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Molecular dynamics (MD) simulations were performed in order to examine the mechanism of diffusion of guest molecules in 
a cation-free zeolite of type ZR4. The peculiarities of molecular motion are ilhtstrated by the probability distribution of the 
residence times in the large cavities and by the velocity autocorrelation functions in combination with tr&ctoty studies. Depend- 
ing on the potential parameters used the di&sivities may increase or decrease with increasing concentration. The diffusion coef- 
ficients are found to follow an Arrhenius law which is examined for different loadings. 

1. Intruduetion 

Monte Carlo (MC) simulations and molecular 
statistical calculations of molecules adsorbed in zeo- 
lites have been performed since many years (e.g. 
[ 1 ] ). However, molecular dynamics (MD) simula- 
tions - although applied to many fields of statistical 
physics [ 2]- have been used to determine transport 
behaviour in zeolites only since a couple of years, 
starting with a paper by Yashonath, Demontis and 
Klein [ 3 1. In the meantime diffusion coefficients for 
different types of zeolites have been obtained from 
various MD simulations (e.g. [ 4-14 ] ) . The present 
paper is concerned with details of the diffusion 
mechanism including an analysis of the influence of 
the potential parameters on the transport properties 
as reflected, e.g., by the distribution function for the 
residence time of the molecules in the large cavities 
or the concentration dependence of the diffusion 
coefftcients. In particular, the paper is intended to 
explain the different patterns of concentration de- 
pendence as observed experimentally [ 1% 17 ] and 
to predict their occurrence on the basis of microdyn- 
amical considerations. 

2. Model 

We have considered the diffusion of methane mol- 
ecules in a silicon rich model zeolite without cations 
which is similar to the really existing zeolites of the 
type ZK4 for a high silicon-to-aluminium ratio. This 
model is especially appropriate for computer simu- 
lations because of its cubic symmetry and the lack of 
cations. The structure of ZK4 is plotted schemati- 
cally in fig. 1. At the edges one finds eight cuboocta- 
hedra formed by the silicon atoms which are con- 
nected through oxygen bridges. In the center the so- 
called large cavity can be seen which is connected by 
so-called windows to the six neighbouring cavities. 
The absence of cations and the vanishing dipole mo- 
ment of the methane molecule allow us to take into 
account only short range intermolecular forces. Be- 
cause of the nearly spherical shape of the methane 
molecule, the Lennard-Jones (LJ) ( 12,6) potential 

U(r) =44(;$L(;~] (1) 

can be used to describe the methane-methane inter- 
action [ 18 1. For the interaction of methane with the 
lattice atoms we also use LJ potentials as has been 
done in most MD papers dealing with molecular dif- 
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Fig. 1. (a) Structure of the zeolite ZK4: the silicon atoms are 
located at each vertex and the connecting oxygen atoms are at the 
center of each line. The window in front of the picture as well as 
the visible part of the window in the background are indicated by 
heavy lines. (b) Cross section through the oxygen atoms of a 
window between adjacent cavities. 
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Fig. 2. Isopotential lines for a single methane molecule in a large 
cavity of the xeolite ZK4 calculated with the potential parameter 
set A (potential energy in kJ/mol). The energy difference be- 
tween adjacent lines is 2 kJ/mol. 

fusion in zeolites (see e.g. refs. [ 1,5-9,12,19,20] ). 
Figs. 2 and 3 show isopotential lines for a single 

methane molecule in a plane (cut through the center 
of the large cavity and four windows) of the zeolite 
ZK4. The calculations have been performed for two 
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Fig. 3. Same as fig. 2 but calcnlated with the parameter set B. 

different potential models. They are based on the fol- 
lowing sets of parameters: Model A: [ CH4-CH4: 
0=3.817 A, ~~1.232 k.I/mol; CH,-O:o=3.14 A, 
e= 1.5 kJ/mol; CH4-Si:a=2.14 A, e=O.29 kJ/mol] 
from refs. [ 1,2 11. Model B: [as model A but with 
CHrO changed to CT= 3.46 A, ~~0.8 1 kJ/mol]. The 
latter values for the CH4-0 interaction were used in 
ref. [ 19 ] and with a small modification also in refs. 
[ 5-8 ] while in ref. [ 12 ] interaction parameters very 
similar to those of model A were used. Model A which 
is used in the present paper and in refs. [ 9,201 yields 
a mobility of the guest molecules that allows us to ex- 
amine the diffusion mechanism in detail. Unfortu- 
nately the diffision of methane adsorbed in the cat- 
ion-free zeolite of type ZK4 has not been measured 
up to now. 

Because of the relatively high value of the potential 
energy in model A ( = - 1.5 kJ/mol) and in model B 

( = -2.2 kJ/mol) the center of the large cavity is 
practically free of guest molecules except at very high 
loadings. In the vicinity of the wall of the large cavity 
the value of the potential energy is x - 10 kJ/mol in 
model A and % - 8 k.I/mol in model B. Notice that 
for model A deep minima of the potential energy are 
found in the centers of the windows ( x - 15 kJ/mol) 
while in the model B smaller minima ( x - 10 kJ/ 
mol) appear at the inlet of the windows and the po- 
tential energy in the center of the window has a sad- 
dle point ( = - 6.5 kJ/mol) forming a threshold for 
diffusing particles (see fig. 4). 

For a first order treatment of the diffusion mecha- 
nism we assume the zeolite lattice to be rigid. Thus 
we can take into consideration relatively large parti- 
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Fig. 4. The potential energy of a single methane molecule at dif- 
ferent positions along the window axis: (-- -) model A, (-) 
model B. 

cle numbers leading to a relatively high statistical ac- 
curacy which enables us to examine the conse- 
quences even of small variations of the parameters. 
Moreover, in our system relatively large fluctuations 
in the number of particles per large cavity can be ob- 
served (cf. ref. [ 9 ] ) and the probability of artefacts 
connected with the finite size of the system is less than 
for smaller systems. Such large deviations from the 
mean occupation number may possibly be of impor- 
tance for diffusion mechanisms strongly depending 
on the particle number in a given cavity. 

The influence of the lattice vibrations on the abso- 
lute value of the diffusion coefficient cannot be ne- 
glected in general [ 6,7,8,14,22], however, for an in- 
spection of general trends in the ditfusivities it should 
be justified to neglect the vibrations. Moreover, the 
influence of lattice vibrations on the diffusivities ob- 
tained in these papers turns out to be much smaller 
than the influence of uncertainties in the choice of 
interaction parameters as considered in the present 
paper. 

3. MD simulations 

Depending on the loading the basic MD box used 
in our simulations contains between 64 and 343 large 
cavities. The mean occupation number I was varied 
between Z= 1 and Z=7. The total number of guest 
molecules lies between 256 and 448. The usual peri- 
odic boundary conditions are applied. These are 
comparatively high numbers for simulations of 

transport processes in zeolites and yield a high statis- 
tical accuracy (error < 3%) for the desired diffusion 
coefficients. Usually in the literature only 1 to 8 large 
cavities have been considered. Each methane inter- 
acts with 576 lattice atoms. 

To calculate the trajectories of the guest molecules 
we use the velocity version of the Verlet algorithm 
[ 21. The time step is 5 fs. Starting with an arbitrary, 
but relatively homogeneous, configuration, the sys- 
tem evolution is simulated over an equilibration pe- 
riod of 20000 time steps to get a realistic fluctuation 
state. Then the evaluation is carried out during the 
next 150 000 time steps. 

In order to compare the results for different load- 
ings the temperatures for the different runs must be 
well defined. Therefore we have used during the eval- 
uation runs the weak thermalization procedure pro- 
posed by Berendsen et al. [ 23 1. This weak thermali- 
zation algorithm can be adjusted to have no influence 
on the static and dynamic behaviour of the systems 
considered. We have found that already one tenth of 
the strength of thermalization proposed in ref. [ 231 
is sufficient to reproduce the desired mean tempera- 
ture up to f 0.5 K while even the temperature fluc- 
tuations remain practically unaffected. Additional 
tests showed the agreement of the diffusion coeffi- 
cients of runs with and without that thermalization 
within the statistical uncertainty. 

To evaluate the diffusion coefficient we have used 
Einstein’s equation 

( (r-ro)*) =6Dt, (2) 

which is valid for large values of time t. The applica- 
bility of this formula to molecular diffusion in zeo- 
lites has been shown in ref. [ 9 1. 

In practice D is calculated as lim,,, D( t) with 

Id 
D(t)= -- ( (r-ro)2) , 

6 dt (3) 

since the thus defined quantity D(t) approaches its 
final value more rapidly than ( (r-ro)2) /6t. 

4. Results and interpretation 

For the diffusion the exchange of the guest mole- 
cules between the large cavities is decisive. That is 
why we have calculated residence times of molecules 
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in large cavities. To register such exchange events the 
passage of particles through a plane in the middle of 
the window perpendicular to the window axis is ob- 
served. In fig. 5 the probability density of the resi- 
dence time of a methane molecule which has entered 
a large cavity is plotted for a loading of I= 1,3,7 
methane molecules per large cavity at a temperature 
of 300 K. The density is given in arbitrary units be- 
cause very long times cannot be included. All curves 
exhibit characteristic maxima at aO.3 ps and w 1.3 
ps. Assuming an average thermal velocity of the 
methane molecule of about 0.7 nm/ps at 300 K the 
particle is not able to pass the next window in ~0.3 
ps. That means the first peak is due to a reversal of 
the molecule to the former large cavity and gives 
therefore no contribution to the diffusion coefficient. 
Analogously in fig. 6 the probability density of the 
residence time of a methane molecule in a large cav- 
ity is plotted for different temperatures ( T= 200,300, 
500 K) and a loading of I= 3. Figs. 5 and 6 demon- 
strate that the rejection rate during the passage from 
one cavity into the adjacent one as represented by the 
peak at 0.3 ps increases with increasing loading and 
with decreasing temperature. This effect should be 
brought about therefore by collisions with the mole- 
cules in the large cavity which is entered by the mol- 
ecule under study. 

Figs. 7 and 8 show the projections of the trajecto- 
ries of selected methane molecules on a plane through 
the centers of adjacent large cavities. The circles in- 
dicate the positions of the lattice atoms near this plane 
as a help for orientation. It can be seen that for higher 
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Fig. 5. Probability density (in arbitrary units) of the residence 
times of a methane molecule in a large cavity at temperature 
T= 300 K for different loadings I. 
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Fig. 6. Probability density (in arbitrary units) of the residence 
times of a methane molecule in a large cavity for different tem- 
peratures Tat loading I= 3. 

Fig. 7. Trajectory of a sekcted methane molecule at high loading 
(I= 7, T= 300 K). Some lattice atoms are indicated by circles. 

loadings (I= 7, fig. 7) the particle (only one of 28 is 
shown) will be more often pushed back into the for- 
mer large cavity - possibly due to the higher density 
- than in the case of lower loadings (I= 1, fig. 8). 
This corresponds to the increase of the first peak with 
higher loadings in fig. 5. The second peak in fig. 5 is 
obviously due to the passage of the particle which has 
just reached the large cavity considered into the next 
one through another window and is therefore of im- 
portance for the diffusion. While diffusion at higher 
loadings is especially restricted by the reversal of the 
particle into the former large cavity it seems to be dif- 
ficult for a particle at lower loadings to get from one 
to another large cavity at all. One may say that the 
presence of other particles helps a given particle to 
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Fig. 8. Trajectory of a selected methane molecule at low loading 
(I= 1, T= 300 K). Some lattice atoms are indicated by circles. 
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Fig. 9. Velocity autocorrelation function (VACF) for different 
loadings I at T= 300 K. 

find the inlet into the window. We assume this effect 
to be responsible for the pattern of loading depen- 
dence especially in the case of narrow windows, e.g. 
in the case of model B. 

Figs. 9 and 10 show the velocity autocorrelation 
function (VACF) and its Fourier transform for dif- 
ferent loadings. It should be noted that the velocity 
autocorrelation functions have local minima near 
~~0.3 ps which appear at the same time as the first 
peaks of fig. 5. Because each reversal of the particle 
velocity gives a negative contribution to the VACF, 
higher first peaks in fig. 5 should correspond with 
lower local minima in lig. 9. The Fourier transform 
calculated has an analogous behaviour (fig. 10 ) . 

Fig. 11 shows values for the diffusion coefficient in 
dependence on the loading for different tempera- 
tures calculated with parameter set A. It is found that 
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Fig. 10. Fourier transform of the VACF for different loadings I 
at T= 300 K. 
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Fig. 1 I. Values for the diffusion coefftcient in dependence on the 
loading with the temperature as a parameter (calculated with the 
parameter set A). 

the diffusion coefficients decrease with increasing 
loading. This tendency is reversed with decreasing 
window diameter, e.g. for the parameter set of model 
B. This is illustrated in fig. 12 by comparing the dif- 
fusivities obtained at the temperature T= 300 K for 
two different loadings with the parameter o of the 
CH4-0 interaction varied within the range used in 
the literature [ 1 ,5-9,12,19-201. 

Comparing the curves for low (I= 1) and high 
loadings (I= 6) it can be seen that for large windows 
(a;~ 3.25 A) the diffusion coefficient will decrease 
with increasing loading while it will increase with in- 
creasing loading for smaller windows (a? 3.25 A). 
This behaviour corresponds to the measured concen- 
tration dependence of the self-diffusion coefficient of 
methane in NaCaA zeolites [ 15,161. Moreover, the 
absolute values of the diffusivities experimentally 
determined for NaCaA ( 4 x 1 O- lo and 8 x 1 O- lo m*/ 
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Fig. 12. Values for the diffusion coefftcient D (in lo- to ms/s) at 
300 K in dependence on the value of u- (in A) for I= 1 and 
I= 6 methane molecules per large cavity. 

Table 1 
Dependence of D (in lo-” m2/s) on the parameter e (in kJ/ 
mol) of the methane lattice-oxygen interaction at 300 K 
(uo,=3.14A) 

t I D 

3.0 1 79.0 
1.5 1 109.7 
0.75 1 105.7 
3.0 6 37.5 
1.5 6 77.8 
0.75 6 87.3 

s for 1 and 3 molecules per large cavity at 293 K [ 161) 
are in better agreement with the results of the present 
MD calculations for ZK4 using a larger parameter 
acn,_o. However, because of the presence of electric 
charges the polarization interaction will lead to a dif- 
ferent mechanism of the diffusion in NaCaA so that 
conclusions from ZK4 with regard to this zeolite are 
by no means straightforward. Calculations for the 
NaCaA zeolite are the object of a forthcoming paper. 
Our calculations show that a variation of the param- 
eter ocn,_o, which is connected with a variation of 
the diameter of the windows between adjacent cavi- 
ties (see fig. 1 ), very sensitively affects the value of 
the diffusion coeffkient. By contrast, there is only a 
small influence of the potential parameter t on the 
diffusion as shown in table 1. 

Replacing the CHrCH4 W ( 12,6) potential by a 
LJ (20,6) potential as used in refs. [ 5-81, leads to 
higher values of the diffusion coefficient (cf. table 2). 

Fig. 13 gives a summary of interaction potentials 

Table 2 
Dependence of D (in 1 O- ” mx/s) on the form of the CH&H, 
Lemtard-Jones interaction potential at 300 K. Comparison for 
model A and the LJ (20,6) potential used by Demontis et al. [ 5- 
81 for a loading I of 1 and 6 methane molecules per large cavity 

U(20,6) I Model A 

113.9 1 109.7 
82.9 6 77.8 
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Fig. 13. Some LJ potentials for the CHa-O interaction as used in 
the literature. 

between CH4 and 0 used in the literature 
[ 1,5,12,19,9,24]. In view of the substantial differ- 
ences, it is a significant result of the present study that 
in the case of methane adsorbed in ZK4 it is the pa- 
rameter ocn& rather then the parameter e or the 
shape of the potential curve or even the influence of 
the lattice vibrations, which decisively affects the dif- 
fusion properties. The simulation results are found to 
be in satisfactory agreement with an Arrhenius law of 
the form 

DU, T) =DoU) ew (4) 

In fig. 14 the results of fig. 11 are given as an 
Arrhenius plot. One finds straight lines in a very good 
approximation. Thus the validity of the Arrhenius law 
is confirmed in this case. This is not trivial because 
evaluations with other potential fields (correspond- 
ing to other zeolites) showed deviations from the 
Arrhenius law [ 25 1. It should be noted that Do slightly 
increases with the loading so that at very high tem- 
peratures where the exponential factor is practically 
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Fig. 14. Dependence of the logarithm of D (in m*/s) as a func- 
tion of the reciprocal absolute temperature (in l/K) (Arrhenius 
plot). 

Table 3 
Influence of the silicon atoms on the diffusion coefficient D (in 
lo-r0 m*/s) at different temperatures T (in K) and for different 
values of the number I of methane molecules per large cavity 

I T With Si Without Si 

1 200 76 80 
6 200 43 44 
1 300 107 111 
3 300 98 102 
6 300 78 75 
1 500 140 137 
6 500 123 119 

equal to one one might find an increase of D with the 
loading even for model A. 

In table 3 the values of D for simulations with and 
without interactions between methane and silicon are 
compared. It can be seen that the influence of the sil- 
icon atoms on the diffusion is very small. In corre- 
spondence with this finding, most authors do in fact 
neglect this interaction to save computer time. 

5. Conclusions 

The passage of the guest molecules trough the win- 
dow between adjacent large cavities is decisive for the 
diffusion processes. In the zeolite ZK4 in which the 
window diameter is comparable to the size of meth- 
ane molecules and electric charges can be neglected, 
passages of the methane molecules from one large 
cavity to an adjacent one are apparently governed by 

two effects. Firstly, a given methane molecule enters 
a window more frequently at high loading when other 
methane molecules form a kind of cage around the 
window inlet. Secondly, after passing trough a win- 
dow methane molecules are sometimes pushed back 
into the former large cavity. This effect which de- 
creases the diffusivity is important particularly at high 
loadings. Variations of the window diameter show 
that the diffusion coefficient increases with increas- 
ing loading for small window diameters while the op- 
posite is already true for somewhat larger diameters. 
This corresponds to an increasing importance of the 
first one of the two effects mentioned (that increases 
the diffusivity ) for narrow windows. Additionally, it 
could be shown that the different sets of parameters 
for the lattice-guest interaction given in the litera- 
ture lead to differences in the diffusion coefficients 
of nearly two orders of magnitude because this quan- 
tity is very sensitive with respect to the window di- 
ameter in the case of ZK4. 
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