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The intermolecular spectra of neat liquid biphenyl and biphenyl/n-heptane mixtures were obtained by using
optically heterodyne detected optical Kerr effect (OHD-OKE) spectroscopy. The intermolecular spectrum of
biphenyl is broad and bimodal in character. The spectrum of biphenyl undergoes a red shift and line narrowing
with temperature and upon dilution inn-heptane. The spectra can be well fit by a bimodal line shape function.
Inconsistencies, however, arise in the interpretation of the effects of temperature and dilution on the individual
component bands. The spectrum of biphenyl is similar in frequency and width to that of benzene. Packing
models suggest that rotational motion is more hindered in biphenyl than in benzene, which could explain the
similarity of the spectra of the two liquids, even though the moments of inertia for the two molecules are
quite different.

I. Introduction

Within the past decade, experiments devoted to obtaining the
low-frequency (0-250 cm-1) spectra of liquids by optical Kerr
effect (OKE) spectroscopy have flourished.1-3 The aim of these
experiments is to understand the intermolecular dynamics in
these systems. For liquids composed of simple linear molecules,
such as CS2, the spectra are smooth and featureless. For these
liquids, the liaison of experiment with molecular dynamics (MD)
simulations has led to a detailed understanding of the molecular
motions that underlie the spectra.4,5 For more complex mol-
ecules, MD simulations, however, are sparse compared to the
number of experiments.6-8 Phenomenological approaches, be-
cause of their ease of implementation, have provided experi-
mentalists with a way of interpreting the spectra of these
systems. These approaches work reasonably well for certain
liquids. For example, McMorrow et al.,9 using an inhomoge-
neously broadened quantum harmonic oscillator (HO) model,
were able to explain the evolution of the spectrum of CS2 on
dilution in weakly interacting alkane solvents. In this model,
the intermolecular response is determined by the vibrational
dephasing rateΓ and the characteristic frequencyω0 and width
σ of the frequency distribution. The model reproduces the shape
of the intermolecular response observed experimentally and
predicts the shift to lower frequency and the line narrowing of
the spectrum with a minimal number of parameters. For the
CS2/alkane system, the shift to lower frequency and line
narrowing that occur upon dilution can simply be accounted
for by decreasingω0 while keepingΓ andσ constant.

The OKE spectra of certain aromatic liquids, such as
benzene,10 toluene,1,11 benzonitrile,11-13 hexafluorobenzene,14

pyridine,10 and aniline,13 are broader and flatter than that of
CS2. The spectra are typically fit by line shape functions
composed of a low-frequency component and a high-frequency
component.11,13-15 It has been suggested that the low-frequency
shoulder of benzene is associated with the modes of locally

ordered structures or clusters.10 The observation that the low-
frequency shoulder is reduced upon dilution in a weakly
interacting solvent lends credence to this argument.16 Chelli et
al.17,18 and Ratajska-Gadomska et al.19,20 have taken this point
of view a step further by assuming that the liquid is organized
in instantaneous quasi-crystalline short-range clusters and
simulating the spectrum of benzene by using the phonon modes
within these clusters.

The cluster model, however, conflicts with the earlier work
of Chandler and co-workers.21,22 This work showed that the
structure of a nonassociated liquid, such as benzene, is largely
attributed to repulsive intermolecular forces and not to attractive
forces, dipole-dipole interactions, or other slowly varying
interactions. In short, intermolecular correlations are determined
by molecular shape. In this regard, packing models provide an
approximate picture of the local structure of a molecular liquid.
For example, the arrangement of molecules in liquid benzene
is not unlike the average arrangement of neighboring Cheerios
in a bowl of cereal.22

Ryu and Stratt,8 using MD simulations in conjunction with
instantaneous normal mode (INM) analysis, were able to provide
a molecular interpretation of the spectrum of benzene without
invoking the existence of clusters. By incorporating projection
operator techniques in the INM analysis, the extent to which
specific motions influence the OKE spectrum was determined.
Specifically, because of benzene’s relatively low moments of
inertia, the rotational component is higher in frequency than
the translational component. The overall spectrum therefore
appears flat and/or structured. In contrast, when the rotational
and translational components are comparable in frequency and
width, as in CS2, the overall spectrum appears smooth and
featureless. The characteristic shape of the OKE spectra of
benzene and other aromatic liquids is attributed not to the
aromaticity of the molecules, as suggested previously by other
researchers,11,12 but to the planarity of the molecules. Because
planar molecules possess small moments of inertia associated
with the tumbling motion, there will always be a high-frequency
component in the OKE spectra of liquids composed of these
types of molecules. The main conclusion from this study is that
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molecular shape and collective packing largely determine the
OKE spectrum of a nonassociating liquid.

Liquid biphenyl is an interesting test case for these ideas
regarding the molecular shape and the OKE spectrum of a liquid.
Because of the two phenyl rings, the attractive intermolecular
forces in biphenyl should be similar to those in benzene. Indeed,
the elements of the molecular polarizability tensor of biphenyl
are roughly twice that of benzene (Table 1).23 The orientational
dynamics, however, are very different for these two liquids
because the molecules have quite different shapes and different
moments of inertia (Table 2). Benzene is a symmetric ellipsoid
that can rotate about the 6-fold symmetry axis perpendicular to
the ring (spinning motion) and about the 2-fold axes in the plane
of the ring (tumbling motion). In an OKE experiment only one
relaxation time is observed corresponding to the rotation about
the 2-fold axes in the plane of the ring, because there is no
change in the polarizability anisotropy for rotation about the
6-fold symmetry axis. Biphenyl in the liquid phase is twisted
about the central C-C bond between the phenyl rings, with a
dihedral angle of 20-40°.24,25With respect to rotational motion,
biphenyl molecules can be approximately treated as symmetric
cylindrical ellipsoids. Deeg et al.26 showed in transient grating
(TG) OKE measurements on biphenyl that the diffusive part of
the signal is biexponential, with a slow component,τs, and a
fast component,τf, where the correlation time for rotation about
the two short axes (tumbling motion) is directly given byτs

and that for rotation about the long axis (spinning motion) is
given byτx ) 2τfτs/(3τs - τf).

In this article, we describe studies of the dynamics of liquid
biphenyl by OKE spectroscopy. Since the diffusive orientational
dynamics of biphenyl in the neat liquid and inn-heptane solution
have previously been studied,26,27 this article will focus on the
intermolecular dynamics of biphenyl. This article is organized
as follows. In section II, the apparatus and method of data
acquisition are briefly described. In section III, the method for
obtaining the reduced spectral densities is outlined. In section
IV, the time-domain OKE data and reduced spectral densities
are presented. The reduced spectral densities are fit to a bimodal
line shape function in order to quantify the effects of temperature
and dilution on the intermolecular part of the reduced spectral
density. Interestingly, the reduced spectral density of biphenyl
approximately overlaps the reduced spectral density of benzene,
despite the differences in the moments of inertia for these two
liquids. Finally, the role of molecular shape and the local
structure of the liquid in possibly determining the reduced
spectral densities of biphenyl and benzene is discussed.

II. Experimental Section

The 40 fs titanium-sapphire laser, OKE apparatus, and
method of data acquisition have been described in detail

previously.28,29 Optical heterodyne detection (OHD) was used
to linearize the signal with respect to the material response. To
minimize the data collection time, scans were carried out in 10
fs steps in the-0.5 to 3 ps time range and in 100 fs steps for
t < -0.5 ps andt > 3 ps. Biphenyl andn-heptane (Aldrich)
were used without further purification. Biphenyl/n-heptane
mixtures were prepared with biphenyl mole fractionsxBP ) 0.25
and 0.50. The samples were contained in a sealed 2 mm path
length UV-grade fused-silica cell (Hellma Cells). The sample
cell was placed in a home-built copper cell holder with optical
access and whose temperature was regulated and controlled with
a thermoelectric heater/cooler system. Samples were heated to
temperatures above the melting point (Tmp ) 341 K) of biphenyl.
Measurements were carried out on the heated samples at 348,
373, and 393 K. Because the OHD-OKE response ofn-heptane
is ∼10 times smaller than that of biphenyl, the OHD-OKE
response of a binary mixture is assumed to mainly be due to
biphenyl. This was also found to be true in the TG-OKE data
obtained by Deeg et al.26

III. Analysis

The experimentally measured OHD-OKE signal is the
convolution of the pulse intensity background free autocorre-
lation, G0

(2)(t), and the impulse response,R(t):

whereR(t) is given by the sum of an electronic part, which is
assumed to be instantaneous on the time scale of the laser pulse,
and a nuclear part. In the Fourier transform procedure,30,31 the
impulse response is represented by a frequency response
function

whereF denotes a forward complex Fourier transform opera-
tion. D(ω) is obtained by the complex division of the Fourier
transform of the OHD-OKE signal by the Fourier transform of
the pulse autocorrelation:

The imaginary part, ImD(ω), gives the spectral density of
the liquid and is directly related to the depolarized Rayleigh/
Raman spectrum of the liquid.32 The diffusive part of the nuclear
response, which is due mainly to orientational dynamics, is
quantitatively modeled by the convolution ofG0

(2)(t) with an
empirical decay function. After “tail matching”, the diffusive
response function is subtracted from the OHD-OKE signal.
Removal of the diffusive part of the OHD-OKE signal yields a
reduced response, which contains only the electronic and
nondiffusive nuclear contribution.30 By applying the Fourier
transform procedure to the reduced response, a reduced spectral
density (RSD), ImD′(ω), is obtained. The RSD gives the
frequency domain representation of the nondiffusive response.
Within the framework of INM analysis, the intermolecular part
of the RSD represents a weighted probability distribution of
INM frequencies, where the weighting is given by derivatives
of the anisotropic part of the many-body polarizability with
respect to the INM coordinates.4-6,8

IV. Results and Discussion

Time-Domain Response.Figure 1 shows the temperature
dependence of OHD-OKE signal as the temperature is increased

TABLE 1: Molecular Polarizabilities a

molecule Rxx/Å3 Ryy/Å3 Rzz/Å3

benzene 12.27 12.27 6.65
biphenyl, 30° dihedral angle 24.70 20.20 13.80
n-heptane 3.28 2.78 3.41

a Polarizabilities were obtained from refs 23 and 52.

TABLE 2: Moments of Inertia a

molecule IA/amu IB/amu IC/amu

benzene (D6h) 317.385 317.385 634.770
biphenyl (D2h), 0° dihedral angle 630.665 3227.849 3858.514
biphenyl (D2), 30° dihedral angle 634.702 3256.922 3736.548

a RHF-AM1 calculation using Spartan V2.2 (Wavefunction, Inc.).

T(τ) ) ∫-∞

∞
G0

(2)(t) R(τ - t) dt (1)

D(ω) ≡ F {R(t)} (2)

D(ω) ) F {T(τ)}/F {G0
(2)(τ)} (3)
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from 348 to 393 K. The data in these plots were normalized to
the peak of the electronic response and offset for the purposes
of clarity. The time range-2 ps< t < 70 ps in Figure 1 spans
the electronic response, the nondiffusive response, and the
diffusive orientational response. The nuclear response appears
as a shoulder on the electronic response that evolves into a
nonexponential decay after 500 fs (Figure 1, inset). As observed
previously,26 the diffusive orientational response becomes faster
with increasing temperature. To quantitatively characterize the
relaxation of the OHD-OKE response, the data were fitted by
a multiexponential decay function

using nonlinear least squares. The fits were started at 0.5 ps to
avoid the initial shoulder. The results of the fits are given in
Table 3. The relaxation timesτ2 andτ3, which are associated
with diffusive orientational dynamics, are in good agreement
with values obtained previously by Deeg et al.26

The characteristic initial fast decay (i.e., the shoulder on the
electronic response) and pseudoexponential “tail” of the non-
diffusive part of the response are evident in an enlarged view
of the data between-0.5 and 4 ps (Figure 1, inset). The
subpicosecond relaxation timeτ1 obtained in the fit of eq 4 to
the OHD-OKE data is assumed to be the 1/e time for the
pseudoexponential tail of the nondiffusive response. Superim-
posed on the response is an oscillatory component arising from
the coherent excitation of intramolecular modes (see Spectral
Densities below).

Figure 2 shows the evolution of the OHD-OKE response for
biphenyl at 348 K upon dilution. The OHD-OKE response for

both neat biphenyl and for the biphenyl/n-heptane mixtures in
this time range can be well fit by three exponentials. In the
case of neatn-heptane, the OHD-OKE response is well fit by
just two exponentials. The fit parameters for the mixtures and
neatn-heptane are given Table 3. The decrease in the values of
τ2 andτ3 upon dilution in this time region has been observed
previously by Deeg et al.26 and in other binary systems.9,33-36

Orientational relaxation of biphenyl should become faster as
the mixture becomes richer in the less viscousn-heptane solvent.

Spectral Densities.We will assume that the diffusive part
of the OHD-OKE response for neat biphenyl andn-heptane
solutions of biphenyl can be quantitatively described by the
convolution of the pulse intensity autocorrelation with a decay
function

with A2, τ2, A3, andτ3 being the values obtained from the non-
linear least-squares fits of eq 4 to the data. In the case of neat
n-heptane, only a single exponential with a relaxation time equal
to τ2 was used. Theâ/2 rise time takes into account the fact
that nuclear responses cannot follow the intensity profile of short
pulses. In this study,â was set equal to 1/〈ω〉, where〈ω〉 is the
first moment of the spectral density. The smooth curves in
Figures 1 and 2 are the tail-matched diffusive responses.

Figure 3 depicts the full spectral densities at 348 K over the
frequency range 0-425 cm-1 for neat biphenyl, biphenyl/n-
heptane mixtures, and neatn-heptane. There are six vibrational
modes associated with the relative motion of the phenyl rings
in biphenyl.37-39 The in-plane ring-ring scissoring mode at 137
cm-1, the out-of-plane ring-ring shearing mode at 267 cm-1,
and the in-plane ring-ring shearing mode at 312 cm-1 are

TABLE 3: Fit Parameters for the OHD-OKE Response for t > 0.5 ps for Neat Biphenyl, Neatn-Heptane, and Biphenyl/
n-Heptane Mixturesa

liquid/mixtureb A1 τ1/ps A2 τ2/ps A3 τ3/ps

neat BP at 393 K 0.212 0.356 0.058 2.29 0.055 15.5
neat BP at 373 K 0.225 0.340 0.054 2.44 0.045 19.8
neat BP at 348 K 0.201 0.395 0.040 3.31 0.033 30.4
xBP ) 0.50 at 348 K 0.332 0.248 0.067 1.43 0.070 11.1
xBP ) 0.25 at 348 K 0.324 0.205 0.063 1.18 0.058 8.12
neat C7 at 348 K 0.073 0.417 0.013 4.71

a See eq 4 for definition of fit parameters.b BP, biphenyl; C7, n-heptane

Figure 1. Semilogarithmic plot of typical OHD-OKE data for neat
biphenyl at 348, 373, and 393 K. The data in this plot were normalized
to the peak of the electronic response and offset for the purposes of
clarity. The smooth curves are the diffusive orientational responses.
The inset shows the OHD-OKE response for biphenyl at 348 K in the
region between-0.2 and 4 ps.

r(t) ) ∑
i

Ai exp(-t/τi) (4)

Figure 2. Semilogarithmic plots of typical OHD-OKE data at 348 K
for neat biphenyl, biphenyl/n-heptane mixtures withxBP ) 0.50 and
0.25, and neatn-heptane. The data in this plot were normalized to the
peak of the electronic response and offset for the purposes of clarity.
The smooth curves are the diffusive orientational responses.

r(t) ) [1 - exp(-2t/â)][A2 exp(-t/τ2) + A3 exp(-t/τ3)]
(5)
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evident in the spectrum of neat biphenyl shown in Figure 3.
The band at 411 cm-1 is less certain and has been assigned
either to a combination band involving an out-of-plane C-H
bend and a C-C ring stretch37 or to a combination band
involving an out-of-plane C-H stretch and an in-plane ring-
ring scissoring mode.38 (The terms in-plane and out-of-plane
strictly do not apply to the vibrations of biphenyl in the twisted
state. However, the convention in the literature is to describe
the vibrations of the twisted state in terms of the analogous
vibrations of the planar state.) The torsional vibration about the
central C-C bond has never been observed in the liquid phase.
Calculations predict the frequency of the torsional vibration to
be∼60-70 cm-1.39 The RSD of biphenyl, however, does not
show evidence for an intramolecular band at that frequency.

The intramolecular bands at 280, 310, 363, and 397 cm-1 in
the spectral density ofn-heptane have been observed previ-
ously in Raman scattering experiments.40-42 The bands at
310, 363, and 397 cm-1 are the so-called acoustic modes
associated with the accordion-like vibrations of the chain.41 The
band at 310 cm-1 is the longitudinal acoustic mode (LAM)
associated with the vibration of the molecule in the all-trans
conformation, while the other two bands correspond to the

vibrations of rotamers with straight-chain segments shorter than
the all-trans conformation.41

Figure 4 compares the low-frequency RSDs of neatn-heptane,
neat biphenyl, and biphenyl inn-heptane solution at 348 K. The
RSD of n-heptane is a single asymmetric band with a well-
defined peak at≈18 cm-1 and a full width at half-maximum
(fwhm) of ≈61 cm-1. In contrast, the RSD of biphenyl is flat
and considerably broader than that ofn-heptane, with a fwhm
of ≈106 cm-1. The RSD of biphenyl is distinctly bimodal, as
evidenced by the small dip at the top of the band, resembling
the RSD of benzene at low temperatures.2,43 In going from neat
biphenyl toxBP ) 0.25, the RSD not only narrows but also
dramatically changes in shape. For example, the dip in the
middle is gone and the spectrum now falls off more rapidly on
the low-frequency side than in the spectra of either neat biphenyl
or neatn-heptane. Similar behavior is observed when benzene
is diluted in CCl4.16 These changes indicate that the spectrum
of the mixture cannot be simply regarded as a linear superposi-
tion of the spectra of the neat liquids but reflects the dynamics
of biphenyl in solution.

Figure 5 shows the evolution of the RSD of neat biphenyl as
the temperature is increased from 348 to 393 K. As can be seen
in this figure, the bimodal structure is a strong function of
temperature. With increasing temperature the intensity of the
high-frequency shoulder decreases at a faster rate than the low-
frequency shoulder. This change in the relative intensities of
the two component bands results in a decrease in the fwhm of
the overall band.

Figure 3. Spectral densities at 348 K for neat biphenyl, biphenyl/n-
heptane mixture withxBP ) 0.50, and neatn-heptane. Solid curves are
the full spectral densities; dashed curves are the reduced spectral
densities.

Figure 4. Comparison of reduced spectral densities at 348 K for neat
n-biphenyl, biphenyl/n-heptane mixtures withxBP ) 0.50 and 0.25, and
neatn-heptane.

Figure 5. Reduced spectral density of neat biphenyl as a function of
temperature.
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On the basis of kinematics alone (i.e., moments of inertia),
it is not surprising that the RSD of biphenyl is bimodal. In
principle, there should be two rotational contributions to the
RSD: a high-frequency contribution associated with the smaller
moment of inertia and a low-frequency contribution associated
with the two larger moments of inertia. On the basis of the MD
simulations of Ryu and Stratt,8 we expect that translations should
give rise to another contribution to the RSD that is lower in
frequency than the rotational contributions. The RSD of
biphenyl, however, does not appear to exhibit additional
structure that would indicate the presence of three different types
of motion. If a translational contribution is present, it must be
overlapped with the low-frequency rotational contribution. There

is, however, no a priori way of determining to what extent these
motions contribute to the low-frequency component of the RSD.

Bimodal Line Shape Analysis.To quantify the observed
spectral changes, the RSDs were fit to a bimodal line shape
function

where the low-frequency component is the Bucaro-Litovitz
function,

and the high-frequency component is the antisymmetrized
Gaussian function

The Bucaro-Litovitz function was first introduced to account
for the collision-induced part of the light-scattering spectrum
of spherical or nearly spherical polarizable molecular liquids.44

The Bucaro-Litovitz function with a ) 1 is known as the
Ohmic function. The antisymmetrized form of the Gaussian,
which is used to represent the part of the intermolecular
spectrum associated with rotational motion, satisfies the require-
ment that the RSD goes to zero atω ) 0. We will refer to the
bimodal line shape function with exponenta freely varying in
the fits as the BLAG model and with exponenta set equal to 1
in the fits as the OAG model. Although these phenomenological
models have been applied to the analysis of spectra of polar
and nonpolar molecular liquids11,13,14,45,46and complex fluids,
such as liquid crystals29 and ionic liquids,28 their use cannot
always be physically justified.2 Indeed, Ryu and Stratt8 showed
that coupling of the rotational motion of a benzene molecule to
the collective translational motion of the first shell of nearest
neighbors causes the rotational component to extend to lower
frequency.

Figures 6-9 show the results of this bimodal analysis, where
the intermolecular band is fit by either the BLAG model or the
OAG model and the intramolecular band at 137 cm-1 is fit by
an antisymmetrized Gaussian function. Note that the RSD of
neatn-heptane can be well fit only by using the Bucaro-Litovitz
function. Clearly, a poorer fit is obtained for neatn-heptane
using the Ohmic function, where only two parameters are
allowed to vary instead of all three. The corresponding fit
parameters for the fits in Figures 6-9 are given in Table 4.

TABLE 4: Fit Parameters for the RSDs of Neat Biphenyl, Neatn-Heptane, and Biphenyl/n-Heptane Solution between 0 and
200 cm-1 a,b

liquid/mixturec ABL a ωBL/cm-1 AG1 ωG1/cm-1 εG2/cm-1 AG2 ωG2/cm-1 εG2/cm-1

neat BP at 393 K 0.114 1.12 11.4 0.96 48.2 49.11 0.123 135 9.50
0.137 1.00 13.0 0.88 53.5 47.4 0.123 135 9.37

neat BP at 373 K 0.097 1.20 10.6 0.98 52.9 48.6 0.135 137 9.36
0.132 1.00 13.2 0.89 59.4 46.2 0.136 137 9.36

neat BP at 348 K 0.129 1.08 10.9 1.07 48.8 51.8 0.134 138 8.25
0.146 1.00 11.9 1.01 52.5 50.6 0.134 138 8.21

xBP ) 0.50 at 348 K 0.050 1.39 11.0 1.01 44.1 50.0 0.119 136 7.45
0.098 1.00 17.6 0.72 62.3 43.9 0.121 137 7.65

xBP ) 0.25 at 348 K 0.020 1.75 9.36 1.17 35.7 49.3 0.130 136 9.29
0.090 1.00 29.1 0.26 77.9 25.5 0.140 134 9.87

neat C7 at 348 K 0.22 0.74 28.7
0.12 1.00 23.7

a See eqs 7 and 8 for definition of parameters.b For the component bands of a given liquid/mixture, the first set of parameters correspond to the
BLAG model and the second set of parameters correspond to the OAG model (see text).c BP, biphenyl; C7, n-heptane.

Figure 6. Reduced spectral densities in the region 0-200 cm-1 for
neat biphenyl as a function of temperature (open circles) with BLAG
model fits (solid lines). The low-frequency component is given by the
Bucaro-Litovitz function (eq 7) with exponenta freely varying in the
fit, and the high-frequency component is given by the antisymmetrized
Gaussian function (eq 8). The intramolecular band at 137 cm-1 is fit
by an antisymmetrized Gaussian function. See Table 4 for the fit
parameters.

I(ω) ) IBL(ω) + IG(ω) (6)

IBL(ω) ) ABLωa exp(-ω/ωBL) (7)

IG(ω) )

AG{exp[-(ω - ωG)2/2ε
2] - exp[-(ω + ωG)2/2ε

2]} (8)
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Not surprisingly, the fit parameters for the intramolecular band
are essentially independent of the model used to fit the
intermolecular band.

Fitting the RSDs in this way allows us to separate the
intermolecular and intramolecular contributions in the RSD and
to examine the effects of temperature and dilution on the
intermolecular part of the RSD. Table 5 lists the values of the
first spectral moment,〈ω〉, and the fwhm for the intermolecular
band, and the peak frequency,ωmax, and fwhm for the
component bands, as well as the relative contributions of the
component bands to the overall intermolecular band. The first

spectral moment is a useful parameter for characterizing the
RSDs when the band is flat or when there is no well-defined
peak, as in biphenyl.

As the temperature is increased from 348 to 393 K, the value
of 〈ω〉 decreases from 65.3 to 61.8 cm-1 while the fwhm
decreases from 105.6 to 99.6 cm-1. This behavior is consistent
with behavior observed in other systems.2,13,43,47-49 Within the
context of the quantum HO model, these spectral changes can
be related to the decrease in the frequency of the oscillator.
Since the density of the liquid decreases as the temperature is

TABLE 5: Spectral Parameters for the Intermolecular Spectra of Neat Biphenyl, Neatn-Heptane, and Biphenyl/n-Heptane
Mixtures between 0 and 200 cm-1 a,b

intermolecular spectrumd low-frequency component high-frequency component

liquid/mixturec 〈ω〉e/cm-1 fwhmf/cm-1 ωmax
g/cm-1 fwhmf/cm-1 areah ωmax

g/cm-1 fwhmf/cm-1 areah

neat BP at 393 K 61.8 99.6 10.5 31.5 0.206 57.7 94.3 0.794
15.7 31.4 0.228 57.7 94.3 0.772

neat BP at 373 K 63.8 101.8 13.1 30.7 0.185 61.3 92.0 0.815
13.1 35.1 0.217 61.3 96.4 0.783

neat BP at 348 K 65.3 105.6 13.2 29.7 0.175 59.4 95.7 0.825
13.2 29.7 0.185 62.7 95.7 0.815

xBP ) 0.50 at 348 K 62.2 94.3 15.7 31.5 0.193 57.7 89.1 0.807
15.7 47.2 0.311 62.9 89.1 0.689

xBP ) 0.25 at 348 K 60.3 91.9 16.0 28.0 0.153 56.0 84.0 0.847
28.0 72.0 0.823 80.0 55.0 0.177

neat C7 at 348 K 48.4 60.6 18.2 60.6

a Errors in〈ω〉, ωmax, and fwhm are(1 cm-1; error in area is(2%. b For the component bands of a given liquid/mixture, the first set of parameters
correspond to the BLAG model and the second set of parameters correspond to the OAG model (see text).c BP, biphenyl; C7, n-heptane.d Spectral
parameters for the intermolecular part of RSD.e First spectral moment.f Full width at half-maximum.g Frequency at the peak of the band.h Area
under the band (arbitrary units).

Figure 7. Reduced spectral densities for neatn-heptane and biphenyl/
n-heptane mixtures at 348 K (open circles) with BLAG model fits (solid
lines). The low-frequency component is given by the Bucaro-Litovitz
function (eq 7) with exponenta freely varying in the fit, and the high-
frequency component is given by the antisymmetrized Gaussian function
(eq 8). The intramolecular band at 137 cm-1 in the RSD of biphenyl/
n-heptane mixtures was fit by an antisymmetrized Gaussian function.
See Table 4 for the fit parameters.

Figure 8. Reduced spectral densities in the region 0-200 cm-1 for
neat biphenyl as a function of temperature (open circles) with OAG
model fits (solid lines). The low-frequency component is given by the
Bucaro-Litovitz (eq 7) with exponenta set equal to 1 (Ohmic function),
and the high-frequency component is given by the antisymmetrized
Gaussian function (eq 8). The intramolecular band at 137 cm-1 is fit
by an antisymmetrized Gaussian function. See Table 4 for the fit
parameters.
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increased, one expects the intermolecular potential to become
less steep and therefore the frequencies of the intermolecular
modes to decrease.50

The effect of dilution on the intermolecular band is also
consistent with behavior observed previously in other sys-
tems.13,33,35,36,51In going from the neat liquid at 348 K toxBP

) 0.25 at 348 K, the value of〈ω〉 decreases from 65.3 to 60.3
cm-1 and fwhm decreases from 105.6 to 91.9 cm-1. Again, the
quantum HO model provides insight into these spectral changes.
The shift toward lower frequency and narrowing of the RSD of
biphenyl in n-heptane can be attributed to a decrease in the
curvature of the intermolecular potential associated with the
oscillator. This decrease can be understood in terms of the
relative magnitudes of the biphenyl-biphenyl and biphenyl-
n-heptane interactions. Because the polarizability of biphenyl
is much larger than that ofn-heptane (Table 1),23,52biphenyl-
biphenyl interactions will be stronger than biphenyl-n-heptane
interactions. Therefore, as biphenyl molecules are successively
replaced byn-heptane molecules, one expects the frequencies
of the intermolecular modes to decrease.9,33-35

If the bimodal character of the intermolecular band is due to
collective modes associated with specific motions in the liquid,
the individual component bands in the models should behave
in the same way as the overall intermolecular band. This,
however, is not the case. We first note that the parameters of
the component bands in the OAG model are different than those
in BLAG model. This difference in the values of the fit
parameters for the two models can be attributed to the fact that
the parameters in the Bucaro-Litovitz function are strongly

correlated to each other. Best fits of the BLAG model are
obtained fora > 1 (see Table 4). For these fits,ABL andωBL

tend to be lower than the corresponding values fora ) 1 in the
OAG model. The larger the deviation of the exponenta from
unity, the greater the fit parameters in the BLAG model differ
from the corresponding values in the OAG model. This can
lead to the component bands behaving differently in the two
models.

Comparing the fits in Figures 6 and 8 and the spectral
parameters in Table 5, the effect of temperature on the
component bands in the OAG model is different from that in
the BLAG model. For the low-frequency component in the
BLAG model, the value ofωmax decreases from 13.2 to 10.5
cm-1 while its fwhm exhibits a slight increase from 29.7 to
31.5 cm-1 as the temperature is increased from 348 to 393 K.
In the OAG model, the value ofωmax for the low-frequency
component increases, from 13.2 to 15.7 cm-1, while its fwhm
remains at the constant value of 32.1( 2.7 cm-1 as the
temperature is increased from 348 to 393 K. However, for both
models, the frequency and width of the high-frequency com-
ponent are independent of temperature, withωmax ) 60.0 (
2.0 cm-1 and fwhm) 94.7 ( 1.6 cm-1.

Comparing the fits in Figures 7 and 9 and the spectral
parameters in Table 5, the effect of dilution on the component
bands in the OAG model is strikingly different from that in the
BLAG model. In the BLAG model, the value ofωmax for the
low-frequency component increases only from 13.2 to 16.0 cm-1

while its fwhm remains at the constant value of 30.0( 1.4
cm-1 in going from neat biphenyl toxBP ) 0.25. However, in
the OAG model, the increase in the corresponding parameters
for the low-frequency component is much larger, fromωmax )
13.2 cm-1 and fwhm) 29.7 cm-1 for neat biphenyl toωmax )
28.0 cm-1 and fwhm) 72.0 cm-1 at xBP ) 0.25. Similarly, in
the case of the high-frequency component, the value ofωmax in
the BLAG model decreases slightly from 59.4 to 56.0 cm-1

while its fwhm decreases from 95.7 to 84 cm-1 in going from
neat biphenyl toxBP ) 0.25. On the other hand, for the high-
frequency component in the OAG model, the value ofωmax

remains at the constant value of≈63 cm-1 in going from neat
biphenyl toxBP ) 0.50, and then increases to 80.0 cm-1 at xBP

) 0.25, while its fwhm decreases continuously from 95.7 cm-1

in neat biphenyl to 55.0 cm-1 at xBP ) 0.25.
With respect to the frequencies and widths of the component

bands, neither model gives behavior that is physically consistent.
The only aspect of these models that makes physical sense is
the relative contribution of the component bands to the
intermolecular band. As the temperature is increased from 348
to 393 K, the contribution of the high-frequency component to
the intermolecular band decreases, from 82.5% to 79.4% in the
BLAG model and from 81.5% to 77.2% in the OAG model.
This decrease contributes to the shift of the intermolecular band
toward lower frequencies that occurs as the density of the liquid
decreases. One also expects the contribution of the high-
frequency component to decrease with increasing dilution as
the biphenyl-biphenyl interactions are replaced with biphenyl-
n-heptane interactions. In this regard, the OAG model is
physically more sensible than the BLAG model. In going from
neat biphenyl toxBP ) 0.25, the contribution of the high-
frequency component decreases from 81.5% to 17.7% in the
OAG model, but remains at the constant value of 83%( 2%
in the BLAG model.

Liquid Structure and Intermolecular Dynamics. Figure 10
compares the RSD of biphenyl at 373 K with the RSD of
benzene at 293 K, which was obtained in a previous study.14

Figure 9. Reduced spectral densities for neatn-heptane and biphenyl/
n-heptane mixtures at 348 K (open circles) with OAG model fits (solid
lines). The low-frequency component is given by the Bucaro-Litovitz
function (eq 7) with exponenta set equal to 1 (Ohmic function), and
the high-frequency component is given by the antisymmetrized Gaussian
function (eq 8). The intramolecular band at 137 cm-1 in the RSD of
biphenyl/n-heptane mixtures was fit by an antisymmetrized Gaussian
function. See Table 4 for the fit parameters.
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The mean frequency and width are slightly larger for biphenyl
than for benzene. The first spectral moment and fwhm are,
respectively, 54.8 and 100 cm-1 for liquid benzene at 293 K
versus 63.8 and 101.8 cm-1 for liquid biphenyl at 373 K. Also,
the low-frequency shoulder is more pronounced in biphenyl than
in benzene. Despite these differences and the difference in
temperature, it is remarkable how well the two RSDs overlap
each other, considering that the moments of inertia are larger
for biphenyl than for benzene (Table 2). Within the context of
the quantum HO model, we attribute the similarity of the RSDs
to the force constant of the oscillator being larger in liquid
biphenyl than in liquid benzene.

To quantify this difference in force constants, we will assume
that the RSDs are largely determined by rotational dynamics.
In light of the MD simulations of Ryu and Stratt,8 this
assumption is justified for benzene. On the basis of the line
shape analysis above, the largest contribution to the RSD of
biphenyl comes from the high-frequency component. Therefore
this assumption is also physically reasonable for biphenyl. If
the rotational frequency is given by (k/I)1/2, wherek is the force
constant andI is the moment of inertia, the ratio of the force
constants is given by

To calculate this ratio, the rotational frequency is taken to
be equal to〈ω〉. The rotational dynamics in benzene are due to
the tumbling motion of the molecule. We will assume, given
the relative magnitudes of the moments of inertia, that the
rotational dynamics in biphenyl are primarily due to the spinning
motion of the molecule. Substituting the moment of inertiaIB

for benzene, which is associated with rotation about the 2-fold
axis, the moment of inertiaIA for biphenyl, which is associated
with rotation about the long axis, and the frequencies〈ω〉biphenyl

≈ 64 cm-1 and〈ω〉benzene≈ 55 cm-1 into eq 9, we find that the
force constant ratio is equal to≈2.7. This analysis is obviously
very simplistic because the intermolecular part of the RSD
cannot be ascribed to a single mode but is a weighted
distribution of frequencies corresponding to the intermolecular
modes of the liquid. Despite its simplicity, this heuristic
approach, which has been used previously,13,14 gives us a way
of understanding the RSDs of liquids in terms of quantities that
are characteristic of the intermolecular forces, such as a force
constant or the curvature of the intermolecular potential.

What could cause this difference in force constants? On the
basis of the densities of the liquids and the molecular volumes,

one would not expect the intermolecular potential to be steeper
in liquid biphenyl than in liquid benzene. At 348 K and 1 atm,
the density of liquid biphenyl is 0.9914 g/mL.53 At this density,
the average volume per molecule is≈258 Å3, whereas the van
der Waals volume of biphenyl is 150 Å3.54 At 293 K and 1
atm, the density of benzene is 0.8765 g/mL.53 At this density,
the average volume per molecule is≈147 Å3, whereas the van
der Waals volume of benzene is 80 Å3.54 Thus, the percentage
of the volume per molecule in the liquid due to the molecular
volume is 58% for biphenyl and 54% for benzene. This
percentage is roughly the same for biphenyl and benzene,
because the volume of a biphenyl molecule is roughly equal to
the volume of two benzene molecules. The above calculations
do not, however, take into account molecular shape or packing
effects.

The diffusive orientational dynamics suggest that biphenyl
molecules behave like cylindrical ellipsoids. If we consider free
rotation, then the spinning motion should be∼5-6 times faster
than the tumbling motion, based on the moments of inertia. It
is therefore reasonable to assume that biphenyl molecules will
pack like cylindrical ellipsoids, with molecules locally aligned
parallel to each other. (Consider the average arrangement of
neighboring Tootsie Rolls in a candy jar.) Let us assume that
the radius of the ellipsoid is equal to half the width of a phenyl
ring and the length of the ellipsoid is equal to the distance
between the hydrogen atoms at the ends of the long axis. From
space-filling models, we estimate the radius and the length of
the ellipsoid to be, respectively, 3.2 and 11.3 Å. The cylindrical
volume that the molecule sweeps out as it rotates about its long
axis would therefore be equal to 352 Å3. This volume is 36%
larger than the average volume per molecule in the liquid. If
we assume that a benzene molecule undergoes tumbling motion,
then it effectively sweeps out a spherical volume equal to∼180
Å3, which is only 18% larger than the volume per molecule in
the liquid. (Our estimates of molecular dimensions take into
account the van der Waals radii of the hydrogen atoms (≈1
Å).55) These calculations indicate that molecular packing restricts
the rotational motion to a larger extent in liquid biphenyl than
in liquid benzene, which is consistent with the curvature of the
intermolecular potential being larger in liquid biphenyl than in
liquid benzene. Moreover, one could argue that because the
molecules are locally aligned parallel to each other, the range
of angular motion will be smaller for tumbling than for spinning
in liquid biphenyl. Indeed, if we attribute the RSD of biphenyl
to the tumbling motion of the molecules, we obtain a much
larger force constant ratio of∼14. The high-frequency com-
ponent of the RSD could therefore also have a contribution
arising from the tumbling motion of the molecules. Unfortu-
nately, the relative contributions from each of these motions
cannot be determined from the OHD-OKE data.

V. Conclusions

The RSD of liquid biphenyl is broad and structured. As Ryu
and Stratt8 showed for benzene, one can rationalize the structure
of the RSD of biphenyl in terms of the moments of inertia. For
biphenyl, the two moments of inertia associated with tumbling
motion about the short axes are considerably larger than the
moment of inertia associated with spinning motion about the
long axis. Because of these distinct moments of inertia, the
rotational contribution to the RSD of biphenyl is broad. The
spectrum of biphenyl undergoes a red shift and line narrowing
with temperature and upon dilution inn-heptane. These effects
are also accompanied by changes in the spectral features that
characterize the RSD. For example, upon dilution the dip in

Figure 10. Comparison of reduced spectral densities for neat biphenyl
at 373 K and neat benzene at 293 K.

kbiphenyl

kbenzene
) [ωbiphenyl

ωbenzene
]2 Ibiphenyl

Ibenzene
(9)
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the middle that is a signature of its bimodal structure disappears
and the spectrum falls off more rapidly on the low-frequency
side than in the spectra of either neat biphenyl or neatn-heptane.
In addition, the intensity of the high-frequency shoulder
decreases at a faster rate than the low-frequency shoulder with
temperature. The RSD of biphenyl can be well fit by a bimodal
line shape function composed of a low-frequency component
and a high-frequency component. However, inconsistencies arise
in the interpretation of the effects of temperature and dilution
on the individual component bands. These inconsistencies
expose the shortcomings in using phenomenological models to
assign features in an RSD to specific molecular motions. Packing
models suggest that rotational motion is more hindered in liquid
biphenyl than in liquid benzene. This could explain why the
RSD of biphenyl is similar to that of benzene in frequency and
width, even though the moments of inertia for biphenyl are
larger than the moments of inertia for benzene. Clearly, further
work is needed to understand the similarities between benzene
and biphenyl.
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