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Abstract 

Diffusion of methane in LTA type zeolites has been calculated from molecular dynamics simulations. Taking into 
account the polarization interaction of the exchangeable cations in the zeolite NaCaA with the methane molecules, the 
self-diffusion coefficients in NaCaA decrease by one order of magnitude in comparison with its cation-free analogue ZK4. 
The order of magnitude of the calculated values is in agreement with NMR data. 

1. Introduction 

Owing to their well-defined structure, zeolites 
play an important role in the understanding of the 
elementary processes of molecular transportation in 
porous media [1,2]. In addition, in view of their 
widespread applications as cation exchangers, cata- 
lysts and molecular sieves as well as their great 
potential as host frameworks for advanced materials, 
zeolites are also of substantial interest from a practi- 
cal point of view [3]. Molecular dynamics (MD) 
simulations [4,5] are a valuable tool for supplement- 
ing experimental methods in the detailed understand- 
ing of diffusion processes of guest molecules in 
zeolites. The self-diffusion of guest molecules in 
different rigid and flexible zeolites has been investi- 
gated by several groups of scientists (see Ref. [3] and 

references therein). Some work has also been carried 
out on transport diffusivities [6,7]. 

A remarkable influence of the polarization inter- 
action on the diffusion of unsaturated hydrocarbons 
in zeolites has been found experimentally by both 
nuclear magnetic relaxation [8,9] and pulsed field 
gradient (PFG) NMR diffusion studies with zeolites 
NaY and NaX. For saturated hydrocarbons, the pres- 
ence of the sodium ions was found to be of negligi- 
ble influence on the molecular mobilities [1] (pp. 
451, 452). It has therefore been assumed for a long 
time that the polarization interaction is of minor 
importance in the diffusion of saturated alkanes in 
zeolites [2]. To examine this influence, MD simula- 
tions have been carried out including the polarization 
interaction. First MD results [10,11] that showed a 
remarkable influence of this interaction on diffusion 
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initiated further PFG NMR studies including zeolites 
containing bivalent cations. In this case, an influence 
of the polarization interaction on the diffusion has 
been found indeed for both methane and n-hexane 
[12]. 

This Letter presents a systematic MD study of the 
influence of the polarization interaction on the 
molecular motion of methane in zeolite NaCaA. 

2. Model 

2.1. Potential 

Previous MD investigations of methane in a 
cation-free model zeolite of type LTA (see e.g. Refs. 
[10,11,13] and references therein) were carried out to 
contribute to a better understanding of the rate-de- 
termining mechanisms of molecular diffusion. 

In particular, a microdynamic explanation of the 
remarkable increase in diffusivities with increasing 
concentrations as observed experimentally for paraf- 
fins and also for small alkanes such as methane in 
zeolite NaCaA [14] was expected. Such an increase 
could be simulated by choosing the largest Lennard- 
Jones distance o" from the different values used in 
the literature [15] for the interaction between the 
methane molecules and the oxygen atoms of the 
zeolite framework. However, the absolute values of 
the diffusivities in the simulations with the model 
zeolite - except for unrealistically large values of o- 
- were notably larger than the diffusivity measured 
in NaCaA. Including the cations in the present MD 
study the molecular diffusion is considered in a more 
real zeolite of type NaCaA. It shall be clarified, in 
particular, whether by including the polarization in- 
teraction both the absolute values and the concentra- 
tion dependences as obtained by the PFG NMR 
studies are better reflected in the MD simulations. 

The Ca 2+ and Na ÷ cations in NaCaA are situated 
near to the center of the hexagonal faces in Fig. 1, 
which means at sites far away from the windows. 
Thus, the pure geometrical hindrance of the motion 
of the guest molecules by the cations is expected to 
be small. Fig. 2 shows the influence of the polariza- 
tion interaction on the potential in NaCaA. In both 
potential maps the cations are present, but in the 

Fig. 1, (a) Geometry of the zeolites of type LTA. T atoms (AI, Si) 
are located at each vertex and 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. 

lower one the electric charges are put equal to zero 
so that the polarization interaction vanishes. 

The considered zeolites NaCaA and ZK4 have a 
simple cubic structure [16]. The edge length of the 
unit cell is 24.6 ,~ and it contains eight so-called et 
cages. Since methane does not possess a permanent 
dipole moment, only short-range intermolecular 
forces must be taken into account in the case of the 
cation-free model zeolite ZK4 [15]. For NaCaA, 
polarization interaction must be considered addition- 
ally due to the cations [10,11]. The mutual interac- 
tion of the induced dipole moments of the methane 
molecules has  been neglected in this Letter as a 
second-order effect. 

Following the common use for systems with po- 
larization interaction, the Lennard-Jones parts of the 
interaction potentials are given in the form 

Aij  Bij 
Uij r~  + r] 2"  (1) 



S. Fritzsche et al. / Chemical Physics Letters 242 (1995) 361-366 363 

Fig. 2. Potential energy maps of a single methane molecule in the 
zeolite in a plane containing the center of a large cavity and four 
windows. (a) Zeolite NaCaA, (b) also NaCaA but the cations are 
treated as LI particles without electric charge. 

For the CH4-CH 4 and CH4-O interaction this nota- 
tion may be transferred without any complication 
into the common form of a Lennard-Jones potential, 

] [\ riJ / ~ (2) 

with the understanding that the parameters cr/j are a 
measure of the particle sizes. For the methane-ca- 

tion interaction the parameters Ai j  a n d  Bij are gen- 
erally introduced by involving the polarization inter- 
action. In Ref. [17], for example, after obtaining Aij 
from the Kirkwood-Miiller formula [18], Bij is cho- 
sen so that for a methane molecule approaching the 
single cation the potential minimum will appear at a 
distance which is the arithmetic mean of the van der 
Waals radii of methane and the cation. Hence, o- and 

in Eq. (2) are meaningless for this interaction 
unless the polarization interaction is also taken into 
account. 

The procedure of Ref. [17] is somewhat problem- 
atic since the polarization interaction cannot be split 
into pair contributions. However, since the cations 
are not situated in the vicinity of the windows their 
geometrical size is not very important for the diffu- 
sion. Therefore, we adopted from Ref. [17] not only 
the values of the polarizabilities and magnetic sus- 
ceptibilities but also the procedure for calculating 
Aij and Bij. In Ref. [17] these quantities are calcu- 
lated both using the Kirkwood-Miiller and the 
Slater-Kirkwood formula. Since the results are 
slightly different, in Ref. [17] the arithmetic mean of 
the two results is used. We preferred to use here only 
the results following from the Kirkwood Miiller for- 
mula. The values used in the present simulations are 
given in Table 1. The interaction of CH 4 with alu- 
minum and silicon is neglected. For the CH4-O 
interaction, two different parameter sets are taken 
into account which are widely used in the literature 
[15]. Set A leads to larger windows. Thus, simula- 
tions are performed with parameter sets A and B. 
The parameters for the CH4-Ca and the CHa-Na 
interactions are the same in both parameter sets. The 
important interaction CH4-O has been calculated 
also with the data for polarizibilities etc. They were 
taken from Ref. [19] in the case of parameter set A 
and from Ref. [17] in the case of parameter set B. 

The CH4-CH 4 interaction is also the same in 
both parameter sets. The values are Aij--- 1.5241 × 

Table 1 
Lennard-Jones parameter for the interaction 

CH4-O, set A CH4-O, set B CH4-Na CH4-Ca 

Aij (103 ,~6 kJ/mol)  5.91 5.34 0.895 2.41 

Bi.i (106 ~12 kJ/mol)  6.19 8.75 9.49 3.81 
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10 4 .~k 6 kJ/mol  and Bq = 4.7134 × 107 .~k 12 kJ/mol.  
They were calculated from second virial coefficients 
[20]. 

The force resulting from the polarization interac- 
tion on a methane molecule at position r is 

F~(r) = a E ( r )  . VE(r ) .  (3) 

¢~ is the polarizability of the methane molecule. 
Since both E(r) and the tensor VE(r) include sum- 
mations over all cations, Eq. (3) contains cross terms 
and cannot be split into a sum of pair contributions. 
With r i being the distance from the site r to the ith 
cation, the electric field at site r is given by 

E(r)  = E E ( r i ) ,  E(ri)  = qi 7 r i .  (4) 
i ri 

According to Ewald's summation method [4,5], each 
summand E(r i) can be split into 

E(ri) = Es(r i)  + E,( ri) , 
qi 

Es( r i )  = 3~( r)~i3 ri, 

qi 
E, ( r i )  = [1 - 7 ( r ) ] - ~ 3 r i .  (5)  

The so-called screening factor y ( r )  is chosen to be 
equal to 1 for short distances and to decay to zero for 
large ones. Es(r i) is a short-range interaction that 
corresponds to the true interaction in the vicinity of 
the cation i. This part of the interaction is treated 
like other short-range interactions in the system. For 
the long-range part El(r i) a Fourier expansion is 
usually carried out. Commonly, the screening factor 
is chosen to be the error function 

2 = 
T ( r )  = erfc(7/r) = --~5-~fnreXp(-p2 ) dp. (6) 

The parameter 7/ must be chosen so that the short- 
range part Es(r i) is negligible for distances r i larger 
than or equal to half the MD box length. By using 

, ~ l ( r  ) = ~ 2 ( ~ 2 _ 2 )  -4- 1,  ( 7 )  

with ~ = r / r  c we have introduced a different screen- 
ing factor T1- In comparison with 7(r) ,  the thus 
defined factor 71(r) remains close to 1 for larger 
distances, and decays more rapidly afterwards, as 
demonstrated by Fig. 3. It becomes zero at the 
cut-off distance r c and this value is also used for 

1.0 -.,..~. , , , . . . . .  , T 

" "'" . . . .  71(0 0.8 ., \ 
".... ",,,, ........ ~t(r) 

0.6 ,.. x.\ 

0.4 ', "\ 
' ,  ' \ . \  

" \  

0.2 ",,... \ \ . \ \  
"-.. " x  

, 7" - ' - -~  ....... ":.'--~ 0 i i i i i L i i 

0 5 10 

r i n ~  

Fig. 3. Comparison of the two screening factors T and T1. 

r i > r  e . r c can be put equal to half the MD box 
length. It was confirmed by test calculations, that by 
using this screening factor 71(r) in the case of 
NaCaA the long-range part can be neglected, so that 

E( re )  = "~l(r) ~3ri (8) 

is a good approximation. Thus, the Fourier expan- 
sion of the long-range part which would be expen- 
sive computationaUy, turns out not to be necessary in 
this case. 

2.2. Simulation 

The velocity Verlet algorithm [4,5] is employed to 
integrate the Newtonian equations for the diffusing 
particles. Each simulation run has a length of 
2500000 steps, the time increment per step being 
10 -14 S. The calculations were performed on the 
CRAY-Y-MP of the Hfchstleistungsrechenzentrum 
Jiilich and partially on the C90 of the San Diego 
Supercomputer center. 

Table 2 
Self-diffusivities D (in 10-11 m2/s )  for different types of zeolite 
LTA at 173 K as a function of the number of molecules per cavity 
(I) 

I NaCaA, A NaCaA, B ZK4, A 

5 62.2 1.22 410 
6 49.0 0.64 340 
7 55.2 9.60 250 
8 92.3 34.9 182 
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ably higher D values than in the case of rigid lattice 
simulations. Thus, further investigations including 
both lattice vibrations and polarization interaction 
are necessary [22]. 

It follows from Fig. 5 that the statistics of the D 
values are poor in the case of NaCaA with parameter 
set B. This is a consequence of the low diffusivities 
which require extremly long calculations. Thus, even 
runs of more than 10 h of CPU time on the C90 per 
data point turned out not to be sufficient for gaining 
better accuracy. 

t 
Fig. 4. Self-diffusivities D (in m2/s)  obtained from the different 
moments of the displacement as a function of time. The time is 
given in ps. The loading is 7 methane molecules per cavity and 
the temperature in 173 K. Parameter set B is used. 

3. Results and discussion 

Table 2 gives a summary of the diffusivities 
deduced from the simulation runs. Fig. 5 compares 
the data with the results of PFG NMR measurements 
[14] as well as with the results of simulations of 
methane in ZK4 at 173 K [15]. The results from 
parameter set A at loadings higher than five guest 
molecules per cavity show good agreement with the 
experimental data. 

It should be noticed, however, that it has been 
shown in Refs. [13,21] that for ZK4 in the case of 
parameter set B and at high temperatures, simula- 
tions including the lattice vibrations lead to consider- 
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