a frequency-domain NLO technique. Results from a pre- 512 points over 9.9 ps corresponding to 19.3 fs/point were taken.
liminary OHD-RIKES study of liquid GFs were reported by For an OHD-RIKES scan covering a total time range of 9.9 ps,
us recenthy?® In the present article, we provide a more detailed fast Fourier transforms (FTT’s) can be calculated with a spectral
analysis of the OHD-RIKES response fogRg. This work resolution of 1/(9.9 ps) or:3.2 cntl. Because the OHD-
complements previous NLO investigatidpis:n.16d.18¢3jn that RIKES signal andG2(t) are measured independently, the
the dynamics of nonpolar aromatic liquids as opposed to that position of zero time in the data is uncerta®:>17 In order to
of polar aromatic liquids are compared. The article is organized handle this uncertainty, the number of data points in the long
as follows. In section I, a brief description of how the OHD-  gcans of the OHD-RIKES response aBfP(t) was increased
RIKES data were obtained is given. In section Ill, the data are from 512 to 1024 points by performing a cubic spline interpola-
presented and discussed. In section 1V, the data in the time-tion of the data prior to the FFT analy$f@:17 The position of
domain representation are analyzed using the model-dependeng, o, G@)t) peak was shifted relative to that of the coherent
approach. Finally, in section IV, the data in the frequency- g0 iy the OHD-RIKES signal so as to yield a spectral density
domain representation are mtgrpreted_ in terms of the inter- that remained positive out to 500 cfn In addition, the short
molecular_motlons assoma_lteql Wl_th plausible models for the local scan OHD-RIKES data were extended by grafting long-time
structure in these aromatic liquids. tails having the decay behavior of the long scans on to the data.
) Spectral densities obtained from the FFT of these extended data
II. Experimental Methods were used to show the intramolecular depolarized Raman bands.

Reagent gradedls, 1,3,5-GFsHs, and GFs were purchased 'I_'he cubic-spline interpolation, FFT, and_ nonlinear Igast—squar_es
from Aldrich and used without further purification. The liquids ~fits of long scans were performed by using the plotting/analysis
were filtered four times through Om syringe filters to remove ~ Program Horizons.
dust particles. This procedure was essential in reducing the
noise in the OHD-RIKES signals due to light scattering from
dust particles. The samples were placed in 1 mm path length The transients obtained in NLO time-domain experiments
UV-grade fused silica cells. All measurements were performed result from the interaction of the femtosecond laser pulse with
at room temperaturex21 °C) and ambient pressure. molecules of the liquid through the third-order nonlinear

The femtosecond OHD-RIKES measurements were carried polarizabilityy®. In OHD-RIKES, this interaction produces a
out by using linearly polarizeet45 fs optical pulses centered transient birefringence in the liquid. The birefringence response
at ~800 nm. The pulses were generated via Kerr lens mode of the liquid has an instantaneous electronic component (coher-
locking of a home-built continuous wave Ti:sapphire laser ent spike) and a noninstantaneous component. The noninstan-
pumped by an all-lines Arlaser®* To compensate for group  taneous component is directly related to the time correlation
velocity dispersion of the output coupler and the puippobe function of the collective polarizability anisotropy which
optics, the output of the Ti:sapphire laser was directed into a contains information about reorientational and collision-induced
pair of fused silica prisms in a near-retroreflecting geometry. dynamics in the liquid’#! The reorientational dynamics can
The apparatus used in the OHD-RIKES measurements has beele divided into nondiffusive and diffusive motions. The

[ll. Experimental Results
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Figure 1. Normalized short scans of OHD-RIKES data at 294 K and
ambient pressure for (a)sBs, (b) 1,3,5-GFsHs, and (¢) GFs. Data
are shown with the second-order background free pulse intensity

autocorrelation (short-dashed curve) and the diffusive response (long-

dashed curve).

nondiffusive reorientational dynamics include inertially limited
rotations and librations which can be overdamped or under-
damped. All of these motions contribute to the short-time
response <1 ps) of the birefringence signal, whereas the long-
time decay £1 ps) of the birefringence signal is primarily
determined by the diffusive reorientational dynamics.
Short scans of the OHD-RIKES responses for liquigHg;

1,3,5-GF3sH3, and GFs are plotted in Figure 1, along with the

pulse autocorrelation (short-dashed curve). The tail-matched
diffusive responses (long-dashed curves) are also shown with

the data. The response fopls compares well with OHD-
RIKES data obtained previously by other researchgid8c22.25

Neelakandan et al.
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Figure 2. Normalized and offset long scans of OHD-RIKES data for
(@) GHe, (b) 1,3,5-GF3Hs, and (c) GFe.

TABLE 2: OHD-RIKES Long-Time Parameters &P

liquid N fi 71 (pS) f, 2 (ps)  x?
CeHs 0.107 1.0 2.45 0.004
1,3,5-GFsHs  0.417 0.542 1.05 0.458 9.05 0.020
CesFe 0.319 0.514 1.73 0.486 135 0.056

2See eq 1 for definition of fit parametersFits were obtained for
t> 2ps.

fs is superimposed on this intermediate response. This weak
oscillation can be attributed to an intermolecular librational
mode?1-32 The behavior of this OHD-RIKES data is consistent
with results from previous NLO studies of liquickids.15418¢.22,25

In contrast, the signals for 1,3,5k3H3 and GFs decay from

the librational peak to 3540% of the maximum signal
amplitude, taking roughly twice as long to do so. The slow
oscillation due to the intermolecular librational mode which is
seen in the OHD-RIKES data foreBs is noticeably absent in

the OHD-RIKES data for these other two liquids.

Long scans of the OHD-RIKES response fogHg, 1,3,5-
CeF3Hs, and GFs are shown in Figure 2. To determine the
diffusive dynamics in these liquids, least-squares fits of the long-
time tails ¢ > 2 ps) to a multiexponential decay function

R(t) = NZfi exp(t/t) 1)

were carried out, wher is a constant which accounts for the
relative intensities of the OHD-RIKES signals and ffegive

The intensities of the pulse autocorrelation and the diffusive the fractional contribution of each exponential term. Fit
response relative to that of the OHD-RIKES signal were parameters are given in Table 2, with typical fits shown in Figure
determined by fitting the OHD-RIKES signal to the sum of 3. The long-time tail of the OHD-RIKES signal forgBs is
electronic and nuclear responses as described below. Thewell fit by a single-exponential decay function with a 1/e time
instantaneous response is due to the electronic hyperpolarizconstant of 2.45- 0.06 ps. The value of this time constant
ability. The rising edge of the autocorrelation trace closely agrees with the value of 2.4 ps obtained in previous OHD-
matches the rising edge of the OHD-RIKES signal. Super- RIKES measuremeri®" and is consistent with the collective
imposed on the electronic response is the noninstantaneouseorientation time of 3.0 ps obtained from DRS measure-
nuclear response. The peak of the nuclear response is associataflents36-3° A best fit of the long-time tails of the OHD-RIKES
with the intermolecular librational dynamics of the liquid. This signals for 1,3,5-gFsHs and GFs was obtained by using

peak occurs at+110 fs in GHg, ~160 fs in 1,3,5-@F3Hs, and
~190 fs in GFe.

Within 100 fs, the signal for g rapidly decays from the
librational peak to 20% of the maximum signal amplitude and

biexponential decay functions with short and long components.
The slow component can be assigned to the collective reorienta-
tion time in the liquid. The 13.5: 0.1 ps component in the
OHD-RIKES data for GFs compares well with the value of

evolves into an intermediate response with an average decayl4.0 ps obtained previously from DRS measurem#&s From

time of 500 fs. The intermediate response then gives way to
the diffusive response. A weak secondary oscillatiorr400

the OHD-RIKES data, a reorientation time of 9.850.10 ps
is obtained for liquid 1,3,5-6F3Hs. In contrast to the other
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T — ] modestocio17.1822 Specifically, Raman modes with fundamental

:% O U WO FUOPPOINTSNPRE frequencies that lie within the spectral width of the laser pulse
©-0.02f . 3 are excited. The Raman mode that is excited in 1,3/5id;
' ' ' ' (a) : is the depolarized'eintramolecular ring deformation at 253.4
0.04k ] cm 142 The Raman mode that is excited infg is the
5 [ ] depolarized gy C—F out-of-plane bending motion at 370 chf®
.‘% 002k ] In the case of gHs, the lowest frequency Raman mode with

the strongest intensity is the depolarizegy €-C in-plane

[ ] bending motion at 606 cnt.** The absence of this Raman-
0.00[ ] active intramolecular vibrational mode in theHg OHD-RIKES

' ' ' — — data is due to the fact that the mode does not lie within the
E bandwidth of the laser pulses used in this study. Oscillations
corresponding to this bending mode igHg have however been
observed for excitation with 20 fs puls&s.

IV. Analysis and Discussion

A. Temporal Response. To provide a more quantitative
description of the short-time dynamics, the finite pulse width
of the laser must be taken into account. For pump, probe, and
local oscillator pulses derived from a single transform-limited
optical pulse, the OHD-RIKES signal is the convolution of
G@(t) and the molecular nonlinear resporiR():

T(r) O J* GP(t) Riz—1) dt )

] For optical pulses far from an electronic resonance, the impulse
responsér(t) can be written as the sum of an electronic response
> function o(t) and a nuclear response functio):

1 PR |

L L R(t) = o(t) + r(t) 3

2000 4000 6000 8000

Time (fs) If the electronic response function is instantaneous on the time
Figure 3. Typical fits of the diffusive part of the OHD-RIKES data  scale of the laser pulse, the electronic response function can be

for (a) GeHe, (b) 1,3,5-GFsHs, and (c) GFs. The residuals for the fits represented by a-function:
are plotted above the corresponding data. See Table 2 for fit parameters.

two liquids, there are very few reported time-domain measure- o(t) = A(t) (4)
ments of the reorientational dynamics in liquid 1,3,§-§H3.

Raman spectral bandwidth data for the tweibrations of 1,3,5- ~ WhereAq is proportional to the electronic hyperpolarizability.
CsF4Hs yield a reorientation time of 6.7 ps at 2964K. The The total noninstantaneous nuclear response for these liquids

reorientation time is extracted in the usually way by subtracting can be empirically modeled by a superposition of terms:
the line width of the isotropic Raman band from that of the

depolarized Raman band. Although this value of the reorienta- r() = zAiri(t) (5)
tion time is less than the value obtained in this study, it is not i

unreasonable, given that reorientation times from Raman line

shapes are not as accurate as those obtained directly from thd NiS model-dependent approach has been used previously to
diffusive part of OHD-RIKES response. describe the OHD-RIKES responses of many liquids composed

. o . . ; ; ~f16a,b 8 -
For symmetric top molecules, the diffusive reorientational of anisotropic molecule® 192> Ther(t) in eq 5 are given

component of the OHD-RIKES response should be characterized?y

by a single reorientation time for motion about an axis normal diff

to the symmetry axis of the molecule. If the slow component r(t) = Zfi exp(-t/z)[1 — exp(=2t/f,)] (6)
of the long-time OHD-RIKES response for these two liquids is !

ascribed to diffusive reorientation, the 1.43 and 1.73 ps decay

constants in the long-time OHD-RIKES response for 1,3,5- ry(t) = exp(-tr)[1 — exp(-2U5,)] @)
CesF3H3z and GFs must be due to the slow relaxation of some )
other intermolecular mode. One possibility is that the amplitude ry(t) = expt/zy,) exp—AA%2) sin(t) (8)

of the 1-2 ps relaxation process arises from translational
interaction-induced (I-1) effects which decay on the time scale The functionsry(t) andr(t) are assigned to the diffusive and

of local density fluctuations in the liquit?c¢ Molecular intermediate responses observed in the OHD-RIKES signals.
dynamics simulations on liquid G&N show that the +1 For anisotropic molecules, the intermediate response has been
contributions to the polarizability anisotropy correlation function attributed to the constructive interference of critically damped
decay slowly and contribute to the signal at long tirffes. and overdamped collective intermolecular vibrational maélés.

In the OHD-RIKES data for 1,3,54E3H3 and GFe, faster The parameterg:/2 andS./2 are the rise times for the diffusive
oscillations are superimposed on the contribution from the and intermediate responses and account for the fact that the
intermolecular motion. These oscillations arise from the co- nuclear responses cannot follow the intensity profile of these
herent excitation of intramolecular vibrational Raman short laser pulsei$d.eil16ab
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-1 effects can also contribute to the intensity of this T T T T T T T
intermediate respon&g&*16ab These effects arise from distor- 1.07 (a) |
tions of the molecular polarizabilities due to the interactions of o.8fF
neighboring molecules and will depend in general on the
translational and orientational degrees of freedom. In atomic I
liquids, the amplitude of the OKE response clearly arises from 0.4F
translational +1 effects?> As mentioned above, the signal
contribution due to translationaHl effects will exhibit a I
relaxation time characteristic of local density fluctuations. It o.0F
is very difficult to determine the extent to which-1 effects :
contribute to the intermediate response in liquids. However,
the intensity due the intermolecular librational modes should
be larger than the-l intensity in the nondiffusive part of the 0.85
OHD-RIKES signal for liquids composed of anisotropic I
moleculest> Attempts have been made to assess the contribu-
tion of translational +1 modes to experimental OHD-RIKES 0.41
data by comparison to molecular dynamics simulatitns. [

The oscillatory response functiog(t) represents a coherently
driven, Raman-active, intermolecular librational motiét It 0.0 %
is based on a simple model involving the “cage’-induced —
reversal of angular momentuth. The function is an ap-
proximation to the coherent librational amplitude which is given
by the superposition of damped/dephased oscillators (homo-
geneous broadening) in a distribution of molecular environments
(inhomogeneous broadening). In this response functigns
the mean librational frequency amgh is an average dephasing
time for the oscillators and contains contributions from pure
dephasing due to fluctuations in cage structures and population X
relaxation. The Gaussian function reflects the distribution of R PO P
molecular cages in a disordered liquid that gives rise to different 0 1000
librational frequencies. The parametein this function is the Time (fs)
inhomogeneous dephasing rate, which is a measure of therigure 4. Fit (solid line) of OHD-RIKES data (points) together with
distribution of oscillator frequencies. The fwhm of the inho- the corresponding component responsé3 and ri(t)—rs(t) (dashed

mogeneous distribution? is related toA by lines) for (a) GHe, (b) 1,3,5-GFsHs, and (c) GFe. See Tables 3 and 4
for fit parameters.

Signal

Signal

Signal

2000

3000

~ 1/2
AV = A(2In 2) e ©) response of gHg is clearly more complicated than that of 1,3,5-
Using egs 2-8, the data were analyzed as follows. Rise times CeFsHs or CeFs. A better fit of the GHe data was obtained
can be estimated from either the free rotation time of the When a function of the form
molecule or from the ensemble-averaged intermolecular vibra-
tional frequency. In this study3, and 3, were set equal to r5(t) = exp(-A’t’/2) sin@t) (11)
1MAwL] where[Aw(is the first moment of the low-frequency
spectral densityéab The pulse autocorrelation was convoluted was used to model the librational response, with another
with the diffusive response function(t) using the fit parameters  intermediate response term added to the total nuclear response
in Table 2. This diffusive component was then tail-matched to function in eq 5. Equation 11 describes a situation in which
the OHD-RIKES signal. The long dashed curves in Figure 1 the dephasing processes are slower than the librational dynamics,
are the tail-matched diffusive components. A reduced data setand because of inhomogeneities in the local environments, there
was then generated by subtracting the tail-matched longis a distribution of oscillators. In this case, the librational
component from the OHD-RIKES sign&#tk! From a semi- dynamics is dominated by inhomogeneous dephéaSinguch
logarithmic plot of the reduced data set, the 1/e time constanta four-term model has been used previously to fit ISRS data
for the intermediate response was obtained. Next, the pulsefor several liquids, including §.2°2.2421 As can be seen in
autocorrelation was convoluted with the response functi(h Figure 4, the fit, although not exact, reproduces the main features
with 7 set equal to the 1/e time constant obtained from the of the data reasonably well. The fit parameters for the short-
semilogarithmic plot of the reduced data set. This intermediate time OHD-RIKES data are summarized in Tables 3 and 4. For
component was tail-matched to the reduced set. Finally, a bestCsHs, 1,3,5-GFsHs, and GFs the librational frequencies are
fit of the convolution of the pulse autocorrelation and the total respectively, 69, 31, and 33 cth
response function In our analysis of the librational response fagHg, a fit of
the data was obtained by settinyy ~ 48 cntl. This
R(t) = A (t) + Arq(t) + Ajry(t) + Agra(t) (10) corresponds to an inhomogeneous dephasing rate of 319 ps
In the case of 1,3,54F3H3 and GFs, the parameteA? was
was obtained by varying the coefficiendgy and Az and the arbitrarily set equal to 48 cm, and the dephasing tima,
constantsrp, A, andwg, with the other constants held fixed. varied to fit the librational response for these two liquids. This
This procedure yielded good fits of the OHD-RIKES signals approach leads to the dephasing time being longegkg than
for 1,3,5-GF3sH3 and GFs, as shown in Figure 4. Unfortunately, in 1,3,5-GFsH3z (600 vs 400 fs). This result is physically
we were unable to obtain good agreement with tigel{CQlata reasonable, if one interprets, to be on the order of the
by using just three model response functions. The OHD-RIKES fluctuation time for cage structures in the liquid. Becaug€;C
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TABLE 3: OHD-RIKES Parameters for Electronic and Diffusive Response$

electronic response diffusive response

liquid Ao A f; 79" (ps) f, 5" (ps) B (fs)
CeHs 0.9758+ 0.0188 0.0016- 0.0001  1.00 2.4% 0.06 96+ 20
1,3,5-GFsHs 0.9763+ 0.0391 0.0054t 0.0003  0.54:£0.10  1.05-0.10  0.464+ 0.01 9.05+ 0.30 165+ 20
CeFe 0.9750+ 0.0172 0.0047 0.0001  0.5: 0.10  1.73£0.05 0.49+0.06  13.5+0.1 188+ 15

2 See egs 46 for definition of parameterd.Diffusive parameters obtained from fit of long-time response (see Table 2).

TABLE 4. OHD-RIKES Parameters for Intermediate and Librational Responses*t
intermediate response

Aos 2 (fs) B (fs) librational response
liquid Acp 7, (fs) B2 (fs) As e em?) T (fs)  pi(psh) A (psY  AvE(cmY)
CeHs 0.0025+ 0.0002 468:30 968  0.0098+ 0.0002 6%+ 5 39+0.3  48+4

0.0103+ 0.0006 20020 300+ 20
1,3,5-GF3sHs  0.0009+ 0.0004 500+ 100 165+20 0.017440.0017 315 400+£50 25+£03 3.9+£03 48+ 4
CeFs 0.0028+ 0.0003 558t45  147+20 0.0175k 0.0002 33t 3 60050 1.7+0.1 3.9+£0.3 48+ 3

aSee eqs 711 for definition of parameter$.Ay + A + Aga + Agp + As = 1. ¢ Ty = wo/27C. 9y = Lltip. €AV = A(2 In 2)4%(7c).
molecules are more massive than 1,3¢64E3 molecules, they will assume however that the attractive interactions largely

will move more slowly in the liquid at a given temperature. determine the dynamics in aromatic liquids. For nonpolar
Therefore, cage structures should fluctuate more slowly in liquid aromatic liquids, the electric quadrupelguadrupole interaction

CeFs than in liquid 1,3,5-@GFsHs. In contrast to @Hs, the term should be the dominant term in the intermolecular potential.
intermolecular librational dynamics ineEs and 1,3,5-GF3H3 This should be especially true forglds and GFs because of
are not strongly dominated by inhomogeneous dephasing. Thetheir large quadrupole moments (Table 1). The electrostatic
value of the homogeneous dephasing satehich is given by interactions in @Hs and GFs are rather unique in that their

1fiip, iIs~2.5 pstin 1,3,5-GFsHz and~1.7 pstin CgFs. These guadrupole moments are of the same magnitude but opposite
values are comparable in magnitude to the value of the in sign. Thus, it is not surprising that the force constant for

inhomogeneous dephasing rate of 3.9%ds these liquids. the librational motion in GHg is roughly comparable to that in
As can be seen from Table 4, all three liquids exhibit an CgFs.
intermediate responsex(t), having roughly the same 1/e time Since the molecules in liquid 1,3,5ksH; tend to form

constant €5, ~ 0.5 ps). This suggests that the intermolecular parallel structures instead of L-shaped structures, the intermo-
motion giving rise to this response must be the same for all lecular potential that governs the librational motion in liquid
three liquids. In contrast, the parameters that characterize thel,3,5-GFsHs should be different than that in liquideBs or
second term in the intermediate response fgldAop, ﬁg, and liquid CgFs. This difference should be evident in the force
) are very different than the parameters that characterize theconstant ratios between 1,3,3RsHs and GHs and between
first term. This second intermediate termy(t), must be due  1,3,5-GFsHs and GFe:
to an intermolecular motion which is not present in the other

two liquids. It is evident from Figure 4 that the intermediate k(CgF3Hs) _ wo(CeF3H3) [ (CeFsHy) 13
response is more important in determining the nondiffusive k(CgHe) - wo(CgHg) 1(CgHg) (13)
dynamics in GHe and GFs than in 1,3,5-@FsH;. Based on

the amplitudes, the intermediate response contributes to 53% K(CeFsHy)  [wo(CeFsH2)]2 (CeFaH2)

of the nuclear response inglds and to 11% of the nuclear KC.F = cH (CE (14)
response in gFs, whereas it contributes to only 3% of the (CeFo) @o(CeHe) (CFo)

nuclear response in 1,3,5&3Hs.

To further understand the librational dynamics in these liquids,
we will assume the librational frequency is simply given by
(kM2 wherel is the moment of inertia of the molecule for
motion perpendicular to the symmetry axis dnd the force

constant which characterizes the intermolecular potential gov- " N - 31T e
erning the librational motion of the molecule in the liquid. 119uid CeHe, whereas itis sharper at the minimum in liquid 1,3,5-

Obviously, in a liquid, the actual potential will be extremely ~CeFsHa than in liquid GFe. These relative differences in the
complicated because of many-body interactions. Let us first force constants are surprisingly small, if one considers the fact

compare the librational dynamics inslds and GFs. The ratio  that the quadrupole moment of 1,3,8FeHs is ~10 times
of force constants for this pair is given by smaller in magnitude than the quadrupole moment of eithidg C

or GFs. The small relative difference in the force constants

Using the values of the moment of inertia listed in Table 1 and
librational frequencies listed in Table 4, one gets values@b5
and ~1.6 for the force constant ratios in eqs 13 and 14,
respectively. Therefore, the potential that governs the librational
motion is flatter at the minimum in liquid 1,3,5sE3H3 than in

K(C.F C.E)2I(C.E can be rationalized in terms of the tendency of 1,3;6383
(CeFo) = @o(CeFo) |*1 (CeFo) (12) molecules to stack parallel to each other. Because this geometry
k(CeHg) | wo(CeHe)] 1(CgHe) places the €F bond dipoles on one molecule in close proximity

to the C-H bond dipoles on the other molecule, the molecules
Using the values of the moment of inertia given in Table 1 and will be attracted to each other more strongly, thereby giving
the librational frequencies given in Table 4, one gets that the rise to a much larger force constant than one would predict on
value for the force constant ratio in eq 12 is equakif.8. the basis of point quadrupole interactions.
This value is reasonable, given the similarity of the structures B. Spectral Response. A multiparameter curve fitting
of these two liquids. The properties of the potential will be approach to the analysis of the time-domain data suffers from
determined by both repulsive and attractive interactions. We the problem that different parameters can compensate for each
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Z | Figure 6. Expanded plot of the full spectral densities for (a) 1,3,5-
2 0.8 CsF3H3 showing an intramolecular band~=253 cnt which is assigned
a [ to the depolarized'ering deformation mode and for (b)sEs showing
= 0.67 an intramolecular band at370 cnt? which is assigned to the gC—F
£ 0.4 out-of-plane bending motion.
(7]
@ 0.2 TABLE 5: Comparison of Spectral Density Parameterg®
0.0 first spectral
/PR B | PR H H 1 C — 1
0 o 100 150 liquid moment (cm?) fwhm¢ (cm™)
-1 CeHs 55/59 91/81
Frequency (em™’) 1,3,5-GFsHs 32/40 50/56
Figure 5. Spectral densities obtained from OHD-RIKES data by using CeFs 36/41 46/63

the Fourier transform technique: (aj, (b) 1,3,5-GFsHs, and (c) aThe first number in each entry is the value corresponding to the

CsFs. Solid curves are the ful! _spectral densities, and dashed curves ull spectral density InD(Aw)]. The second number is the value for
are the reduced spectral densities. See Table 5 for summary of spectr. he reduced spectral density IBi[Aw)]. ® Error = +1 cnrL.  Full

parameters (first moment and fwhm). width at half-maximum

other, making it difficult to arrive at a unique interpretation of Figure 5 illustrates the low-frequency part of D{Aw)]

the data® An alternate procedure to analyzing the OHD- between 0 and 150 cr (solid curves) obtained from the FFT
RIKES data that avoids this problem is the Fourier transform of the OHD-RIKES data. The spectral densities are sharply
techniquetSh-il—a.16b-d.17.18a.¢,22.25.35The result of this approach  peaked near the origin. This feature is the pure diffusive
is a spectral density. The Fourier transform of eq 2 gives the reorientational response. Figure 6 illustrates the spectral
product response for liquid 1,3,54E3H; and GFs over the extended
frequency range 8400 cntl. Despite the large-amplitude
structure that arises from the noise in the short scan OHD-
RIKES data, the intramolecular vibrational bands are readily

whereF denotes a forward complex Fourier transform opera- aPparent. The peak that occurs:@53+ 1 cmin the 1,3,5-
tion. The deconvolution is accomplished by computing the CeFsHa spectral density is assigned to the depolarizéd e
complex quotient intramolecular ring deformation modé. Similarly, the peak

at~370+ 1 cnrtin the spectral density for ¢Es is assigned

to the depolarized ;¢ C—F out-of-plane motion in the mol-
ecule®® As discussed above, these modes appear as oscillations
in the OHD-RIKES signals for these liquids (see Figure 1b,c).
whereAuw is the frequency relative to the laser center frequency.  vaJues of the first spectral momeiw Owere calculated for
D(Aw) represents the intrinsic frequency response to a spectrallythese liquids from the data illustrated in Figure 5. These are
flat, 6-function excitation pulse. If one assumes that the impulse |isted in Table 5 along with values of the fwhm for the spectral
response can be written as the sum of an electronic responsejensity. The values diwCvere used to estimate the rise times
and a nuclear response (eq BJAw) can be expressed as the g in eqs 6 and 7. To isolate the contribution of the intermo-
sum of a constanb, and the Fourier transform of the nuclear |ecular vibrational dynamics of these liquids, it is useful to apply
response function, the Fourier transform technique to the reduced OHD-RIKES
data (data minus diffusive component) to obtain the reduced
spectral density, Im)'(Aw)] (dashed curves in Figure 5). The
reduced spectral density gives the pure Raman-active vibrational
modes of the liquid®™9 Table 5 lists values of the fwhm and
the first moment of the reduced spectral density. The spectral
densities for aromatic liquids tend to be wider than that of

F{T(2)} = F{GY(1)} F{R®)} (15)

F{T@YF{G(1)} = F{RY} =D(Aw)  (16)

D(Aw) = Ay + F{r(t)} a7)

Since Ap is real, the electronic hyperpolarizability will not
contribute to ImPp(Aw)]. Information about all possible nuclear
motions is contained in the spectral density D{hw)].
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TABLE 6: Line Shape Parameters for Fit of Reduced Spectral Densities

liquid AsL a w1 (cm™1) As w2 (cm™) e(cm™)
CeHs 0.124+ 0.006 1.06+ 0.02 9.7+ 0.2 1.34+ 0.02 33.0+£ 0.5 49.0+ 0.5
1,3,5-GFsH3 0.099+ 0.001 1.04 0.01 225+ 0.5
CeFs 0.33+ 0.02 0.59+ 0.02 27+ 2 0.29+ 0.04 47+ 3 16+ 2

2 See eqs 19 and 20 for definition of fit parametérBits were obtained for & Aw < 160 cnt! (CeHg), 0 < Aw < 100 cnt? (1,3,5-GF3Ha),
and 0< Aw =< 125 cn1? (CeFg). Outside of these ranges, the spectral densities do not approach the base line in a physically reasonable way. This
can be attributed to a mismatch in the optics in the pump and probe lines of the interferometer. This artifact, however, does not affect our analysis
or interpretation of the intermolecular vibrational bands.

nonaromatic liquid$8-32 Cong et al18¢in a comparative OHD-

RIKES study of benzene and polar benzene derivatives, at- o 1or

tributed the broadness of the spectral density to the highly ‘«2 0.8F

anisotropic nature of the intermolecular potential in these liquids 806 f

which arises from the polarizability of the-electrons in the s

benzene ring. However, our results show that the spectral ‘§ 0.41

densities for these nonpolar fluorinated benzene derivatives are S ook

roughly half as wide as the spectral density fgHg: As noted

above, the polarizability and polarizability anisotropies are nearly 0.0f

the same for these liquids. Other factors must therefore play a

role in determining the broadening mechanism in these liquids, 10_' DA

besides the polarizability of the-electrons. - (b)
Removing the low-frequency diffusive component results in 2osr ]

the width and first spectral moment of the reduced spectral a 0'6'_ i

density being greater than that of the full spectral density (Table ®

5). For 1,3,5-GFsHs and GFs the values of first spectral © 041 i

moment obtained from the reduced spectral density are in @ o0.2f & o o B ]

good agreement with the values of the mean librational i R 0z00,0 ]

frequency obtained in the model-dependent analysis of the 0oLy

OHD-RIKES. The difference between the full spectral density

and reduced spectral density for each liquid can be rationalized 1ok T '

in terms of the relative contributions of the various response -l

components to the time-domain data. For example, based on g 0.87

the amplitudes, the contribution of the diffusive component to =N

the overall nuclear response is-179% for 1,3,5-GFsH3 and s i

CsFs, but only 7% for GHs. Consequently, the difference § 0.47

between the mean frequencies and widths ofD(Ww)] and @ 0.2

Im[D'(Aw)] for CeHg are not as pronounced as they are for 0.0

1,3,5-QF3H3 and QF@. ’

To provide a more quantitative description of the intermo-
lecular bands in the Inb}' (Aw)] spectra, nonlinear least-squares Frequency (cm1)
fits of the band profiles to various line shapes were carried out. figyre 7. Fits of the reduced spectral densities for (aHEto two
The best fits obtained from this analysis are shown in Figure 7 bands, (b) 1,3,5-&3Hs to a single band, and (c)¢Es to two bands.
with the fit parameters given in Table 6. We find that the See Table 6 for fit parameters.
intermolecular vibrational band in both liquidsids and GFs
is well described by the sum of two bands: IsL(Aw) was originally introduced by Bucaro and Litovitzo
account for collision-induced contributions to DLS spectra in
Im[D'(Aw)] = lg (Aw) + I5(Aw) (18) liquids. However, in this analysisg (Aw) is just treated as
an empirical fitting function.

The data suggest that the intermolecular vibrational spectrum
loL (Aw) = Ag (Aw)? exp(Awlw,) (19) for these two liquids arises from at least two vibrational modes.
Because gHgs and GFg are similar in structure, these intermo-
andlg(Aw) is the antisymmetrized Gaussian line shape function, lecular modes must be also the same in these two liquids. In
liquid CgHs, the high-frequency component, which peaks-&4
lo(Aw) = A{exp[-(Aw — w,)%2¢°] — cm! and has a fwhm of~85 cnt?!, dominates the low-
- 2/ 2 frequency component, which peaks&tO cn and has a fwhm
expL-(Aw + w,) 127} (20) of 24 cntl. Comparing areas under the component bands, the

Both functions go to zero at zero frequency as required by 94 CMT* component is 5.6 times larger than the 107¢m
Im[D'(Aw)]. This spectral decomposition of the reduced component and contributes to 85% of the total area of the
Spectra| density for EHe is consistent with previous OHD- intermolecular band in &s. In |IqU|d CeFs, the situation is
RIKES data of McMorrow and Lotshai#'" Other line shape  reversed with the low-frequency component, which peaks at
functions were tried, but these did not fit the data as well as ~16 cnT* and has a fwhm of 52 cm, dominating the high-
those in egs 19 and 20. The line shape functions in egs 19 andrequency component, which peaks:at7 cnm! and has a fwhm

20 have been used previously to describe the OHD-RMES  of 28 cnl. Comparing areas under the component bands, the
and SG$! spectra of other liquids. The line shape function 16 cnT! component is 4.6 times larger than the 47¢érand

wherelg (Aw) is the line shape function,
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contributes to 82% of the total area of the intermolecular band to the local order in these liquids. Forlds and GFs, the

in CgFs. reduced spectral densities are bimodal, whereas, for 1,3,5-
In the case of 1,3,54F3Hs, the intermolecular vibrational — CsFsHs, the reduced spectral density can ascribed to a single

band at~47 cnttin the reduced spectral density does not rise intermolecular vibrational mode. Previous IDSRS data for jet-

sharply on the low-frequency side as it does fgHgand GFs. cooled GHe dimers? suggest that the low-frequency and high-
This suggests that the low-frequency intermolecular mode which frequency intermolecular modes in the liquid are due to the
is present in liquid @He and GFs is absent in liquid 1,3,5- librational motions of benzene moieties in inequivalent sites of

CsF3Hs. Our analysis confirms that the band can be fit by a a perpendicular dimer. The fact that we see a single intermo-

single line shape function (eq 19), as shown in Figure 7b. The lecular mode for 1,3,5-4FsHs is consistent with a parallel dimer

parameters for this fit are given in Table 6. for which the sites are equivalent. To lend further credence to
McMorrow, Lotshaw, and co-workef®" have suggested that  this interpretation of the intermolecular dynamics in these

the low-frequency component in the reduced spectral density liquids, we plan to extend the OHD-RIKES study, with better

for CgHg arises from an intermolecular vibrational mode of the Signal-to-noise ratios than obtained here, to other nonpolar

liquid associated with dimers or higher aggregates. They halogenated benzene systems and to binary mixturesfaf C

showed that this low-frequency mode is absent in a 9.1% and GHe. The latter system is quite interesting in thaf6-

mixture of GHs in chloroform®™ They attributed the dis-  CeHe complexes are thought to exist in these mixtures in the

appearance of the low-frequency mode upon dilution to a shift parallel geometry.”29

in the dimer-monomer equilibrium in favor of the monomer.
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