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We have presented the results of thermodynamic, structural and dynamic properties of liquid benzene, toluene,
and p-xylene 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 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 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, Tolugngylene.

Introduction the principal axis. The center is at the intercept of $@x3
and of the six gaxes.

Similar-shaped molecules show clearly different physico- Toluene is the special name of the simplest of the al-
chemical properties according to their shapes. For examplé&ylbenzenes, methylbenzene, In toluene, a rotation df 120
pentane, an alkane compound which has five carbon atomabout C(1)-C(2) axis interchanges the three hydrogen atoms.
has three isomers - normal pentane, isopentane, and neop&ut these atoms can be considered equivalent only if free
tane. These three compounds have the same moleculatation of the methyl group is assumed. Toluene is an
weight, but have different physicochemical properties acinteresting model in this aspect because it shows that the
cording to their C-C bond forms, that is, different melting time factor is of importance to the concept of group equi-
and boiling points, thermodynamic properties, and transportalence. If, in toluene, methyl rotation is fast relative to the
coefficients - diffusion coefficient, viscosity and thermal time scale of the means of observation, then “free rotation”
conductivity. Conducting equilibrium molecular dynamics is observed, and the three hydrogens appear equivalent. If
(EMD) simulations for the above pentane systems et eé methyl rotation is slow in the observer’s time scale, equi-
reported the result for the structural properties, thermodyvalence is lost.
namic properties, and transport coefficients of the three p-Xylene having two Ckl groups was attributed to the
liquid pentane isometsand after that, they reported the coupling of the intermolecular rotational vibrations with the
results for the shear viscosity of the three liquid pentane isantramolecular Chltorsional vibration. The crystal structure
mers, through non-equilibrium molecular dynamics (NEMD) of p-xylene belongs to the space group, @vith two
simulations’ molecules in the unit cell and the six rotational intermole-

This study has chosen three similar-shaped molecules cular vibrations are distributed among #hg andBg sym-
benzene, toluene, ampexylene - in order to study the struc- metry species ash8 + 3Bg. Thex axis is taken perpendicular
tural, thermodynamic, and dynamic properties through EMDto the molecular plane and theandz axes in the plane with
simulations. The molecules are not homogeneous isomers.thez axis passing through the methyl groups.

Benzene actually is more stable than might be expected This paper is organized as follows: In Section II, we
for a system of six carbon-carbon single bonds and threpresent the molecular models and MD simulation method.
carbon-carbont bonds. The molecule is planar, the carbonWe discuss our simulation results in Section Il and present
atoms are at the corners of a regular hexagon and thbe concluding remarks in Section IV.
delocalization of therelectrons is complete. Each C-C bond
has a length of 0.140 nm, a value intermediate between a Molecular Models and Molecular Dynamics
double bond (0.133 nm) and a single bond (0.154 nm). Simulation Methods
Benzene has asCaxis perpendicular to the plane of the
molecule and passing through the geometric center, and sixWe assume that benzene ring is modeled as a rigid-body,
additional G axes lying in the molecular plane. In this but three C-H bonds in the methyl groups of toluene
example, gis the axis having the higher order, and becomegCsHsCHs) andp-xylene (CHCsH4CHs) are not assumed to
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be rigid and they are rotating according to a torsionallable 1 Potential parameters for liquid benzene, toluene,pand
potential. Simple harmonic oscillation potentials for C-H Xylene

bond stretching and C-C-H and H-C-H bond angle bending  LJ parameters o (nm) £ (kJ/mol)
in the methyl group of toluene apekylene are used. Cc-C 0.3367 0.4056
Atoms on different molecules interact through a 12-6 C-H 0.2799 0.1722
Lennard-Jones (LJ) potential: H-H 0.2230 0.0731
2 bond stretchin Jf(nm Ko (kJ/molnn?
u=(ry) = 48[%551 - %ED 1) oH orF110) (147000 )
1J

and electrostatic charges are assigned to each atom to ded angle bendingg, (deg) K (kd/mol - deg) K (kd/mol - deg)
scribe the intermolecular Coulomb interaction: C-C-H 109.7 0.050209 0.000482

H-C-H 107.9 0.050209 0.000482
_ 99
Eelec = r'_l 2) torsional @ (deg) Ks (kJ/mol)
! C-C-C-H 180 11.72

The partial charges; @re obtained bwb initio calculation
using Gaussian 98. The values of the electrostatic charges

are shown in Figure 1. It is worth noting that we do notand Boville! and are given in Table 2 with the LJ potential
consider any internal LJ and Coulomb interactions betweeparameters.

the methyl hydrogen atoms and the rigid benzene ring atoms Torsional rotation about a bond denotes the bonded
on the same molecule since those interactions in MDnteraction between four atomsj, k and I. The C-C-C-H
simulation of toluene lead to an artificial dynamics, for torsional rotational potential is given by

example, a huge self-diffusion coefficient. _

Bond stretching denotes the interaction between two neigh- V(@) = K41 = cos3p- @)l )
bouring atoms which are chemically bonded. The potentialvheregis the C-C-C-H dihedral angle, is the equilibrium
energy associated with bond stretching between atoms i ardihedral angle, and4é@re the force constarits.

j is assumed to be harmonic and is given by The MD simulation parameters such as number of mole-
V(i) = Ko(ri = 1) 3) cules, mass, temperature, and length of simulation box are
o Ui —Te/ listed in Table 2. The usual periodic boundary condition in
Here, 1 is the bond lengthe is the equilibrium bond length, the x-, y-, andz-directions and minimum image convention
and Ky is the force constant. for pair potential were applied. A spherical cut-off of radius

Bond angle deformation denotes the interaction betweeR: = 1.25 nm was employed for the pair interactions. Gaus-
three chemically bonded atoms i, j and k. The potential energsian isokinetics was used to keep the temperature of the
associated with bond angle bending is given by system constant. For the integration over time, we adopted

_ 2 3 Gear’s fifth order predictor-corrector algoritMhwith a time
Vo= Ka(6- &)” - K6~ &) “) step of 0.0002 ps. Evans's quaternion mefhides employed
where@ is the bond angléy is the equilibrium bond angle, for the internal orientation of the rigid geometry of the
and K and K are the force constants. The force constantdenzene ring. MD simulation runs of about several 150,000
Ko, Kiand Kare those used by Leeal® and Chynowetlet  time steps were needed for each liquid molecular system to
al.,*® which are originally provided by the work of White reach equilibrium. The equilibrium properties were then

0.127
0.129 0.127®H\I/H15 0.117
0.129 T 0.119 03387
Hag
oH ® 0.144 Lo 04
a 0339w RN /é\C/HL
i -0.148C5 g€ 0155
0.144 0.144 3 8
@H\ C 0007 o
C-0.148 ) ® 2 .
& 148\ P /H B -0.155 C C/ﬁj 0.155 b (0148
C ~C g~ -
] W 0 0]9\3, H’
-0.141 ‘. 140 0.144 : T 0.144
/C\ /C =
& -0.160 Heo
o H 0147 T 0. 127H/I HO.117
H I: &)
k0 0.145 0.127
(a) Benzene (b) Toluene (c) p-Xylene

Figure 1. Geometries and atomic charges of liquid (a) benzene, (b) toluene, and/i@)e.
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Table 2. Molecular dynamics simulation parameters for model of pressures are originated from the competition between the

liquid benzene, toluene, apekylene kinetic energy and the internal virial. Hence, for a given density
Number Mass TEmpe- Density Length of of the §ystem, .the qppropriqte selection for the intermolecular

Molecules of (g/mole) rature (g/co) box potential functions is most important for the pressure of the
molecules (K) (nm) system. The experimentally measured density of the system

benzene 120 78.11 29315 0.8787 2.607 can be used for simulation studies of the system but is not
toluene 120 92.14 293.15 0.8669 2.767 expected to reproduce the exact pressure. NpT ensemble

p-xylene 120 106.17 293.15 0.8611 2.907  simulation is recommended for this kind of difficulty and is
presently under study for the systems of liquid benzene,
toluene, angb-xylene.

averaged over 5 blocks of 150,000 time steps for a total of The intermolecular LJ energy increases negatively with
750,000 time steps, and the configurations of moleculencreasing number of methyl groups, which implies the in-
were stored every 10 time steps for analyses of structural arwmieasing interactions of methyl groups. The total potential

dynamic properties. energy of benzene is too low even though the long-range
correction for the potential energy3(5 kJ/molj*!*is added,
Results and Discussion when compared with the potential energy reported through

an MD simulation study of benzene and its fluorinated

Thermodynamic properties Thermodynamic properties derivatives at 300 K by Cabaeb al,*® -33.7 kJ/mol. They
for liquid benzene, toluene anpkxylene at 293.15 K used an exp-6 potential function and different potential para-
obtained from our MD simulations are listed in Table 3. Inmeters, and the density of their system for benzene is 0.872
general, the calculated pressures are too low in our NVB/cn? and the calculated pressure was about 300 atm. The
ensemble MD simulations, in which the simulation boxlarge difference of these calculated pressures is due to our
lengths and hence the densities are fixed as shown in Tabb®nsideration of the long-range correction for the pressure
2. The usual route for the calculation of the pressure tensaalculated from the site-site atomic potentfal.

in MD simulations is given by The C-H bond stretching and the C-C-H and H-C-H bond
angle bending energies are both increased with increase in
Pop = \%& PiaPig/ M; + zriafipg (6a)  nhumber of methyl groups. As the number of methyl group

increases, the steric effect becomes larger and repels each
other, which contributes the large repulsive interactions of
the bond stretching and the bond angle bending potential
_1 O energies. The values of the bond stretching length and bond
P.== aPig/ M; + Fiafi 6b ) :
@® Ty & PiaPip Z Z ratip0] (66) bending angle, however, are remained constant (not shown).

) ) ] _ ) Toluene has two dihedral states gmdylene has four
It is essential to use Eq. (6b) in a simulation that employgjihedral states as shown in Figure 1: 3-2-1-13 and 7-2-1-13
periodic boundary conditions. The off-diagonak(a) ele- toluene, and 3-2-1-13, 8-2-1-13, 4-5-6-16 and 7-5-6-16 in
ments of the pressure tensor are essentially zero in the Ca5%ylene. The dihedral states are almost fixed as shown in
of no external field. The ordinary pressure is given by P She total barrier crossing of T-G and G-T. There is one
(Poc+ By + P2)/3 = (NKT +W)/V, where W is defined by  gouply imposed torsional rotational potential on the bond of
1-2 in toluene and two on the bonds of 1-2 and 5-f-in
xylene. The average % of C-C-C-fans and the total
kinetic energy term, NKT, is always positive, the negativeP@/ier crossing T-G and G-T in toluene are related to the
doubly imposed dihedral state in the way that if the dihedral
state of 3-2-1-13 is igauche then that of 7-2-1-13 should
Table 3 Thermodynamic and structural properties for liquid be intrans orvice versaThat is why the average C-C-C-H

or

1 [1H rial? H
W= :—SZZrimfijp, and called “internal virial”. Since the

P>

benzene, toluene, apekylene torsional energy is the same asdice the doubly imposed
properties benzene t0|uenep-xy|ene dlhedl’a| State g|V® = 180) - (p1f0r a giVen d|hedral angle

pressure (atm) -1160 -1670 -1840 @ and Vaveragh®) = [V((pl) * V((pz)]/2_ - Ks.' o .

intermolecular LJ energy (kJ/mol) —27.6 314 353 Str_ucturr_:tl properties. The radial distribution function,

intermolecular Coulomb energy 4.3 14.4 130 90, is defined as

C-H stretching energy - 0.050 0.063 1 r Ar

C-C-H and H-C-H angle bending - 0.655  1.112 g(n) == E%(’—A)D (7

C-C-C-H torsional energy - 11.72 11.72 Po V(r, Ar)

average % of C-C-C-fttans - 50.2 50.1 where po is the bulk density, N(rAr) is the number of

total barrier crossing T-G - 25,509/ 60,143/ molecules in a shell which is between Ar/2 and r +Ar/2

750,000 750,000 from the center of a molecule wiftn = 0.005 nm, V(rAr) is
GT - 25513/ 60149/ the yolume of the shell, and <---> indicates the canonical
750,000 750,000 ensemble (NVT) average. The center of mass g(r) and the
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site-site g.o(r) of liquid benzene, toluene, apekylene at  in which one molecule lies on the top of the other. This
293.15 K are shown in Figures 2 and 3, respectively. structure is never found in our MD simulation results. The
In general, the center of mass g(r) of the three liquids atenter of mass and the site-site radial distribution functions
293.15 K shows a typical liquid state structure. It is inter-for liquid benzene based on the reference interaction site
esting to see that the successive addition of methyl groumodel (RISM) were reportedl,and the result for the former
into the benzene ring causes the width of the first solvatiois in good qualitative but crude quantitative agreement with
shell larger and the first peak lower, which indicates thethat of our MD simulation. As discussed in Ref. 18 and
variance of the distance between centers of mass as tlsepporting the validity of Nartert%ideas, the pronounced
molecular weight increases. nearest neighbor peak can only be interpreted to mean that
When the center of mass g6 liquid benzene is com- nearest neighbors tend to be perpendicular. The same inter-
pared with that of the previous study at 308#the over-  pretation is applicable to those of liquid toluene a@nd
all trend is in good agreement, but the heights of the firskylene with variance due to the methyl groups.
peak and the first minimum are lower since they used a The site-site gc(r) of liquid benzene at 293.15 K has an
different intermolecular potential of the form: U(r) = Bexp outshoot at 0.40 nm and two peaks at 0.48 and 0.60 nm
(- Cr) - AI'S. In other words, their effective LJ parameter which were observed in the study of the scattering of X-rays
was larger than ours. The center of mass g(r) of anothesf liquid benzene at 298.15 K as three peé@khe RISM
study by Evans and Wattshowed a totally different trend result$® also showed the same feature ferc@) of liquid
from ours - a configuration in which the pair potential con-benzene. In the assumption that nearest neighbors in liquid
tains a local minimum at the distance of 0.4 nm from thebenzene were parallel to one another, the relatively free

center of mass. This is the so-called ‘stacked’ configuratiomotation about its six-fold rotation axis would randomize the
separation between C-C sites and as a result, the site-site

Oc-c(r) would give a peak. The outshoot and two peaks of the

20 "',\ T " o site-site g.c(r) can support the perpendicular structure of
| - Benzene nearest neighbors in liquid benzene at 293.15 K. As the
SN Toluene | number of methyl group increases, the outshoot at 0.40 nm
157 L L peXylene disappeared, the two peaks are lowered, and a third peak at

‘ about 0.7 nm appeared. The clear appearance of the outshoot
L Lo ] e in the g.c(r) of liquid benzene contrast to only two first

5 1.0 | | \ ‘:\x\\///f \‘ - peaks of the other two liquids indicates a large possibility of
I Nt the closeness of C atoms in the benzene ring in the absence
i of the methyl group.
0.5 | Dynamic properties. In this section, we consider only

self-diffusion coefficients of liquid benzene, toluene, and
) xylene. In the next paper, we will discuss other transport
0.0 Ty coefficients, and rotational behaviour of these molecules in
0.3 0.6 0.9 1.2 con . .
r(nm) detail”” The mean square displacements (MSD) and velocity
autocorrelation (VAC) functions obtained from our MD sim-
Figure 2. Center of mass radial distribution function for |IqUId ulatlon for Ilqu|d benzene, toluene' am,dylene at 293.15 K
benzene, toluene, apekylene. are shown in Figures 4 and 5, respectively. Self-diffusion
coefficients can be calculated from MSD’s using Einstein
1.2 e - e relation:
g ’/\ 2
TR _
I N — D, = Zjim 4100 = r(O)"
/ T T ] 6t - dt
[ ; Self-diffusion coefficients are also calculated from the VAC's
L/ using the Green-Kubo relations. The self-diffusion coefficient
0.6 j— Bénzenﬂ ] can be separated into two parts according to

®)
0.9 -

gC-C(n)

§ Toluene 1 1 3KT
L= p-Xylene D, =3[, () W ()t =V’ TA=2A, (9)

0.3 i 1
: wherevi(t) is the center of mass velocity of a single mole-

i cule. Since m¥(0) -vi(0)> = mV? = 3KT, the integration value
of the normalized VAC function, A, is given by
_ 1 V(0) Ov(T)0
A= o V(0) 1(0) T. (20)

Self-diffusion coefficients of the three liquids calculated

OO j e [ DU l o e [p—
0.2 0.4 0.6 0.8 1.0 1.2

r(nm)

Figure 3. Site-site radial distribution functioncg(r) for liquid
benzene, toluene, apekylene.
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025 1 e e Table 4 Self-diffusion coefficients (D 10° né/s) for liquid
’ benzene, toluene, apekylene calculated from MSD’s and VAC's
|
0.20 - o Molecules R (MSD) Ds (VAC) A (1072 ps)
, B
b benzene 2.17 2.19 2.32
o 015 toluene 1.81 1.92 241
t p-xylene 1.48 1.49 2.16
c
% 0.10 |
= T Benzens the self-diffusion coefficients of liquid toluene also provide
0.05 Toluene : an excellent agreement. The self-diffusion coefficients of liquid
, - pXylene) , p-xylene are in accord with the trend that the self-diffusion
0.00 ¢ S ] coefficient decreases with increasing number of methyl group.
0.0 5.0 100 150 200 _
t(ps) Conclusion

Figure 4. Mean square displacement as a function of time fo . .
liquid benzene, toluene, apekylene. In this paper, we have presented the results of thermody

namic, structural, and dynamic properties of model systems
for benzene, toluene anexylene in the NVT ensemble at

1.00 ‘ T N 298.15 K using equilibrium molecular dynamics (EMD) sim-
| S ulation. The molecular model adopted here is a combination
075 ‘ o ?j&i’f of the rigid body treatment for the benzene ring and an
O | |-~ p-Xylene| atomistically detailed model for the methyl hydrogen atoms.
§ 0.50 | &\ - | The calculated pressures are too low in the NVT ensemble
§ ' | MD simulations. The various thermodynamic properties
S [ reflect that the intermolecular interactions become stronger
£ 025 \ as the number of methyl group attached into the benzene
2 Y ring increases. The structural properties are well predicted
0.00 R — T from the center of mass, g(r), and the site-site radial distri-
o bution functions, gc(r). From the center of mass g(r) of
025 l— . , . ‘ liquid benzene at 293.15 K, the pronounced nearest neighbor
00 05 1.0 t5 20 25 peak provides the interpretation that nearest neighbors tend
t(ps) to be perpendicular. The clear appearance of the outshoot in
Figure 5. Normalized velocity auto-correlation function as a the g.o(r) of Iqu|d_ b(?nzgn(a_ contrast to only t\No.f||.’§t peaks
function of time for liquid benzene, toluene, arEylene. of the other two liquids indicates the large possibility of the

closeness of C atoms in the benzene ring in the absence of
the methyl group. Two self-diffusion coefficients of liquid
from the slope of the MSD between 5.0 and 20.0 ps antienzene calculated from MSkEa the Einstein equation and
from the average of the integration of the VAC from t = 0 psVAC function via the Green-Kubo relation are very close
to 2.5 ps up to 20.0 ps are listed in Table 4. In general, theach other and are in excellent agreement with the experi-
self-diffusion coefficients calculated from VAC is slightly mental measures. The self-diffusion coefficients of liquid
larger than those from MSD. The MD simulation study of toluene obtained from our MD simulation also agree well
benzene and its fluorinated derivatives at 300 K by Cata o with the experimental measures for toluene in benzene and
al.’® reported 1.2 x T8 m?/s as the self-diffusion coefficient for toluene in cyclohexane. The self-diffusion coefficients of
of benzene, but the experimental measures showed*1.90liquid p-xylene are in accord with the trend that the self-
1.88721.832°and 1.70 x 10m¥s** at 288.15 K, and 2.2#,  diffusion coefficient decreases with increasing number of
2.1522 2132 and 2.21 x 10 m%s** at 298.15 K. It is very  methyl group.
fortuitous that both self-diffusion coefficients obtained from In conclusion, the overall agreement predicted by our mol-
MSD and VAC of our MD simulations are in excellent agree-ecular dynamics (MD) simulations of liquid benzene, toluene,
ment with the experimental results. and p-xylene is quite good, which means that our MD
Unfortunately there is no experimental result for the self-simulation methods are valid for the three liquids.
diffusion coefficients of liquid toluene afexylene. The ex-
perimental diffusion coefficients, however, in different solvent References
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