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Møller-Plesset perturbation-based potentials have been used in molecular dynamics simulations to
examine methane diffusion in silicalite-1. The simulation box contains 2 unit cells of silicalite-1 and varying
loading numbers (nld) from 1, 2, 3, to 4 methane molecules per intersection, corresponding to 8, 16, 24,
and 32 molecules per simulation box, respectively. Consistent with the previous study, a preferential
diffusing path for methane is close to the channel axes. The structure of the methane molecules in the
silicalite-1 pore was exhibited in terms of the methane-methane radial distribution function (RDF) in
which the first peak appears at 6.4 Å for nld e 2, becomes a broad maximum at nld ) 3, and splits into
two sharp peaks centered at 6.4 and 8.6 Å at nld ) 4. This fact can be clearly described by an intensification
of the methane density in the straight and zigzag channels but a decrease in the intersection when the
loading increases. These features of the observed RDFs are in contrast with the previous report using a
molecular dynamics force-field potential in which the RDFs for all concentrations show first maxima at
∼4 Å. The analysis of the relative residence times of methane at different sites inside the silicalite suggests
that the zigzag channel is the most favored location. The computed self-diffusion coefficients as well as
the heat of adsorptions are in reasonable agreement with the available values.

1. Introduction

Diffusion and adsorption of molecules in the pores of
zeolites are fundamental attributes of many industrial
separation and also catalytic processes,1-4 hence, the
importance of the proper representation of diffusion in
zeolitic material systems. Despite extensive research, the
simple methane diffusion in dealuminated ZMS-5 crystal,
namely, silicalite-1, is still not clearly understood yet. On
one side, the experimental data for the diffusion coefficient
show, for some substances, variations of several orders of
magnitude depending on the method used: quasielastic
neutron scattering (QENS), pulsed-field gradient nuclear
magnetic resonance (PFG-NMR) (microscopic methods),
and zero-length column, frequency response, and isotope
exchange (macroscopic methods).5,6 On the other side,
although molecular simulation techniques have become
an essential tool for studying the diffusivity of guest
molecules in zeolites, in particular, molecular dynamics
(MD) simulations and the results are in good agreement
with those obtained from microscopic (e.g., in NMR)

experiments depending, however, on the potential function
used.7-11

Although several other papers deal with structural
properties2 for the diffusion of methane molecules in
silicalite-1, the only available data on the arrangement
of methane inside silicalite-1 pores in terms of the radial
distribution function, according to our best knowledge,
are the molecular dynamics simulations made by us,11

Demontis et al.12,13 using a force-field Lennard-Jones
potential, and Nicholas et al.14 using MM2.15

Interestingly, the diffusion coefficients at various load-
ings obtained from various simulations12,13,14 based on
different force-field potential functions are in good agree-
ment with those of the PFG-NMR measurements.16 This
indicates that dynamic properties are not sensitive to the
potential function used as well as the assumption em-
ployed, etc., i.e., the united atom approximation for a guest
molecule, implicit treatment of an Si atom in the silicalite-1
structure,12,13 although these facts are known to be the
sources of discrepancies of the potential hypersurface in
terms of both the depth and the shape as well as the
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position of the potential minima.11 Such approximations
may not reflect the mean dynamical properties that are
averaged from trajectories of all channels of silicalite-1
but lead directly to the loss of specific details in structural
data in specific channels. Most recently, the use of ab
initio derived potential in molecular dynamics simulations
have shown the power to determine a proper structure of
diffusive water molecules in silicalite-1 channels.17-19

Here, we perform molecular dynamics simulations using
the newly developed ab initio fitted potentials11 and
present the results in terms of dynamical and structural
information. The simulations are performed at various
loadings in a range of 1-4 methane molecules per
intersection. The pertinent structural results on methane
arrangementsare in contrast with theprevious studies.12,14

2. Simulation Details

The crystallographic cell of silicalite-1 (Si96O192)20 is presented
by the Pnma space group, with lattice parameters a ) 20.07 Å,
b ) 19.92 Å, and c ) 13.42 Å. Figure 1 portrays the topology of
the zigzag channel (Z), the straight channel (S), and the
intersection (I) in the unit cell of silicalite-1 and their distances.
The channel structures are shown in an inset of Figure 1, in
which the straight and zigzag channels are interconnected at
the intersection.

The simulation box is arranged by a 1 × 1 × 2 unit of silicalite-
1, where the loading numbers (nld) are set to 1, 2, 3, and 4 methane
molecules per intersection, corresponding to 8, 16, 24, and 32
methane molecules per simulation box, respectively. The flex-
ibility of the lattice often takes effect as a heating bath that may
sterically raise or lower particle diffusion and exchange their
energy with those migrating molecules. However, it has been
found that the flexibility of the silicalite-1 framework plays an
insignificant role on both the dynamical and structural properties
of small guest diffusivity.8-14,17-19 We, thus, kept the lattice fixed
through the study. Periodic boundary conditions have been
applied. The shifted force potentials have recently proven to be

efficient for the evaluation of the Coulombic interaction,11,17-19,21,22

and is therefore used in this study. The time step of a 1 fs was
used to maintain the energy conservation at 300 K. The evaluation
part of each run corresponds to a trajectory length of 10 ns after
a 1 ps thermalization period.

Ab initio fitted potential models based on the second-order
Møller-Plesset perturbation (MP2) methods have been used to
represent the interactions between methane/methane and sili-
calite-1/methane. The MP2 fitted methane/methane potential
proposed by Rowley et al.23 was developed from 11 relative
orientations of the two methane molecules as a function of C-C
separation,where thepairwiseparameterswereusedto represent
dispersive and repulsive interactions of C-C, C-H, and H-H.
In a similar manner, the ab initio silicalite-1/methane interaction
energies at the MP2 level were fitted to an analytical form, where
the interactions between the C and H atoms of the methane
molecule and the Si and O atoms of the silicalite-1 in different
channels were treated separately.11 The optimal methane/
methane and silicalite-1/methane interaction energies are∼ -0.4
and ∼ -5.0 kcal mol-1, respectively.

3. Results and Discussions
3.1 Radial Distribution Function (RDF).
3.1.1 Silicalite-1/Methane. Figure 2 displays RDFs from

the oxygen atom on the surface of the silicalite to the C
atom of the methane molecule at various loadings. The
RDFs are almost concentration-independent, showing the
first three maxima around 4.2, 5.8, and 8.3 Å. Methane
molecules lying under the first peak are interpreted as
those diffusing along the line parallel to the surface at the
center of the channels (the diameter of the cylinder-like
channel is ∼8.2 Å). This behavior supports that reported
for the diffusion of methane12 in silicalite-1 at the nld )
3 and of water19 in silicalite-1 at nld e 6. Consistent with
those proposed in ref 12, the other peaks at 5.8 and 8.3
Å are assigned to methane molecules, where the peak
positions correspond to the distances from carbon atoms
of methane to oxygen atoms of the nearest 10-oxygen-
membered ring and of other adjacent rings on the
silicalite-1 surface, respectively. These are similar to those
found for water molecules in silicalite-1, only slightly
different to the position of the second peak at 6 Å.19

3.1.2 Methane/Methane. Further information can be
attained in regard to the guest-guest radial distribution
function as depicted in Figure 3a, with the RDFs between
centers of the two methane molecules as a function of
loading. For comparison, the RDFs taken from ref 14 are
also given (Figure 3b).

The methane-methane RDFs for nld e 2 display the
first apparent maximum at 6.4 Å with the corresponding
minimum at 8.2 Å. The transition concentration for
methane residence sites starts to be detected at nld ) 3;
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Figure 1. Topology of zigzag channel, straight channel, and
intersection in the unit cell of silicalite-1 and related distances
along the x, y, and z axes.

Figure 2. Radial distribution functions, g(r), from oxygen
atoms of silicalite-1 surface to carbon atoms of the methane
molecule at various loadings (nld).
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a first broad maximum at 6.4 Å is established with a
minimum at 8.6 Å, which hinted at a substantial transfer
of preferential locations of methane molecules from one
to another channel. The situation is totally changed at nld
) 4, where the RDF splits into two sharp peaks. The first
distinct peak appears at 5.4 Å, followed by a clear shoulder
at 6.2 Å and a minimum at 6.6 Å. The second sharp peak
at 7.4 Å is shown with a pronounced shoulder at 8.4 Å.

The current results completely disagree with the
previous report using a molecular dynamics force-field
potential14 (Figure 3b), in which the RDF plots for all
concentrations show first maxima at ∼4 Å. There, the
authors were not successful in making the first peak
disappear for dilute concentrations, e.g., nld < 1, because
molecules were not supposed to spend appreciable time
in contact.14 They describe this artifact as the contribution
of the methane-methane potential used. However, we
have stated, in our previous work,11 that such artificial
features of the structural data can be the result of an
unbalance of the guest-guest and guest-framework
interactions; i.e., the second pair overestimates the overall
interactions. In other words, the methane molecules at
such low concentrations are supposed to coordinate to the
surface of the channels because of an overestimation of
the silicalite-1/methane interaction, relative to the meth-
ane/methane one.

Note that the advantage of the ab initio fitted model is
the one-to-one correspondence between the ab initio and
the fitted energies. This is in contrast to the force-field
model, where the parameters are adjusted to yield the
experimental value, such as the diffusion coefficient.
However, because the experimental data for the radial
distribution function are not yet available for the inves-
tigated system, the contradiction between the structural
data yielded from the ab initio fitted and the empirical
force field remains unresolved.

To describe the behavior observed in our study (the
concentration dependence of the structural properties of
the methane molecule in silicalite-1 detected by the ab
initio fitted potential), the percentages of time the
molecules spend in the three resident sites (interaction,
zigzag channel, and straight channel) and their ratios at
various loadings are calculated and summarized in Table
1. Here, borders between the three channels were defined
by the four linkage 10-oxygen-membered rings around

the intersection. Therefore, the intersection and the
straight channel were separated by the two 10-oxygen-
membered rings perpendicular to the y axis (see Figure
1), while the other two rings were denoted as the border
between the interaction and the zigzag channel. In
addition, the pair of methane molecules lying under the
peaks of the C-C RDF of each concentration, counted up
to the second minimum for nld ) 4 and to the first minimum
for other concentrations (Figure 3), have been classified
by their locations in 6 groups, in which both methane
molecules reside in the channels of the same type, Ii-Ij,
Si-Sj, and Zi-Zj, and different type, Ii-Sj, Ii-Zj, Si-Zj,
where I, S, and Z denote intersection and straight and
zigzag channels, respectively, while i and j are the
channels’ indexes. Then, the relative frequency of occur-
rence of the pairs have been computed and plotted in
Figure 4.

In Table 1, almost half of the methane molecules (for
all concentrations) were observed to reside in the zigzag
channels and about a quarter of them were distributed in
the straight and intersection channels. Special interest is
centered on an intensification of methane density in the
straight and zigzag channels but a decrease in the
intersection when the loading increases, in particular, at
the nld ) 4. These transformations consequently lead to
a growth of the corresponding pairs of methane molecules
(the C-C distances shorter than those of the second
minimum in the C-C RDF shown for nld ) 4 in Figure 3),
in which both of them locate in the Si-Sj and Zi-Zj
channels and a reduction of the percentage of the other
pairs, in which both molecules lie in the Ii-Ij channels (i
can be the same or different from j), Figure 4. A positive
contribution because of an increase in the molecular pairs
locating in the same channels (Si-Sj and Zi-Zj, where i
) j) leads directly to the establishment of the first peak
at 5.4 Å of the C-C RDF for nld ) 4, while those where
i * j are the sources of the second sharp peaks at 7.4 Å.
These conclusions have been drawn owing to the schematic
representation of the related distances shown in Figure
1, in which the lengths of the straight and zigzag channels
can accommodate the two methane molecules with a
separation of 5.4 Å; i.e., two methane molecules can be
located in Si-Sj and Zi-Zj, where i ) j. On the other hand,

Figure 3. Radial distribution functions, g(r), between the
center of mass of the two methane molecules at various loadings
(nld) obtained from this paper (a) and from ref 14 (b).

Figure 4. Relative residences of a pair of methane molecules
at various loadings (nld) lied under the first peak (for nld e 3)
and the first two peaks (for nld ) 4) of the C-C RDFs (Figure
3a); I, S, and Z respectively denoted for intersection, straight,
and zigzag portions (see the text for more details).

Table 1. Percentage of Time that the Molecules Spend in
Various Resident Sites of Intersection and Zigzag and

Straight Channels and Their Ratios at Various Loadings
(nld ) Number of Methane Molecules Per Intersection)

percentage
ratio

nld intersection (I)
straight

channel (S)
zigzag

channel (Z) Z/S Z/I S/I

1 27.5 19.6 52.9 2.7 1.9 0.7
2 26.0 23.5 50.4 2.1 1.9 0.9
3 23.7 25.9 50.4 1.9 2.1 1.1
4 18.0 29.0 53.1 1.8 2.95 1.6
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the molecular pair with the separations of 7.4 Å can be
assigned to those located in Si-Sj and Zi-Zj, where i * j
(see also Figure 1).

3.2 Self-Diffusion Coefficient. The diffusion coef-
ficients (D) are calculated from different moments of the
particle displacements averaged over the x, y, and z
directions.24-26 The results are displayed in Figure 5 as
a function of loading (nld), in comparison with those
obtained from other theoretical simulations9,12,14,27-29 and
PFG-NMR experiments.16

Our results are in reasonable agreement with the
available data but noticeably lower in particular with
respect to dilute loading (nld ) 1). This observation can
be understood because of the fact that the simulated
diffusioncoefficient is rathersensitive to theabsolutevalue
of the depth of the potential well of the interaction energy.
This is not the case for the structural data in which the
shape of the potential-energy surface was generally known
to play a more important role.

Discrepancy of the interaction potential can be due to
a technical setback during the calculations of the ab initio
data points in the development of the intermolecular
potential function. Previous to the energy calculations,
fragments were initially chosen to represent the silicalite-1
unit. The dangling bonds of the silicon atoms have to be
filled up by hydrogen atoms.11,17 As a consequence, each
energy point mechanically incorporates a supplementary
interaction owing to those hydrogen atoms. Such a
problem, because of the limitations of today’s computer,
is generally known.30-32 The only way to solve this is to
increase the size of the system treated in quantum
chemical calculations, which is technically impossible,
especially in the development of the ab initio derived
potential function, where numerous data points are
practically required.11,17 In addition, although the dis-
crepancy in the total interaction energy is configuration-
dependent, it is assumed not to affect the shape of the
potential-energy surface because the same level of ac-
curacy was applied for all data points.

3.3 Anisotropy Effect. To examine the anisotropic
character of the system, diffusion coefficients in different
directions have been investigated. The diffusional ani-
sotropy defined as the ratio between those in x and y

directions (Dx/Dy) is given in Figure 6 in comparison with
available data.9,27-29

In comparison between various force-field and our ab
initio models, the data display a large variation at nld e
2 and a good agreement at higher loadings. These events
can be understood by the fact that, at high loadings, a
substantial amount of methane molecules is restricted in
a limited space inside the silicalite pores. This steric effect
dominates discrepancies because of the potential functions
used. On the contrary, the molecules can move and diffuse
in a channel without restraint at sufficiently low loadings
(nld e 2). Therefore, the movements are almost controlled
by the potential employed; i.e., the diffusivity depends
strongly on the methane/methane and the silicalite-1/
methane interactions. The large deviation at nld e 2
indicates an artifact among the available models.

In addition to the Dx/Dy ratio, another quantity, â,
proposed by Kärger and regularly used to characterize
diffusional anisotropy in porous materials, has been
examined.33 The calculated â factors at various loadings
have been calculated according to

where a, b, and c are the unit-cell lengths and Dx, Dy, and
Dz are diffusion coefficients along x, y, and z axes,
respectively. The results are displayed in Figure 7.

In good agreement with the previous reports,9,27,28 the
â values for almost all models and all loadings are larger
than 1.0, indicating a continuation movement along the
same channel through the intersection (see Figure 1).
However, the â values at nld g 2 taken from refs 27 and
29 are in contrast to the other models.

3.4 Heat of Adsorption. The heats of adsorption (H),
which can be approximated for low density as

are reported at various loadings in Figure 8, where 〈U〉 is
the silicalite-1/methane ensemble energy average. The
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Figure 5. Self-diffusion coefficients (D) at various loadings
(nld) obtained from this and various studies.

Figure 6. Ratio of the self-diffusivities (D) along x and y
directions in silicalite-1 at 300 K obtained from this and various
studies.

Figure 7. â obtained from eq 1 as a function of loading (nld)
obtained from this and various studies.

â )
c2/Dz

(a2/Dx + b2/Dy)
(1)

〈H〉 ) 〈U〉 - RT (2)
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result displays a gradual increase of H as a function of
loading. In general, changes of heat of absorption depend
on two factors. A primary factor is owing to site hetero-
geneities. The secondary account is from the interaction
between guest-guest molecules.

In regard to the percentages of methane molecules lying
in each channel (Table 1) and of the pair of methane
molecules classified by their locations in the two channels
(Figure 4, also see the corresponding text for more details),
the site heterogeneity was found to be the source of

increasing of the heat of adsorption. The conclusion was
confirmed by the decrease of methane density in the
intersection but an increase in the straight and zigzag
channels when the concentration increases to nld ) 4. In
addition, reliability of the calculated heat of adsorption
at almost all loading is supported by the calorimetric
values of approximately 4 kcal mol-1.34
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Figure 8. Heat of adsorption (H) defined in eq 2 as a function
of loading (nld).

Concentration Dependence of the Methane Structure in Silicalite-1 Langmuir, Vol. 21, No. 13, 2005 5851


