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MOLECULAR SIMULATIONS OF METHANE
ADSORPTION IN SILICALITE
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DOROS N. THEODOROU*
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Grand canonical ensemble Monte Carlo (GCMC) simulations of methane in the zeolite silicalite have been
used to predict adsorption isotherms over a wide range of occupancies at several temperatures. The zeolite
has been modeled using a detailed atomistic description, as have the methane molecules. Lennard-Jones
parameters for the atomic interactions have been taken from the literature. Adsorption isotherms and heats
of sorption have been predicted in good agreement with experiment. Structural features of the intracrystal-
line fluid have also been studied. In a complementary study, the test particle insertion method has been used
to generate isotherms from molecular dynamics simulations. The results are in excellent agreement with
those from GCMC.

KEY WORDS: Adsorption, chemical potential, grand canonical ensemble Monte Carlo, methane, mole-
cular dynamics, zeolites.

INTRODUCTION

Zeolites are porous crystalline aluminosilicate materials having cavities or channels of
molecular dimensions, typically 3 to 10A in diameter. Many of the known zeolite
structures have high thermal and chemical stability, and zeolites are used extensively
in catalysis, separations, and ion exchange [1] [2] [3]. In catalytic processes, the
adsorption and diffusion of small sorbate molecules in the zeolite pores can signifi-
cantly affect the overall catalytic performance. In separation processes it is the
differences between the adsorptive and diffusive properties of the different species in
a mixture which allow the separation to be achieved. Adsorption in zeolites is thus of
great importance industrially. Because adsorption is controlled by molecular-level
interactions, a quantitative understanding of how the adsorptive behavior of zeolite/
sorbate systems is related to their molecular structure is needed in order to optimize
the use of known or theoretically possible zeolite sorbents and catalysts. Computer
simulations based on an atomistic description of zeolite/sorbate interactions offer
great potential as a tool for zeolite design and development. When based on sound
approximations, they provide a rigorous framework for the prediction of structure/
property relationships in zeolites. Molecular simulation methods look particularly
attractive for evaluating the properties of zeolites and other molecular sieves as the
number of theoretically possible structures continues to grow [4].

* Author to whom correspondence should be addressed.
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Recently we have used such molecular simulation techniques to investigate the
dynamic properties and low occupancy thermodynamics of several sorbates in silica-
lite zeolites [S] [6]. In this paper we use the same model to study the high-occupancy
thermodynamics of methane in silicalite, with prediction of adsorption isotherms
being of particular interest. We compare two techniques for obtaining the isotherm:
grand canonical ensemble Monte Carlo (GCMC) and the particle insertion method
in conjunction with molecular dynamics (M D). From the simulations we calculate the
adsorption isotherm and the heat of sorption, as well as structural features of the
intracrystaltine fluid. The results and computational efficiencies of the two approaches
are compared, and where possible the results of both approaches are compared with
experimental data.

Molecular simulations have been used in the past to study adsorption in idealized
cylindrical and slit pores, as well as to study bulk fluids. There have also been several
simulations of adsorption in zeolites. Stroud er al. conducted Monte Carlo simula-
tions in the canonical ensemble of methane in zeolite 5A [7]. They were able to
generate adsorption isotherms, isosteric heats of sorption, and heat capacities. Soto
and Myers used Monte Carlo simulations in the grand canonical ensemble to study
hard spheres and Lennard-Jones molecules in MS-13X [8]. Adsorption isotherms,
heats of sorption, and radial distribution functions were obtained. By adjusting the
potential parameters, they were able to fit the predicted isotherm for krypton in zeolite
X to experimental data. Recently, Woods and Rowlinson reported grand canonical
ensemble Monte Carlo simulations of xenon and methane in zeolites X and Y [9] [10].
They examined the singlet density distribution function and the distribution of
occupancies in the unit cell. in addition to the adsorption isotherms and isosteric heats
of adsorption. The predictions for the isotherms and isosteric heats were generally in
good agreement with experimental data.

MODEL REPRESENTATION

ZSM-5, an important industrial catalyst, is available with silicon to aluminum ratios
ranging from about 10 to infinity. When ZSM-5 contains virtually no aluminum, it
is also known as silicalite. For the simulations performed here, the silicalite crystal is
assumed to be a perfect lattice, with all framework atoms rigidly fixed in space, and
to contain no defects or aluminum atoms. The crystallographic coordinates of the
silicalite atoms are available from X-ray diffraction studies, and the lattice parameters
are reported as 20.07A, 19.92A, and 13.42A for the orthorhombic phase [11].
Silicalite contains two sets of interconnected pores that are slightly elliptical in cross
section and about 5.5 A in diameter. A linear set of straight pores is directed along
the [010] axis, while an intersecting set of sinusoidal pores, which follows a zig-zag
path, is directed along the [100] axis. Methane is modeled as a five center Lennard-
Jones molecule with bond angles and bond lengths fixed at 109.5 degrees and 1.1 A,
respectively.

The zeolite and the sorbate are assumed to interact through an effective, pairwise-
additive potential between atoms of the sorbate molecules and atoms of the zeolite
lattice. This interaction is largely of a London dispersion nature; long-range electro-
static interactions are assumed unimportant due to the absence of aluminum atoms
in the model lattice. Trouw and Iton have performed energy minimization calcula-
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tions for methane in silicalite both with and without electrostatic terms and have
shown that there is only a 1% difference in the total potential energy of the methane
[12]. Also, experimental isotherms for methane in ZSM-5 do not appear to be very
sensitive to the aluminum content [13]. Therefore we feel justified in neglecting any
small electrostatic effects. Interactions between atoms are described by a cut and
shifted Lennard-Jones potential:

A B,

i i ~shift
-~ == Yy r<r,

Vi = Ty ry ()
0 r>r

<
where r; is the distance between atoms i and j and

i Ai‘ if
o= r_(é — —ﬁf 2)
The potential parameters used are given in Table 1. The methane/methane parameters
are those of Murad and Gubbins [14], who adjusted the parameters to obtain good
agreement between experimental data and results of their molecular dynamics simula-
tions of liquid methane. The cutoff radius, r_, for the methane interactions was set to
9.96 A. This is one half the length of the shortest side of the simulation box used in
the GCMC simulations and is close to the cutoff of 10.025A used by Murad and
Gubbins. The methane/methane parameters are not the same as those used in our
earlier molecular dynamics work [6]). (Our low occupancy sorption work did not
involve any sorbate/sorbate interactions [S5].) The parameters of Murad and Gubbins
were adopted when preliminary GCMC results showed that our older parameter set
did not predict the correct plateau value of the isotherm. The parameters describing
the interaction of the methane carbon and hydrogen atoms with the zeolite oxygen
atoms are exactly as in our earlier work (5] [6], with a cutoff radius of 13 A and ¥~""
equal to zero. It was assumed that the sorbate molecules do not interact significantly
with the silicon atoms. Thus the sorbate/oxygen interaction parameters are effective
parameters which take into account the interaction with the silicon atoms also. The
zeolite/sorbate atom potentials were evaluated once on a fine three-dimensional grid
of 0.2 A spacing over the asymmetric unit of the unit cell and tabulated. Regions of
very high potential were determined to be regions of the pore “walls” and were not
included in the tabulation. During the simulations, the potential energy between a
sorbate atom and the zeolite lattice was determined from the tabulated information
using a three-dimensional cubic hermite polynomial interpolation algorithm [6] [15].

Table 1 Potential Parameters

Interaction Type

A,
(kJmol~' A"*)

B'/
(kimol~' 4°)

C-0 1134653 1535.49
H-O 147998 524.15
c-C 3401262 2406.42
H-H 70461 142.21
C-H 412242 571.18
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CALCULATIONS

Calculating an adsorption isotherm for a zeolite system is a phase equilibrium
problem. An adsorption isotherm shows the amount of a species taken up by the solid
adsorbent phase as a function of the external gas phase pressure when the two phases
are in equilibrium at a given temperature. One can predict this relationship if one
knows the chemical potential in the gas phase as a function of pressure, and the
chemical potential in the solid phase as a function of occupancy at the prevailing
temperature. The equality of the chemical potentials and temperatures between the
two phases establishes the equilibrium requirement. To obtain the isotherm from a
computer simulation one can either simulate both phases or simulate the solid phase
only and somehow obtain the chemical potential. Simulating two phases in direct
contact is in general impractical because of the large number of molecules which
would be required to avoid interfacial effects. Also, there is no need to simulate the
gas phase because the thermodynamics of the gas phase is quite well understood and
is adequately described by an equation of state. We have therefore chosen to simulate
only the adsorbed phase. In doing such a simulation there are again two options: (1)
fix the chemical potential and calculate the occupancy or (2) fix the occupancy and
calculate the chemical potential. This is because the number of molecules and the
chemical potential are conjugate variables. We have explored both of these possibili-
ties with our model system. The first option corresponds to doing the simulation in
the grand canonical ensemble. The second option can be accomplished by performing
a molecular dynamics simulation and then calculating the chemical potential using the
Widom insertion technique [16] [17]. Another method of obtaining phase equilibrium
information from a computer simulation is to use the Gibbs ensemble methodology,
in which both phases are simulated but not in direct physical contact [18]. The
evaluation of the chemical potential is thus circumvented, but again there is no
advantage in simulating the gas phase if its thermodynamics is known. Also, as
pointed out by Panagiotopoulos. for adsorption in pores the Gibbs ensemble method
reduces to a grand canonical ensemble simulation if the gas phase region is infinite
{19].

Grand Canonical Ensemble Monte Carlo Simulations

In the grand canonical ensemble, chemical potential, volume, and temperature are
fixed, while the number of molecules and the energy of the system are allowed to
fluctuate. In a grand canonical ensemble Monte Carlo (GCMC) simulation, impor-
tance sampling is used to probe the statistically important regions of configuration
space according to the probability density distribution for the grand canonical ensem-
ble:

pxexp(—kT(¥ — uN) — InN! — 3NInA + NIn V) 3)

k is Boltzmann'’s constant, T is the temperature, ¥~ is the potential energy, u is the
chemical potential, N is the number of molecules in the system of volume ¥, and A
is the thermal wavelength, given by

h

T @
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where h is Planck’s constant and m is the molecular mass. To obtain a point on an
adsorption isotherm from a GCMC simulation, the gas phase pressure is calculated
from the fixed chemical potential using the gas phase equation of state and the
number of adsorbed molecules is calculated by averaging the number of molecules in
the configurations generated during the simulation. A separate simulation is required
for each point on the isotherm.

We used Adams’s GCMC algorithm in which configurations are generated by
compound moves consisting of two parts [20] [21]. In the first part of the move, a
molecule is chosen at random and given a small random displacement and a random
orientation. The change in potential energy, A¥", is calculated, and the move is
accepted with a probability

p = min{l, exp (—A¥ [kT)} 5

by comparing with a random number between 0 and 1. In the second part of the
compound move, it is decided at random to either insert an additional molecule into
the system or to remove an existing molecule. The acceptance probabilities for
insertions and deletions are obtained by taking the ratios of equation (3),p, , /oy and
Pow_1/pn, respectively. If an insertion is to be attempted, a molecule is placed at a
random location in the system, and the insertion is accepted with probability

. 1
p = min {1, Vil exp (B — A‘///kT)} (6)
where N is the number of molecules already in the system and
-
B = i In (N> (7)
4 is the excess chemical potential, and the total chemical potential is then
U o= 'uex + 'uideal (8)

where 4 is the chemical potential of a gas containing the same average number of
molecules per unit volume as the zeolite phase, with no interaction energy between
molecules and no external field.

- V
ideal __ __ kT In (___) 9
H OYE ©)
It should be noted that, by virtue of the phase equilibrium, B can also be written as
- n Yo rfz-n% ry
B = g7+ Ing = fo (Z-D%r + “‘(kT (10)

where Z is the compressibility factor of the pure gas at temperature T and pressure
P’, and P is the pressure of the gas phase at equilibrium. Equation (10) shows that
B is known without knowing (N ). Thus the inputs to the simulation are really the
system volume V and temperature 7 and the gas phase pressure P. The chemical
potential is calculated from the pressure by the equation of the state of the gas, and
B is calculated from g through Equation (10). If a deletion is to be attempted, a
molecule is randomly chosen to be removed, and the removal is accepted with
probability
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p = min {1, Nexp (— B — A¥'[kT)} (1)

The maximum size of the attempted displacements was adjusted within the pro-
gram to give approximately a fifty percent acceptance of the displacement moves. This
maximum displacement ranged from about 0.7 A for low occupancies at 300K to
0.2 A for high occupancies at 200 K. To increase the computational efficiency of the
program, insertions into untabulated wall regions of the zeolite were immediately
rejected. At the highest occupancies studied the insertion and deletion acceptance
rates dropped to as low as 0.7 % overall, with the acceptance rates in the pores being
5.3%. Similarly low acceptance rates were found by Woods and Rowlinson in their
GCMC studies of methane in zeolites X and Y [10]. Mezei has shown that GCMC can
accurately calculate average densities in liquids even with acceptance ratios for
insertions and deletions as low as 0.1 % [22].

The simulation box for the GCMC simulations was taken as three unit cells stacked
in the z-direction, yielding a system of 20.07 by 19.92 by 40.26 A. The initial configur-
ation for most runs was taken as the final configuration from the next lower point on
the isotherm. Runs for the same conditions but starting from different initial occupan-
cies always converged to the same final average occupancy, indicating an absence of
any hysteresis effects. An initial configuration for the first point on each isotherm was
generated by estimating the equilibrium average number of molecules, N,,, and
randomly inserting this number of molecules into the system. The runs were allowed
to equilibrate for 500,000 compound Monte Carlo moves, and averages were then
taken for 1.5 to 2.5million moves. Configurations were written to a tape file ap-
proximately after every 10 N, moves, and all averaging was done in a post-processing
routine using the configurations on the tape file.

Molecular Dynamics with Test Particle Insertions

In molecular dynamics (MD), trajectories in phase space are generated by integrating
Newton’s equations of motion for a system of molecules; this is in contrast to the
Monte Carlo procedure of sampling configuration space through random moves. The
microcanonical ensemble is sampled in traditional MD, so the number of molecules,
the volume, and the total energy of the system are constant, while the temperature
fluctuates. The details of our molecular dynamics calculations are given in an earlier
paper [6]. The constraint algorithm of Edberg, Evans and Moriss [23] was used to
integrate the equations of motion for all methane molecules at a given occupancy with
a 1 fs time step. Configurations were written to a tape file for post-processing every
50fs, and the length of the runs was 50 ps. The number of molecules was set at 128
or 96, and the number of unit cells was varied to yield the desired loading. The number
of unit cells ranged from 8 to 32.

In the microcanonical ensemble, the excess chemical potential can be calculated
from [24]

P = —k(T ) In[KT ) (T exp (— Vi [KT))] (12)

where ¥, is the potential energy a randomly inserted test molecule would feel due
to the real sorbate molecules and the zeolite. The angular brackets indicate ensemble
averages, and 7 is the instantaneous kinetic temperature.

A T (13)
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N is the number of molecules in the system, and v, is the center of mass velocity. The
total chemical potential is then given by equations (8) and (9) with N in place of (N .
The inserted test molecules do not affect the MD simulation; they are “ghost”
molecules, merely used to probe the system.

In an inhomogeneous fluid both ¥, and the local density, N/V, will depend on
position, but the chemical potential for a fully equilibrated system must be constant
throughout the system [25]. Past simulations of inhomogeneous fluids have used
generalized forms of equations (12) and (9), where ¥, and N are functions of
position, and then calculated the chemical potential in different regions of the system
[26] [27]. For example, Heinbuch and Fischer studied a Lennard-Jones fluid in a
cylindrical pore and evaluated ¥, and the density of sorbate molecules in different
cylindrical shells [26]. The chemical potentials in the different probe volumes were
found to agree with one another except in the shell closest to the pore wall, where the
high density was thought to be responsible for the inaccuracy in p. Heinbuch and
Fischer also evaluated u over all shells together, except the shell closest to the pore,
and found the result to be in agreement with the results for the smaller probe volumes.
We have adopted this latter approach and evaluated p for the entire zeolite simulation
box. A regularly spaced grid of points was set up in the simulation box, and a
randomly oriented fictitious molecule was inserted at each grid point into each of the
configurations (every 50 fs) stored from the MD simulations [28] [29]. The grid points
were at approximately 2 A intervals in all directions. Grid points in regions where the
zeolite/sorbate potential was not tabulated were considered to have infinite potential
and to make no contribution to u™. The insertions were done in a post-processing
routine after the molecular dynamics runs were completed.

RESULTS
GCMC Simulations

From our GCMC simulations, adsorption isotherms for methane in silicalite at 200
and 300 K were generated. The pressures were related to the chemical potentials using
the virial equation of state, and the loadings were obtained from the average number
of methane molecules in the simulation box. The averages were taken over the stored
configurations from the simulation. The results are compared against experimental
adsorption data in Figures 1, 2, and 3 [13] [30] [31] [32]. As shown in Figure 1, our
simulations predict a saturation occupancy at 200 K which is in good agreement with
Yamazaki’s experimental data, but tend to underpredict the amount of sorption in the
pressure range of 0.05 to 0.3 atm. Sorbate/sorbate interactions are already important
in this region, as evidenced by their contribution to the total internal energy. In
addition to the plateau region, the very low pressure Henry’s law region is captured
correctly by the simulation. In Figure 4 Henry’s law constants from the GCMC
simulations are compared with additional experimental data and with the results of
our earlier configurational integral work [33] [31] [5]. The Henry’s law constant for
each of the GCMC isotherms was determined by putting a line from the origin
through the first point on the predicted isotherm and calculating the slope.

Figure 2 (300 K) shows characteristically the considerable disagreement that may
arise in experimental measurements of zeolite isotherms. Differences in zeolite sam-
ples due to imperfections in the crystal lattice can significantly affect the volume of the
micropores that is available to sorbate molecules. Our modeled zeolite is assumed to
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Methane/Silicalite Isotherm
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Figure 1 Adsorption isotherm of methane in silicalite at 200 K. The GCMC result is compared with
experimental data of Yamazaki er al. (open symbols). The adsorbents used in the experimental work had
Si/Al ratios of 1000 (Silicalite) and 12 (ZSM-5).
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Figure 2 Low pressure adsorption isotherm of methane at 300 K. The experimental Si/Al ratios are 1000
(Silicalite) 12, (ZSM-5. Yamazaki), and 52 (ZSM-5, Papp).
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Methane/Silicalite isotherm
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Figure3 High pressure adsorption isotherm of methane at 300 K. The experimental data is for the sodium
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be a perfect crystal. The predictions are closest to Yamazaki’s silicalite data. In Figure
3 simulation results are compared with the only available high pressure experimental
data for sorption of methane at 300 K. It should be emphasized that the comparison
is not completely legitimate, as the experimental work used the sodium form of
ZSM-5. The low pressure portion of the isotherm is well captured by the simulation,
while predicted occupancies in the high pressure region tend to be higher than the
experimental values. This may be attributable to the sodium ions occupying part of
the intracrystalline space of NaZSM-5, while this space is available for sorbate
molecules in the modeled silicalite. Ding’s experimental data is in the form of a Gibbs
excess sorption, while the simulation gives the total sorption. We have converted
Ding’s data to total sorption by the prescription of Ozawa et al., wherein the density
of the sorbed phase is estimated empirically {34].

The statistical uncertainties in the simulation predictions for the loading of sorbate
molecules were estimated by dividing each simulation run into ten blocks and cal-
culating the standard deviation of the block averages. The uncertainties were less than
0.2 molecules per unit cell.

The average internal energy of the sorbed phase, {(#" ), is shown as a function of
sorbate loading at 200K in Figure S. Pure unoccupied silicalite and methane in the
ideal gas phase have been used as reference states in defining (¥” >. As more molecules
are crowded into the zeolite, the zeolite/sorbate interaction energy per sorbate mole-
cule rises (becomes less attractive). This is because at low occupancies the methane
molecules occupy the energetically most favorable regions of the intracrystalline
space, but at higher occupancies they are forced to occupy some of the less favorable
regions. This effect is more than compensated by the contribution of the attractive

Energy of Sorption
Methane in Silicalite 200 K

-15.0 -
a —- a Zeolite/sorbate enerqgy
a—-a Total internal energy
2
-155+
~ A/‘/‘
I a—
< ‘/
> -16.01 —
b - A/
c a DA,
W TTT—a
° \A
€ -1657 \A\A
[}
<
-17.0 t t +
0 4 8 12 16

molecules / unit cell

Figure 5 Internal energy of adsorbed methane molecules in silicalite at 200 K. The contribution from
zeolite/sorbate interactions is shown separately.
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methane/methane interaction energy, which increases with loading. The internal
energy is related to the experimentally observable isosteric heat of sorption, Q, as
follows [6]:

V> = _%ﬁ; Q. dp’ + %JZ(HG — H%dp” + RT (14)

In this equation, the integrations are at constant temperature along an equilibrium
isotherm. The quantity p represents the intracrystalline occupancy, and Q, is the
isosteric heat at temperature T and occupancy p’. H® is the molar enthalpy of the
sorbate in a gas phase at equilibrium with the solid phase at temperature T and
occupancy p’, and H' is the ideal gas molar enthalpy of the sorbate at temperature
T. The isosteric heat of adsorption for methane in silicalite is observed by Yamazaki
to be essentially independent of occupancy at 20 kJ/mol [13]. The occupancy depend-
ence of the simulation results noted above is within the experimental uncertainty. If
Q. is taken as constant and the gas phase is considered to be ideal, then equation (14)
reduces to

V) = =0« + RT (15)

Using this equation we predict an isosteric heat of 18kJ/mol, which compares
favorably with the experimental result and is in full agreement with our earlier work
in the Henry’s law region using configurational integral techniques [5].

In addition to calculating the average loading and the average internal energy of the
methane, we examined the fluctuations in the number of molecules. It can be shown

Fluctuations in Number of Molecules

O A Fluctuations ® A rhovs. mu
3.0 :
- A ‘
2.5 200 K A A 4
g A
uy 2.0+ ﬁ
3 A
Z 15¢ @ ® o
o &
,'\ ‘o ® 00« s
T T e
0.5+
0.0 + 4 t + -+ +

0 2 4 6 8 10 12 14 16
Molecules per unit ceill
Figure 6 Fluctuations in number of molecules as a function of the average occupancy. Open symbols

represent fluctuations as observed in the simulation. Filled symbols are from the derivative of p with respect
to u, as calculated from the predicted isotherm.
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that the fluctuations are related to the slope of (N> as a function of u [35].
ENYY (NP = (N
cu iy kT

Both (N) and {N*» — (N)?scale with the volume of the system, so equation (16)
can be rewritten as

(16)

cu kTV (a7
where p = (N>/V. In Figure 6 the right hand side of the equation (17) is shown as
a function of p for 200 and 300 K. As a check on the simulation, we also calculated
the left hand side of the equation by numerically evaluating the derivative of p with
respect to p. The result is also shown in Figure 6. The agreement suggests that our
simulations are of sufficient length to provide equilibrium information on the fluctua-
tion properties as well as the ensemble averages of N and ¥~ even at high occupancies.
It is seen that the fluctuations in local density are highest at intermediate loadings. The
fluctuation properties can be useful in studying phase transitions such as capillary
condensation. However, owing to the narrow, almost one-dimensional nature of the
pores, the methane/silicalite system does not appear to exhibit any phase transition.
1t should be noted that both the 200 and 300K simulations are above the critical
temperature of bulk methane. The comparison in Figure 6 is a useful check on the
internal consistency of the simulation. Simulations performed with 3, 6, and 12 unit
cells verified that 3 unit cells was a sufficiently large simulation box; the quantities
(N>, (¥, and (N — (NDH[(kTV) all agreed to within the simulation uncer-
tainty for the three system sizes.

(6_p> _ VD~ (Y

Molecular Dynamics

Adsorption of methane in silicalite was also predicted from MD simulations using the
particle insertion technique. In Figure 7 the results are compared with the GCMC
predictions at 200 K in the form of chemical potential as a function of sorbate loading.
By shifting the location of the grid of insertion points, it was shown that the chemical
potential obtained from the particle insertion techique was accurate to within 0.1kJ/
mol. Using a more coarsely spaced grid yielded a wider variation in the estimates of
u for a given loading due to the poorer sampling. The point of inflection in the
sigmoidal curve corresponds to the maximum in the fluctuations shown in Figure 6.
The results from the two methods seem to agree well.

In addition to calculating the excess chemical potential from equation (12), one can
also estimate 4 from an examination of the energy distribution functions resulting
from test particle insertions. If f(¥") is the normalized distribution function of
fictitious inserted molecules having potential energy ¥~ and g(¥") is the normalized
energy distribution function of real sorbate molecules, then it can be shown that a plot
of In(f/g) versus ¥~ should have a slope 1/kT and an intercept — u®™/kT [28]:

OO _ ¥ ©
() - & - 9

A substantial linear region in the plot is a check on the reliability of the straightfor-
ward Widom insertion calculation using Equation (12). Figure 8 shows In(f/g) as a
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figure 8 f/g plot for 12 molecules per unit cell at 200K. The triangular point indicates the intercept
:xpected from the results of the straightforward Widom insertions.
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Figure 9 Pair distribution functions for methane in silicalite at 200 K. (a) no sorbate/sorbate interaction.
(b) 4 molecules per unit cell.
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Figure 9 (continued) (c) 8 molecules per unit cell. (d) 16 molecules per unit cell.
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function of ¥~ for 12 molecules per unit cell at 200 K. The triangular point on the
ordinate is the intercept expected from equation (12). The temperature calculated
from the slope is 225K. The linear region and the reasonable agreement of the
intercept with the result from test particle insertions provide an additional check on
the results shown in Figure 7. The f/g plots for 4, 8, and 16 molecules per unit cell ali
show similar or better agreement with the straightforward insertion calculations.

The structure of the intracrystalline fluid was studied by obtaining methane/meth-
ane pair distribution functions from the simulations. Fluid structure in a zeolite is
dictated by both zeolite/sorbate and sorbate/sorbate interactions. The effects of the
zeolite/sorbate interactions were isolated by performing an MD simulation in the
absence of sorbate/sorbate interaction. This run was accomplished by placing 128
molecules in an 8 unit cell simulation box and then “turning off” the methane/
methane potential during the simulation, so that sorbate molecules were completely
decoupled and could literally pass through each other. One can obtain dynamical
information at infinite dilution from such a run by tracking these “ghost” molecules,
instead of following a single molecule in the zeolite crystal. In addition to improving
the statistics for the infinite dilution MD run, this method allows one to calculate a
pair distribution function in the absence of sorbate/sorbate interactions. The result is
shown in Figure 9a. If the sorbate molecules do not interact with each other, it is
expected that they will preferentially locate in the regions of the potential energy
minima within the zeolite pore structure. All structure seen in Figure 9a is thus
induced by the zeolite field. Because the methane molecules do not interact with one
another, many methanes can occupy the same potential minimum at once. This
produces a large peak in the pair distribution function at zero intermolecular separa-
tion. The other peaks are due to sorbate molecules located at different potential
minima. The broad peak around 7.5A corresponds to the distance between the
potential minimum in a straight channel and one in a sinusoidal channel. The peak
around 13 A has contributions from pairs of molecules both of which are in straight
channels, as well as pairs where both molecules are in sinusoidal channels.

In Figures 9b through 9d, pair distribution functions for 4, 8, and 16 molecules per
unit cell are shown in the presence of full sorbate/sorbate interactions. Sorbate/
sorbate interactions superimpose additional structure on top of that observed in
Figure 9a from the zeolite lattice alone. The most significant effect is the peak around
4 ,E This distance is close to the minimum in the methane/methane potential function
(about 4.1 A). This nearest-neighbor peak becomes more prominent as the sorbate
loading is increased. The presence of dimers was also observed by Demontis ez a/. in
their MD studies of methane in silicalite [36]. The spherical shell volumes probed in
the pair distribution function see a highly anisotropic environment; at many angles
the shell volume intersects regions of the pore walls, and no methanes will be seen.
Also, because the pores are so small relative to the size of a methane molecule, a
sorbate molecule located in one of the channels can see at most two neighbors.
Sorbate molecules located in the channel intersections can, of course, see more than
two nearest neighbors, but the channel segments rather than the intersections are
more favorable for methane [6]. As a result, peaks in the orientationally averaged pair
distribution function tend to be rather low. The picture that emerges from Figure 9
is that of an ordered fluid at all occupancies. The structure changes as occupancy
increases, however, as the relative importance of zeolite/sorbate and sorbate/sorbate
interactions changes. This picture complements and is consistent with the singlet
distribution functions obtained in our previous work [5] [6].
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Figure 10  One-dimensional pair distribution function for methane in siticalite at 200 K and 13.3 molecules
per unit cell.

One-dimensional pair distribution functions were also calculated for methane
molecules lying in the straight channel segments. A typical result at high occupancy
is shown in Figure 10. Sorbed molecules were first sorted as being in either the straight
channels, the sinusoidal channels, or the channel intersections. One-dimensional pair
distribution functions for molecules in the straight channel segments between two
intersections were then determined. The separation between sorbate molecules was
taken as the distance projected onto the axis of the straight channels. The anisotropy
in the shell volumes for the radially averaged pair distribution functions due to the
zeolite structure is not present in this one-dimensional representation. The nearest-
neighbor peak is seen very clearly.

In addition to thermodynamic and structural properties, the dynamics of a system
can be obtained from a molecular dynamics simulation. We have compared the
diffusivities obtained from our 200 K MD simulations with the diffusivities predicted
in our earlier work which used a different set of sorbate/sorbate potential parameters
[6]. The predictions are fairly insensitive to the potential parameters, and both
parameter sets reproduce experimental pulsed field gradient NMR measurements
very satisfactorily [37].

Comparison of Computational Efficiency

Comparing the computational efficiencies of GCMC and MD for calculating an
adsorption isotherm is difficult, owing to the rather different nature of the two
simulation techniques. On a graph of chemical potential versus loading such as Figure
7, the error bars for GCMC are horizontal, while the error bars for MD/particle



19: 44 14 January 2011

Downl oaded At:

90 R.Q. SNURR ET AL.

Table 2 Comparison of Simulation Run Times

(N> (N Run Time
(molecules) %G (minutes)

(molecules/unit cell)
GCMC 110.6 + 0.9 92 + 0.1 77.1
MD 128 8 103.1

insertion are vertical. Thus it is difficult to say when a GCMC simulation and an MD
simulation are both long enough to accomplish the same objective. In Table 2
simulation times for GCMC and MD on a Cray X-MP/14 are shown for similar
numbers of molecules and loadings. The GCMC run was sufficient to calculate (N>/V
to within 0.1 molecules per unit cell, while the configurations from the MD were
sufficient to calculate u to within 0.1 kJ/mol with the particle insertion method. The
insertions added about 20 minutes to the time shown for the MD run. The corres-
ponding GCMC calculation with 3 unit cells took 63 minutes to obtain the loading
to within 0.2 molecules per unit cell. The grand canonical ensemble Monte Carlo was
in general at least 30 % faster than the molecular dynamics, but, of course, did not
provide any information on the dynamics of the system.

CONCLUSIONS

We have presented calculations for the prediction of the phase equilibrium behavior
of methane in silicalite. Grand canonical ensemble Monte Carlo and molecular
dynamics with test particle insertions have both been used in conjunction with the
same model system. The two simulation techniques have been shown to be consistent
with each other, the GCMC technique being somewhat faster computationally as a
means of predicting the isotherm. However GCMC does not provide any information
on the dynamics of the sorbate molecules. The particle insertion routine can be easily
added to existing molecular dynamics codes, thus yielding adsorption isotherms for
zeolites in addition to the usual dynamic information obtained from MD studies. The
predicted adsorption isotherms and isosteric heats of adsorption are in reasonable
agreement with experimental measurements. From the GCMC simulations we have
seen that fluctuations in the local density are greatest at intermediate loadings of
sorbate molecules. The intracrystalline fluid has been observed to be an ordered fluid
at all occupancies. At low occupancies zeolite/sorbate interactions produce the main
structural features, but as occupancy increases sorbate/sorbate interactions increa-
singly contribute to the structure of the fluid. One model with a single set of paramet-
ers has been used in this work; the model has been shown to predict correctly both
dynamic and thermodynamic properties.
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