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We report on modeling efforts and molecular dynamics computer simulations of the structure and
self-diffusion of p-xylene in OH-free Si-MCM-41 as a function of loading. Both the guest molecules
and Si-MCM-41 are modeled as flexible entities. With this newly developped intermolecular force
field the average potential energy of p-xylene in the pore increases with increasing loading. The
adsorption of p-xylene in MCM-41 is primarily associated with the van der Waals interactions of the
model, whereas the contribution from electrostatic interactions is relatively small (about 2 kcal/mol),
in accordance with other aromatic hydrocarbons adsorbed in zeolite catalysts. The calculated self-
diffusion coefficients of p-xylene in Si-MCM-41 are well comparable with diffusion coefficients of
pyridine in MCM-41 and of the same order of magnitude as in liquid p-xylene. Increasing the loading
results in non-negligible mutual p-xylene interaction, thus leading to a decrease of the self-diffusion

coefficient.
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1. Introduction

MCM-41 is a novel mesoporous material which has
a large surface area and adsorption capacity [1-3]. It
can be synthesized in its high-silica form (Si-MCM-
41) and also in its high-alumina form (Al-MCM-
41) [4,5]. The high-silica form of MCM-41 is struc-
turally stable to thermal and hydrothermal treatment.
It has, therefore, great potential for practical use as
an adsorbent and mesoporous support for depositing
active catalysts [6]. Unlike zeolites, its large pore di-
ameter with fewer diffusional constraints can prevent
coke formation which can build up due to bulky prod-
ucts not being able to diffuse out. In addition, this
material also permits the simultaneous entry of sev-
eral reactant molecules into the pores [7, 8]. Although
the reactivity of MCM-41 has been extensively in-
vestigated experimentally [9], relatively few theoret-
ical studies have been reported [10—16]. This might
be due to the large number of atoms necessary to
describe the MCM-41 structure without applying re-
strictive symmetry constraints. Furthermore, complete
structural information at the atomic level is still not
available.

Research on adsorption and diffusion of aromatics
in MCM-41 is of particular interest since many sep-
aration processes and reactions of industrial interest
in MCM-41 are concerned with bulky aromatic com-
pounds [17]. However, only a few adsorption isotherms
of aromatic hydrocarbons in MCM-41 have been de-
termined experimentally. Benzene, toluene, p-xylene,
mesitylene, and naphthalene have nevertheless been
investigated in a wide range of temperatures [2,18-
20]. Understanding the adsorption and diffusion mech-
anisms will be helpful for the interpretation of other
reactions in this material. These phenomena can be ob-
served experimentally by a variety of methods, mostly
spectroscopic, which are, however, often particularly
difficult in porous materials. Furthermore, it is usually
not possible to derive a consistent microscopic picture
of the diffusion process, or processes, only from the
experiments.

Atomistic molecular dynamics (MD) simulations
are thus a choice technique to supplement experiments
since they provide a full description of the atomic mo-
tions and the microstructure that give rise to the ob-
served properties. This approach has been shown to be
effective in exploring the microscopic mobility and dif-
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fusion of guest molecules in porous materials [21]. To
gain insight into the adsorption and diffusion mecha-
nism of aromatic hydrocarbons in mesoporous materi-
als is the aim of our present study.

The structure of MCM-41 was modeled in its high-
silica form with p-xylene serving as a prototype aro-
matic molecule diffusing in the pores. This being a pre-
liminary study, the silanol groups are not explicitely
taken into account. Their content in the channel can
be estimated to be about one OH group per 20 SiO;
units [22]. While the specifics of the adsorption pro-
cess will be affected by these groups, the average struc-
tural and diffusional properties should be much less
influenced, especially at higher loadings. The present
study will serve as a reference for comparison with on-
going work including these groups in the model.

2. Methodology
2.1. Construction of the S-MCM-41 Sructure

From high resolution electron microscopy measure-
ments, it was concluded that the pores of MCM-41
have essentially one-dimensional cylinder-like shapes
and are arranged parallel to each other in a honeycomb-
type lattice, without intersections. These materials can
be prepared with pore diameters ranging from 15
to 100 A [1,2]. Interestingly, both circular and hexag-
onal cross sections have been visualized [23,24]. Al-

Fig. 1. Model of Si-
MCM-41; the hexagonal
lattice framework (left)
and the Si-MCM-41 su-
percell (right).

though the structure of MCM-41 has been extensively
studied [1-3], detailed crystallographic data at the
atomic level are still lacking. In this study, the high-
silica form of amorphous MCM-41 was modeled as
a hypothetic Si-MCM-41 perfect lattice. The initial
atomic coordinates were taken from the work of Gu-
sev [25] and partially modified in order to achieve
the periodic framework needed for the simulation. The
simulations were performed on an orthorhombic super-
cell @=39.37 A, b=2273 A, c=45.99 A; o =
B = v =90°) comprising 1440 atoms (480 Si-atoms
and 960 O-atoms). Each supercell contained two paral-
lel hexagonal channels with a diameter of about 20 A,
running along the c-axis, as illustrated in Figure 1.

2.2. Moddl and Potential Parameters

It is known that when guest molecules diffuse in-
side the pores of certain zeolites, the conformation of
the zeolite is modified to a certain extent in order to
achieve the best energetic and shape complementarity
with the guest molecules. In some cases, diffusion is
not possible at all without a concomitant deformation
of the lattice. Furthermore, especially at lower load-
ings, the thermalization of guest molecules can be en-
hanced by the lattice framework [26]. Thus, and also
for consistency reasons with ongoing work on small-
pore zeolites [27], both the MCM-41 framework and
p-xylene were modeled as flexible entities in order to
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mimic these features of the real systems as closely as
possible.

The interaction model for the lattice, a general-
ized valence force field (GVFF), is taken from the
work of Nicholas and coworkers [28]. In this approx-
imation, the potential energy of the framework sys-
tem is represented by Si-O bond stretches as well as
0-Si-0 and Si-O-Si angle bends. The bond stretches
and O-Si-O angle bends were approximated as sim-
ple harmonic potentials, while the Si-O-Si bond bends,
which are highly anharmonic (and the equilibrium val-
ues of which are known to vary for different silicates)
were modeled with a quartic potential. The equilib-
rium bond lengths and bond angles were derived from
structural data [25]. In modeling the framework flexi-
bility of our hypothetic Si-MCM-41, we were guided
by the experimental vibrational spectra. We note, how-
ever, that the low frequency side of the spectrum is dis-
torted by the finite box size of our simulated system,
see Section 2.4. It has been shown that the inclusion of
additional non-bonded long range or cross terms does
little to improve the structure and the quality of the vi-
brational spectra [28, 29]. We took advantage of this by
not including such terms in our calculations. The po-
tential energy of the zeolite framework can be written
as sums of terms:

VMCM-41 = X (%U - f0)2>
+2< (6 6p) ) @

+ vaend Si-O-Si),

. . k/e 2 k//
Vbend (Si-O-Si) = 7(9 —60)" + 3 26— 60)°
)
/1

k9 4
+ T(e - 90) )

where the sums are taken over all coordinates of a
given type; Kk is the force constant of the Si-O bond
stretch, kg is the force constant for the O-Si-O angle
bend, kj,, ki, and kj' are the force constants for the
Si-O-Si angle bend, respectively. r and 0 are the actual
values of bond distances and bond angles, and the zero
index denotes their equilibrium values. The force field
parameter values for Si-MCM-41 are listed in Table 1.

The standard force field (3) developed by P. A. Koll-
man et al. [30] (AMBER) was employed to evalu-
ate the intramolecular potential for p-xylene. Four dif-
ferent atoms are defined for p-xylene: CA, CT, HA,

Table 1. The potential parameters for the Si-MCM-41 lattice,
see (1) and (2).

Internal coordinate

Equilibrium values Force constants

Si-O stretch ro = 1.591 A k- = 597.322

0-Si-0 angle bend 6 = 109.5 ° ko = 138.12P

Si-O-Si angle bend 6 =155.0° k/e =10.85P
K} = —34.08°
k’” 26.524

Atomic charges Si O

€] 2.000 —1.000

a Ycal/(mol-A2). b kcal/(mol-rad?). © kcal/(mol-rad®). ¢ kcal/
(mol-rad*).

HT, the atoms labeled A belonging to the aromatic
ring and those marked T forming part of the methyl
groups. The equilibrium bond lengths and bond an-
gles were obtained from ab initio geometry optimiza-
tions at the HF/6-31G(d,p) level. The “non-bonded in-
teractions” were applied only for atoms separated by
at least three bonds (1-4 interactions) and reduced
by using factors of 1/1.2 and 1/2 for the 1-4 electro-
static and van der Waals terms, respectively. The val-
ues of the point charges were estimated according to
the ChelpG scheme [31] from the wave functions of
isolated molecules. Thus, for one molecule

Viylene
3 (o) o (-7
+ Y K[1+cos(ng — §)] @)

x (2" (2] 22,

where the three sums are taken over the appropriate co-
ordinates and the last one (n.b.) over all ‘non-bonded’
intramolecular distances.

The intermolecular guest-guest interactions and the
interactions between guest molecules and MCM-41
were expressed, like the non-bonded interactions, as
sums of Lennard-Jones (LJ 12-6) and Coulomb terms
between atomic sites. The LJ- and charge parameters
for xylene are identical in both cases:

nylene—xylene = Vzeolite—xylene

(el G

where rjj is the distance between two sites i on p-
xylene and j on either p-xylene or the lattice. &;j and
oij are energy and size parameters characteristic of the
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Table 2. Potential parameters for the non-bonding xylene-
xylene and xylene-MCM-41 interactions, see (4). Atom la-
bels see text.

Lennard- &§j ajj Lennard- & gjj
Jones (kcal/mol) (A) Jones (kcal/mol) A)
CA-CA 0.0859 340 CA-HA 0.0359 3.00
HA-HA 0.0150 2.60 CT-CT 0.1093 3.40
CT-HT 0.0422 3.02 HT-HT 0.0157 2.65
CA-CT 0.0970 340 CA-HT 0.0367 3.02
HA-CT 0.0405 3.00 HA-HT 0.0153 2.62
CA-Si 0.0643 3.57 HA-Si 0.0269 3.17
CT-Si 0.0724 3.57 HT-Si 0.0275 3.20
CA-O 0.1173 3.17 HA-O 0.0490 2.77
CT-O 0.1321 3.17 HT-O 0.0501 2.80

Table 3. Partial charges on the atoms of p-xylene, see (3)
and (4). Atom labels see text.

Atom  charge |  Atom charge [e] Atom  charge |e|
CA® —0.205 CAP 0.180 CT —0.222
HA 0.130 HT 0.064

2 Aromatic C atom connected to H atom. ® Aromatic C atom con-
nected to CHz group.

i-j interaction, see Table 2, q; are the partial charges
associated with the sites (Tables 1 and 3), and c is a
constant.

The LJ-parameters between p-xylene and the
atomic framework of MCM-41 were derived by fit-
ting only the e- and o-values associated with the
lattice atoms O and Si to the experimental heat
of adsorption of p-xylene in Si-MCM-41 [19,32].
Half the formal charges were assigned to the Si-
and O-atoms of the Si-MCM-41 framework [33].
The complete set of potential parameters is given in
Tables 1-4.

2.3. Molecular Dynamics Smulations

The simulations were performed with a constant
number of particles N and volume V and at a con-
stant total energy E (NVE-ensemble) at an average
temperature of 300 K with the DL-POLY program
package [34] mainly on modern Linux workstations.
Orthorhombic periodic boundary conditions were ap-
plied to include the effects of the infinite frame-
work. Additionally to runs with only one xylene guest
molecule, loadings of 16, 32, 48, and 64 molecules
per Si-MCM-41 supercell, corresponding to 8, 16, 24,
and 32 molecules per hexagonal channel in our simu-
lation box, or experimental loadings of roughly 0.55,
1.11, 1.66, and 2.22 mmol of p-xylene per gram of
Si-MCM-41 (mmol/g), were simulated. The different
loadings were modeled with the same periodic bound-
ary condition. The electrostatic interactions were com-
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Table 4. The parameters for the intramolecular potential of
p-xylene, see (3). Atom labels see text.

Bond stretch k- (kcal/mol-A2) ro (A)
CA-CA 938.00 1.387
CA-HA 734.00 1.076
CA-CT 634.00 1.510
CT-HT 680.00 1.085
Angle bend kg (kcal/mol-rad?) 6o (°)
CA-CA-CA 126.00 120.00
CA-CA-HA 70.00 120.00
CA-CA-CT 140.00 120.00
CA-CT-HT 100.00 109.50
HT-CT-HT 70.00 109.50
Dihedral k (kcal/mol) n 0 (Degrees)
X-CA-CA-X  3.6250 2.0 180.0
X-CA-CT-X  0.0000 2.0 0.0

puted using the Ewald sum method, and the van der
Waals interactions were evaluated within a cutoff-
radius of 11 A. The Verlet algorithm was used with
an integration time step of 1 fs.

The starting configurations of the mesopore-xylene
systems were first equilibrated by running a simulation
at 0 K for 50 ps using a strongly coupled thermostat.
This is a crude energy minimizer to help the system to
relax before a simulation begins. The last configuration
from this run was used as input for a 100 ps equilibra-
tion period at the desired temperature, 300 K (velocity
rescaling). After this period, the velocity rescaling al-
gorithm was removed and a run of 50 ps was performed
to ensure that there were no further drifts. After that the
coordinates and velocities of the atoms were stored ev-
ery 10 fs for an additional 100 ps run for later analysis.

2.4. Sructure and Dynamics of Empty S-MCM-41,
Test of Force Field

Before undertaking the molecular dynamics simula-
tions of the loaded systems, the initial structure of Si-
MCM-41 was equilibrated for 200 ps within the NpT -
ensemble to ensure that the selected structure (Fig. 1)
does correspond to a stable minimum of our model po-
tential, e.g., among other things, that the simulation
box does not expand or contract unreasonably. The cell
dimensions after this run, a = 39.26 A b=2267A,
and ¢ = 45.86 A are thus very close to the initial val-
ues of a = 39.37 A, b=22.73 A, and c = 45.99 A for
the 20 A pore of Gusev [25]. Other structural features
were checked after the NpT run by computing the ra-
dial pair distribution functions of the system. The last
configuration of this run was used as the starting con-
figuration for the simulations of the loaded systems.
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Fig. 2. Simulated IR spectrum of the model Si-MCM-41.

The infrared spectrum of Si-MCM-41 was calcu-
lated by Fourier transform of the autocorrelation func-
tion of the total dipole moment of the system, us-
ing the same magnitude of the charge values used in
the Si-MCM-41 model. Experimentally, the peaks ob-
served between 500 and 1200 cm~1! are assigned to
framework vibrations [35]. The theoretical spectrum
obtained from our simple model shown in Fig. 2 agrees
reasonably well with the experimental data [35]. The
intense peak at 1089 cm~! is attributed to the asym-
metric stretching of the Si-O bonds. The symmet-
ric stretching modes of these bonds are predicted at
773 cm~1, and the peaks at 482 and 619 cm ! are due
to the bending modes of Si-O-Si. These spectral fea-
tures resemble those reported for highly siliceous zeo-
lites [36].

3. Resultsand Discussion
3.1. Adsorption of p-Xylene

The adsorption of aromatic hydrocarbons in Si-
MCM-41 is expected to result mainly from weak in-
teractions of the m-electrons of the aromatic ring with
the terminal silanol (Si-OH) groups [37], which are
not modeled explicitly here. These interactions are in-
cluded implicitly in our fitting procedure which repro-
duces the (average) experimental heat of adsorption.
The adsorption energies reported in Table 5 are aver-
ages, i.e. the total guest-host interaction energies of
the simulated system divided by the number of guest
molecules. At our level of approximation, this energy
can be identified with the heat of adsorption. We study
its loading dependence and its decomposition into the
van der Waals (vdW) and the Coulomb components,

Table 5. Simulated van der Waals- (vdW), Coulomb-, and
total interaction energies and self-diffusion coefficients at
T =300 K and different p-xylene loadings.

Loading Energy (kcal/mol) D
Molecule(s)/supercell ~ vdW  Coulomb  Total (crré/s)
—-10.0 -1.8 -11.8 -
16 -10.8 -1.9 —12.7 7.8x10°5
32 -113 -2.0 —133 53x10°5
48 —11.6 -2.0 —136 2.8x1075
64 -11.9 -2.0 —139 18x10°

as shown in Table 5. The average energies were ob-
tained from 2600 evenly spaced configurations taken
after the equilibration period. At the lowest coverage
that we can study (N = 1 molecule per supercell), this
energy is 11.8 kcal/mol, in good agreement with exper-
imental heats of adsorption of 10.4 and 12.3 kcal/mol
for Si-MCM-41 and H-Al-MCM-41, respectively [19].
The former value is the one the interaction parameters
were fitted to. Since p-xylene is a non-polar molecule,
the long-range electrostatic contributions are not ex-
pected to be significant, and we find indeed that the
heat of adsorption is mainly contributed from the dis-
persive interactions (see Table 5). A similar observa-
tion was made for the adsorption of benzene on zeolite
catalysts, also yielding an electrostatic contribution of
only 1 -2 kcal/mol [38].

Exploring the variation of the heat of adsorption
with sorbate loading, a series of NV E simulations was
performed on the p-xylene/Si-MCM-41 system, vary-
ing the number of guest molecules, N, as described
above. Each channel was loaded with an equal number
of guest molecules (except for the case of one molecule
per supercell). It is found that the magnitude of adsorp-
tion energy of p-xylene slightly increases with increas-
ing loading, which is similar to other hydrocarbons in
narrow pore MCM-41 [39] like the one we used in this
study. The loading dependence results from a balance
between guest-guest and guest-host interactions. The
overall trend shows that the guest-guest terms are able
to overcompensate whichever less favorable guest-host
interactions may arise due to mutual hindrances be-
tween guest molecules.

3.2. SHf-diffusion of p-Xylene

During the simulation, configurations were saved
every 10 fs. The mean square displacements (MSD)
of the center of mass of the p-xylene molecules are
plotted as a function of time for different loadings in
Figure 3. The self-diffusion coefficients were then de-
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Fig. 3. Mean square displacements (MSDs), at 300 K, of the

centers of mass of the p-xylene molecules in Si-MCM-41 at
different loadings.
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Fig. 4. The normalized autocorrelation functions, at 300 K,
of the velocity of the mass centers of the p-xylene molecules
in Si-MCM-41 at different loadings.

termined using the Einstein relation
(X2(t)) = 6Dt + B, (5)

where X?(t) is the mean square displacement at time t,
D is the self-diffusion coefficient, and B is the ther-
mal factor arising from atomic vibrations. The self-
diffusion coefficients were obtained from the slope of
the curves in Figure 3. At times larger than 10 ps, the
MSD is linear in time and the velocity autocorrelation
functions tend to zero (Fig. 4), indicating that the diffu-
sive regime has set in. The self-diffusions of p-xylene
at different loadings are listed in Table 5. For the lowest
loading (N = 1 molecule per supercell), however, the
statistics were too poor to derive a meaningful value.
The calculated self-diffusion coefficients decrease
as loading increases. The experimental self-diffusion

y (&)
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Fig. 5. Projections of the trajectories of the centers of
mass of p-xylene (grey zone) and the framework atoms
(fuzzy dots) for 100 ps onto the xy-plane at a loading of
16 molecules/supercell; resulting cylindrical g(r) distribu-
tion function of the p-xylene centers of mass with respect
to the center of the channel for this and other loadings.

coefficient is not available for p-xylene in MCM-41.
Our calculated self-diffusion coefficients are of the
same order of magnitude as found in a previous
MD simulation for liquid p-xylene at 293.15 K of
1.48 - 10~° cm?/s [40]. Comparing to another ex-
perimental system, which is related to our study,
the self-diffusion coefficients obtained from our sim-
ulations are comparable with the diffusion coeffi-
cient of pyridine in MCM-41 at 298 K (1.0-10°-
6.8-10~° cm?/s) [41], even though the polarities of the
two molecules are quite different.

We note that the loading dependence found here is
different from the one reported for pyridine in silica
MCM-41 [41]. Our D-values decrease by a factor of
about five with increasing loading in the range stud-
ied while an increase with increasing loading is re-
ported in [41]. The two cases are, however, not directly
comparable: Besides the difference in polarity already
mentioned, the geometric conditions in the two cases
differ: In the MCM-41 studied here, the pore diameter
is about 18—19 A, while it is 33 A for silica MCM-41.
Even at the highest loading the interaction of p-xylene
will be dominated by the guest-wall terms in the nar-
rower pore, and mutual steric hindrances will lower D.
In contrast, the increased diffusivity in the wide pore is
ascribed to the onset of diffusion in a second, possibly
more liquid-like, layer, which fills up with increasing
loading.

Figure 5 shows the radial distribution functions of
the center of mass of p-xylene from the channel center
of MCM-41. Note that the normalization of this func-
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«—— Fig. 6. Snapshots of the distribution of p-xylene
molecules in a Si-MCM-41 supercell at loading of (a) 16,
(b) 32, (c) 48, and (d) 64 molecules/supercell after 100 ps of
MD equilibrium.
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Fig. 7. The center-center pair distribution functions of p-
xylene in Si-MCM-41 at different loadings.

tion is to the average density of p-xylene, the curve
for the lowest loading thus has the largest amplitude.
These average densities N/V refer to the total vol-
ume V of the simulation box, not to the volume ac-
cessible to p-xylene, which is difficult to determine
as it can, e. g. depend on the temperature. The curves
thus do not converge to 1 at large distances. The sin-
gle peak found at a loading of 16 molecules/supercell
at about 6 A from the center (i.e. about 3 A from the
“wall”) splits into two with increasing loading. The
main peak moves to slightly closer distances from the
wall and a second peak builds up at about 4 A from
the walls. The first layer p-xylene molecules are thus
increasingly oriented “parallel” to the wall, as seen in
the snapshots of Figs. 6a—d.

The center of mass pair distribution functions of p-
xylene in MCM-41 at different loadings are shown in
Figure 7. We note that while the peaks broaden with in-
creasing loading, the first maximum peak of the center-
center pair distribution functions of p-xylene moves to
slightly shorter distances, to the value of about 6 A.
This value is close to the intermolecular separation in
a p-xylene adduct, derived at the B3LYP/6-31G(d,p)
level of theory, of 5.8 A (see Fig. 8). This type of con-
figuration can be observed frequently during the diffu-
sion of p-xylene in the pores (see Fig. 8). The short-
est intermolecular distance during the diffusion of p-
xylene in the pore is about 3.6 A, which is the distance
between two p-xylene molecules in stacked configu-
ration. The probability of distances between this value
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Fig. 8. Illustration of the configuration of the p-xylene dimer optimized at B3LYP/6-31G(d,p) level of theory (top) and a
snapshot of p-xylene molecules in the center channel of the Si-MCM-41 supercell at loading of 64 molecules/supercell

(bottom) after 100 ps of MD equilibrium.

and the peak maximum increases strongly with load-
ing. The increasing disorder is also indicated by the
disappearance of the second peak, it being shifted to-
ward smaller distances, thus filling-up of the minimum
between the two.

4. Conclusions

A simple model of Si-MCM-41 has been con-
structed and used as a mesoporous host to study the
adsorption and the diffusion of p-xylene. Reason-
able agreement with the available experimental data
is achieved with this new force field, providing con-
fidence to use it in order to describe the adsorption and
diffusion of aromatic hydrocarbons in this material.
The findings shed some light on the factors involved
in the evolution of the guest-guest and guest-host in-
teractions with increasing loading. In this model, the
heat of adsorption at zero loading is due primarily to
short-range van der Waals interactions between the ad-
sorbate and the walls, in keeping with chemical in-
sight. With increasing loading, the cooperative effect
of guest-guest interactions becomes more important
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