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ABSTRACT: We present an experimentally parametrized molecular
dynamics study of single-molecule and collective orientational relaxation
in neat benzonitrile through the analysis of the reorientational anisotropy
and polarizability anisotropy time correlation function (PA-TCF). The
simulations show that the PA-TCF is dominated by collective reorientation
after 20 ps. Collective reorientation is found to be slower than single-
molecule reorientation by a factor of 1.67, consistent with recent
experiments. The simulations provide direct evidence of local antiparallel
benzonitrile configurations. These structures, which have been the center
of some debate, are responsible for the slower rate of collective versus
single-molecule reorientation in the liquid. Further structural analysis
indicates that significant Coulombic interactions between the nitrile group
and hydrogen atoms on adjacent molecules play a role in the formation of the antiparallel structures. The single-molecule dynamics
reflected in the anisotropy are complex and consist of a ballistic regime, restricted angular diffusion, and spatially anisotropic free
diffusion. The principal components of the rotational diffusion tensor are independently obtained and shown to reproduce the free
diffusion regime of the anisotropy for each principal axis according to the predictions of a previous theory.

1. INTRODUCTION

Over the last few decades, third-order optical and infrared (IR)
spectroscopies have emerged as indispensable techniques for
advancing our understanding of liquid dynamics and the
motions and interactions that underlie them.1,2 The use of
these methods has elucidated a range of processes occurring on
femtosecond to picosecond time scales, including molecular
reorientation,3,4 collision-induced effects,5 homogeneous and
inhomogeneous dephasing,1,2 and chemical exchange.6 To
date, a wide variety of liquids with properties spanning
nonpolar to polar, ionic to H-bonding, and super-cooled to
glasses have been investigated.7−13

Still, even in the case of ordinary liquids, it can be very
challenging to determine the time scales and contributions of
different molecular motions to a measured signal.8 In many
cases, the interdependence between dynamics and mesoscopic
liquid structures adds complexity to the interpretation of
experiments.14 Molecular dynamics (MD) simulations have
proven useful in this regard because they allow any suitably
defined motion or interaction to be investigated with arbitrary
resolution. Simulations can be vetted by comparison with
measured properties, and then can provide microscopic
insights into the validity of experimental assumptions and
the predictions of liquid theories.
In this work, we present an experimentally parametrized MD

simulation study of the single-molecule and collective

reorientation dynamics of liquid benzonitrile. In a previous
study,14 the former was measured with IR polarization-
selective pump−probe (PSPP) experiments and the later
with optical Kerr effect (OKE) spectroscopy, the time-domain
analogue of depolarized Rayleigh scattering (DRS).15 Both
methods are pump−probe techniques that use two input
pulses of linearly polarized light to measure the third-order
material response of a liquid sample.3,4,16,17

In the PSPP (transient absorption) experiment, the incident
pulses are resonant with a dipole transition associated with a
molecular vibration,1−3 in this case, the CN stretching mode of
benzonitrile. The acquired signal is the transient absorption of
a time-delayed probe pulse following excitation of the sample
by a pump pulse.4 The signals obtained using mutually parallel
or perpendicular pulse polarizations measure separate tensor
elements of the single-molecule orientational response
function.2,3 The signals can be appropriately combined to
obtain the reorientational anisotropy, or equivalently, the
orientational correlation function, which contains information
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on the single-molecule rotational dynamics.3,4,18 Note that
“single-molecule” is used here to mean that the orientational
correlation function is the ensemble-average of the rotational
dynamics of single molecules.
In OKE (transient birefringence) spectroscopy, the optical

pulses have the same frequency but are not resonant with any
electronic or vibrational transition in the liquid.8,16,17 Through
a Raman excitation process, the pump exerts a torque on the
optically anisotropic molecules in the sample.19 In response,
the molecules minutely reorient in a way that slightly aligns the
long axis of their polarizability tensor parallel to the
polarization of the pump, making the refractive index
(susceptibility) parallel and perpendicular to the pump
polarization different (birefringence).16,17,19 The time-delayed
probe pulse, linearly polarized at 45° relative to the pump
polarization, passes through the sample, and acquires an
additional component orthogonal to its original polarization
direction, making it elliptically polarized. This transient, pump-
induced polarization component in the probe pulse is the
third-order OKE signal field.17 Throughout this paper, OKE
refers to the heterodyne-detected version of this experiment, in
which the measured signal is linear in the emitted field and
third-order material response.5,8,16,17

The OKE experiment, as described above, measures the
anisotropic nuclear response function, which is related to the
time-derivative of the (classical) polarizability anisotropy time
correlation function (PA-TCF).1,8,17,20 The anisotropic nuclear
response is strongly influenced by motions with collective
reorientational character. Historically, it has been debated
whether the single-molecule and collective reorientation times
for benzonitrile differ.14,21−27 In principle, collision-induced
decay mechanisms can significantly influence the OKE signals
of liquids for several picoseconds, and in some cases for the full
extent of the decay.28,29 Therefore, OKE experiments must
invoke a separation of time scales to analyze collective
reorientation separately from collision-induced effects, an
issue that is not encountered with the single-molecule
anisotropy from PSPP experiments.
To further address these issues, we analyze the reorienta-

tional anisotropy and OKE signals calculated from a classical
molecular dynamics simulation of liquid benzonitrile. Analysis
of the PA-TCF reveals that the collision-induced contribution,
while important at short times, fully relaxes by 20 ps. The PA-
TCF is dominated by dynamics with collective reorientational
character beyond this time, justifying a key assumption from a
previous experimental study.14 The correlation time for
collective reorientation is 1.67 times slower than that for
single-molecule reorientation, consistent with previous exper-
imental results.14,22,23 Antiparallel and some parallel benzoni-
trile structures are directly observed in the simulation. It is
shown that significant Coulombic interactions between
adjacent molecules is one driving force for the formation of
these aligned structures, which are responsible for the slower
observed collective (relative to single-molecule) reorientation.
Using rotational mean squared displacements (RMSDs), the
principal components of the rotational diffusion tensor are
independently obtained, and it is shown that the free-diffusion
(FD) regime of the anisotropy can be quantitatively fit with
these three components after accounting for wobbling-in-a-
cone dynamics30−32 at short times.

2. THEORY, COMPUTATIONAL DETAILS, AND FORCE
FIELD RELIABILITY

2.1. Theoretical Background. The OKE signal reports on
the time-dependent anisotropic (off-diagonal) components of
the collective polarizability (second-rank) tensor of a liquid
sample.8,28,29,33−37 The collective polarizability tensor of an N
molecule system can be expressed as a sum of molecular (M)
and interaction-induced terms (I)

M IΠ Π Π= + (1)

The molecular contribution, ΠM, is the sum of the individual
molecular polarizabilities, αi

i

N

i
M

1

∑ αΠ =
= (2)

The interaction-induced contribution, ΠI, arises from
interactions between molecular-induced dipoles. The field of
the dipole induced in one molecule by the incident pump pulse
can polarize another molecule; the dipole induced in the
second molecule is not, in general, parallel to the pump
polarization (anisotropic).33 The interaction-induced contri-
bution can be calculated from the first-order dipole-induced
dipole (DID) to the all-orders DID approximation, as has been
performed in several previous MD simulations.8,28,29,33,35−37

The dielectric constant (relative permittivity) of benzonitrile is
about 26, which is moderately smaller than that for the
common polar liquid acetonitrile (36).38 Elola and Ladanyi
found that the higher-order interaction-induced contributions
were essentially negligible for acetonitrile liquid.35 Similar to
acetonitrile, the interaction-induced contribution to the
collective polarizability of liquid benzonitrile can be effectively
modeled using the first-order perturbative solution (DID), as
will be demonstrated below by comparison to experimental
OKE measurements

T
i

N

j i
i ij j

I

1

∑ ∑ α αΠ ≅ · ·
= ≠ (3)

where Tij ≡ T(rij) is the dipole interaction tensor. The dipole
interaction tensor is determined by the vector rij connecting
the center-of-mass of molecules i and j and is given by

r
T r

rr 1
( )

3
3= ̂ ̂ −

(4)

where r ̂ = r/r is a unit vector in the direction of r and 1 is the
unit tensor. This approximation, which involves a single site
located at the center-of-mass of each molecule, has been
referred to as the center−center approach.36
In the above expressions and those that follow, properties

such as the polarizability tensor, α, or a unit vector along the
CN bond, û, are represented in a laboratory (space-fixed)
frame L = XYZ. However, it is often convenient to express
them in a molecular (molecule-fixed) frame m = xyz. In the
calculations, benzonitrile is treated as a rigid molecule.
Therefore, α and û will be static when expressed in the m
frame, which we choose to coincide with the principal axes of
the polarizability tensor. With this choice, α and û can be
expressed
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where, for example, αxx is the principal component of the
polarizability tensor for the x direction (Figure 1a). At any

instant, the molecular frame will have some orientation with
respect to the laboratory frame. This relative orientation is
described by the three Euler angles ϕ, θ, and χ (also denoted
as α, β, and γ) (Figure 1b). The transformation from the m
frame to the L frame is accomplished by three successive
rotations R(χ), R(θ), and R(ϕ),39
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(6)

where c and s refer to the cosine and sine functions,
respectively, and R(χ,θ,ϕ) is the rotation matrix for the
unitary transformation. Then, û and α are given by

u Ru

R R

m

mα α

̂ = ̂

= † (7)

where R† is the transpose of R and R† = R−1.39

The relaxation of the collective PA for liquid benzonitrile is
calculated via the TCF of an off-diagonal element (such as
ΠXY) of the collective polarizability tensor, Π8,28,29,33−37

t
t

( )
(0) ( )

XY
XY XY

2ψ =
⟨Π Π ⟩

Γ (8)

The normalization factor Γ2 = Nγ2/15 in the denominator of
eq 8 is the integrated intensity of the anisotropic DRS
spectrum of N non-interacting molecules,40 where γ2 = [(αxx −
αyy)

2 + (αxx − αzz)
2 + (αyy − αzz)

2]/2 is the squared molecular
PA.28,34,35,37 By substituting eq 1 into eq 8, the PA-TCF,
ψXY(t), can be written as

t t t t( ) ( ) ( ) ( )XY XY XY XY
MM MI IIψ ψ ψ ψ= + + (9)

where

t t

t t t

t t

( ) (0) ( ) / ,

( ) ( (0) ( ) (0) ( ) )/ ,

( ) (0) ( ) /

XY XY XY

XY XY XY XY XY

XY XY XY

MM M M 2

MI M I I M 2

II I I 2

ψ

ψ

ψ

= ⟨Π Π ⟩ Γ

= ⟨Π Π ⟩ + ⟨Π Π ⟩ Γ

= ⟨Π Π ⟩ Γ
(10)

In eqs 9 and 10, ψXY
MM(t) and ψXY

II (t) are the molecular- and
interaction-induced PA autocorrelations and ψXY

MI(t) is their
cross-correlation. To improve the statistical accuracy of the
correlation function, all independent off-diagonal elements
(XY, XZ, and YZ) are used in eq 8 and averaged together in the
calculation of ψ(t).
Although the separation of ψ(t) in eq 9 is straightforward, it

is not necessarily the most useful because it does not
distinguish between the different relaxation mechanisms, that
is, collective reorientation- and collision-induced, that
contribute to ψ(t). Specifically, the molecular contribution,
ΠM, is modulated by changes in molecular orientation, while
the interaction-induced polarizability ΠI depends on changes
in the relative orientations and intermolecular distances
between different molecules. Since a portion of ΠI relaxes
with the same mechanism as ΠM, there is no clear time scale
separation between the different auto- and cross-correlations in
eq 9. To separate the interaction-induced dynamics into a
portion that has the same time-dependence as collective
reorientation and a collision-induced portion that does not, we
can recast Π in a projected representation in which ΠI is
projected along and orthogonal to ΠM33

GXY XY XY XY
I MΠ = Π + ΠΔ

(11)

G
(0)

2 (0)XY
XY XY

XY

XY

XY

M I

M 2

MI

MM

ψ
ψ

=
⟨Π Π ⟩
⟨|Π | ⟩

=
(12)

where GXY represents the projection of ΠXY
I along ΠXY

M and ΠXY
Δ

is the remainder, the collision-induced component, which
relaxes via mechanisms independent of collective reorientation.
Within this projected representation

XY XY XY
RΠ = Π + ΠΔ

(13)

where

G(1 )XY XY XY
R MΠ = + Π (14)

is the reorientational component. Hence, (1 + GXY) represents
the local field that modifies the portion of the PA that relaxes
through collective reorientation.28,29,33,36,37 Using eq 13, the
PA-TCF can be separated in the following manner

t t t t( ) ( ) ( ) ( )XY XY XY XY
RR Rψ ψ ψ ψ= + +Δ ΔΔ

(15)

Figure 1. (a) Illustration of benzonitrile with the x and z axes of the
molecular frame labeled. The mass center, M, is shown in pink. (b)
Relative orientation between the molecular (xyz) and laboratory
(XYZ) frames, as defined by the three Euler angles, ϕ, θ, and χ.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.0c11148
J. Phys. Chem. B 2021, 125, 3163−3177

3165

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.0c11148?rel=cite-as&ref=PDF&jav=VoR


Within the Born−Oppenheimer approximation, the third-
order response function can be separated into its electronic
and nuclear contributions20

R R R(3) (3)el (3)nuc= + (16)

The effectively instantaneous electronic portion can be
expressed as a delta function in time

R t t( ) ( )(3)el σ δ=ηγβα ηγβα (17)

where η, γ, β, and α represent space indices in the laboratory
frame. The electronic contribution therefore contains no
information on molecular motions. The nuclear response
function is proportional to the time-derivative of the (classical)
correlation function of the components of the collective
polarizability1,17,20

R t
t

k T t
t( )

( ) d
d

( ) (0)(3)nuc

B

θ= − ⟨Π Π ⟩ηγβα ηγ βα
(18)

where θ(t) is the Heaviside step function, kB is the Boltzmann
constant, and T is the temperature of the system. The
experimental geometry used in OKE spectroscopy measures
the anisotropic nuclear response function,8,17 which is
determined by the PA-TCF ψXY(t)

R t R t R t

R t
t

k T
t

t

( )
1
2

( ) ( )

( )
( ) d ( )

d

XYXY XXXX XXYY

XY

(3)nuc (3)nuc (3)nuc

B

θ ψ

= [ − ]

∝ = −
(19)

2.2. Computational and Simulation Details. Two
different experimental molecular polarizability tensors have
been reported for benzonitrile.22,41 To determine which one is
more accurate for our MD simulations, we first calculated it by
ab initio quantum chemical methods with HF 6-311++G(d, p)
using the Gaussian 03 package.42 The calculated principal
components of the molecular polarizability are αxx = 11.6 Å3,
αyy = 6.6 Å3, and αzz = 16.3 Å3. These values are consistent
with those previously reported (Bertucci et al.:22 αxx = 11.6 Å3,
αyy = 8.2 Å3, αzz = 16.2 Å3) and (Abdoul-Carime et al.:41 αxx =
11.2 Å3, αyy = 11.2 Å3, αzz = 15.0 Å3), the main difference being
a slightly larger change in αyy. Clearly, the experimental results
from Bertucci et al. are closer to the calculated values and were
used in our MD simulations. The structure of benzonitrile is
shown in Figure 1a. The molecular coordinate axes are defined
with the y-axis normal to the ring plane and the z-axis parallel
to the C−N bond direction. To improve the simulations of the
dynamical and structural properties of benzonitrile, we
modified the OPLS-AA force field43 using the virtual atom
method.44 The virtual atom (dummy atom) method is a
common method in molecular dynamics simulations and has
been applied widely to macromolecules and small molecules,
such as lipids, acetone, and water.45−47 Benzonitrile has a 180°
CM−CN angle, which is straightforward to simulate with the
virtual atom method. The atom masses of the CN bond are
replaced with a new atom, M. The masses of the new atom, M,
and the ring carbon, CM, are redistributed while the
corresponding C atom and N atom in the CN bond have
no mass in the simulation. The new atom, M, is positioned at
the center-of-mass of the CN bond. The redistribution rule
ensures that the moment of inertia of the benzonitrile molecule
is unchanged. In this modified force field, the M atom has no
interactions with other atoms and functions solely as a mass

center. The C and N atoms in the CN bond function as
virtual atoms, which carry no mass but remain interaction
centers. The modified OPLS-AA force field parameters for
benzonitrile are given in Table S1 (Supporting Information).
We also compared the dynamical and structural properties of
benzonitrile calculated with the modified OPLS-AA force field,
the standard OPLS-AA force field,43 the general Amber force
field,48 and the Charmm general force field (see the Supporting
Information).49 These comparisons validate the accuracy of
the modified OPLS-AA force field.
The model system consists of 1000 benzonitrile molecules in

a cubic box of length 55.63 Å, with periodic boundary
conditions. The MD program Gromacs 5.0 was used to
calculate the dynamical and structural properties of benzoni-
trile in the bulk liquid at 300 K.50,51 The cross interactions
between unlike atomic sites on different molecules were
computed by a sum of Coulomb and Lennard-Jones (6−12)
terms with the Lorentz−Berthelot combination rules.52 In all
simulations, the bond lengths were constrained with the
LINCS algorithm.53 Note that the LINCS algorithm, like the
SHAKE algorithm, constrains the bond lengths but the
molecule remains flexible. The cut-off for Lennard-Jones
interactions was taken as 12 Å. The long-range Coulomb
interactions were handled by particle mesh Ewald (PME) with
a cut-off of 12 Å and a grid spacing of 1.2 Å.54 The Berendsen
thermostat52,55 was used in the NPT system to imitate the
weak coupling between the system and a heat bath with a
temperature coupling constant of 0.1 ps. The simulations were
initially equilibrated in the isothermal−isobaric ensemble
(NPT) at 1 atm for 5 ns. The systems were then further
equilibrated in a constant volume−temperature (NVT)
ensemble for 20 ns. Trajectories of an additional 40 ns
following equilibration were sampled every 0.2 ps for analysis
of the dynamics. In the NVT ensemble, a velocity rescaling
thermostat56 was used for the temperature coupling with a
time coupling constant of 0.1 ps. The velocity rescaling
thermostat can reproduce a more accurate kinetic ensemble
than the Berendsen weak coupling method in an equilibrium
system.

2.3. Reliability of the Modified Force Field. To validate
the modified force field, we calculated a series of thermody-
namic and dynamical properties of benzonitrile at different
temperatures, that is, from 280 to 320 K. The simulations at
different temperatures were conducted in an identical manner
to the 300 K simulations. Trajectories of an additional 10 ns
following equilibration were used for analysis. Figure 2 shows
the temperature-dependent densities and compares them to
the experimental values. These density values are very close to
the experimental results.57,58 The simulated densities also
display a good linear relationship between the temperature and
density. Simulating dynamical properties is vital because
dynamics are directly related to whether the MD simulation
can accurately reproduce the experimental dynamical observ-
ables discussed below. Hence, we compare the viscosities
obtained using our modified force field to experimental values,
as shown in Figure 3. The MD simulation results are in very
good agreement with the experimental viscosities57,59,60 over
the entire temperature range. Our calculated results display a
good Arrhenius temperature-dependent behavior. The local
structure of liquid benzonitrile has been investigated with X-
ray diffraction.61 To compare the simulations to the X-ray
diffraction results, we also calculated the liquid structure factor,
as shown in Figure S5 of Supporting Information. Other
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properties including temperature-dependent self-diffusion
coefficients and radial distribution functions (rdfs) obtained
using the modified force field are also shown in the Supporting
Information.
Table 1 displays select properties of benzonitrile calculated

from the MD simulations with the modified force field and
compares them to the experimental values and the classic force
field simulation results at 300 K. The thermodynamic and
dynamical properties obtained from the modified force field
and classic force fields are very close to each other. The main
exception is the generalized Amber force field, which produces
larger errors in comparison to the experiments and the other
force fields. Comparisons between the rdfs obtained with the
modified OPLS-AA force field and other classic force fields can
also be found in the Supporting Information. To summarize,
the modified OPLS-AA force field for benzonitrile reproduces

the measured thermodynamic, structural, and dynamical
properties well and therefore can be used to simulate other
structural and dynamical features of interest.

3. RESULTS AND DISCUSSION
3.1. Polarizability Anisotropy Time Correlation

Function. In Figure 4, we present our main results, the

simulated OKE signal, R(t) (black curve, panel a), and the
simulated anisotropy, r(t) (black curve, panel b), which are
compared to the experimental measurements for liquid
benzonitrile14 (red curve and red circles in panels a and b,
respectively). As previously described, the PSPP experiment
measures the anisotropy3,4,14

r t C t P tu u( ) 0.4 ( ) 0.4 ( (0) ( ))2 2= = ⟨ ̂ · ̂ ⟩ (20)

where P2(x) = (3x2 − 1)/2 is the second-order Legendre
polynomial. The anisotropy is directly proportional to the
orientational correlation function, C2(t), which is a measure of
the correlation between the dipole moment unit vector
residing on the same molecule at two times, making it an
inherently single-molecule property. In contrast, the OKE
signal depends on the collective polarizability tensor of the
system and is therefore dependent on collective orientational
variables. Consequently, whereas ⟨P2(ûi(0)·ûi(t))⟩ is the only
contribution to the anisotropy, the OKE signal can, in general,
have contributions from both ⟨P2(ûi(0)·ûi(t))⟩ and ⟨P2(ûi(0)·

Figure 2. Comparison between the temperature-dependent density
from the MD simulations using the modified force field and
experimental measurements.

Figure 3. Comparison between the temperature-dependent viscosity
from the MD simulations using the modified force field and the
experimental measurements. The simulated viscosity values (black
circles) were fit with the Arrhenius equation (solid curve).

Table 1. Comparison of Experimental and Simulated Bulk Properties of Benzonitrile at 300 K Using Different Force Fields

experiment modified OPLS-AA force field classic OPLS-AA force fieldf Charmm force field Amber force field

ρa(g/cm3) 0.999 0.996 0.995 1.001 0.960
Db(cm2 s−1) *8.3 × 10−6 8.1 × 10−6 8.0 × 10−6 7.9 × 10−6 1.2 × 10−5

ηc(mPa s) 1.155 1.126 1.198 1.201 0.799
μd(D) 4.18 4.20 3.23 3.96 4.05
Cp(l)

e (cal mol−1 K−1) 45.5 48.3 45.4 43.6 40.2

aDensity.38 bTranslational diffusion coefficient, *approximate value (see the Supporting Information). cViscosity.57 dPermanent dipole moment.38
eMolar heat capacity.84 fSee ref 43.

Figure 4. (a) Comparison of the simulated (black curve) and
experimental (red curve) OKE signals of benzonitrile. (b) Simulated
(black curve) and experimental (red points) anisotropy decays, r(t) =
0.4C2(t), for the C−N bond unit vector of benzonitrile.
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ûj(t))⟩ terms. Additionally, interaction- or collision-induced
effects in liquids can constitute a significant portion of the
spectral density,3,33 thus these many-body effects must be
included to accurately describe the effective polarizability
tensor. As seen in Figure 4, the simulations using the modified
OPLS-AA force field (black curves) reproduce both observ-
ables quantitatively. The two types of data reflect results of
distinct experimental methods and measure different dynamic
properties of the system. Considering the fundamentally
different nature of the OKE signal and anisotropy, the former
collective-relaxation arising from a non-resonant Raman
interaction3,8 and the latter single-molecule relaxation arising
from a resonant dipole interaction,1−3 the ability of the
polarizability model and modified force field to reproduce both
observables is a stringent confirmation of the calculation
methods. The underlying structures and dynamics influencing
the time scales of relaxations will be analyzed in detail below.
In Figure 5, we analyze the time integral of R(t), or the PA-

TCF, ψ(t), of benzonitrile (solid black curve). The PA

relaxation of benzonitrile decays over roughly 100 ps. This
decay is very slow in comparison to that of acetonitrile, which
decays completely within 5 ps,62,63 although both molecules
contain a single, polar CN bond. The relaxation dynamics are
also ∼10 times slower than the similar sized molecule
benzene.64−66 Therefore, it appears that the combination of
the larger size of benzonitrile and the presence of the CN
moiety greatly slows the dynamics.
To understand the origin of the slow relaxation mechanism,

the contributions from the auto- and cross-correlations of the
molecular- and interaction-induced components of the
collective polarizability are shown in addition to the total
PA-TCF in Figure 5. Recall from eq 9 that the total PA-TCF
can be expressed as the sum of these three contributions:
ψMM(t), ψMI(t), and ψII(t). First, notice that the ψMI(t)
contribution (dashed red curve) is negative. This decay follows
a similar in magnitude, but opposite signed, trend to the
ψMM(t) contribution (dashed lime-green curve). The net result
is that the ψMI(t) and ψMM(t) TCFs nearly cancel each other,
leaving ψII(t) (dashed blue curve) as the main influence on the
total decay. This is evidenced by the close resemblance
between ψII(t) and ψ(t) in terms of their magnitude and time-
dependence. Additionally, Figure 5 demonstrates that all three
TCFs, ψMM(t), ψMI(t), and ψII(t), contribute significantly to

ψ(t) over the complete time range of the relaxation. If ψMM(t)
was the only contributor to the decay for longer times, we
could conclude that the longer relaxation originates from
collective reorientation. However, all three contribute sig-
nificantly, meaning that the influence of Π I, which is
modulated by both translations and rotations, is significant at
all times. Therefore, as has been found for many smaller
molecules,28,29,34−37 this natural manner of decomposing ψ(t)
does not clarify whether a clear separation in time scales exists
between the collision-induced and collective reorientation
relaxation mechanisms of benzonitrile.
To gauge how collective reorientation governs the relaxation

process, we recast ψ(t) in a projected representation33 in which
the portion of Π I that has the same time-dependence as ΠM is
separated out (eqs 11−15). The PA-TCF is now expressed as
the sum of the three components: ψRR(t), ψRΔ(t), and ψΔΔ(t).
The results of this projected representation are shown in
Figure 6. Overall, the reorientational component, ψRR(t)

(dashed red curve), is the largest contributor to ψ(t) (solid
black curve). However, ψRR(t) is by no means dominant,
especially in the short-time relaxation. The collision-induced
contribution, ψΔΔ(t) (dashed blue curve), is significant in the
early time range of 0−20 ps and causes ψ(t) to decay much
faster than the reorientational component, ψRR(t). However,
following 20 ps, the reorientational component dominates
ψ(t), and the two decays are essentially identical beyond that
point. Notably, the cross-term, ψRΔ(t) (dashed lime-green
curve), makes a negligible contribution. Therefore, this
alternate representation of the collective polarizability and
the PA-TCF reveals that reorientational and collision-induced
dynamics both contribute significantly at early times, but
beyond 20 ps, collective reorientation dominates the PA-TCF.
Comparing Figures 5 and 6, it is seen that ψRR(0) is about half
of the value of the PA-TCF, ψ(0), and one-fourth the value of
ψMM(0). These relationships are reflected in the projection
factor G = −0.53 (eq 12) for benzonitrile. From eqs 8 and 14,
ψRR = (1 + G)2ψMM, which means that, in the case of
benzonitrile, the local field factor (1 + G)2 greatly decreases
the magnitude of the collective reorientation contribution to
ψ(t).
To assess the time scale of collective reorientation, we return

to Figure 4a which compares the simulated OKE signal, R(t),

Figure 5. PA-TCF (solid black curve) of benzonitrile at 300 K. The
contributions of the molecular (dashed lime-green curve) and
interaction-induced (dashed blue curve) autocorrelations, and their
cross-correlation (dashed red curve) are displayed for comparison to
the PA-TCF.

Figure 6. Components of the PA-TCF in the projected
representation. The contributions of the reorientational (dashed red
curve) and collision-induced (dashed blue curve) autocorrelations
and their cross-correlation (dashed lime-green curve) are displayed
for comparison to the PA-TCF (solid black curve).
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to the recently reported measurement.14 The simulated signal
agrees well with the experimental signal over the entire
relaxation process. Note, however, that numerical differ-
entiation of the PA-TCF to obtain R(t) amplifies the noise
present in ψ(t). This noise is particularly obvious in the long-
time relaxation, especially when plotted on a semi-log plot (see
Figure S9). Some authors previously made use of a sum of
Gaussian and exponential functions to fit the simulated OKE
response function and then compared the fit curve with
experimental results.29 This procedure agrees fairly well with
the experiments but may introduce some error into the
determination of the long-time scale relaxation. Although noise
is evident in the simulation at long time, our simulated data
reproduce the experiment well without fitting to a complicated
functional form.
Many experimental studies have focused on fitting the decay

of R(t) that occurs beyond ∼2 ps, sometimes with a multi-
exponential function.7,67 Our previous experimental study of
benzonitrile found that a single-exponential fit was sufficient to
model the long-time OKE decay.14 Hence, we also use a single
exponential to fit the simulated OKE signal from 20 to 80 ps
(see Figure S10). As the main focus of this study is to
understand the reorientation dynamics of benzonitrile, we
begin at 20 ps because the collision-induced contribution dies
out by that time and collective reorientation dominates the PA-
TCF, ψ(t) (Figure 6). This simple fitting procedure yields a
time constant for collective reorientation, τc = 28.8 ± 1.1 ps,
that is slightly larger than the OKE experimental value of 20.4
± 1 ps.14,27 This difference may be ascribed, in part, to the
greater noise in the long-time relaxation of the simulated
signal, R(t). However, considering that the simulation correctly
captures both measurements in Figure 4a,b, this difference is
not significant.
3.2. Orientational Pair Correlations. The influence of

static and dynamic orientational pair correlations (OPCs) on
the PA-TCF can be evaluated by decomposing ψXY

MM(t) into
contributions from single molecules and pairs

t t
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Figure 7 compares ψXY
MM(t) (black curve) with its two

contributions, ψXY
MM,s(t) (red curve) and ψXY

MM,p (blue curve).
The single-molecule portion, ψXY

MM,s(t), exhibits a faster decay
than either the full molecular TCF, ψXY

MM(t), or the pair-
contribution, ψXY

MM,p, which is responsible for the decay at long
time. The ψXY

MM,p contribution is larger than that of ψXY
MM,s(t)

after very early times, a result that is reminiscent of what was
found for 1,3,5-trifluorobenzene in a previous MD study.36

The magnitude of the pair-contribution displayed in Figure 7
immediately indicates the presence of OPCs in benzonitrile.
The static second rank OPC factor, which quantifies

correlations between molecular anisotropic polarizability
components, is given by the initial value of ψXY

MM(t)40,68−70
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Note that ψXY
MM,s(0) = 1 by definition, and therefore, g2 = 1

would indicate the absence of OPCs. A nonzero ψXY
MM,p(0)

modifies the reference unity value. The magnitude and sign of
the deviation from unity reflect the strength and nature of the
orientational structure in the liquid.
To see how g2 is related to the liquid structure, it is useful to

consider the simpler case of an axially symmetric molecule (αxx

= αyy = α⊥ and αzz = α∥), such as acetonitrile.29,71 The
polarizability tensor of an axially symmetric molecule can be
expressed as40
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where δαβ is the Kronecker delta, α0 = (2α⊥ + α∥)/3 is the
isotropic part of the polarizability tensor, γ = α∥ − α⊥ is the
anisotropic part, and uα is the αth component of û, a unit
vector along the molecular symmetry axis (parallel to the CN
bond for acetonitrile). Note that the α0δαβ portion of the
tensor α is rotationally invariant, while the anisotropic part,
γαβ, changes as the molecule rotates through its dependence on
û. From eq 25
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where P2(x) = (3x2 − 1)/2 is the second-order Legendre
polynomial. It can be further shown40 that

Figure 7. Comparison of the molecular polarizability anisotropy
autocorrelation, ψMM(t), (black curve) and its single-molecule,
ψMM,s(t), (red curve) and pair, ψMM,p(t), (blue curve) contributions.
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Therefore, g2 (eq 24) can be rewritten as
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The quantity ûi(0)·ûj(0) = cos θij, where θij is the angle
between the symmetry axes of the ith and jth molecules at time
zero. A plot of P2(cos θ) is shown in Figure S11. It has two
roots, one at the magic angle ∼54.7° and another at its
supplement ∼125.3°. For angles between these two values, the
molecules are oriented in a more perpendicular arrangement,
P2(cos θ) is negative on average, and g2 is less than 1. Positive
deviations, in which g2 is greater than 1, are observed between
the ranges 0 to 54.7 and 125.3 to 180°, which reflect parallel
and antiparallel arrangements, respectively.
In contrast to acetonitrile, αxx and αyy differ to some extent

for benzonitrile, which classifies it as an asymmetric
molecule.39,40 In this case, g2 is not simply related to the
angle between the CN bond unit vectors but rather represents
a sort of weighted average of static OPC factors for all three
principal axes.72 Equation 28 becomes more valid as αxx and
αyy approach the same value. From our simulated TCF,
ψMM(0), we find g2 = 1.95, which is much larger than 1. This
value implies that a local parallel or antiparallel ordering
structure may be present in liquid benzonitrile. The presence
of these local structures will be explored in the following
section.
In the rotational diffusion limit, the parameter g2 can also be

related to the collective and single-molecule orientational
relaxation times, τc and τs, respectively, through the
expression40,70,72

g j( / )c 2 2 sτ τ= (29)

where j2 is the dynamic OPC factor. The above expression was
derived for the case of a symmetric top and therefore can only
expected to be approximately true in the most general case.72

Experimentally, τc was determined by fitting the long-time
optical-heterodyne detected OKE signal to a single-exponential
decay.14 The single-molecule correlation time, τs, was obtained
by performing IR PSPP experiments on the naturally abundant
13CN stretch mode. The measured anisotropy decay, which is
shown in Figure 4b (red points), was found to be
biexponential.14 It was previously argued that the first-time
constant results from restricted angular diffusion, or wobbling-
in-a-cone dynamics, and the second-time constant arises from
free rotational diffusion.14 Thus, τs was obtained from the long-
time decay in the anisotropy, r(t).
Both τc and τs were obtained from the MD simulations in an

analogous manner to the experiments. The determination of τc
was discussed in Section 3.1. The single-molecule time, τs, was
obtained from the simulated anisotropy for the unit vector û
along the CN bond of benzonitrile (Figure 4b, black curve). As
can be seen from the figure, the simulated reorientation
dynamics not only agree well with the experimental data but
also reveal femtosecond inertial dynamics which were too fast
to detect in the experiments. The simulated r(t) function is
likewise fit well with a biexponential decay. However, for

reasons discussed above, τs was determined by fitting the
simulated C2(t) out to long time starting from 20 ps. The value
obtained from this fitting procedure was τs = 17.2 ± 0.1 ps (see
Figure S12). As was found for τc in Section 3.1, this value for τs
is very close, only slightly larger than the experimental value of
13.1 ps.14 Note that τs could alternatively be obtained from
fitting ψXY

MM,s(t), whose relaxation is dictated by single-molecule
rotational motion. In Figure S13, ψXY

MM,s(t) and C2(t) for the z
axis are displayed on the same plot to illustrate their effectively
identical time-dependence. From eqs 22 and 27, one would
expect these TCFs to be equivalent in the limit of a symmetric
molecule.
Substituting the simulated values of τc and τs into eq 29

provides the ratio g2/j2 = 1.67 ± 0.07. This value is close to the
previous experimental value of 1.56.14 The result is also in
agreement with the result of Alms and Patterson, who obtained
a value of 1.58 from analysis of the depolarized Rayleigh
spectrum of benzonitrile.23 The dynamic OPC parameter j2 is
generally assumed or observed to be very close to 1 in the
majority of experimental investigations,22,23,27,40,71,73 implying
an absence of dynamic OPCs. By substituting g2 = 1.95, found
above, into eq 29, the value j2 = 1.17 is obtained. It should be
noted that this manner of estimating j2 depends on how well τc
and τs can be determined and the extent to which eq 29 is a
good approximation for benzonitrile. The results of Figure S13
indicate that this is a reasonable approach. The value of j2
obtained suggests that a small extent of dynamical orientational
correlation exists. In our view, a more complete analysis and
comparison of j2 in liquids with different structural character-
istics and intermolecular interactions are still needed.

3.3. Local Structure. The result g2 = 1.95 from Section 3.2
implies that an ordered local structure is present in
benzonitrile. Previous simulations demonstrated that similar
sized aromatic molecules exhibited local structures with
varying types and degrees of ordering.36 For example, 1,3,5-
trifluorobenzene exhibits a prominent stacked dimer structure
that makes the symmetry axes (normal to the ring) parallel. At
close distances, hexafluorobenzene displays some stacking but
has perpendicular configurations at larger separations. Benzene
displays a nearly isotropic local order.
It is experimentally challenging to observe the local

nanoscale structures in a liquid, although a previous X-ray
diffraction study has presented some evidence of antiparallel
stacking in benzonitrile.61 This information can be directly
obtained from an MD simulation study by analyzing the
radial−angular pair correlation function g(r,θ), defined as

g r
N r

r r( , )
1

( , )
( ) ( )

i j

N

ij ij∑θ
ρ θ

δ δ θ θ= − −
≠ (30)

where ρ(r,θ) represents the number of molecules, defined as
(N/V)2πr2ΔrΔθ sinθ, Δr and Δθ are the radial and angular
resolutions, and rij and θij are the intermolecular distance
between the center positions of the C−N bonds and the angle
between the C−N bond directions of molecules i and j,
respectively. The angular and radial resolutions were taken to
be Δθ = 1° and Δr = 0.02 nm, respectively.
Figure 8 shows the radial−angular pair correlation function

for benzonitrile at 300 K. An intense peak is located at θ =
175° centered around r = 0.34 nm. This is a strong signature of
an antiparallel arrangement of neighboring benzonitrile
molecules. The function g(r, θ) swiftly declines from its global
maximum, g(0.34 nm, 175°) = 9.24, moving toward smaller
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angles. A smaller local maximum can be seen near g(0.44 nm,
1°), corresponding to benzonitrile molecules arranged in a
parallel orientation. Another local maximum with a broad
distribution at small angles is seen near 0.84 nm, although this
broad peak is lower than the former two peaks. These
additional peaks indicate that parallel structures also exist in
liquid benzonitrile at greater pair distances. However, the
dominant configuration is the antiparallel one. Both parallel
and antiparallel arrangements cause the static OPC parameter,
g2, to be much greater than 1. These MD simulation results
support previous conclusions that a pronounced antiparallel
structure exists in benzonitrile.14,61,74

The forces driving the formation of OPCs have not been
fully elucidated. Moreover, the relevant factors appear to
depend on the system under study. In certain systems,
molecular shape and packing are important driving forces.
For example, calculation of the liquid structure of acetonitrile
with a reference interaction site model revealed strong OPCs
between neighboring molecules.75 Another study investigated
several mono-substituted derivatives of benzene (including
benzonitrile) with DRS, the frequency-domain analogue of
OKE spectroscopy, and found that the magnitude of the OPCs
was correlated with the square of the molecular dipole
moment.22 It has been suggested that an antiparallel
arrangement of the symmetry axes of neighboring molecules
aligns their electron-rich and electron-deficient regions in a
favorable manner.22

We further investigated the role of intermolecular inter-
actions in the formation of antiparallel configurations in
benzonitrile. In particular, the partial negative charge on the
nitrogen atom of the polar C−N bond can have significant
Coulombic interactions with the small partial positive charges
of hydrogen atoms on nearby benzonitrile molecules. The
site−site rdfs between the nitrogen atom and different
hydrogen atom sites are displayed in Figure 9. Large,
overlapped peaks corresponding to N−H1/N−H5 interactions
are observed at 0.35 nm. The H1 and H5 sites are functionally
equivalent and the most electropositive, owing to their ortho-
substitution relative to the C−N bond. Smaller peaks centered
at 0.56 and 0.64 nm, corresponding to N−H2/N−H4 and N−
H3 interactions, respectively, are also observed. These rdfs
demonstrate that the nitrogen atom can form multiple
significant Coulombic interactions with different hydrogen
sites on adjacent molecules. However, the most important
Coulombic interaction is the N−H1/N−H5 interaction. These
Coulombic interactions are maximized when two-neighboring

molecules orient their symmetry axes in an antiparallel
configuration. The average N−H1/N−H5 distance in our
simulation system is about 0.327 nm. Considering the charges
of the N atom and the H1/H5 atoms, we can calculate the
interaction energy of this strong C−N···H1/H5 interaction
using Coulomb’s law. The calculated value is about 24.4 kJ/
mol, which is very close to the typical hydrogen bond
interaction energy. Therefore, the N−H1/N−H5 Coulombic
interaction is an important driving force for the large peak in
the radial−angular pair correlation function at large angles
corresponding to the antiparallel arrangement. A representative
snapshot of a structure present in bulk benzonitrile with
multiple significant Coulombic interactions is shown in the
inset in Figure 9.

3.4. Orientational Dynamics and Rotational Diffu-
sion. The PSPP experiment is only sensitive to the dynamics
of the unit vector û, which coincides with the z direction in the
molecular frame of benzonitrile (Figure 1a). Thus, previous
experiments could not observe the dynamics in the x and y
directions. With the limited information obtained from
observing only the dynamics of the CN bond, it was
determined that the rotational diffusion coefficients in the x
and y directions were approximately equal.14

From the MD simulation, we can calculate the orientational
dynamics in all three directions. In Figure 10, C2(t) is plotted
for unit vectors along the x, y, and z directions. Clearly, C2(t)
differs between the three directions, indicating that the
rotational dynamics of benzonitrile are spatially anisotropic.
However, the dynamics in the x and y directions are similar to
each other and differ more substantially from the slower
dynamics observed for the z direction. These C2(t) decays can
be fit to a sum of three exponentials. Table 2 displays the fit
parameters for the three principal axis directions. The first-time
constant, t1, is on the order of 500 fs for all directions. This
time scale lies within the inertial regime of orientational
dynamics, which occurs on a similar time scale to that of the
translational velocity autocorrelation function decay (see
Figure S14), in which a small degree of angular sampling
occurs via rapid collisions with adjacent solvent molecules.
This time scale was not resolved in previous experiments. The
simulations slightly overestimate the FD correlation times.
Therefore, it is also expected that the rapid ballistic dynamics

Figure 8. Radial−angular pair correlation function for benzonitrile at
300 K. The pair distance, r, and the angle, θ, are defined as the
intermolecular distance between the center positions of the C−N
bonds and the angle between the C−N bond directions of molecules i
and j, respectively.

Figure 9. Rdfs between the N atom and H atom sites on different
benzonitrile molecules. The peaks in the N−H rdfs represent the
intensity of different Coulombic interaction motifs in the bulk liquid.
The inset displays a representative structure observed in the MD
simulation of the benzonitrile liquid featuring antiparallel nearest
neighbors.
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from the simulations are slower than that would be observed in
an experiment. The second-time constant, t2, ranges from ∼4
to 6 ps depending upon the direction observed. It is slowest for
the z direction, which was observed experimentally to be 3.8 ±
1.0 ps.14 This component of the decay arises from restricted
angular diffusion, which was previously modeled with a
wobbling-in-a-cone correlation function. As discussed in
Section 3.3, the local molecular structure indicates that the
electronegative N atom of the CN group has multiple
significant Coulombic interactions with the hydrogen atoms
on nearby benzonitrile molecules. The significant Coulombic
attractive forces constitute directional interactions that impose
restrictions on reorientation, and such interactions must be
broken to permit FD of the molecule. The third relaxation
time, t3, is equivalent to τs, the single-molecule FD correlation
time. For the z direction, it is 17.0 ps, which agrees with the
value of 17.2 ps obtained from a single-exponential fit to the
long-time relaxation in Section 3.2.
The orientation of a vector changes when rotations occur

around the two axes normal to the vector. For example, the
C2(t) dynamics for a vector along the z axis are determined by
rotational diffusion occurring around the x and y directions.
Thus, the slow reorientation dynamics observed for the vector
û along z (Figure 4b) implies slow rotational diffusion about
the x and y axes. From inspection of the C2(t) decays in Figure
10, the free rotational diffusion coefficients can be ordered
from largest to smallest: Dzz > Dyy > Dxx. To further validate
and quantify this ordering, we calculated the rotational
diffusion coefficients in all three directions. This was
accomplished by calculating the RMSD, ⟨ϕ2(t)⟩ = 4Drt. Our
calculation was based on the method used by Mazza et al.,76

extended to the three principal axes in the molecular frame of
benzonitrile. This method avoids the quantity boundary issue
that is encountered when the vector under consideration is
bounded to the unit sphere (details in the Supporting

Information). Figure 11 displays the RMSDs for unit vectors
along the three principal axes. Clear linear trends are found in

all directions after very short times. The calculated rotational

diffusion coefficients are Dxx = 6.8 × 10−3 ps−1, Dyy = 1.46 ×

10−2 ps−1, and Dzz = 2.48 × 10−2 ps−1, respectively. These

values follow the expected trend Dzz > Dyy > Dxx deduced from

the C2(t) correlation functions in Figure 10. In our previous

experimental study, in which only the C2(t) decay for the z

(CN bond) direction could be measured, we assumed that Dxx

≃ Dyy.
14 Here, we elucidated the complex rotational diffusion

in liquid benzonitrile that results from the asymmetric shape of

the molecule. The experimental value, referred to as D⊥, was

found to be 1.27 × 10−2 ps−1,14 which falls between the values

of Dxx and Dyy calculated here.
3.5. FD of an Asymmetric Rotor and Wobbling-in-a-

Cone. The simulated C2(t) correlation functions (Figure 10)

can be modeled in more detail now that the rotational diffusion

coefficients have been independently determined. The rota-

tional diffusion of a completely asymmetric rotor has been

treated previously.18,77−81 This theory relates the amplitudes

and time scales of C2(t) to the principal components of the

rotational diffusion tensor. For unit vectors fixed along the x, y,

and z principal axes of benzonitrile, the following (FD)

expressions are obtained14,81

Figure 10. Second-order Legendre polynomial orientational correla-
tion functions, C2(t) (solid curves), for unit vectors along the x
(green), y (red), and z (blue) principal axes of benzonitrile (see
Figure 1). The black dashed curves, which lie directly on top of the
simulated curves, are multi-exponential fits.

Table 2. Multi-Exponential Fit Parameters for C2(t)
a

axis A1 t1 (ps) A2 t2 (ps) A3 t3 (ps)

x 0.24 ± 0.02 0.47 ± 0.07 0.35 ± 0.03 3.9 ± 0.5 0.40 ± 0.04 12.0 ± 0.6
y 0.25 ± 0.02 0.45 ± 0.06 0.34 ± 0.02 4.39 ± 0.04 0.41 ± 0.03 15.6 ± 0.5
z 0.15 ± 0.01 0.55 ± 0.01 0.24 ± 0.03 6 ± 1 0.62 ± 0.04 17.0 ± 0.5
z (expt.) 0.19 ± 0.05 3.8 ± 1 0.79 ± 0.05 12.8 ± 0.5

aThe experimental data are reproduced with permission from Yamada et al., J. Phys. Chem. B 122, 12147-12153 (2018). Copyright 2018 American
Chemical Society.

Figure 11. RMSD as a function of time for the three principal axes of
benzonitrile. The relation ⟨ϕ2(t)⟩ = 4Drt was used to calculate the
rotational diffusion coefficients from the linear regimes of the curves.
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where the parameters in eq 31 are completely determined by
the three diffusion coefficients Dxx, Dyy, and Dzz:
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From eq 31, it is clear that, regardless of which direction is
probed, C2(t) is a biexponential function with two time
constants given by τ1 = (6D + 2Δ)−1 and τ2 = (6D − 2Δ)−1.
Substituting in the values of the diffusion coefficients obtained
in Section 3.4, we obtain τ1 = 8.1 ps and τ2 = 16.4 ps. The FD
limit correlation functions of eq 31 are plotted alongside the
simulated C2(t), as shown in Figure 12a. Although the
qualitative trend with respect to direction is correct, the
theoretical and simulated correlation functions do not match.
As discussed previously, the rotational dynamics at early times
involve a non-diffusive inertial regime as well as restricted
rotational diffusion, previously characterized with the wob-
bling-in-a-cone model.14 These processes also contribute to the

decay of C2(t) at early times, leading to apparent disagreement
between the theory and simulation.
A single wobbling-in-a-cone process can be described by an

approximate correlation function of the form, C2(t) = Q2 + (1
− Q2)exp[−t/τc].30,31,82 The long-time offset of the correlation
function is given by the generalized order parameter Q2 =
[{cos θc(1 + cos θc)}/2]

2, where θc is the half-angle of the cone
in which the diffusing transition dipole vector is confined.
Although the inertial reorientation is not diffusive, and is
strictly Gaussian at early time,83 we approximate it by a
separate wobbling-in-a-cone process (i.e., a single exponential
with an offset). Treating these as independent processes, the
complete expression for C2(t) is given by

C t T T t

S S t C t
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2 2
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2 2
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τ
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= + − [− ]
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(33)

where T, τin, S, and τc are the order parameter and correlation
time for the inertial cone and diffusive cone, respectively. In eq
33, the C2,FD

α (t) expressions for a unit vector fixed along the α
principal axis in the molecular frame are given by eq 31. We
note that in our previous experimental study of the
reorientation of 13CN benzonitrile, the inertial process, which
was too short to be observed, was treated as instantaneous.14

The inertial cone correlation function in eq 33 was then
simplified to T2. The approximation Dxx = Dyy = D⊥ was also
made, which led to the simplified expression C2,FD

z (t) =
exp[−t/τ⊥], where τ⊥ = 1/6D⊥. Therefore, the resulting
biexponential function

r t C t

T S S t t

( ) 0.4 ( )

0.4 ( (1 )exp / )exp /

z
2
2 2 2

cτ τ

=

= + − [− ] [− ]⊥ (34)

was used previously to analyze the experimental anisotropy
data.
The fits of eq 33 to the simulated C2(t), using the

appropriate correlation functions from eq 31, are shown for
all three directions in Figure 12b. In the fits, T, τin, S, and τc
varied, while the functions C2,FD

α (t) were completely fixed using
the values of Dxx, Dyy, and Dzz from Section 3.4. The fits are
greatly improved from those shown in Figure 12a, demonstrat-
ing the importance of including the ballistic and wobbling-in-a-
cone reorientational dynamics of benzonitrile. The fit for the z
direction, which is the only direction accessible experimentally,
is almost indistinguishable from the simulated correlation
function. The parameters for the fits in Figure 12b are given in
Table 3.
Comparing the cone angles between the simulation and

experiment (z direction only), it is seen that good agreement
was obtained for the diffusive and total cone angles θc and θtotal
(the total angle is obtained from the product Qtot = TS),
respectively. However, the fit to the simulation overestimates
the inertial cone angle, θin. This is not too surprising. The
determination of θin involves extrapolation of the measured
anisotropy to time zero, making it prone to larger errors than
the remaining cone angles. The wobbling-in-a-cone correlation
time, τc ∼ 6 ps, agrees well between the simulation and
experiment. Note that the total extent of the decay due to
ballistic and wobbling-in-a-cone reorientation is ∼30%. This is
found by taking the initial value of the normalized correlation
function, that is 1, and subtracting the square of the total order
parameter, Qtot

2 = (TS)2. Thus, FD makes up ∼70%, or the
majority, of the decay. In the experiments, FD made up ∼76%

Figure 12. (a) Predicted fits from the FD theory for an asymmetric
rotor, applied to benzonitrile (dashed curves), are compared to the
simulated C2(t) (solid curves) for the three principal axis directions, x
(green), y (red), and z (blue). (b) Same comparison in (a) with the
inclusion of ballistic motion and wobbling-in-a-cone dynamics to the
fit (black dashed curves). The agreement is substantially improved.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.0c11148
J. Phys. Chem. B 2021, 125, 3163−3177

3173

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c11148?fig=fig12&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.0c11148?rel=cite-as&ref=PDF&jav=VoR


of the decay. Only the single time constant, τ⊥ = 13.1 ± 0.7 ps
could be determined from the FD regime of the measured
anisotropy decay. However, from the simulations, we are able
to determine the theoretically predicted FD correlation times,
τ1 = (6D + 2Δ)−1 = 8.1 ps and τ2 = (6D − 2Δ)−1 = 16.4 ps and
show that they provide a very good description of the
simulated correlation functions C2,FD

α (t).
Why is a single FD time constant observed experimentally

when theoretical considerations predict two? The answer lies
in the amplitudes. From eq 31 for C2,FD

z (t) and eq 33, the
amplitude of τ1 is given by A1=(TSa)

2/N2 = 0.034 and the
amplitude of τ2 is given by A2=(TSb)

2/N2 = 0.664 out of a
total amplitude of 1. Therefore, τ1 = 8.1 ps constitutes only 3%
of the decay. To make matters worse, this time constant is
roughly equal to the wobbling-in-a-cone correlation time, τc ∼
6 ps, making it more difficult to resolve. The decay in the FD
regime is thus dominated by τ2. The simulations indicate that
Dyy can be different from Dxx, and C2,FD

z (t) can still appear to
be single exponential. In the limit Dxx = Dyy = D⊥, C2,FD

z (t) is
exactly single exponential and τ2 = τ⊥ = 1/6D⊥. In light of
these new results, τ⊥ from our previous measurements14

should perhaps be interpreted as the more general correlation
time τ2, with the unequal diffusion coefficients in the x and y
directions. This interpretation is supported by the reasonable
correspondence between the measured value τ⊥ = 13.1 ± 0.7
ps and τ2 = 16.4 ps from the simulations. For comparison, the
amplitudes of τ1 and τ2 for the x and y directions are A1 =
0.6005, A2 = 0.0575 and A1 = 0.3409, A2 = 0.2923, respectively.
Therefore, the 8.1 ps component is dominant for the x
direction, which explains why it is the fastest decay. Both
components are similarly weighted in the y direction, making it
discernably biexponential.

4. CONCLUDING REMARKS

We have presented an MD simulation study with comparison
to experimental results of OPCs in liquid benzonitrile. The
simulations are in quantitative agreement with PSPP and OKE
measurements (Figure 4); the ability of the simulations to
reproduce these two very different experimental observables as
well as a number of other experimental observables
demonstrates the accuracy of the simulations. The results
confirm that collective reorientation dominates the long-time
relaxation of the PA-TCF (OKE experiments). Further analysis
demonstrated that collision-induced decay mechanisms con-
tribute significantly to the short-time relaxation but are
negligible at longer times (>20 ps). The large static OPC
parameter, g2 = 1.95, and non-unity value of the dynamic OPC
parameter, j2 = 1.17, show that strong OPCs are present in
bulk benzonitrile. Structural analysis confirmed the presence of
a pronounced antiparallel arrangement of neighboring
molecules in the liquid. Well-defined peaks in the N−H rdfs
demonstrated that significant Coulombic interactions are a key
factor driving the formation of these antiparallel structures.

The single-molecule rotational dynamics measured in the IR
anisotropy experiments were shown to be complex, consisting
of inertial, wobbling-in-a-cone, and anisotropic FD processes.
The wobbling-in-a-cone model and FD theory for an
asymmetric rotor were successfully used to explain the
reorientational dynamics along the three principal axes of
benzonitrile (Figure 12b).
MD simulations can be used to clarify the contributions of

basic molecular motions to the complex observables of PSPP
and OKE spectroscopy. The ability to reproduce both of these
distinct observables is a stringent test of the simulations. The
simulations can further provide a molecular scale picture of the
dominant local structures influencing the time-dependent
measurements. This MD study of single-molecule and
collective benzonitrile molecular motions indicates a promising
pathway for future investigations of complex liquid structures
and dynamics, possibly including confined or heterogeneous
systems, for example hydrogels.
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