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Simulation of Dynamic Behaviors of Simple Aromatic Hydrocarbons
inside the Pores of a Pentasil Zeolite
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Dynamic behaviors of benzene, toluene, and xylene isomers inside the pores of ZSM-5 were
simulated using a super minicomputer. The results of calculations were visualized by means of
computer graphics. Molecular diameters of these aromatic hydrocarbons are barely larger than the
pore size of ZSM-5; however, from the calculation of molecular mechanics between these molecules
and ZSM-5, it is clear that they are excited and can pass through the pores of ZSM-5. The energy
level of p-xylene entering the pores of ZSM-5 with the methyl group in front was the lowest among
the molecules studied in all positions of the pore channels. When these aromatics passed through
the pores of ZSM-5, the interaction between the methyl groups of aromatics and the pore’s wall of

ZSM-5 was fairly large.

INTRODUCTION

A large number of investigations on char-
acteristics of zeolites and their applications
to catalytic reactions have been carried out.
Separation and synthesis of many hydrocar-
bons are conducted in petroleum industries
by applying the molecular shape selectivi-
ties of zeolites (/). However, the catalyst
deactivation owing to the coke accumula-
tions is always one of the most serious prob-
lems in those shape-selective zeolitic cata-
lysts. Since the pore structure of a pentasil
zeolite, ZSM-5, does not allow fused ring
aromatic hydrocarbons to grow as coke pre-
cursors, much attention has been paid to
this zeolitic catalyst.

Further progress has been made in the
development of a number of metallosilicates
catalysts in which the Al of ZSM-5 was re-
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placed by other transition metals expecting
intrinsic catalytic reaction characteristics.
Especially, Ga-silicate (2) and Zn-silicate
(3) exhibited excellent performances for
aromatization of light paraffinic hydrocar-
bons. To improve the catalytic perfor-
mance, quantitative understanding on the
behaviors of aromatic hydrocarbon mole-
cules is necessary.

In the previous study, the shape selectiv-
ity of zeolitic catalysts has often been ex-
plained qualitatively by comparison be-
tween the pore diameter of zeolites and the
size of reactant molecules (¢). However,
quantitative studies on the dynamic behav-
iors of molecules inside pores of zeolites
have not been made extensively.

Recently, Nowak et al. (5) and Mentzen
and Bosselet (6) studied these subjects using
computer simulations. Nowak er al. studied
the influence of the framework geometry of
zeolite on the adsorption and diffusion of
benzene and toluene molecules inside theta-
1 zeolite and silicalite by means of computer
simulation. Mentzen and Bosselet described
that some shape-selective and diffusion
properties of MFI topology might be esti-
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Fic. 1. Display of pore opening structure of ZSM-5 crystal by computer graphics.

mated theoretically by their computer simu-
lations. However, in the former, their force
field described only Lennard-Jones type in-
teraction and molecular rotations. On the
other hand, the latter studied interactions
between aromatic hydrocarbons and zeolite
using the Buckingham model. The former
drew calculation results as contour lines of
potential energy; it did not express how mol-
ecules were moving in practice. The latter
drew merely the variation of the potential
curve.

In our previous paper (7), the distinct dif-
ferences between the behaviors of benzene
and toluene molecules inside the pores of
ZSM-5 were described by the potential en-
ergy calculation applying molecular me-
chanics.

In this paper, to more precisely study in-
fluences of the methyl groups between aro-
matic hydrocarbons and ZSM-3$, the potential
energies of xylene’s isomers were calculated
applying the Dreiding force field (8, 9). Calcu-
lation results were then visualized to under-
stand the states of moving molecules.

METHOD

The interactions of atoms in a large sys-
tem can be calculated using the theory of
quantum mechanics. However, the amounts
of calculation in this method would become
astronomical. Therefore, practically, inter-
actions between atoms should be described
by empirical force fields based on classical
mechanics.

The overall description of an N-body sys-
tem in terms of a superposition of simpler
terms is called a force field. Although the
exact description must involve Schro-
dinger’s equation for the electronic wave
functions on each geometry, the accurate
force fields are practically available for or-
ganic and biological systems and crystallog-
raphy.

In the Dreiding force fields by Goddard
and co-workers (8, 9), the potential energy,
E, is expressed as a sum of bonded and
nonbonded interactions, as

E=E,+E, + E; + E,
+ EVdW + Eel + Ehb-
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The bonded interactions consist of bond-
stretching (E,), bond-angle bending (E,), di-
hedral-angle torsion (E,), and inversion (E,)
terms, while the nonbonded interactions
consist of van der Waals (E.4,,), electrostatic
(E.), and hydrogen-bond (Ey,) terms.

In the Dreiding force field, the bond-
stretching terms are of harmonic form:

E; = ¥k; (r — ry), (1a)

where k; is the force constant (in kJ - mol~!
- nm~?) and r; is the standard or natural
bond length (in nm). The natural bond length
r; is assumed to be the sum of atomic radii
for atom types i and j with a small cor-

rection:
ry = r, +r, — 0.01.

Atomic radii are obtained from structural
data on standard reference compounds. The
bond-stretching force constant k; is set to
4,189 x 107 kJ - mol~! - nm~2 independent
of i and j.

The angle-bending term in the Dreiding
force field is of the conventional harmonic
in theta form,

Ey = K6 — 0y, @

ij
where 6, is the natural angle between the
bonds ij and jk and Ky is in units of kI -
mol~! - radian 2. In the Dreiding force field,
the bending-force constants are all assumed
to be 419 kJ - mol~! - radian—2.

The torsional term for two bonds ij and k/
connected via a common bond jk is chosen
to be of the form

Ey = 3V, [l + d - cos(ng O)>, (3)

where V, is one-half the rotational barrier
in kilojoules per mole. rn is the periodicity of
the potential, and d (+ 1 or — 1) is the phase
factor.

For the Dreiding force field, the energy
barriers are taken as one of three choices:

sp’-sp’ bonds or resonance central
bonds: V, = 251 kJ - mol™', n = 2, and d
= —1.

sp’ — sp’ central bonds: V, = 12.6 kJ -
mol~!,n =3,andd = +1.

All other cases: V, = 1.3 kJ - mol~".

(1b).
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For atoms i bonded exactly to three other
atoms Jj, k, I, the inversion term is defined
as if it were a torsion:

E, = tk (0 — g’ (4)

@

k, is the force constant (in kJ - mol~! - ra-
dian~?%), and wy is the natural improper tor-
sion angle (the torsion angle of ij with re-
spect to kl using the j — k pseudobond) for
planar system w, = 0° and k, = 4187 kJ -
mol~! - radian~?; whereas for tetrahedral
systems, k, = 167 kJ - mol~! radian~? and
w, = 31.4°. For cases where j or k are hydro-
gens, wy, = 35.2044°.

Nonbonded interactions (van der Waals
forces) are also included in the force field.
A Lennard-Jones type expression is used,

E.4 = D{—2[x;/x1® + [x;/x]1"}, (5)

vdw

where D is the well depth in kilojoules per
mole and x; is the van der Walls bond length
in nanometers. Interactions are not calcu-
lated between atoms bonded to each other
(1,2 interactions) or atoms involved in angle
interactions (1,3 interactions). In addition,
van der Waals interactions are calculated
only for pairs of atoms within a cutoff dis-
tance of 0.9 nm. To avoid discontinuous
forces, Eq. (5) is multiplied by a switching
function. The Dreiding force field assumes
the standard combination rules:

where RE is the atomic van der Waals radius
in nanometers, and DE is the atomic van der
Waals energy in kilojoules per mole.

The van der Waals radius and well depth
for hydrogen was determined by ab initio
calculations on the molecular hydrogen
dimer.

Electrostatic interactions are calculated
by:

E, = (33.20647)Q,0/eR;;. 6)

Q; and Q; are charges in electron units, R;
is the distance in nanometers, and & is the
dielectric constant. Interactions are not cal-
culated between atoms bonded to each other
(1,2 interactions) or those involved in angle
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interactions (1,3 interactions). Electrostatic
interactions are calculated only for pairs of
atoms within a cutoff distance of 0.9 nm.
Equation (6) is modified by a switching
function.

An explicit hydrogen-bonding potential is
employed by the Dreiding force field,

Ey, = Dp{5[Ry/R]"?
—6[Ry/R1'%cos*(Oapp), (7)
where Dy, is the hydrogen-bond strength in
kilojoules per mole, R, is the natural dis-
tance between the acceptor and donor
atoms in nanometers, and 8,yp is the bond

angle between the hydrogen acceptor and

the hydrogen donor. Hydrogen-bonding in-
teractions are calculated only for pairs of
atoms within a cutoff distance of 0.9 nm.
The only atoms allowed to take part in hy-
drogen bonding are oxygen, nitrogen, sul-
fur, fluorine, and chlorine. Equation (7) is
modified by both distance and angular
switching functions.

Dy, , the hydrogen-bond energy, is set to
—39.8 kJ, independent of donor and ac-
ceptor, and R, the bond distance between
acceptor and donor atoms, is set equal to
0.275 nm for all hydrogen bonds involving
oxygen, nitrogen, sulfur, fluorine, and
chlorine.

The coordinates of atoms in ZSM-5, ben-
zene, toluene, and xylenes were computed
by the graphic supercomputer TITAN 3000
(Srardent Inc.) applying the PolyGraf soft-
ware offered by BioDesign Inc. The coordi-
nates of ZSM-5 were computed with the val-
ues cited in Kokotailo et al. (10).

The initial position of these aromatic mol-
ecules stayed on a line extending from the
ZSM-5 pore channel center.

While these molecules approached and
diffused inside the pores of ZSM-35, the en-
ergy calculations for the force field were
conducted to energy 0.05-nm interval on
1152 atoms of ZSM-5, which corresponds to
the pore length of 5 nm, and on an organic
molecule. The energy minimizations were
followed by short dynamic runs (0.1 ps, 600
K) applying the conjugate gradient minimi-
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Fi1Gc. 2. The potential energy for driving molecule
along the pore channel of ZSM-5 and its visualization
with the aid of computer graphics. Position of molecule:
(a) entrance of the pore channel, (b) the highest-energy
level, (c) the lowest-energy level, (d) exit of the pore
channel. The kind of molecule and the entering direc-
tion of molecule designated by arrow mark are shown
with each part.

FiG. 2.1. Solid line, benzene.

zation scheme and then reminimized. The
computational time was extremely short-
ened by means of vector/parallel optimiza-
tion. Moreover, to increase the precision,

Potential energy /kJ.moi-1

0.0 1.0 20 3.0 4.0 5.0
Length along pore channel /nm

Fi1c. 2.2 Solid line, toluene; dotted line, benzene.
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F1G. 2.3 Solid line, toluene; dotted line, benzene.

the interactions between molecules and
large crystals were calculated applying peri-
odic boundary conditioning.

For the display of space-filling models of
the aromatic hydrocarbons and ZSM-3, the
radius of van der Waals and ion radius by
Pauling were used, respectively.

RESULTS AND DISCUSSION

The display of the crystal structure of
ZSM-5 by computer graphics is shown in
Fig. 1. Large spheres and small ones show
oxygen atoms and silicon atoms, respec-
tively. Four oxygen ions around a Si ion
are coordinated at the corners of a regular
tetrahedron. These units are coupled, then
make the ring of 10 oxygen atoms, obeying
the pentasil structure.

Energy variations of these aromatic mol-
ecules, which enter the pores of ZSM-5
from different positions of the molecules
and pass through the pore channel of 5 nm
length, are shown in Figs. 2.1 to 2.8. In
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FiG. 2.4. Solid line, o-xylene; dotted line, benzene.

these figures, the position of the guest
molecule refers to the center of mass. The
energy calculation is visualized by the aid
of computer graphics and superimposed in
each figure.

The results of energy calculation for the
force field while benzene approaches and
diffuses inside the pores of ZSM-5 are
shown in Fig. 2.1. The energy level of
benzene decreased with an approach to the
pore opening of ZSM-5. Although the size
of the benzene molecule is barely larger
than the diameter of a 10-oxygen member
ring of ZSM-5 by computer graphic dis-
play, it is clear that the benzene molecule
is twisted to enter the pores of ZSM-S.
From the energy calculation of the force
field, it can be seen that the energy level
of benzene excited was increased to
52.8 kI - mol~! at the pore entrance of
ZSM-5.

During the diffusion process of benzene
through the pores of ZSM-5, benzene had
the lowest energy level, —36.4 kJ - mol™'
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FiG. 2.5. Solid line, o-xylene; dotted line, benzene.

at the position of intersectional parts of
pores. On the other hand, benzene at the
position of the pore entrance had the high-
est energy level. The display of computer
graphics shows the diffusion states of ben-
zene while rolling.

Figures 2.2 and 2.3 show the states of
toluene molecules entering into the pores
of ZSM-5 from the methyl group and from
the 4-position, respectively, and passing
through the pore channel. In Fig. 2.2, the
toluene molecule approaches and diffuses
inside the pores of ZSM-5 with the methyl
group in front. The energy level of toluene
decreases with an approach to ZSM-§5,
which is similar to that of benzene. How-
ever, except for the position of the pore
exit, both the maximum and the minimum
potential energies of toluene seem to be
lowered at exactly the same positions
where benzene has maximum and mini-
mum potential energy, respectively. The
reason for this difference is considered
to be that from the comparison between
computer graphics of Figs. 2.1 and 2.2, the
existence of the methyl group plays a role
in decrease in molecule pitching.

On the other hand, Fig. 2.3 shows that
the maximum energy level of toluene faced
with the carbon at the 4-position of toluene
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FiG. 2.6 Solid line, m-xylene; dotted line, benzene.

to the pore of ZSM-5 was 153 kJ - mol~!.
That was much larger than in the case of
Fig. 2.2. From a comparison of computer
graphics between Figs. 2.2 and 2.3, it can
be seen that the large potential energy
corresponds to the stronger rolling of the
molecule. Computer graphics at this posi-
tion show that the methyl group is caught
by the intersectional parts of the pore
channels, and then the molecule continues
along the pore, rotating in the direction of
the benzene-ring plane.

Energy variation of xylenes, which enter
the pores of ZSM-5 with different molecule
positions in front and pass through the
pore channels of 5 nm length, are shown
in Figs. 2.4 to 2.8.

Figures 2.4 and 2.5 show the states of
o-xylene molecules entering into the pores
of ZSM-5 with the methyl group and with
the 4-position in front, respectively, and
passing through the pore channels. Both
figures are very similar to each other ex-
cept around the pore exits in Fig. 2.4. The
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G. 2.7 Solid line, m-xylene; dotted line, benzene.

potential energy for this exception shows
the highest level. The computer graphics
at this position show that the methyl group
of the ortho-position is caught by the pore
exits, and then the molecule moves out
while rotating in the direction of the ben-
zene-ring plane, and as a result, the mole-
cule leaves from the pores in the same
direction as Fig. 2.5.

The results of m-xylenes approaching
the pore entrances with the methyl group
and with the 4-position in front are shown
in Figs. 2.6 and 2.7, respectively. From
the comparison between Figs. 2.6 and 2.7,
it can be seen that the energy level of m-
xylene is much lower than that of o-xylene
and often it approaches the same lower
level of benzene, although at the same
parts of the channel the peak of energy
reaches the same level as that of o-xylene.
Figure 2.6 shows that when m-xylene en-
ters with the 4-position in front, it advances
to 1.3 nm with rolling by 90°, and at this
point the energy level increases to a very
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F1G. 2.8 Solid line, p-xylene; dotted line, benzene.

high level, 795 kJ - mol~!. This position is
an intersectional part of pores. The methyl
group of the meta-position is caught in
this intersectional part, and the m-xylene
molecule rotates about 60° in the direction
of the benzene-ring plane. After that, the
m-xylene molecule advances with the
methyl group of the meta-position in front,
the same way as in Fig. 2.6, and conse-
quently, the variations of energy coincide
with each other.

In the case of p-xylene, only the direc-
tion of entering with the methyl group in
front should be considered, and the results
are shown in Fig. 2.8. The other direction
of p-xylene entering into the pore opening
is too difficult owing to the hindrance of
two methyl groups. It is noteworthy that
two methyl groups of p-xylene rotate like
a propeller and stabilize the pitching and
rolling of the benzene plane. These features
reflect the decrease in energy levels at
peak positions for the benzene molecules.

From the calculation results and the
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TABLE 1

Calculation Results of Energy Levels of the Aromatic Hydrocarbons Studied inside

the Pores of ZSM-5

Aromatics At the entrance At the exit At the inside of pore
of pore of pore
(kJ - mol™1) (kJ - mol~") Highest Lowest
(kJ - mol™Y (kJ - mol™})

Benzene 52.8 49.4 68.2 —36.4
Toluene? 153 118 132 —44.0
Toluene® 50.2 55.7 36.0 —44.4
o-Xylene? 214 210 191 —27.6
o-Xylene? 215 324 193 -29.3
m-Xylene? 306 145 775 —36.4
m-Xylene® 147 103 293 —40.2
p-Xylene 56.1 53.6 33.5 -37.7

¢ Passes through the channel of ZSM-5 from the 4-position in front.
b Passes through the channel of ZSM-5 from the methyl carbon in front.

computer graphics of xylene isomers, p-
xylene is most stable among xylene iso-
mers. meta-Xylene is more stable than o-
xylene.

The diffusion of toluene and xylenes
molecules inside the pores of ZSM-5 faced
with the methyl group is comparatively
stable. When o- and m-xylene molecules
approach the pores of ZSM-5 with the 4-
position in front, they rotate during the
diffusion process inside the pore channels,
then pass through the channel with the
methyl group in front. At high-energy level
places, where diffusion resistances are
quite large, these molecules cause rolling
and pitching inside the pores of ZSM-5.

The energy values obtained by the force
field calculation for benzene, toluene, and
xylenes at distinct positions are summa-
rized in Table 1.

In conclusion, distinct differences of the
potential energy of molecules induced by
their microscopic situation in the domain
of zeolite pores were described by both
energy calculations for force fields and
computer graphics, complementary to each
other. Dynamic behaviors of molecules
must be made more realistic by adding the
factor of vibration of zeolite lattice. The

simulation and visualization of dynamic
behaviors of molecules, such as performed
in this study, will facilitate investigation of
the adsorption and catalysts on micropo-
rous crystals.
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