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Abstract

A new grid-based algorithm developed at Molecular Simulations, and molecular dynamics method have been applied to
modeling the locations of non-framework species in zeolites. This new method locates the energy minima for various
frameworks and populates these sites with the non-framework species. The cation locations were predicted in dehydrated
zeolite adsorbents and catalysts, such as NaggX, CaygX, mixed cation zeolite 3A (KgoNazgA), and Cu-mordenite (Si/Al=5.0)
using only well-known framework structure models. Furthermore, the locations of benzene molecules in a supercage of zeolite
CaygX were correctly predicted via the application of the Monte Carlo docking and molecular dynamics methods.

These examples demonstrate that when the framework type is known, the new technique can provide a realistic initial
structure input for the challenging task of solving crystal structures of zeolites containing non-framework species. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

The nature and location of the non-framework
species define ion-exchange, sorptive and catalytic
properties of zeolites and molecular sieves. The
experimental location of non-framework species by
diffraction techniques is complicated by the polycrys-
talline nature of the zeolite phases and often low
symmetry and occupancy of non-framework crystal-
lographic sites [1,2]. Molecular modeling methods are
becoming increasingly useful as an aide to the inter-
pretation of experimental data, especially when only a
fraction of the non-framework species can be located
in the experiment. Previous approaches employed
simple site-filling or statistical thermodynamical
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models to obtain relative site energies in various
cation-exchanged forms of the cubic [3—8] and hexa-
gonal faujasites [9] and zeolite ZK-5 [10], as well as
estimation of short- and long-range interactions in
controlling site occupancy patterns [11]. Recently
developed combined Monte Carlo packing/structure
optimization technique located non-framework
cations based solely on the knowledge of the frame-
work structure. This method was relatively quick, and
produced encouraging results for simple systems.
However, for more complex systems, more sophisti-
cated simulation strategies were needed, such as
simulated annealing techniques [12,13].

We describe here the application of a new modeling
method to several zeolite adsorbent and catalyst sys-
tems for which reasonable structural data are avail-
able. Similar to the combined Monte Carlo/structure
optimization method [12,13], the new technique gen-
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erated non-framework cation positions using only the
zeolite framework information. The new method was
applied to more complex systems of the current study,
such as NaX and mixed cation zeolite 3A. Moreover, it
provided realistic structural models that can be used to
solve crystal structures of zeolites containing non-
framework species.

2. Simulation methodology
2.1. Zeolite frameworks

To model zeolites NaggX (Si/Al=1.18) and CaygX
(Si/Al=1.0), which contain a single type of non-
framework species, structural model of the zeolite
X framework was first generated using the experi-
mental data of Olson [14]. For NaggX, eight aluminum
sites per unit cell were randomly substituted by silicon
to give a Si/Al ratio of 1.18. In the case of zeolite A
(LTA) framework (Si/Al=1.0), the experimental data
of Gramlich and Meier [15] were used. For Cu-mor-
denite, two scenarios were modeled. First, the all-
silica mordenite (MOR) framework possessing the
Cmc2; space group symmetry [16] was used in the
simulation due to the uncertainty in the Al atom
distribution in the framework. The Si atom charge
was reduced accordingly to reproduce the negative
framework charge (—8.0) in the P/ unit cell (SiggOogg)
corresponding to that in the naturally occurring mor-
denite (Si/Al=5.0). In the second case, a random
distribution of the eight Al atoms in the Si/Al=5.0
mordenite framework was assumed.

2.2.  Location of non-framework species

The detailed description of the new grid-based
technique may be found elsewhere [17,18]. Charges
and van der Waals parameters were assigned to each
framework atom in accordance with the augmented
cvff_aug forcefield validated for aluminosilicates [19].
The cations in this forcefield bore formal charges,
while the framework atoms had the following charges:
O=-1.2, Si=+2.4, and Al=+1.4. A three-dimen-
sional host reference grid with grid spacing of ca.
0.5 A was created commensurate with the framework
symmetry and unit cell size. Since the generated grid
is commensurate with the symmetry of the host, a
symmetry operator will exactly map one grid point

onto another. The cation-framework non-bonding
electrostatic and a repulsive—dispersive interactions
were calculated at each grid point using the Ewald
summation method and a short range 5.5 A cutoff,
respectively. Since a charged periodic structure was
used in the calculation, the electroneutrality of the
periodic cell was achieved by adding a homogeneous
background term to the reciprocal space contribution
to the Ewald sum [18]. For computational efficiency,
only symmetry-unique grid points needed to be cal-
culated, and the values mapped onto their symmetry
equivalents [17]. A second, so-called cation reference
grid of identical dimensions were constructed, a single
cation placed at its origin, and the interaction of a
second cation at each grid point was computed. A
cation was placed in the framework at the lowest
energy position found in the preceding step, i.e. during
computation of the cation-framework interaction.
Since the framework contained an additional cation,
the reference grid was updated by superimposing it
with the cation reference grid, centered about the
location of the recently added cation. The lowest
energy position was again determined and populated.
These steps were repeated until all cations were added
to the X framework. In the case of zeolite 3A, contain-
ing both K™ and Na™ cations, Na™ cations were added
first, since they were expected to occupy the sites of
lowest energy associated with the bare framework due
to higher z/r ratio.

2.3. Lattice energy minimization

The crude cation locations found in the preceding
step were optimized using molecular mechanics Dis-
cover 3.2 energy minimization engine [20], with the
framework initially held rigid. The entire extent of the
unit cell was then allowed to relax. In all the partial
and full-structure optimizations, the unit cell para-
meters were held fixed which corresponded to con-
stant volume minimization. In these calculations, the
equilibrium structures were constrained to the crystal-
lographic volume. The potential energy function
describing the non-bonded pairwise interactions
between ions included Columbic and short-range
Lennard-Jones 12-6 potential:
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where g, and g; are the charges of the interacting ions i
and j, and A; and B;; are short-range repulsion and
dispersion parameters, respectively.

In the case of the benzene/CasgX system, high
temperature molecular dynamics was performed on
benzene molecule in the gas phase to produce a library
of its conformations, followed by a series of random
insertions of benzene into the CasgX model using a
Solids_Docking Monte Carlo procedure of Catalysis
[21]. The locations of crudely docked benzene mole-
cules were then optimized at constant volume to yield
representative low energy binding sites for the flexible
benzene molecules within the host structure [20].

3. Results and discussion
3.1. NaX

Olson [22] found three Nat non-framework sites:
sites I, IT and III in the structure of NaggX in a recent
single crystal XRD study. These and other common
non-framework sites found in faujasites are shown in
Fig. 1.

Site I is located at the center of a hexagonal prism,
or a double 6-ring (D6R) connecting sodalite or
B-cages. This cation site offers a favorable octahedral
coordination environment and is occupied in NaY
structure. Site I' are situated in the hexagonal prisms
in the plane of the 6-ring. Low symmetry sites III and
IIT" are located directly above and on the edges of the

Nonframework Cation Positions in Zeolite X
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Fig. 1. Non-framework cation positions in zeolite X.

4-rings (4R) in the supercage, respectively. According
to Olson [22], Na* cations (29.1/u.c.) in site I in NaX
(Si/Al=1.18) were split between two closely related
positions in proportion to the number of 6-rings con-
taining three and two Al atoms [22]. In addition to Na™
cations in site I, Olson [22] found 2.9 Na™/u.c. in site
I. Cheetham et al. [1] found site I’ fully occupied by
Na® cations in a powder neutron diffraction study
conducted at 5 K. In both structure studies site II were
found to be fully occupied [1,22].

In contrast to crystallographic sites I and II, cations
in non-framework sites III and III' are very difficult to
locate experimentally due to their low symmetry and
occupancy. Earlier, Smolin et al. [23] located only 9.9
out of 31.4 Na* cations in the unit cell of Nag,X in a
single crystal XRD study. Olson [22] found the
remaining 29.8 Na™ cations in three crystallographi-
cally distinct site III' located above the edges of the 4-
rings tricoordinated to oxygen atoms. Na—O distances
in these sites range from short (2.22 A) to much longer
(3.61 A) than the idealized sum of ionic radii. Na5
ions in site IIT' are located 2.22 A above the O4 oxygen
atoms of the 4-rings and 2.83 A away from the two O1
oxygens [22]. Na6 ions are displaced toward hexago-
nal prism oxygens, having a Na6—-0O4 distance of
258 A and two Na6-Ol1 distances of 2.45 and
3.61 A [22]. Na6' cations are also displaced toward
hexagonal prism oxygens: Na6'-04=2.22 A, Na6/—
01=2.44 and 3.39 A [22]. Cheetham et al. [1] found
only one low symmetry site for the remaining 24 Na™
cations in the supercage. Na™ cations in their site III’
are located in the vicinity of the Na6 site of Olson [22]
facing (AlQ,) tetrahedra. In fact, the site III" location
found by Cheetham et al. [1] is only 0.20 A apart from
the Na6 site of Olson.

We attempted to locate Na™ sites in the supercages
of zeolite X, since the general agreement exists regard-
ing Na™ locations in high symmetry crystallographic
sites [ and II [1,22,23]. In this study, N a™ cations were
placed in sites I’ and II to achieve their full occupancy
[1] and held rigid during subsequent procedure to
locate the remaining 24 cations. The present method
located 18 Na* cations within 0.16-0.35 A of site III
[1] in the supercage (Fig.2). These cations were
coordinated to two oxygen atoms, Ol and O4, at a
distance of 2.38 A, facing (AlO,) tetrahedra (Fig. 2).
This Na™ location is in agreement with the experi-
mental and modeling data of Cheetham et al. [1]. Na™
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Fig. 2. Predicted location of Na™ cations in Site III' of zeolite X.

cations positioned in the vicinity of the (AlQ,) tetra-
hedra compensate locally the negative charge on the
framework. The remaining six Na® cations were
located near Na6' site III' of Olson [22] where they
face (SiO,) tetrahedra. For comparison, the locations
of all Na™ cations in the unit cell were also modeled.
For computational expediency, we modeled a primi-
tive unit cell of NaX (Nay»Al»,Si»609,), which is four
times smaller than the full unit cell. The cation loca-
tion pattern in the primitive unit cell of NaX was 8
(I+I), 8 (II) and 6 (III'’) Na* cations, in general
agreement with both experimental structures [1,22].
However, the most significant differences were
observed for sites I and I' occupancies in the theore-
tical and experimental structures. These differences
are attributed to the entropic effects which are beyond
the scope of the current approach [17,18]. Four Na*
cations were located in both sites I and I' in the
primitive unit cell of NaX. Each hexagonal prism
(D6R) had two Na™ cations located in sites I and T'.
Site I was displaced some 0.55 A from the center of
D6R along the C; axis away from the Na™ cation in the
adjacent site I'. The predicted Na™—O distances for site
I were within 0.3 A from the experimental values [22].
The Na™ cation in site I' was located ca. 1.2 A above
the plane of the 6-ring inside the sodalite cage. The
predicted Na™-O distances for site I' were within
0.1 A from those in both experimental structures
[1,22]. Na" cations in the supercages were again
found in the vicinity of site III' preferentially coordi-
nated to the (AlQ,) tetrahedra some 0.3 A away
from both the experimental sites [1,22]. The cation
locations and site occupancies are summarized in
Table 1.

3.2.  CaX and benzene/CaX system

The structure of CaygX has been determined
recently by Vitale et al. [24], and cation locations
were predicted by Gorman et al. [17,18]. Similar to the
earlier findings [17,18], Ca®* cations were located in
sites I and II only, and the predicted structure had Fd-3
space group symmetry in agreement with the recent
crystal data [24]. Slight cation disorder between sites I
and I observed experimentally was not reproduced by
modeling. The comparison of the theoretical and
experimental results is shown in Table 1.

Application of a combined molecular dynamics,
Monte Carlo and energy minimization approach
allowed us to locate benzene molecules in two sites,
(i) coordinated facially to the Ca’" cation in site Il at a
distance of 2.91 A and sitting at the sixfold axis
(Fig. 3), and (ii) in the supercage in the plane of
the puckered 12-membered ring on a threefold axis.
The host—guest interaction energies for these sites
were —75.3 and —32.5 kJ/mol. Benzene locations
and interaction energies in CaygX system were in
good agreement with the experimental results of
Vitale et al. [24] on C¢Dg/CaysgX and calculations of
Henson et al. [25] on benzene adsorbed in Na fauja-
sites with varying Si/Al ratios.

3.3. Zeolite 3A (K;5NacA)

The structure of the dehydrated zeolite 3A was
solved by Adams and Haselden [26]. They found three
crystallographic sites for K* cations located in the 6-
rings, 8-rings and 4-rings, and one site for Na™ cations
in the 6-rings (Fig. 4). The present simulation not only

Fig. 3. Location of benzene molecules at Ca®" cation in Site II of
CaX (Si/Al=1.0).



Table 1

Experimental [1,22,24] and predicted cation locations and unit cell occupancies in faujasites

Sites Location Experiment [22] Experiment [1] This study This study Experiment [24] This study
full cell 4 xprimitive cell

(a) NaggX

1 Center of D6R 29 0 - 16

r 6-Rings of D6R 29.1 32 32 [1] 16

I 6-Rings of f-cages 31 32 32 [1] 32

ur At O4 on 4R edge 10.6 0 - -

g At Al atom off 4R edge 10.6 24 18 20

ur At Si atom off 4R edge 8.6 0 6 4

(b) Ca48X

1 Center of D6R 11.9 -

r 6-Rings of D6R 5 16

I 6-Rings of f-cages 31.1 32

899-199 (6661) 0S KvpoL SiSKP) /v 19 SUVIND AA

S99
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Nonframework Cation Positions in Zeolite A
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Fig. 4. Non-framework cation positions in zeolite A.

Table 2
Experimental [26] and predicted cation site occupancies in zeolite
3A

Sites [26] Location Experiment [26] This study
K1 6-Rings (6MR) 28.6 27
K2 8-Rings (8MR) 24 24
K3 4-Rings (4MR) 7.4 9
Nal 6-Rings (6MR) 354 36

confirmed these locations, but also accurately pre-
dicted the cation partial occupancies (Table 2 and
Figs. 5-7).

The present study supports the results of Adams
and Haselden [26] demonstrating the absence of
zero-coordinated K cations in 8-rings [27]. The
predicted K-O distances for the 8-ring sites (2.32,
2.42,and 2.61 10\) are in reasonable agreement with the
experimental bond distances (2.538, 3.005, and
3.132 A).

Fig. 5. Predicted K1 and Nal cation locations in 6MR of zeolite
3A.

Fig. 6. Predicted K2 and experimental [26] cation locations in
8MR of zeolite 3A.

o
174 A

K3 [25]

Fig. 7. Predicted K3 and experimental [26] cation locations in
4MR of zeolite 3A.

3.4.  Cu-mordenite (Si/Al=5.0)

Cu" cation were located in Cu-mordenite which
contains relatively few non-framework cations due to
its high Si/Al ratio. This case is particularly interest-
ing, since the non-framework species in high silica
zeolites are difficult to locate by powder diffraction
methods.

Cheetham et al. [28] have recently studied Cu?"
locations in the hydrated (Cu; 334T48096-28H,0) and
partially dehydrated (Cuj4638T480096-4.04H,0) cop-
per-exchanged mordenite. Both structures were
refined in the Cmcm space group by single crystal
X-ray diffraction. Cheetham et al. [28] located three
Cu”" sites in the partially dehydrated structure of Cu-
mordenite (Fig. 8). Cu(1) site was found to lie in the
center of the elliptical 8-ring bound to two O(9) atoms
at 2.670 A and four O(1) atoms at 2.875 A. Two water
molecules, O(1w), at 2.30 A completed the Cu coor-
dination. Cu(2) site was situated above a 6-ring in the
main 12-ring channel. The lowest occupied Cu site,
Cu(3), was found to one side of the circular 8-ring that
leads to the 12-ring channel. The Cu(3) atoms were
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Fig. 8. Cu®" cation locations in partially dehydrated Cu-mordenite
viewed along the [0 O 1] direction [28]. Residual water molecules
are not shown.

coordinated to two O(2) atoms at 2.68 A and one
O(10) atom at 2.75 A. The order of site occupancy
was found to be Cu(1)>Cu(2)>Cu(3).

The Cu-Oz bond lengths of all three Cu sites are
rather long (2.59-2.875 10%), which Cheetham et al.
[28] explained by three effects: (i) artificial bond
elongation in the X-ray experiment due to low occu-
pancy of the Cu sites, (ii) optimization of the Cu ion
position to provide adequate bonding overlap with the
Oz atoms, (iii) and the presence of water molecules
undetectable by XRD which can stabilize the Cu®"
cations and reduce their interaction with the Oz atoms.
Tetrahedral aluminum sites in the partially dehydrated
sample could not be located due to high apparent
framework Si/Al ratio of 25.2.

Since Al atoms could not be located experimentally
[28], we first modeled an all-silica mordenite structure
in order to compare predicted cation locations with the
experimental structural data for Cu-mordenite [28].
The partial charges on the Si atoms were lowered
accordingly to yield a uniform charge distribution per
T-sites and a total negative charge of —8 per P/ unit
cell of mordenite (SizgOgg). The four Cu*" ions were
then located using the above cation locator procedure.
The four Cu*" jons were found to occupy two distinct
sites similar to Cu(1l) and Cu(3) sites of Cheetham

et al. [28]. The predicted Cu(1) site (two Cu*" cations)
was located near the center of the elliptical 8-ring
bound to two O(12) atoms at 2.73 A and two o)
atoms at 2.50 A. The predicted Cu(1) site (two Cu**
cations) was found to lie ca. 0.55 A away from the
experimental site off the center of the elliptical 8-ring.
The Cu”" cations in the Cu(3)-type site were bicoor-
dinated to O(4) and O(13) atoms at 2.15 and 2.37 A,
respectively, in the circular 8-ring that leads to the 12-
ring channel. The second Cu*"—O(4) distance was
very long, 3.01 A.

The Cu?" cations in the Si/Al=5.0 unit cell of Cu-
mordenite were located in the Cu(3)-type site some
2.20-2.32 A away from the nearest oxygen atoms
(three Cu®" cations). The remaining Cu”" cation
was found in the Cu(2)-type site of Cheetham et al.
[28] slightly above the plane of the 6-rings in the 12-
ring pore channels. In the latter case, the Cu-O
distances also indicated strong coordination of Cu
ions to framework oxygen anions (2.18-2.60 A) and
the absence of zero-coordinated non-framework spe-
cies.

We offer two possible explanations for the observed
differences between the experimental and predicted
cation locations. On the one hand, the Cu?" cations
may be stabilized in certain crystallographic sites, e.g.
Cu(2) site, by the residual water invisible to the X-rays
in the experimental partially hydrated sample. On the
other hand, the aluminum distribution in high silica
mordenite framework (Si/Al>5.0) may be non-random
contrary to our assumption. The cation location pat-
tern will then be affected by how eight Al atoms are
distributed among the framework sites. However, the
present theory correctly predicted the existence and
locations of the three experimental cation sites in Cu-
mordenite despite the compositional and structural
uncertainties in this system.

The new molecular modeling method located Cu?*
ions in three crystallographic sites similar to experi-
mental Cu(1), Cu(2) and Cu(3) sites recently found by
Cheetham et al. [28]. The Cu(2) and Cu(3) sites
located in the main 12-ring channels or 8-rings that
form part of the wall of the 12-ring channels are highly
accessible to the gas phase NO and ammonia mole-
cules passing through the zeolite pore structure. On the
other hand, the low coordination of the Cu?" cations in
Cu(2) and Cu(3) sites makes them available for inter-
action with NO, and therefore, more susceptible to
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deNO, catalysis [29]. The Cu(l) site located in the
elliptical 8-ring is less accessible to gas molecules.
This site is unlikely to play a significant role in deNO,
chemistry.

Therefore, high accessibility and low coordination
of Cu”" ions provide a possible explanation for the
high activity of Cu-mordenite system in deNO, cat-
alysis [28]. By comparison, Cu-exchanged zeolites X
and Y are relatively inactive in the deNO, catalysis.
This is in line with the observation that the majority of
Cu”" cations in zeolites X and Y are located inside the
sodalite cages or hexagonal prisms where they are
highly coordinated to the framework oxygen atoms
and inaccessible to gas phase molecules [30].

4. Conclusions

The present study demonstrated the potential of the
new grid-based and structure optimization approaches
to predict locations of various non-framework species
in zeolites. In the case of charge-balancing cations, not
only their locations, but also the partial occupancies
may be determined. Moreover, the combination of the
new approach with traditional Monte Carlo and energy
minimization techniques allows to accurately locate
other non-framework species, such as benzene mole-
cules. In many cases, where solving crystal structures
of zeolites with known framework types from powder
diffraction data is a challenge, the new method can
provide a realistic initial structural model for locations
of the non-framework species.
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