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CATION DISTRIBUTION IN FAUJASITE-TYPE
ZEOLITES: A TEST OF SEMI-EMPIRICAL
FORCE FIELDS FOR NA CATIONS

SEVERINE BUTTEFEY, ANNE BOUTIN and ALAIN H. FUCHS*

Laboratoire de Chimie Physique, UMR 8000 CNRS, Université Paris-Sud, 91405 Orsay,
France

(Received April 2001; In final form May 2001)

(N,V,T) Monte Carlo (MC) simulations have been performed in order to test three available force
fields for sodium cations in faujasite-type zeolites. A rigid framework faujasite model, using an
average T atom scheme and the cation force field proposed by [Jaramillo, E. and Auerbach, S.M. J.
Phys. Chem. 103 (1999) 9589] was found to reproduce quite well the experimentally observed cation
location in NaY and could thus be used in future works for predicting cation distributions and possible
cation migration upon adsorption in faujasites.
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INTRODUCTION

Understanding the factors that control separation properties in zeolites requires a
detailed knowledge of the structure of the host materials. In aluminosilicate
zeolites the presence of aluminum atoms introduces charge defects, which are
compensated with some non-framework cations (sodium, potassium, barium,
etc.). Zeolites are characterized by the fact that the number of crystallographic
cation sites observed in the structure usually exceeds the number of cations
needed to ensure electroneutrality of the material. The need exists for a method
that could predict the way the extraframework cations are distributed among the
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available sites, since this is known to play a crucial role on the adsorption and
transport behavior of guest species in the host framework. Migration of cations
into the aluminosilicate framework is also suspected to occur upon adsorption of
water and other highly polar molecules. To perform computer simulations one
needs a reliable, yet simple, potential for the cation-framework interaction. We
have tested here three available force fields for sodium in faujasite-type zeolites,
using (NVT) Monte Carlo (MC) simulations. One of these models was found to
reproduce quite well the experimentally observed-cation location and could thus
be used in future work for predicting cation distribution and mobility data in
faujasites.

A substantial number of experimental [1], theoretical [2—5] and computational
[6—10] studies have examined the cation distribution in the industrially important
faujasite-type zeolites. NaX and NaY are distinguished by their Si:Al ratio
[Si: Al(X) < 1.5, Si: Al(Y) > 1.5]. Cations can occupy different types of sites
in faujasite (Fig. 1). Sites I are located in the hexagonal prism, which connects
sodalite cages. Sites I are inside the sodalite cage facing site I. Sites IT are in front
of the 6-rings inside the supercage. Sites III are also in the supercage, near the 4-
rings of the sodalite cage. Site I has a multiplicity of 16 per unit cell, sites I and 1T
have a multiplicity of 32 and site III of 64 per unit cell. Some cations have also been
found (in the case of NaX) in the 12-ring window [9,11]. These are called sites IIT".
Sites III and IIT" are believed to be of higher potential energy than sites I, I’ and II.
Atlow occupancy (Si : Al = 2) cations are known to occupy sites I, I and II only.

FIGURE 1 Schematic view of a faujasite supercage.
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TABLE I Cation distributions observed in NaY (experiments in bold, simulations in italic)

Experiments/Simulation

Si/Al ratio Cation number/unit cell Reference
1 I V4 Other site
2.7 52 9.3 13.7 253 35 [17]
2.55 54 7.04 13.76 29.44 3.76 [22]
2.5 55 4.0 17.6 32.0 1.4 [14]
2.4 56 7 17 25 7 [10]
2.35 57 8.0 18.88 30.08 0.04 [13]
2.3 58 7.1 18.6 322 - [15]

Even in prototypical systems such as dehydrated NaX [9,11,12] or NaY [13—
17] the precise location of some of the cations remains uncertain (see Table 1),
even though diffraction methods have greatly improved in the past few years.
This is particularly true for cations occupying low-symmetry sites with low
occupancy factors. The variety of cation positions reported in the literature for the
same systems might also arise from genuine differences among the samples [9]
(inhomogeneous aluminum distribution in an overall identical nominal
composition, small amount of residual water molecules in the sample). Although
theory and computer simulations have helped in corroborating the experimental
findings, a general understanding of cation occupancy in faujasite, taking into
account the nature of the cation and the Si:Al ratio, is still lacking.

The remainder of the paper is organized as follows. In “Computational
methodology section” we discuss the computational methodology and describe
the cation force field models that we have tested in this work. In “Results and
discussion section” we present the results of the MC simulations for NaY (having
an Si:Al ratio of 3), and the comparison with available experiments. Concluding
remarks are given in “Conclusion section”.

COMPUTATIONAL METHODOLOGY

We have used a simple structural model in which the framework atoms are fixed
and only the cations are allowed to move. Several MC simulations with a fixed
number of cations have been performed. Long enough MC runs enable, in
principle, to perform a proper averaging of the different instantaneous cation
arrangements; thus allowing a direct comparison between the simulation
averaged quantity and the corresponding experimental observable. In
aluminosilicate zeolites however the thermodynamic averaging problem is
getting somewhat more complicated because of the existence of two tetrahedrally
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coordinated atoms (T atom: Si or Al) in the framework. In all but the Si : Al =1
case, aluminum atoms will be asymmetrically arranged in the simulation box
(one unit cell in our case). The use of periodic boundary conditions leads to a
replication of this arrangement in all three directions of space. This is unphysical,
since in a real crystal the asymmetry would be averaged over space. Thus, in
order to compute a reliable quantity in thermodynamic limit, one would also have
to perform an average over a large number of different aluminum atom
arrangements in the simulation cell. This double averaging (over cation and
aluminum atom arrangements) is a tedious task. A way to overcome this problem
is to consider a unique average T atom in the simulations. This has been done
quite often in previous studies of adsorption in zeolites [18—20], and we have
used this assumption again here. By doing this we are aware that our model will
miss some of the details of the cation-framework interaction.

Faujasite Model

The framework structure of dehydrated faujasite was taken from the experimental
neutron diffraction studies of Fitch et al. [15]. The crystalline structure is
described in the Fd3m space group and the cubic lattice parameter is 24.8536 A.
The structural parameters of the model are given in Table II. One unit cell of
faujasite was used as the simulation box, with periodic boundary conditions in all
three directions. Most of the simulations were performed with Si: Al = 3, the
corresponding number of sodium cations per unit cell being 48 (this we call the
NaygYsystem). Some simulations have also been carried out in a NassYmodel
(Si: Al = 2.4). Partial charges on the oxygen and T atoms have been taken from
the work of Mortier and coworkers [21], using the electronegativity equalization
method. We assigned gy, = +1.

TABLE II Framework structure of dehydrated faujasite obtained by neutron diffraction
experiments[15]

Atom Position xla yla Zla

Si/Al 192i —0.0543 0.0354 0.1247
Oo(1) 96h 0 —0.1061 0.1061
0(2) 96h —0.0021 —0.0021 0.1418
0(3) 96h —0.1764 0.1764 —0.0335
O4) 96h 0.1786 0.1786 0.3182
Na(II) 32e 0.2345 0.2345 0.2345
Na(T') 32e 0.0507 0.0507 0.0507

Na(I) 16¢ 0 0 0
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Cation Force Fields

The total potential energy U of the system is calculated as a sum of a cation-
framework (CF) term and a cation—cation (CC) term:

U=Ucr+ Ucc (1)

Three different force fields have been proposed in the literature. Jaramillo and
Auerbach (JA) [10] have used the following form for Ucg:

6

cco qcqr

Ug = aco exp(—bcorco) — (—> + (2)
C,FZ: rco c,FeT,d’CF

in which an exp-6 repulsion—dispersion term acts between the cations (C) and the
oxygen (O) atoms of the framework, and a coulombic term acts between the
cations and all the framework atoms. The cation-T atom repulsion—dispersion
interaction is not taken into account here. The JA sodium—oxygen a, b and ¢
parameter values are given in Table III. In the JA potential, the cation—cation
energy Ucc contains a coulombic term only:

qcqc

JA _
UCC -
c.C rec

3

Henson et al. [23]and Bandyopadhyay and Yashonath (BY) [24] have
proposed a Lennard—Jones form to model the repulsion—dispersion terms in Ucg

‘ by o
Ugle:nson,Ms _ Z _ 48co< 6co _ 1C20> + ZQCCIF (4)
CF=0 fco  Tco/ cfFer,dCF

TABLE III Parameter values for the JA [10], Henson et al. [23] and BY [24] cation force field
models

Model of potential Potential Parameters
6
JA[10] agexp(=byry) — % dona = 61 X 10°K, bona = 4.05A71,
v on | Cona=T6.52K°A .
Henson ef al. [23] —4s;; (—6 - —) Onava = 1.29 A, 0ona = 1.78 A enana = 8186.5K,
o o2 EONa — 19493DK R
BY [24] —dg; (—g - y—f> ONana = 3.26 A, ona = 3.025 A, enana = 107K,

EONa — 47.6 K
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In both Henson and BY force fields Ucc contains coulombic as well as
Lennard—Jones terms

12
UHensnn,BY _ —4 0-6CC/ _ Oco qcqc 5
cC - ecc 6 12 + ( )
cc cc r'cor cC reo

The Henson and BY o and € parameter values for the sodium—oxygen and
sodium—sodium interactions are given in Table III.

The repulsion—dispersion part of the sodium—oxygen interaction is sketched
in Fig. 2 for each force field model. The Henson et al.’s force field is
characterized by a deep potential minimum and a small cation radius. The BY
potential displays a very shallow minimum and a large cation radius. The JA
potential lies in between the Henson and the BY cases.

In all cases, Ewald sums were used to calculate the long range coulombic
terms. The Ewald parameter o was equal to 0.1 9A ! and the k vectors were such
that k € [—3,3].

3000 E T \ T T T T
: \
\
\ — JA[10]
\ - Henson et al [23]
2000 ‘\ ——- BY [24] :
[
= L
£ 1000 -
g |
2
&
.S r
g o
g
=1
-1000 | )
-2000 e ! ! :
1.4 1.8 2.2 2.6 3 34 3.8

Sodium-Oxygen distance / A

FIGURE 2 Repulsion—dispersion part of the sodium—oxygen interaction for the JA [10], Henson
et al. [23] and BY [24] force field models.
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Monte Carlo Simulations

Several NVT simulations were performed (7' = 298 K, or otherwise mentioned).
Random translational displacement of cations were adjusted so to obtain an
acceptance rate of ~50% (maximum displacement of 0.3 A). Equilibrium was
typically reached after 10° moves. A further 10° production steps were performed
to average quantities.

Metastable cation distributions have been obtained in the simulations.
Depending on the initial configuration, standard NVT simulation at 7 = 298 K
will or will not converge spontaneously, in a finite MC run, to the most stable
configuration. This kind of problem is often encountered in the simulation of
particles with strong ( > KT') interaction energy. This is why a standard MC
simulated annealing procedure was used to search for the global minimum,
starting from configurations at high temperature (1500K) and progressively
cooling down the system to 298 K. Each cation distribution annealing consisted
of at least 100 independent energy minimization.

RESULTS AND DISCUSSION

The distance distributions between the cation locations observed in the
simulations of NaygY, using the JA force field, and the known crystallographic
sites I, ' and II are shown in Fig. 3A. In the most stable distribution, a full
occupancy of sites I (16 cations) and II (32 cations) was found. As seen in Figs.
3Aa and 3Ac, the observed average locations in the simulation closely correspond
to the experimental crystallographic sites I and II [15]. Cations were found not to
occupy sites I’ in this system (the peak observed in Fig. 3Ab corresponds to the
cations in site I). In the NasqY system, a partial occupancy of sites I and I' was
found (Fig. 3B). As seen in Fig. 3Bc, the average cation location found in the
simulation agrees rather well with the crystallographic site I'. We report in Table
IV several computed interatomic average distances. Computed and experimental
data are in fair agreement, although the JA potential slightly underestimates the
sodium—oxygen distances. It should be pointed out that the potential used here is
not strictly equivalent to JA’s since we are using an average T-atom while JA have
distinguished Si and Al atoms in their molecular dynamics simulation [10]. Thus
the partial charges borne by the framework atoms are slightly different from one
work to the other. We will show, in the second part of this work, that the initial and
modified JA forcefields yield much the same results for cation location in NaY
[28].



18:41 14 January 2011

Downl oaded At:

1056

S. BUTTEFEY et al.

A) Na,Y B) Na, Y
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FIGURE 3 Computed distance distributions between the observed cation locations and the known

crystallographic sites I, I' and II in NaygX (A) and NaseX (B) using the JA [10] cation force field.




18:41 14 January 2011

Downl oaded At:

FORCE FIELDS FOR NA CATIONS 1057

The distance distributions in the NasgY model using Henson et al.’s cation
force field are shown in Fig. 4. Sixteen cations occupy a site which is located in
between site I and site I’ in the sodalite cage (1.5 A away from site I and 0.7A
away from site I'). 32 cations are found in a site which is 02A away from the
crystallographic site II. The agreement between computed and experimental
interatomic distances (Table IV) is also less satisfactory than in the case of the JA
potential.

Simulating the NasgY model system using the BY cation potential is rather
more complicated since the energy barrier separating the sites I and T is
insurmountable in a finite MC time scale. This is due to the unphysical size of the
sodium cation used in the BY potential. Thus, two types of distance distributions
(shown in Fig. 5A and 5B ) are found, depending on the initial cation distribution.
The most stable configuration corresponds to the distributions shown in Fig. SA.
This distribution is very similar to the one described above in the case of the JA
force field. The situation in which the cations in sites I’ are unable to escape from
the sodalite cage through an hexagonal ring corresponds to the distribution shown
in Fig. 5B. Two pseudo-I' sites are found in this latter case. Many other
metastable distributions can be found in which the cations are partially occupying
sites T and pseudo sites T'.

CONCLUSION

From the results presented above we conclude that a simple, rigid framework
faujasite model, using an average T atom scheme and the cation force field
proposed by Jaramillo and Auerbach [10] enables to reproduce quite well the
experimentally observed cation locations in NaY.

The Henson et al.’s cation force field yields to less satisfactory results and the
BY force field suffers from an unphysical sodium cation size. It is interesting to

TABLE IV Interatomic distances obtained in this work as compared to experimental and to other
simulation results

R This work Experiments
Distance (A) Simulation
JA Henson BY [10] [13] [15] [25] [26] [27]
Na(I)-O 2.4 - 2.6 2.11-2.29 2.71 2.71 2.71 2.71 2.3
Na(I)-O 22 2.0 2.3 2.07-2.27 2.44 224 232 225
Na(Il)-O 23 2.1 25 2.15-2.36 2.33 2.39 234 239

Na(I')-Na(l) 22 - 2.6 1.73-1.84 2.61 2.18 2.42 1.58
Na(I')—Na(II) 4.6 4.1 45 4.21-4.63 4.48
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FIGURE 4 Computed distance distributions between the observed cation locations and the known
crystallographic sites I, I and II in NaygX using Henson ef al.’s cation force field [23].
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FIGURE 5 Computed distance distributions between the observed cation locations and the known
crystallographic sites I, I' and II in NaygX using the BY cation force field [24]. (A) Distributions
obtained when starting from cations placed in sites I and II. (B) Distributions obtained when starting
from cations placed in sites I' and II.
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point out, however, that interatomic distances are fairly well reproduced in all
cases (Table IV), although the repulsion—dispersion part of the Na—O interaction
is strikingly different from one potential to the other (Fig. 2). This is presumably
due to the fact that the cation distribution and location is dominated by the
coulombic interactions.

In the second part of this work [28] Monte Carlo simulation of cation
distributions have been performed in NaY and NaX, using the zeolite model
described above together with the JA cation force field. The aim is to be able to
predict cation distributions in dehydrated NaY and NaX whatever the Si:Al ratio
is.
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