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Molecular dynamics investigation with the time resolved optical Kerr effect
on the CS2–C6H6 mixtures
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Caixa Postal 15051, CEP 91501-970, Porto Alegre, RS, Brazil

�Received 31 August 2006; accepted 29 September 2006; published online 9 November 2006�

An investigation of the molecular dynamics in pure liquids and in mixtures through the technique
of time resolved optical Kerr effect is performed. The samples studied were the mixtures of carbon
disulfide �CS2� with benzene �C6H6�. The molecular dynamics of the pure liquids is briefly
discussed while the main results are obtained for the mixtures. A slow dynamics component is
observed for the optical heterodyne detected optical Kerr effect transient decaying exponentially
with time constants on picosecond time scale. The fast subpicosend time relaxations are analyzed in
terms of the nondiffusive component of the spectral response that is associated with the molecular
dynamics. The modifications of the spectrum are quantified, and the explanation of the observed
changes is given in terms of the structural interaction configurations that produced changes in the
intermolecular potential within which the molecules execute librational motions. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2371110�

I. INTRODUCTION

The low frequency domain of the spectral density asso-
ciated to the liquid state, obtained with light scattering tech-
niques and its time domain analogues, as the time resolved
optical Kerr effect, is a peculiar region where the discrimi-
nation among different relaxation processes is not so far
clearly defined. The processes originating the spectra in the
low frequency region are tentatively separated into molecular
reorientations, collision induced polarizability anisotropy,
dipole-induced dipole interactions, and intermolecular coher-
ent motions.1 The difficulties faced in interpreting intermo-
lecular spectra derive from the fact that not all the above-
mentioned processes can be identified in an unambiguous
manner by acting on classical experimental variables such as
temperature or pressure, for example. In the recent past,
many papers were published concerning investigations of the
dynamics of pure simple liquids, such as carbon disulfide
and benzene.2–5 The aim of those investigations was to dis-
close the dynamical behavior underlying the molecular mo-
tions in liquids. Neat liquid systems were extensively studied
under the limitations of optical Kerr effect �OKE� and, there-
fore the picture of a molecular probe has added new perspec-
tives into the intermolecular dynamics. New investigations
were focused on the dynamical behavior in liquid mixtures,
providing a more complete picture of the interactions occur-
ring in solutions and of the solvent effect on intra- and inter-
molecular modes. As discussed by Steffen et al.,6 an aspect
that has to be accounted in a description of liquid state dy-
namics is the effect of damping processes on the optical re-
sponse. The dephasing, due to random interactions with the
bath, contributes significantly in altering the spectral width.
The mathematical model that describes the spectral response
function obtained through an OKE measure is influenced by

the dephasing processes. One motivation of current research
in laboratories around the world is to elucidate the nature and
mechanisms of the dephasing processes, because they under-
lie the complex microscopic dynamics in the liquid state. A
common definition used throughout the literature is the one
that classifies dephasing processes as homogeneous or inho-
mogeneous. The latter is due to a static distribution of local
environments of molecules, which do not change on the time
scale of the experiment, while homogeneous broadening is
caused by fast fluctuations, which change the local environ-
ment on a time scale much faster than the inverse width of
the frequency response. Since nuclear motions in liquids oc-
cur over a wide range of time scales, the separation into
“fast” and “slow” fluctuations is questionable, and hence it is
not clear whether it is fruitful to discuss the optical response
only in extreme terms of homogeneous and inhomogeneous
broadening.

Taking to account these facts, it would be of great inter-
est to separate the inhomogeneous, structural and homoge-
neous, dynamic contributions to the spectral line shape of the
intermolecular dynamics in the liquid state. Unfortunately
this turns out not to be possible in optical heterodyne de-
tected optical Kerr effect �OHD-OKE� measurements, which
have only a single time dimension �the pump±probe delay�
as was discussed by Tanimuran and Mukamel.7 It has been
shown that such a separation is, in principle, possible in
higher-order polarization dependent experiments such as, for
example, in temporally two-dimensional experiments.7,8 The
best known of these is the three-pulse photon echo,9,10 but
the difficulties of performing this experiment at the far-IR
frequencies required are considerable. Alternative six-wave
mixing experiments have been proposed.6,7,11 Resonant six-
wave mixing experiments have been demonstrated for stud-
ies of solute dynamics,12,13 but the nonresonant multidimen-
sional experiments required to unravel the ground-statea�Electronic mail: iheisler@yahoo.com.br
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dynamics of liquids have proved challenging, in particular,
because the six-wave signal is polluted by contributions from
cascaded lower-order signals.12,13 In virtue of this, the OHD-
OKE continues to be a good alternative to obtain information
about the intermolecular interactions. A good option is to
analyze what happens in mixtures of molecules that have
relatively strong interactions, observing the changes intro-
duced to the spectral line shape in comparison to the pure
liquids.

In a recent paper, we described the results obtained with
the OHD-OKE technique for carbon disulfide-polystyrene
�CS2–PS� mixtures.14 Through variations in the concentra-
tion of the mixture, it was possible to alter the effective
intermolecular potential in a nearly continuous fashion and
evaluate the main modifications introduced to the intermo-
lecular dynamics. Our results showed that as the PS concen-
tration was increased the principal librational frequency
shifted to a higher frequency, consistent with a strengthening
of the intermolecular forces between the phenyl rings of the
PS molecules and the CS2 molecules. This association was
corroborated by the fact that as CS2 molecules were replaced
by the more strongly interacting phenyl rings, and the net
effect was to modify the curvature of the intermolecular po-
tential.

In this work we present experimental results obtained
with the OHD-OKE technique performed on a series of car-
bon disulfide-benzene �CS2–C6H6� mixtures. The objective
is to gather information about the physical processes that
underlie intermolecular dynamics in liquid mixtures and
trace a broader picture concerning the dynamical processes
subjacent to the complex CS2–PS mixtures. The CS2–C6H6

mixtures are intended to provide information about interac-
tions between the CS2 molecules with the phenyl rings,
which are the principal interacting structures present in the
PS molecules. Both CS2 and C6H6 are molecules with
strong polarizability anisotropy and these pure components
have been studied in detail before.2,5,15 There are only
a few experimental studies16,17 and molecular dynamics
simulations18,19 which deal with the interpretation of the in-
duced polarizability anisotropies in binary liquid mixtures.
These studies are mostly associated with investigations of a
strongly anisotropic component �i.e., CS2 or C6H6� diluted in
an isotropic solvent �such as CCl4 and alkanes�.2,4,20–22 In
this situation, the analysis of the spectra is simplified by the
fact that only reorientational fluctuations of the anisotropic
component contribute to the spectra of the mixtures. On the
other hand, the OHD-OKE transient signal of CS2–C6H6

mixtures appear as a sum of the contributions of the “total
permanent” as well as of the “interaction induced” polariz-
ability anisotropies arising from fluctuations of each liquid,
complicating the results analysis.

II. EXPERIMENT

The ultrafast OHD-OKE measurements were carried out
using linearly polarized laser pulses with duration of ap-
proximately 100 fs and with a center wavelength of 780 nm
�the pulse was characterized by the modified grating elimi-
nated no-nonsense observation of ultrafast incident laser

light E-fields �GRENOUILLE� method23 and the temporal
envelope is well described by a square root hyperbolic se-
cant�. The pulses were generated in a commercial Kerr-lens
mode-locked Ti:Sapphire laser �Mira 900 Coherent� pumped
by a 5 W �cw� intracavity-doubled diode-pumped Nd:YVO4

laser �Coherent Verdi�. The 250 mW femtosecond laser
beam was split into pump �95%� and probe �5%� beams, and
the pump beam was optically delayed using a stepper motor
resulting in a 5.6 fs/ step delay resolution �Fig. 1�. Once the
polarization of pump beam was determined, a polarizer was
placed in the probe beam to achieve a 45° angle relative to
the pump. A 20 cm focal-length lens was used to focus the
two beams into the sample. To enhance the sensitivity of the
signal detection we used a phase-sensitive lock-in amplifier
with a dual-slot chopper modulating the pump beam at
1.38 KHz and the probe beam at 1.02 KHz. The signal was
detected at the sum frequency of 2.4 KHz. At the sample
position, the pulse temporal width was measured with a two-
photon absorption photodiode. The ultrafast birefringence
signal was obtained with a shot-noise limited, balanced-
detection scheme, as described elsewhere.24 In this setup, the
probe beam was circularly polarized with a quarter-wave re-
tardation plate after the sample. Parallel and perpendicular
components were separated with a Glan-Thompson polarizer
and sent to a pair of photodiodes connected to the input
channels of the lock-in amplifier. The signal obtained by
electronically subtracting the horizontal from the vertical
component canceled out both homodyne and background
components. In turn, the pure heterodyne signal was re-
corded in a single shot. In addition, balanced detection re-
duces the effects of random fluctuations of the laser power
and achieves a significant improvement in the signal to noise
ratio.

Carbon disulfide and benzene of spectroscopic grade
were obtained from Merck and used without further purifi-
cation. The samples were prepared in glass cuvettes follow-
ing a filtration of the liquid mixtures through a 22 �m Mil-
lipore filter. All measurements were carried out at a
temperature of 293 K.

III. RESULTS AND DISCUSSION

The time resolved OKE experiment measures the time
evolution of the optically induced third-order polarization
anisotropy and, to a certain extent, has the capability to sepa-
rate the different physical processes that lead the system to

FIG. 1. Experimental setup. P1-2: polarizers, L1-2: lenses, S: sample, and
GT: Glan-Thompson polarizer. � /2 and � /4 are zero-order half-wave retar-
dation and quarter-wave retardation plates, respectively.
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relax on different time scales. At long times �typically a few
picoseconds in liquids� the motion is generally described by
orientational diffusion. For simple molecules such as carbon
disulfide and benzene the experimental results can be inter-
preted on the basis of the Debye-Stokes-Einstein hydrody-
namic theory.25 Figures 2�a� and 2�b� show the OHD-OKE
signal on a semilog scale together with the fitted nonlinear
response functions for the carbon disulfide and the benzene
molecules, respectively. The experimental transient signals
were fitted to time response functions using an approach
based on an evolutionary algorithm described in detail in
Ref. 14. The long time diffusive component was fitted to an
exponential function giving a time of 1.75±0.06 ps for pure
carbon disulfide and 2.24±0.11 ps for pure benzene. This
relaxation times confirm the well known literature results for
these liquids.21,26,27 At shorter times �typically 100–1000 fs�
the dynamics consist of complex, nondiffusive intermolecu-
lar motions �degrees of freedom� associated with the poten-
tial formed by nearby molecules through intermolecular
forces. There are various contributions28 to the nondiffusive
response �albeit yet neither all known nor well separated�:
interaction induced anisotropy �I-I� �including binary colli-
sions� that arises from distortions of the molecular polariz-
abilities induced by the intermolecular interactions, intermo-
lecular vibrational which include orientational �librational�
and translational degrees of freedom, molecular frame distor-

tions associated with molecular collisions, and others. It is a
widespread common sense that the libration-type motion is
the most significant contribution to the subpicosecond dy-
namics, and we will refer to the nondiffusive contribution to
the data collectively as the “librational response” for the re-
mainder of the paper. To describe the nondiffusive part of the
nuclear response, we follow the Fourier transform deconvo-
lution procedure developed by McMorrow29 and McMorrow
and Lotshaw.30 Briefly, taking the Fourier transform of the
OHD-OKE signal we have

I�I�t�� = I�Ac�t��I�R�t�� , �1�

where we used the property of the Fourier transform for the
convolution. In this expression, I�t� is the measured OHD-
OKE signal, Ac�t� is the independently measured intensity
autocorrelation, and R�t� is the nonlinear response function.
The deconvolution is accomplished by computing the com-
plex quotient,

I�I�t��
I�Ac�t��

= I�R�t�� � D��� . �2�

Since the very fast electronic contribution is simply de-
scribed by a real constant that multiplies a Dirac delta func-
tion, this will not contribute to the imaginary part of the
spectral distribution.30 So, as modeled, the information about
all possible nuclear motions is contained in the imaginary
part of the spectral distribution Im�D����. To better access
the nondiffusive nuclear part, we subtracted the diffusive
component prior to the deconvolution procedure. Figures
3�a� and 3�b� show the nuclear spectrum obtained after the
deconvolution procedure of the measured experimental re-
sults for carbon disulfide and benzene, respectively. This
spectra are “smooth,” that is, do not show peaks or protuber-
ances that can indicate a particular resonance or physical
process, so the analyses of the data can become complex.
Two parameters were chosen to do the characterization of
such smooth asymmetrical spectra: the full width at half
maximum � and the principal frequency or first moment of
the spectral distribution ��	. The values obtained for this
parameters for the CS2 molecule were ��	=43.36 cm−1 and
�=50.57 cm−1. For the benzene molecule the spectrum
parameters obtained were ��	=65.08 cm−1 and �

=99.11 cm−1. In a liquid, where the mean free path before
collisions is small, the molecules do not execute complete
rotations and the frequencies of the librational motion are
primordially determined by the moment of inertia.26 The mo-
ment of inertia for rotations around the axes that produces
changes to the anisotropic ellipsoid is higher for the CS2

molecules in comparison to the C6H6 molecules.26 According
to this model, CS2 molecules have a lower librational fre-
quency and this originates a narrower spectral band, as mea-
sured by the � parameter.

Having presented the results for the pure liquids, now we
turn to the analysis of the mixtures. There are at least two
main reasons, which motivate the study of liquid mixtures.
The first is to better characterize the dynamics of the pure
liquid by, for example, using a dilution to minimize interac-
tion induced contributions to the line shape. In this case a
“noninteracting” solvent is often chosen as the second com-

FIG. 2. OHD-OKE signal for neat �a� CS2 and �b� C6H6. Transients mea-
sured at 293 K �circles� together with the fitted molecular dynamics
response.
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ponent, ideally one which hardly contributes to the OHD-
OKE signal.20,27,31 The second motive is to understand better
the dynamics of liquid mixtures themselves, in which case it
is interesting to choose components that present appreciable

interactions, and that is the trend we want to follow. Figure 4
shows the OHD-OKE transient signals for a series of de-
creasing benzene molar fraction mixtures in carbon disulfide.
In Table I the values of the diffusive time constants obtained
with the data fitting procedure is shown. These results dem-
onstrate a gradual transition from the shorter diffusive time
constant of neat CS2 �molar fraction of 0.0� until the molar
fraction of 0.6, when the diffusive time constant strongly
dislocates to the longer diffusive time constant of neat C6H6.
This modification can be explained in terms of the viscosity
variation of the liquid mixtures, as can be seen in Fig. 5,
which shows that the diffusive relaxation constant is a linear
function of the viscosity of the mixtures �third column of
Table I�. The viscosity for the different molar fraction mix-
tures was measured at a temperature of 293 K with an Ost-
wald viscosimeter.

To analyze the nondiffusive component, we will suppose
that we are primordially observing the modifications of the
carbon disulfide molecular dynamics. This conjecture is
based on the fact that the largest contribution to the measured
OHD-OKE signal comes from the carbon disulfide mol-
ecules. To corroborate quantitatively this fact, we have real-
ized measurements under the same experimental conditions
for the two neat liquids. Figure 6 presents the spectra asso-
ciated with the molecular dynamics temporal response for
the different mixtures and for the pure liquids, evidencing the
difference in amplitude of the carbon disulfide contribution
compared to the benzene contribution �Fig. 6�a��. The analy-

TABLE I. Results from the data analysis concerning the molecular dynam-
ics of the CS2–C6H6 mixtures for the diffusive relaxation time �d. Also, the
measured viscosities at a temperature of 293 K.

Molar fraction of C6H6 �d �ps� � �cP�

1.00 2.24±0.11 0.854±0.037
0.80 2.05±0.09 0.692±0.026
0.59 1.99±0.07 0.586±0.031
0.49 1.87±0.05 0.530±0.047
0.39 1.82±0.03 0.462±0.002
0.20 1.77±0.33 0.387±0.003
0.00 1.75±0.02 0.348±0.007

FIG. 4. Measured signal OHD-OKE �circles� for neat CS2 and C6H6 and for
different molar fraction mixtures, together with the traces obtained by ad-
justing the model response function �line�. From top to bottom, molar frac-
tion of C6H6: 1.0, 0.8, 0.59, 0.49, 0.39, 0.2, and 0.0. The curves are offset
vertically for clarity.

FIG. 3. Low frequency spectral distributions with the diffusive component
subtracted, for neat �a� CS2 and �b� C6H6.

FIG. 5. Debye-Stokes-Einstein plot of the orientational diffusive correlation
time �d, vs viscosity �. The solid line is a linear least-squares fit to the data.
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sis will be made comparatively between the ideal mixture
spectrum, in which case we suppose independent contribu-
tions to the signal, and the spectrum obtained from the ex-
perimental measure. The ideal spectrum was obtained
through the weighted average of the spectra measured for the
pure liquids �Fig. 6�a��, using as weighting factors the molar
fractions of the components of the mixture. As can be seen in
Fig. 6�b�, even for the C6H6 molar fraction equal to 0.2, for
which there is a proportion of one molecule of C6H6 for a
group of five molecules of CS2, the spectral distribution is
altered in relation to the ideal spectral distribution. To quan-
tify the interaction induced spectral modifications we calcu-
lated the first moment of the spectral distribution, both for
the measured data and for the weighted data. We also mea-
sured the full width at half maximum for the ideal and mea-
sured spectra. The results are listed in Table II, in which ��	
and ��	wa correspond to the first moment of the spectral dis-
tribution for the measured data of a given molar fraction and
for the weighted average spectral distribution, respectively.
This nomenclature is equivalent for the parameter that mea-
sures the full width at half maximum �� ,�wa� of the spectral

distribution. The results indicate that the frequency ��	 is
always shifted to higher values in relation to ��	wa. The trend
followed by the parameter � is a widening, as is clearly
evidenced in Figs. 7�a� and 7�b�.

Interpreting these results, we argue that the observed
shift and widening are connected to configuration effects of
the molecules inside the mixtures. When the molecules inter-
act through different configurations, it is possible that a
modification of the intermolecular potential and/or an alter-
ation of the environmental anisotropy will occur. In a recent
paper, Dani and Stassen32 presented computer simulation re-
sults based on molecular dynamics for the equilibrium prop-
erties in CS2–C6H6 liquid mixtures. Specifically they calcu-
lated the angular distribution functions that measure the
orientational correlations in terms of the angles between the
principal axes of symmetry of the molecules and furnish a
detailed description of the local structure of the liquids. The
results of that work showed firstly a perfect dilution of both
compounds, since no single component clustering was no-
ticed, which supports the fact that all solutions are optically
homogeneous as observed experimentally. Secondly, it was
observed, in the first solvation shell containing an average of
12 neighboring molecules, that the preferential configuration
of the pairs CS2–C6H6 is perpendicular. This means that the
symmetry axis C� of the CS2 molecule, which passes
through the center of the carbon and sulfur atoms, stays pref-
erentially in a direction perpendicular to the plane formed by
the six carbon atoms of the benzene molecule. The distance
between the centers of mass of the CS2–C6H6 pairs in this
configuration was around 5.1 Å.32 However, calculating the
radial and angular correlations between CS2 and C6H6, the
authors of that work found that first contact pairs orient pref-
erentially in parallel configurations. For this configuration,

FIG. 6. The plot �a� shows the spectra
associated to the molecular dynamics
of the pure liquids. The other plots
show the spectra obtained for the mea-
surements of different molar fraction
mixtures together with the ideal
weighted averaged spectra.

TABLE II. First moment ��	 and full width at half maximum � for the
spectral distributions of the different molar fraction mixtures.

Molar fraction
of C6H6 ��	 �cm−1� ��	wa �cm−1� � �cm−1� ��	wa �cm−1�

1.00 65.08 ¯ 95.85 ¯

0.80 56.85 53.97 78.16 71.77
0.59 51.29 48.69 67.36 58.10
0.49 50.34 46.93 63.09 55.68
0.33 49.30 45.47 57.10 53.83
0.20 48.78 43.28 55.68 51.69
0.00 43.36 ¯ 50.57 ¯

184503-5 Kerr effect in CS2–C6H6 mixtures J. Chem. Phys. 125, 184503 �2006�



the distance between the centers of mass obtained was
around 3.2 Å.32 These results were also obtained by da Sil-
veira et al.,33,34 in which they realized an ab initio calcula-
tion on C6H6¯CS2 cluster to determine the stabilization en-
ergies and the preferential configurations between the
CS2–C6H6 pair in this van der Waals complex. In that work,
the authors also calculated the electronic density of the mol-
ecules CS2 and C6H6 when they were in the energy minimi-
zation configuration, establishing charge transfers between
these molecules for all stable configurations. The resulting
electrostatic interaction between the partially positive
charged carbon atom in CS2 and the benzene � framework
contributes to the geometry stabilization. For the parallel
configuration a formation of a dipole with a moment of
0.18 D occurs.33

These theoretical results on the stabilized geometries
support our proposition concerning the modification of the
spectra, associated with the molecular dynamics temporal re-
sponse. A new spectral feature that appears in the different
molar fraction mixtures is the result of the parallel configu-
ration of first contact pairs CS2–C6H6. Remembering our
initial hypothesis that we are analyzing the modification of
the CS2 molecular dynamics when these molecules interact
with ever-growing molar fractions of C6H6 mixtures, what
happens is a modification of the molecular environment that

circumvent the CS2 molecules when more and more C6H6

molecules were added to the mixture. One needs to consider
firstly that C6H6 molecules have a three times greater qua-
drupolar moment32 in relation to the CS2 molecules. In ad-
dition, they show a tendency to form dipolar structures that
produce more intense intermolecular interactions. In virtue
of this, the intermolecular potential inside which the CS2

molecules execute the librational motion, determined by the
surrounding molecules, tends to shift to an anisotropic poten-
tial due to the reposition of the CS2 molecules by C6H6

molecules. This answers why the largest frequency shift for
��	 occurs for the C6H6 molar fraction equal to 0.2 �an av-
erage of 2.4 benzene molecules within the first solvation
shell�, since this is the most anisotropic intermolecular po-
tential case formed by preferentially parallel aligned hetero-
molecular pairs. The parameter that measures the full width
at half maximum of the distribution � is related the nonho-
mogeneity of the intermolecular potentials in the liquid. This
width has a tendency to be the broadest at the equimolar
molar fractions. In this particular proportion, it is expected
that there are a larger number of configuration possibilities
between the molecules, since CS2–CS2, C6H6–C6H6, and
CS2–C6H6 pairs, with most distinct stabilization geometries,
would occur with equal probability for this molecular frac-
tion.

IV. CONCLUSIONS

Using the heterodyne detected time resolved optical Kerr
effect technique, we investigated the time evolution of the
molecular dynamics for a series of different molar fraction
C6H6–CS2 mixtures. This technique, combined with the
Fourier transform data analysis, is particularly well suited for
probing low frequency intermolecular motions in liquids.
The analysis of the measured data revealed that the low fre-
quency spectra appeared broadened in comparison with the
ideal mixture case. Besides, the principal librational fre-
quency appeared shifted to higher values again in compari-
son with the ideal mixture case. Supported by results of mo-
lecular dynamics simulation and ab initio calculations, we
concluded that these results were the consequence of struc-
tural and configuration effects that lead to an anisotropic in-
termolecular potential in which the CS2 molecules execute
the librational motion.
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