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We have presented the results of thermody namic. structural and dynamic properties of liquid benzene. toluene.
and p-xvlene in canonical (NVT) ensemble at 293.15 K by molecular dynamics (MD) simulations. The
molecular model adopted for these molecules is a combination of the rigid body treatment for the benzene ring
and an atomistically detailed model for the methy] hydrogen atoms. The calculated pressures are too low in the
NVT ensemble MD simulations. The various thermodynamic properties reflect that the intermolecular
interactions become stronger as the number of methyl group attached into the benzene ring increases. The
pronounced nearest neighbor peak in the center of mass g(r) of liquid benzene at 293.15 K. provides the
interpretation that nearest neighbors tend to be perpendicular. Two self-diffusion coefficients of liquid benzene
at 293.15 K calculated from MSD and VAC function are in excellent agreement with the experimental
measures. The self-diffusion coefficients of liquid toluene also agree well with the experimental ones for

toluene in benzene and for toluene in cyclohexane.

Keywords : Molecular dynamics simulation. Benzene. Toluene. p-Xylene.

Introduction

Similar-shaped molecules show clearly different physico-
chemical properties according to their shapes. For example.
pentane, an alkane compound which has five carbon atoms.
has three isomers - normal pentane, 1sopentane, and neopen-
tane. These three compounds have the same molecular
weight, but have different physicochemical properties ac-
cording to their C-C bond forms, that is. different melting
and boiling points. thermodynamic properties, and transport
coefficients - diffusion coefficient, viscosity and thermal
conductivity. Conducting equilibrium molecular dynamics
(EMD) simulations for the above pentane svstems. Lee ef ¢/,
reported the result for the structural properties. thermody-
namic properties. and transport coefficients of the three
liquid pentane isomers' and after that. they reported the
results for the shear viscosity of the three liquid pentane iso-
mers, through non-equilibrium molecular dvnamics (NEMD)
simulations.*

This study has chosen three sunilar-shaped molecules -
benzene. toluene. and p-xylene - in order to study the struc-
tural. thermodynamic. and dvnamic properties through EMD
simulations. The molecules are not homogeneous 1somers.

Benzene actually 1s more stable than might be expected
for a system of six carbon-carbon single bonds and three
carbon-carbon 7 bonds. The molecule is planar. the carbon
atoms are at the corners of a regular hexagon and the
delocalization of the 7 electrons is complete. Each C-C bond
has a length of 0.140 nm. a value intermediate between a
double bond (0.133 nm) and a single bond (0.154 nm).
Benzene has a Cs axis perpendicular to the plane of the
molecule and passing through the geometric center. and six
additional C- axes lying in the molecular plane. In this
example. Cs is the axis having the higher order. and becomes

the principal axis. The center is at the intercept of the Cs axis
and of the six C-axes.

Toluene is the special name of the simplest of the al-
kylbenzenes. methylbenzene. In toluene. a rotation of 120°
about C(1)-C(2) axis interchanges the three hydrogen atoms.
But these atoms can be considered equivalent only if free
rotation of the methyl group is assumed. Toluene is an
interesting model in this aspect because it shows that the
time factor is of importance to the concept of group equi-
valence. If. in toluene. methy! rotation is fast relative to the
time scale of the means of observation. then “free rotation”
is observed. and the three hydrogens appear equivalent. If
methyl rotation is slow in the observer’s time scale. equi-
valence is lost.

p-Xylene having two CH; groups was attributed to the
coupling of the intermolecular rotational vibrations with the
intramolecular CHa torsional vibration. The crystal structure
of p-xvlene belongs to the space group Can with two
molecules in the unit cell and the six rotational intermole-
cular vibrations are distributed among the 4g and Bg sym-
metry species as 34g + 3Bg. The x axis is taken perpendicular
to the molecular plane and the y and z axes in the plane with
the z axis passing through the methy] groups.

This paper is organized as follows: In Section II. we
present the molecular models and MD simulation method.
We discuss our simulation results in Section III and present
the concluding remarks in Section IV.

Molecular Models and Molecular Dynamics
Simulation Methods

We assume that benzene ring is modeled as a rigid-body.
but three C-H bonds in the methyl groups of toluene
(CsH:CH3s) and p-xylene (CHaCsH4CHa) are not assumed to
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be rigid and they are rotating according to a torsional
potential. Simple harmomc oscillation potentials for C-H
bond stretching and C-C-H and H-C-H bond angle bending
in the methy] group of toluene and p-xvlene are used.

Atoms on different molecules interact through a 12-6
Lennard-Jones (L) potential:

co-g @ o

and electrostatic charges are assigned to each atom to de-
scribe the intermolecular Coulomb interaction:

Eop = 28 @
rij

The partial charges g; are obtained by b initio calculation
using Gaussian 98. The values of the electrostatic charges
are shown 1n Figure l. It is worth noting that we do not
consider any internal LT and Coulomb interactions between
the methy] hvdrogen atoms and the rigid benzene ring atoms
on the same molecule since those interactions m MD
simulation of toluene lead to an artificial dvnamics. for
example, a huge self-diffusion coefficient.

Bond stretching denotes the interaction between two neigh-
bouring atoms which are chenucally bonded. The potential
energy associated with bond stretching between atoms 1 and
J 15 assumed to be harmonic and 1s given by

Vb(rl_l) = K*’.!(ru - re):- 3
Here, r; 1s the bond length. r. is the equilibrium bond length.
and K 1s the force constant.
Bond angle deformation denotes the interaction between
three chemically bonded atoms 1, j and k. The potential energy
associated with bond angle bending 1s given by

Vi=Ki(8- &)y —Ks(0- &) #

where 8 is the bond angle. & is the equilibrium bond angle.
and K, and K- are the force constants. The force constants
Kq. K and K- are those used by Lee ef o/ and Chynoweth ef
al. ¢ which are originally provided by the work of White
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Table 1. Potential parameters for liquid benzene, toluene, and p-
Xylene

LJ parameters ¢ (nm) ¢ (kJ/mol)
C-C 0.3367 0.4036
C-H (.2799 0.1722
H-H 0.2230 (.0731

bond stretching 1. (nm) Ko (kJ/molnm?)
C-H 0.110 147000

bond angle bending 8, (deg) K, (kl/mol - deg”) K: (kJmol - deg*)

C-C-H 109.7 0.030209 (.000482
H-C-H 107.9 0.030209 (.000482
torsional ¢, (deg) K; (kT/mol)

C-C-C-H 180° 11.72

and Boville.” and are given in Table 2 with the LT potential
parameters.

Torsional rotation about a bond denotes the bonded
mteraction between four atoms 1. J, k and 1. The C-C-C-H
torsional rotational potential 1s given by

V(@) = Ks[1 — cos3(¢ — ). (3

where ¢ 1s the C-C-C-H dihedral angle, ¢ is the equilibrium
dihedral angle, and K are the force constants.®

The MD simulation parameters such as number of mole-
cules, mass, temperature, and length of simulation box are
listed n Table 2. The usual periodic boundary condition in
the x-, v-, and z-directions and mmunum unage convention
for pair potential were applied. A spherical cut-off of radius
R. = 1.25 mm was emploved for the pair interactions. Gaus-
sian isokinetics” was used to keep the temperature of the
system constant. For the integration over time. we adopted
Gear's fifth order predictor-corrector algorithum'” with a time
step of 0.0002 ps. Evans’s quaternion method'"~ is employed
for the mtemal orientation of the ngid geometry of the
benzene ning. MD simulation runs of about several 150,000
tume steps were needed for each hiquid molecular system to
reach equilibrium. The equilibrium properties were then
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Figure 1. Geometries and atomic charges of liquid {a) benzene, (b) toluene, and (¢) p-xylene.
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Table 2. Molecular dvnamics simulation parameters for model of
liquid benzene, toluene, and p-xvlene

Nu111per Mass Tempe- Density Lcngtl_l of
Molecules of (g/mole) rature (2 fccj box
molecules - (K) < (nm)
benzene 120 7811 29315 08787 2.607
toluene 120 92.14 29313 0.8669 2.767
p-xvlene 120 106,17 29313 (1.8611 2.907

averaged over 5 blocks of 130.000 time steps for a total of
750.000 time steps. and the configurations of molecules
were stored every 10 time steps for analyses of structural and
dvnamic properties.

Results and Discussion

Thermodynamic properties. Thermodynamic properties
for liquud benzene. toluene and p-xvlene at 293.15 K
obtained from our MD simulations are listed in Table 3. In
general. the calculated pressures are too low m our NVT
ensemble MD simulations, in which the simulation box
lengths and hence the densities are fixed as shown in Table
2. The usual route for the calculation of the pressure tensor
in MD simulations is given by

L/
Pop = v(Z])m])m/mx + zrlmflﬁ) (6a)

or

1/
P“B = G(mep.g/ml + ZZrUafuﬂ) (6b)

It is essential to use Eq. (6b) in a simulation that employs
periodic boundary conditions. The off-diagonal (a 2 b) ele-
ments of the pressure tensor are essentially zero in the case
of no external field. The ordinary pressure is given by P=
(Puc + Pyy + P1)/3 = (NKT + WYV, where W is defined by

_1 PR
W= SZj'ér'j“f“' and called “internal virial”. Since the

kinetic energy term. NKT. is always positive. the negative

Table 3. Thermoedynamic and structural properties for liquid
benzene, teluene, and p-xvlene

properties benzene toluene p-xylene
pressure {atm) —1160 -1670 —1840
intermolecular LT energy (kJ/mol) -27.6 -314 -353

mtermeolecular Coulomb energyv 4.3 144 13.0

C-H stretching energy - 0.050 0.063
C-C-H and H-C-H angle bending - 0.655 1.112
C-C-C-H torsional energy - 11.72 11.72
average % of C-C-C-H #rans - 30.2 30.1
total barrier crossing T-G - 23509/ 60,143/
730,000 750,000
G-T - 233513 60,149/
730,000 750,000
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pressures are originated from the competition between the
kinetic energy and the mtemal virial. Hence, for a given density
of the system. the appropriate selection for the intermolecular
potential functions i1s most important for the pressure of the
system. The experimentally measured density of the system
can be used for simulation studies of the system but 1s not
expected to reproduce the exact pressure. NpT ensemble
simulation 1s recommended for this kind of difficulty and 1s
presently under study for the systems of liquid benzene,
toluene, and p-xvlene.

The mtermolecular LT energy increases negatively with
increasing number of methyl groups. which mphes the -
creasing interactions of methyl groups. The total potential
energy of benzene is too low even though the long-range
correction for the potential energy (=3.5 kI/mol)'*™ is added.
when compared with the potential energy reported through
an MD simulation study of benzene and its fluonnated
derivatives at 300 K by Cabago ef of.."* =33.7 kJ/mol. They
used an exp-6 potential function and different potential para-
meters. and the density of their system for benzene 1s 0.872
glem’® and the calculated pressure was about 300 atm. The
large difference of these calculated pressures i1s due to our
consideration of the long-range correction for the pressure
calculated from the site-site atomic potential.™*

The C-H bond stretching and the C-C-H and H-C-H bond
angle bending energies are both increased with ncrease in
number of methyl groups. As the number of methyl group
mcreases, the stenic effect becomes larger and repels each
other, which contributes the large repulsive interactions of
the bond stretching and the bond angle bending potential
energies. The values of the bond stretching length and bond
bending angle, however, are remained constant (not shown).

Toluene has two dihedral states and p-xvlene has four
dihedral states as shown in Figure 1: 3-2-1-13 and 7-2-1-13
m toluene, and 3-2-1-13. 8-2-1-13, 4-5-6-16 and 7-5-6-16 m
p-xylene. The dihedral states are almost fixed as shown in
the total bamier crossing of T-G and G-T. There is one
doubly mmposed torsional rotational potential on the bond of
1-2 n toluene and two on the bonds of 1-2 and 5-6 n p-
xylene. The average % of C-C-C-H trams and the total
barrier crossing T-G and G-T n toluene are related to the
doubly mposed dihedral state in the way that if the dihedral
state of 3-2-1-13 1s i geniche. then that of 7-2-1-13 should
be n frans, or vice versa. That 1s why the average C-C-C-H
torsional energy 1s the same as K; since the doubly mmposed
dihedral state gives ¢» = 180° — ¢y for a given dihedral angle
(I)] and Vaverage((p) = [V((DI) + V(¢'2)]/2 =K.

Structural properties. The radial distribution function,
g(r), 1s defined as

1 N(r. Ar

p0<\,4—1(r‘ L %,
where pqis the bulk density, N(r, Ar) is the number of
molecules m a shell which 1s between r — Ar/2 and r + Ar/2
from the center of a molecule with Ar = 0.005 mm, V(. Ar) 1s
the volume of the shell, and <> idicates the canonical
ensemble (NVT) average. The center of mass g(r) and the

g(ry=
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site-site ge.o(r) of liquid benzene. toluene, and p-xvlene at
293.15 K are shown in Figures 2 and 3. respectively.

In general, the center of mass g(r) of the three liquids at
293.15 K shows a typical liquid state structure. It is inter-
esting to see that the successive addition of methyl group
into the benzene ring causes the width of the first solvation
shell larger and the first peak lower, which indicates the
variance of the distance between centers of mass as the
molecular weight increases.

When the center of mass g(r) of liqud benzene 1s com-
pared with that of the previous study at 300 K.'*'® the over-
all trend is mn good agreement, but the heights of the first
peak and the first nummum are lower since thev used a
different intermolecular potential of the form: U(r) = Bexp
(- Cr) - A/r°. In other words. their effective L] parameter
was larger than ours. The center of mass g(r) of another
study by Evans and Watts'’ showed a totally different trend
from ours - a configuration in which the pair potential con-
tains a local mimmum at the distance of 0.4 min from the
center of mass. This is the so-called ‘stacked’ configuration
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Figure 2. Center of mass radial distribution function for liquid
benzene, toluene, and p-xvlene,
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Figure 3. Site-site radial distribution function gc.(r) for liquid
benzene, toluene, and p-xvlene.
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m which one molecule lies on the top of the other. This
structure 1s never found in our MD sunulation results. The
center of mass and the site-site radial distribution functions
for liqud benzene based on the reference interaction site
model (RISM) were reported.'® and the result for the former
1s In good qualitative but crude quantitative agreement with
that of our MD simulation. As discussed i Ref. 18 and
supporting the validity of Narten's’ ideas. the pronounced
nearest neighbor peak can only be interpreted to mean that
nearest neighbors tend to be perpendicular. The same mter-
pretation 1s applicable to those of hquid toluene and p-
xylene with variance due to the methyl groups.

The site-site ge.c(r) of liquid benzene at 293.15 K has an
outshoot at 0.40 nm and two peaks at 0.48 and 0.60 nm
which were observed in the study of the scattering of X-rays
of liquid benzene at 298.15 K as three peaks."” The RISM
results’® also showed the same feature for ge.o(r) of liquid
benzene. In the assumption that nearest neighbors in Liquid
benzene were parallel to one another, the relatively free
rotation about its six-fold rotation axis would randomize the
separation between C-C sites and as a result, the site-site
gc.c(r) would give a peak. The outshoot and two peaks of the
site-site ge.or) can support the perpendicular structure of
nearest neighbors in liquid benzene at 293.15 K. As the
number of methyl group increases. the outshoot at 0.40 nm
disappeared, the two peaks are lowered, and a third peak at
about 0.7 mm appeared. The clear appearance of the outshoot
m the ge.o(r) of iquid benzene contrast to only two first
peaks of the other two liquids indicates a large possibility of
the closeness of C atoms i the benzene ring in the absence
of the methyl group.

Dynamic properties. In this section. we consider only
self-diffusion coefficients of liquid benzene. toluene. and p-
xylene. In the next paper. we will discuss other transport
coefficients. and rotational behaviour of these molecules in
detail ™ The mean square displacements (MSD) and velocity
autocorrelation (VAC) functions obtained from our MD sim-
ulation for liquid benzene. toluene, and p-xylene at 293.15 K
are shown i Figures 4 and 3, respectively. Self-diffusion
coefficients can be calculated from MSD’s using Emstein
relation:

1, d<]e®) — e(O)
D.==lm .
6t l—l> s dt
Self-diffusion coefficients are also calculated from the VAC's
using the Green-Kubo relations. The self-diffusion coefficient
can be separated into two parts according to

®

=Ly v L
D. = 3f, (0 VAt =3(VIA=T=A )

where vi(t) 1s the center of mass velocity of a single mole-
cule. Since m<v;(0) - v;(0)> = mv- = 3kT. the integration value
of the normalized VAC function. A. 1s given by
_ L0 vty
A=l o vont®

Self-diffusion coefficients of the three liquids calculated

(10)
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Figure 5. Nomnalized velocity auto-correlation tunction as a
function of time for liquid benzene, toluene, and p-xylene.

from the slope of the MSD between 5.0 and 20.0 ps and
from the average of the imntegration of the VAC from t= 0 ps
to 2.5 ps up to 20.0 ps are listed in Table 4. In general. the
self-diffusion coefficients calculated from VAC 1s shghtly
larger than those from MSD. The MD simulation study of
benzene and its fluonnated denvatives at 300 K by Caba o ef
af ¥ reported 1.2 x 10~ m*/s as the self-diffusion coefficient
of benzene. but the experimental measures showed 1.90.-!
1.88,-- 1.83~ and 1.70 * 10~ m/s~* at 288.15 K. and 2.27,"!
2,152,135 and 2.21 x 107" m-/s* at 298.15 K. It is very
fortuitous that both self-diffusion coefficients obtained from
MSD and VAC of our MD sunulations are in excellent agree-
ment with the experimental results.

Unfortunately there is no expernimental result for the self-
diffusion coefficients of hiquid toluene and p-xvlene. The ex-
perimental diffusion coefficients. however, in different solvent
are available for toluene. For example, 1.85 for toluene in
benzene, 1.57 in cyvclohexane, 3.72 in hepatne. 4.2 in hexane.
and 0.85 x 107" m*/s in water=" at 298.15 K. When compared
with these experimental results for toluene in benzene and
for toluene n cvclohexane, our MD simulation results for
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Table 4. Self-diffusion coefficients (Ds. 107 m¥s) for liquid
benzene, toluene, and p-xvlene calculated from MSD’s and VAC’s

Molecules D, (MSD) D. (VAC) A (1077 ps)
benzene 2.17 2.19 232
toluene 1.81 1.92 241
p-Xylene 1.48 1.49 2.16

the self-diffusion coefficients of liquid toluene also provide
an excellent agreement. The self-diffusion coefficients of hquid
p-xvlene are n accord with the trend that the self-diffusion
coefficient decreases with increasing number of methy1 group.

Conclusion

In this paper. we have presented the results of thermody-
namic, structural. and dynamic properties of model systems
for benzene. toluene and p-xylene in the NVT ensemble at
298.15 K using equilibrium molecular dynamics (EMD) sim-
ulation. The molecular model adopted here is a combination
of the ngid body treatment for the benzene ring and an
atonustically detailed model for the methyl hydrogen atoms.

The calculated pressures are too low in the NVT ensemble

MD simulations. The various thermodynamic properties
reflect that the intermolecular interactions become stronger
as the number of methyl group attached mto the benzene
ring mcreases. The structural properties are well predicted
from the center of mass. g(r). and the site-site radial distri-
bution functions, ge.c(r). From the center of mass g@r) of
liquid benzene at 293.15 K. the pronounced nearest neighbor
peak provides the mterpretation that nearest neighbors tend
to be perpendicular. The clear appearance of the outshoot in
the ge.o(r) of hiquid benzene contrast to only two first peaks
of the other two liquids indicates the large possibility of the
closeness of C atoms i the benzene ring n the absence of
the methyl group. Two self-diffusion coefficients of lhiquid
benzene calculated from MSD vi¢ the Einstein equation and
VAC function e the Green-Kubo relation are very close
each other and are in excellent agreement with the expen-
mental measures. The self-diffusion coefficients of liquid
toluene obtamed from our MD simulation also agree well
with the experimental measures for toluene in benzene and
for toluene n cyclohexane. The self-diffusion coefficients of
liqud p-xylene are mn accord with the trend that the self-
diffusion coefficient decreases with increasing number of
methyl group.

In conclusion. the overall agreement predicted by our mol-
ecular dynamics (MD) simulations of liquid benzene, toluene.
and p-xvlene 1s quite good. which means that our MD
simulation methods are valid for the three liquids.
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