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Equilibrium NPT andNVTmolecular dynamics simulations were performed on liquid benzene over an extended
range of temperature (from 260 to 360 K) using the COMPASS force field. Densities and enthalpies of
vaporization (from cohesive energy densities) were within 1% of experiment at all temperatures. tumbling
and spinning rotational diffusion coefficients,D⊥ and D|, computed as a function of temperature, agreed
qualitatively with the results of earlier reported experimental and computational investigations. Generally, it
was found thatD|/D⊥ ≈ 1.4-2.5 and the activation energy for tumbling was significantly greater than for
spinning about the C6 axis [Ea(D⊥) ) 8.1 kJ mol-1 and Ea(D|) ) 4.5 kJ mol-1]. Calculated translational
diffusion coefficients were found to be in quantitative agreement with experimental values at all temperatures
[deviations were less than the scatter between different reported measurements]. In addition, translational
diffusion coefficients were computed in the molecule-fixed frame to yield values forDxy (diffusion in the
plane of the molecule) andDz (diffusion perpendicular to the plane). It was found that the ratioDxy/Dz ≈ 2.0,
and that the two coefficients have roughly equal activation energies. This represents the first atomistic molecular
dynamics study of translational diffusion in the molecular frame.

Introduction

In the past∼30 years, there have been numerous experimental
investigations on the reorientational dynamics in liquid benzene,
using NMR relaxation, vibrational line shapes and depolarized
Rayleigh line widths. The great majority of these studies show
that rotational diffusion in this oblate symmetric top is highly
anisotropic, with parallel, “spinning”, diffusion coefficients (D|)
significantly higher than the perpendicular, “tumbling”, coef-
ficients (D⊥). The rotational anisotropy in liquid benzene has
also been verified by a number of Molecular Dynamics
simulations.

One expects intuitively that, like molecular reorientation,
translational diffusion in benzene should also be anisotropic,
with differing diffusion coefficients for motion parallel and
perpendicular to the symmetry axis. Unfortunately, in contrast
to rotational motion, there are no experimental methods by
which one can monitor translational diffusion components along
various molecular axes in isotropic fluids. However, as will be
shown below, it is possible to analyze MD simulation data to
extract molecule-fixed diffusion coefficients in symmetric-top
molecules such as benzene.

The goal of this work is to utilize molecular dynamics
simulations to investigate the anisotropy of both translational
and reorientational diffusion in benzene as a function of
temperature throughout the liquid range. The computational
methods and the results are presented and discussed below.

Computational Methods

The COMPASS1-4 force field was used for all minimization
and molecular dynamics runs. The valence terms in this force

field are similar to those in earlier class II force fields (e.g.,
references in ref 3), and include stretching, bending and torsional
terms+ cross-terms involving two or three coordinates. It also
includes an out-of-plane potential term to preserve planarity in
aromatic systems. The principal difference from earlier force
fields is that the COMPASS nonbond parameters (van der Waals
and electrostatic) were developed to match experimental densi-
ties and enthalpies of vaporization (derived from computed
cohesive energy densities) of suitable reference compounds at
individual state points. The aromatic carbon nonbond parameters
were determined by matching calculated values of these
quantities with experiment for benzene (at 298 K) as well as
for several substituted benzenes at individual temperatures.

Cubic cells containing 108 benzene molecules were built via
a Monte Carlo algorithm as implemented in theAccelrys5

Amorphous Cell module. Cells were then equilibrated at
temperatures from 260 K (super cooled liquid) to 360 K
(superheated liquid) using NPT dynamics (with an Andersen
thermostat6 and Berendsen barostat7) for a period of 2 ns (with
1 fs time steps). Equilibrated cell volumes ranged from∼25-
26 Å3, and were used to calculate densities at each temperature.

The cells were further equilibrated at each temperature using
NVT dynamics (Berendsen thermostat) for a period of 200 ps,
followed by production runs for (a) 200 ps (with snapshots every
0.1 ps) and (b) 20 ps (with snapshots every 0.002 ps). These
latter runs were used to compute reorientational/translational
diffusion coefficients, as well as cohesive energy densities (and
derived enthalpies of vaporization). A nonbonded group-based
cutoff of 10 Å was used for all runs.

Although not shown in the interest of brevity, computed
densities and enthalpies of vaporization of benzene were within
1% and 1.5%, respectively, of experimental values at all
temperatures over the 100 K range.
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Results and Discussion

A. Rotational Diffusion. Because benzene is an oblate
symmetric-top, its reorientation in the liquid can be characterized
by two independent rotational diffusion coefficients,D⊥ and
D|, which represent the rates of “tumbling” of the principal axis
and “spinning” about this axis, respectively. To calculate the
values of these quantities, one must first determine the rotational
correlation functions of two separate unit vectors (u) in the
molecule, oriented at different angles (θ) with respect to the
symmetry axis. These correlation functions are given by

P2 is the second-order Legendre polynomial, cos{R(t)} is the
cosine of the angle by which the vector has rotated in the time,
t; it is obtained from the relation cos{R(t)} ) u(0)‚u(t), which
is the scalar product of the unit vector at zero time and a later
time. The angular brakets indicate an ensemble average. Two
separate unit vectors were monitored, one in the plane of the
benzene molecule (θ ) 90° relative to the symmetry axis) and
the second vector along the axis (θ ) 0°), i.e., normal to the
plane (constructed from the cross-product of two orthogonal
in-plane vectors). To compute the correlation functions, we have
averaged over all molecules in the liquid and over multiple time
origins.8

Displayed in Figure 1 are representative rotational correlation
functions at the two temperature extremes (the inset shows the
short-time behavior of the functions at the higher temperature).
One observes from the figure that the correlation function,
G0(t) (solid curves), decays more slowly than doesG90(t) (dashed
curves) at intermediate to long times, indicating that the vector
normal to the plane is rotating more slowly than the in-plane
unit vector. Further, as expected, both correlation functions
decay more rapidly at higher temperature, as a result of the
enhanced rate of rotation. Although there is more noise in the
functions at lower temperature (due to the averaging of fewer
time origins at greater values oft), one finds that the functions
become essentially exponential (linear on a semilogarithmic
scale) at longer times, indicating that the rotation is diffusional
in nature (i.e., the result of numerous collisions in the liquid).
On the other hand, at very short times, the decay is markedly
nonexponential (figure inset), denoting the “free rotation”
regime, where the reorientation is essentially that of a free rotor.
It is of interest to note that the relative short-time decay rates
of the two vectors is opposite that at longer times. On reflection,

it is not surprising thatG0(t) < G90(t) at short times, where the
rotation is inertially controlled. This is because rotation of the
normal vector (θ ) 0°) is dependent only upon the moment of
inertia component in the plane of the molecule,I⊥, which is
smaller (by a factor of 2) than the inertia component about the
symmetry axis (I|). Rotation of the in-plane vector (θ ) 90°) is
dependent upon bothI⊥ and I| and is therefore slower at short
times.

The rotational correlation time,τ(θ), is most commonly taken
as the area under the correlation function (which is consistent
with the value obtained experimentally from NMR relaxation
time measurements). To minimize the effect of noise in the
wings (primarily at low temperature), it was assumed that the
correlation functions were exponential at long times (forGθ e
0.3) when numerically computing the areas.

Shown in Table 1 are the rotational correlation times for the
in-plane [τ(90°)] and normal [τ(0°)] unit vectors as a function
of temperature. Consistent with the relative rates of decay of
G0(t) andG90(t) (Figure 1), one finds thatτ(90°) < τ(0°) at all
temperatures. These two values of the correlation times can be
used to determine the “tumbling” and “spinning” reorientational
diffusion constants,D⊥ andD|, from an equation first derived
by Woessner:9

Note that forθ ) 0°, eq 2 reduces toτ(0°) ) (6D⊥)-1. One can
then useD⊥ andτ(90°) directly in this equation to calculateD|.
The numerical values of both rotational diffusion coefficients
are given in Table 1, and an Arrhenius temperature plot of the
two diffusion constants is displayed in Figure 2. One observes
thatD| (squares) is significantly greater thanD⊥ (circles) at all
temperatures, with a rotational anisotropy,F ) D|/D⊥, ranging
from ∼2.5 at the lowest temperatures to∼1.5 in the superheated
liquid (Table 1). The computed activation energies for the two
rotational motions areEa(D⊥) ) 8.1 ( 0.6 (1 SD) kJ mol-1

andEa(D|) ) 4.5 ( 0.6 (1 SD) kJ mol-1. These observations
[D| > D⊥ and Ea(D⊥) > Ea(D|)] are qualitatively similar to
results reported in other experimental studies10-22 and MD
simulations10,23-26 of liquid benzene.

Experimentally, one most commonly utilizes the reorienta-
tional contribution to Raman bandwidths of A1g vibrational

Figure 1. Correlation functions,Gθ(t): solid line,θ ) 0°; dashed line,
θ ) 90° ; (A) T ) 260 K; (B)T ) 360 K. Inset: short-time correlation
functions atT ) 260 K.

TABLE 1: Reorientational Correlation Times and Diffusion
Coefficients

T
(K)

τ(00)
(ps)

τ(900)
(ps)

10-9D⊥
(s-1)

10-9D|

(s-1) Fa

260 2.25 1.42 74 182 2.5
270 1.59 1.20 105 181 1.7
280 1.69 1.11 99 223 2.3
290 1.63 1.17 102 195 1.9
300 1.16 0.90 144 236 1.6
310 1.15 0.93 145 219 1.5
320 1.00 0.81 167 252 1.5
330 0.99 0.77 168 275 1.6
340 0.87 0.73 192 270 1.4
350 0.76 0.61 219 338 1.5
360 0.78 0.65 214 306 1.4

Ea
b 8.1 4.5

SD(Ea)b 0.6 0.6

a D⊥/D|. b Activation energy in kJ mol-1.

τ(θ) ) ∫0

∞
P2(cosθ(t)) dt )

1
4
(3 cos2 θ - 1)2

6D⊥
+

3 sin2 θ cos2 θ
5D⊥ + D|

+

3
4
sin4 θ

2D⊥ + 4D|

(2)

Gθ(t) ) 〈P2[cos{R(t)}]〉 ) 〈12[3 cos2{R(t)} - 1]〉 (1)
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modes, or Rayleigh scattering line widths to determineτ2(0°).27

Raman line widths of degenerate modes can also be used to
computeτ2(90°). NMR relaxation time measurements [either
1H-13C dipole-dipole or2D quadrupole in C6D6] can be utilized
to obtainτ2(90°). τ2(0°) can also be determined from DD/CSA
cross-relaxation experiments.

To afford a semiquantitative comparison of our rotational
diffusion coefficients with earlier studies, we have tabulated
many of the earlier reported results (both experiment and MD)
in Table 2; other tabulations are reported in ref 26 (correlation
times) and ref 10 (diffusion coefficients). In studies where only
correlation times are reported, we have converted them to
diffusion constants, using eq 2 above. In most cases, the ambient
temperature reported was somewhat different from 298 K. These
data were converted to 298 K using our computed activation
energies (vide supra).

It may be seen from the data in Table 2A (298 K diffusion
constants) that, as discussed by Do¨lle and co-workers10 in a
recent comprehensive joint NMR/MD investigation, there is a
broad range of reported diffusion coefficients, even from recent
investigations, most likely arising, at least in part, from the
different methods used to determine them experimentally and
the differing force fields used in the MD studies. At most, it
can be said that our room temperature (interpolated) tumbling
diffusion constant (128× 109 s-1) is somewhat above the range
reported in earlier studies (∼(90-100)× 109 s-1), and that our
spinning diffusion coefficient (227× 109 s-1) falls within the
general range (∼(140-290) × 109 s-1). The reorientational
anisotropy,F ) 1.8, is also within the range of other reported
values. From Table 2B, it is seen that there is a similarly broad
variation in activation energies computed forD⊥. Our value lies
at the lower end, but in the range of earlier reported results.
We are aware of only one experimental determination ofEa-
(D|);10 as seen in the table, our computed activation energy is
in satisfactory agreement with the value determined experimen-
tally. The very low activation energy for spinning about the
principal axis is consistent with “slip”28 rather than “stick”29

hydrodynamic boundary conditions,11 becauseEa[D|]slip )
Ea[(T)1/2] ) 1.3 kJ mol-1 vs Ea[D|]stick ) Ea[T/η] ) 13.8 kJ
mol-1.

Because of the relatively broad range of experimental
reorientational diffusion coefficients and their associated activa-
tion energies, no assessment of the COMPASS force field can

be afforded by comparison of the simulated results with values
from experiment.

B. Translational Diffusion. It is straightforward to compute
the translational diffusion coefficient,Dtr, of a fluid from the
long-time mean squared displacements,〈r2〉, of the molecules’
centers of mass (CM), as given by8

We have computed the diffusion coefficients in liquid benzene
from the slopes〈r2〉 vs t plots (in a linear region,g10 ps) as a
function of temperature; the results are contained in the second
column of Table 3 [Dtr(LF)]; the “LF” indicates that the
displacements were computed in the system’s laboratory frame.

Figure 2. Rotational diffusion coefficients: circles,D⊥; squares,D|.
The lines represent the best least-squares fit to the computed data.

TABLE 2: Comparison with Earlier Reported
Reorientational Diffusion Coefficients

(A) Room Temperature (298 K) Diffusion Coefficients

method year ref
10-9D⊥
(s-1)

10-9D|

(s-1) Frot.
a

MD this work 128 227 1.8
Raman 1972 11 66 52 0.8
Raman/NMR 1972 12 54 273 5.1
Raman/NMR 1978 13 76 180 2.4
IR/Raman 1979 14 89 180 2.0
Raman 1980 15 91 220 2.4
MD 1982 23 81 237 2.9
MD 1985 24 121 249 2.1
MD 1988 25 96 199 2.1
NMR 1991 16 108 169 1.6
NMR 1994 17 90 201 2.2
Raman 1996 22 90 253 2.8
NMR 1997 18 103 286 2.8
Raman/NMR 1998 26 78 217 2.8
MD 1998 26 95 143 1.5
NMR(DD + CSA) 2000 10 94 191 2.0
MD 2000 10 108 168 1.6

(B) Activation Energies

method year ref
Ea(D⊥)

(kJ mol-1)
Ea(D|)

(kJ mol-1)

MD this work 8.1 4.5
Rayleigh (C6H6) 1982 19 8.3
Rayleigh (C6D6) 1982 19 8.7
Rayleigh 1975 20 10.9
Raman 1972 12 11.3
NMR 1991 16 9.8
NMR 2000 10 13.3 3.4
MD 2000 10 9.3
Raman (diff2D isotopes) 1985 21 7.1-9.2

a D⊥/D|.

TABLE 3: Translational Diffusion Coefficients

T (K)
109Dtr(LF)
(m2 s-1)

109Dtr(MF)
(m2 s-1)

109Dz(MF)
(m2 s-1)

109Dxy(MF)
(m2 s-1) Ftr

a

260 0.98 1.48 0.98 1.73 1.8
270 1.32 2.17 1.36 2.58 1.9
280 1.84 2.33 1.28 2.86 2.2
290 1.85 2.47 1.47 2.97 2.0
300 2.82 3.55 2.41 4.12 1.7
310 2.45 3.10 1.80 3.76 2.1
320 3.04 3.81 2.70 4.37 1.6
330 4.03 4.71 3.03 5.55 1.8
340 3.78 4.56 2.68 5.50 2.1
350 4.69 5.15 2.93 6.26 2.1
360 4.86 5.34 3.22 6.40 2.0
Ea

b 12.1 9.5 9.2 9.6
SD(Ea)b 0.8 0.7 1.1 0.7

a Dxy(MF)/Dz(MF). b Activation energy in kJ mol-1.

〈r2(t)〉 ) 6Dtrt (3)
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An Arrhenius plot of the computed translational diffusion
coefficients is presented in Figure 3, together with data from
the earlier reported experimental determinations ofDtr.30-33 As
may be observed clearly from the figure, there is excellent
quantitatiVe agreement between theory and experiment. In
addition, the activation energy of diffusion constants obtained
from the MD simulations,Ea(Dtr) ) 12.1 kJ mol-1 (Table 3),
falls in the middle of the range ofEa’s computed from the
experimental data (8.9,30 11.2,31 12.8,33 13.732 kJ mol-1). Thus,
although the COMPASS force field was not parametrized
directly for fluid transport properties, it is seen to yield
quantitatively accurate translational diffusion coefficients of
benzene throughout its liquid range.

There have been several earlier reported MD studies of
benzene in which the translational diffusion coefficient has been
computed either at a single temperature or over a range.10,24,25

Although there is not a quantitative accord between theory and
experiment observed here using the newer force field, the earlier
results are in acceptable qualitative agreement with measured
diffusion constants.

As discussed above, one observes very different rotational
diffusion rates about the various axes in a symmetric top
molecule. Intuitively, one also expects that the component of
the translational diffusion coefficient parallel to the principal
(z) axis should differ from the transverse (x andy) components.
However, unlike molecular reorientation, translational diffusion
coefficients parallel and perpendicular to the principal axis
cannot be measured experimentally in an isotropic medium.

On the other hand, itis possible to use MD simulation data
to compute the individual components of the overall CM
displacement along thex, y, andz axes of a coordinate system
fixed in the molecular frame. We have performed this calculation
by decomposing the total displacement after a given 0.1 ps time
step intox, y, andzcomponents in themolecule-fixedreference
frame at the beginning of the step. Then, the components of
the various displacements have been summed, and averaged over
time origins to yield mean-squared displacements, MSD(x),
MSD(y) and MSD(z) as a function of time. The molecular frame
will, of course, rotate relative to the laboratory frame as the
molecule reorients. However, by using components decomposed
along the molecule-fixed axes, we are determining the effective
MSDs one would obtain in the absence of molecular rotation.

The resulting plot for benzene (at 300 K) is displayed in
Figure 4. In this figure, MSD(xy) represents the average of the
x andy (transverse) squared displacements and MSD(tot) is the
sum of all three squared components. It is observed clearly from
the figure that the mean transverse displacement component,
representing translation perpendicular to the principal axis
increases much more rapidly with time than does the parallel
displacement. One may compute a molecular frame overall
diffusion coefficient,Dtr(MF) from eq 3 above. One can also
calculate diffusion constants for motion perpendicular [Dxy(MF)]
and parallel [Dz(MF)] from

where〈ri
2(t)〉 ) MSD(xy) or MSD(z).

Values ofDtr(MF), Dz(MF), andDxy(MF) were determined
in this fashion and given in Table 3. It should be noted that
these should be considered to be “effective” diffusion coef-
ficients, representing what the rates of diffusion would beif
the molecules were constrained from reorienting. Therefore, they
cannot be compared directly with the diffusion coefficient in
the laboratory frame. To the authors' knowledge, this represents
the first application of an atomistic MD simulation to determine
molecule-fixed translational diffusion constants in an isotropic
liquid.

The overall molecular frame diffusion and the parallel and
transverse components are plotted in Figure 5. One can see from
both the table (Ftr) and figure that, as expected from the MSD
plot (Figure 4), values ofDxy(MF) are greater thanDz(MF) at
all temperatures, by approximately a constant factor of 2. This
indicates that the in-plane translation of benzene through the
fluid is around twice as rapid as motion parallel to the C6 axis.
One observes from the table that, unlike reorientational diffusion
in benzene, for whichEa(D|) , Ea(D⊥), activation energies for
both molecular frame translational diffusion coefficients are
relatively high and almost equal. This is not surprising because,
in contrast to the spinning rotation, which requires no displace-
ment of molecules in the first solvation sphere, both translations
require significant rearrangement of neighboring molecules.

There have been no earlier reported determinations of the
molecular frame components of benzene’s translational diffusion
constants. However, there have been two MD studies24,26 in

Figure 3. Experimental and calculated translational diffusion coef-
ficients: filled circles (+line); this work (calculated); open triangles
(down), ref 30; open triangles (up), ref 31; open diamonds, ref 32;
open squares, ref 33.

Figure 4. Mean squared displacements in the molecule-fixed frame
at 300 K: solid line, total displacement [MSD(tot)]; dashed line,
displacement in plane of molecule [MSD(xy): average ofx and y
components]; dotted line, displacement perpendicular to plane of
molecule [MSD(z)].

〈ri
2(t)〉 ) 2Dtr(i)t (4)
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which the velocity autocorrelation functions have been computed
parallel and perpendicular to the molecular symmetry axis. In
both cases, it was observed that the transverse velocity correla-
tion times were significantly longer than the parallel (to the
principal axis) times, by factors of∼1.5-2.0; these observations
are consistent with our finding thatFtr ) Dxy(MF)/Dz(MF) ≈
2.

The Navier-Stokes hydrodynamic equations for components
of the translational diffusion tensor in ellipsoidal molecules have
been solved for ‘stick’ boundary conditions,29 yielding analytical
expressions forDz(MF) andDxy(MF) in terms of the major and
minor semi-axis lengths (a and b), and the aspect ratio,κ.34

Using benzene’s molecular geometry35 and C/H van der Waals
radii,36 it can be estimated that for benzene,κ ) 1.70 Å/3.69 Å
) 0.46. With the equations for the “stick” diffusion coef-
ficients,29 one predicts that the ratio of transverse to parallel
(to the principal axis) diffusion coefficients should beF ) Dxy-
(MF)/Dz(MF) ≈ 1.4, which is significantly below the observed
ratio of ∼2.0.

To the authors’ knowledge, the only treatment of translational
diffusion of ellipsoids with “slip” boundary conditions has been
for prolate symmetric-tops,37 for which it is predicted thatFtr

) Dxy(MF)/Dz(MF) ≈ κ-1, a result which is very different from
the stick BC prediction. However, there have been recent
nonatomistic MD simulations of molecular frame translation
of both prolate and oblate ellipsoids.38-40 In these cases, it has
been observed from the simulations that for the prolates,38,39

Ftr ≈ κ-1, in very good agreement with the analytical slip
prediction, and that the same dependence of the translational
anisotropy onκ-1 was observed for the oblate ellipsoids,40 from
which it may be inferred that the translational diffusion of both
types of symmetric-tops is best characterized by the slip
boundary condition. The results of our atomistic simulation of
benzene here are also in agreement with this trend, in that
Ftr(2) ≈ κ-1(2.2).

Summary

The rotational diffusion of liquid benzene highly anisotropic
at all temperatures, and numerical values ofD⊥ and D| were
found to be in qualitative agreement with the results of earlier
simulations and experimental investigations. In the first atomistic

simulation of translational diffusion coefficients in a molecule-
fixed frame, it was observed that there is a similar anisotropy,
with the transverse diffusion [Dxy(MF)] approximately twice as
rapid as the parallel motion [Dz(MF)]. This result is in qualitative
agreement with the prediction of the translation of ellipsoidal
molecules using slip boundary conditions.
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