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a b s t r a c t

Location of Na+ in ZSM-5 zeolite has been studied with cluster models and density functional theory of
B3LYP. Various cluster models with sizes ranging from 3T to 192T were employed. Their performance in
geometry optimization and stability assessment of four probable Na-sites at T1, namely Z6, M7, I2 and
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I3, were systematically studied. A C-5 type model is constructed by allowing all atoms on the three rings
around the Al site to relax during the geometry optimization, and then expanding the region by roughly
another three shells of Si atoms, leading to converged prediction of stability sequence of Z6 > I2 > M7 > I3.
Based on these results, a general scheme of cluster model construction for reliable prediction of metal
cation location in zeolite is proposed.
ation location
luster model

. Introduction

Metal cation exchanged zeolites have attracted great industrial
nd academic interests due to their excellent catalytic properties
1–3]. Metal cation compensates the negative charge in the zeo-
ite framework resulting from Si–Al substitution (see Fig. 1 for

schematic representation). These charge-compensating cations
ould act as Lewis acid sites or redox active centers or both during
catalytic process [2]. Various possible location sites are avail-

ble for metal cations, as most zeolites have complex channel
nd cavity structures. Cations on these sites may coordinate to
ifferent numbers of framework oxygen atoms, giving different
lectronic structures of the cation sites, which show rather dif-
erent levels for HOMO (highest occupied molecular orbitals) and
UMO (lowest unoccupied molecular orbitals), resulting in differ-
nt ability of donating and accepting electrons. Furthermore, metal
ations on these sites may have different accessibility to reactants.

ence reactions take place on these sites will suffer from different

tereo-hindrance, showing uneven shape-selectivity. All these fac-
ors will lead to the distinct catalytic activities of different cation
ocation sites [1,4]. Finding out the preferred location sites for extra-
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framework cations is a vital step for catalytically active center
characterization and finally the reaction mechanism elucidation at
the molecular level.

Lots of experimental efforts have been devoted to the location
of extra-framework cations in zeolite. Besides modern crystal-
lographic techniques [5,6], various methods, particularly UV–vis
[7–12], FTIR [10–16], microcalorimetry [14–16], NMR [17], ESR
[18–21], and EXAFS [20–24] have been used to serve this pur-
pose. However, limitations of a specific experimental method are
also well recognized. As the concentration of the extra-framework
cations in high-silica zeolites is low, the distribution of the cations
may not be uniform in different unit cells, such that the loca-
tion of extra-framework cations may lack real periodicity. In this
case, the interpretation of the electron density map from the X-ray
diffraction method can be difficult and even ambiguous [5,6]. Many
studies used small probe molecules (e.g., CO, N2 and CH3OH) and
various spectral methods (e.g., FTIR and NMR) to investigate the
cation location in various alkali-exchanged ZSM-5 zeolite [13–17].
Some useful information has been obtained, such as the number of
the kinds of location sites and their accessibility to small molecules
in the gas phase. But unambiguous location and accurate coordina-
tion structure of those cations are not available by these types of
methods.
Computational methods provide a useful tool, which com-
plements the experimental methods to study the coordination
structures for cations on different location sites as well as the rela-
tive stability of these sites. For example, Vayssilov et al. [25] studied
Na+ location on the so-called SII site in the FAU zeolite and used

dx.doi.org/10.1016/j.cattod.2010.12.043
http://www.sciencedirect.com/science/journal/09205861
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ig. 1. Schematic representation of extra-framework cation location associated
ith Al substitution in a given tetrahedral site.

T (T stands for tetrahedron of [SiO4] or [AlO4]) cluster models
o represent the six-member ring on the channel wall. Rice et al.
26] used 4T–6T small clusters to model the cation sites on top
f four-, five-, six-member rings for a series of divalent cations
n the ZSM-5 zeolite. By comparing the calculated binding ener-
ies of the cation at different sites, the preferred locating positions
ere predicted. Nachtigallova et al. [27] used a combined quan-

um mechanics/interatomic potential function method (QM-pot)
o study the preferred coordination site of Cu+ in several T-sites in
SM-5. The QM parts (4T–6T) used in their work [27] were similar
o those cluster models used by Rice et al. [26] The same computa-
ional scheme was used by Kucera and Nachtigall [28] to study Li+,
a+, K+ location in ZSM-5. Periodic DFT methods were also used

o investigate the location of extra-framework species [29–31]. But
ue to the sharply increased computation expense with increasing
nit cell size, periodic DFT studies were mainly limited to zeolites
ith relatively small unit cells (e.g., CHA).

On the other hand, it is also well known that the reliability of the
esults by cluster models largely depends on the model selection
32,33]. This is also a key issue in setting up hybrid models consist-
ng of a cut-out cluster model as the high-layer [27,32–38]. From

point of view of computational efficiency, small cluster models
re preferred. However, for studies of cation locations in zeolites,
mall clusters consisting of only several [SiO4]/[AlO4] tetrahedrals
ay suffer from serious errors. Firstly, to maintain the framework

tructures of zeolites, partial geometry optimization is usually car-
ied out. This can impose too much constraint on the cation sites,
esulting in erroneous coordination structures. Secondly, to set up
cluster model, one has to cut out the model system from the

ramework of zeolite. The perturbation on the wave functions of
he active centers by cutting off the Si–O bonds and terminating
he dangling bonds with H atoms can be rather serious for such
mall clusters. This also contributes to the boundary effects in some
ybrid methods such as ‘our own n-layered integrated molecular
rbital and molecular mechanics’ ONIOM method [34–37]. Finally,
he long-range interaction which is especially important for such
ationic systems is totally absent in bare small cluster calculations.
o the best of our knowledge, however, there is no systematic
nvestigation of cluster model selection for cation locations in
eolites.

Alkali cations (particularly Na+) often act as the compensating
on when zeolite is firstly synthesized [39]. In the alkali-form zeo-
ites, alkali cations act as the Lewis acid site, while the oxygen atoms
n the [AlO ] tetrahedron serve as the basic site. Such acid–base
4
airs are believed to be closely associated with the catalytic prop-
rties of the alkali-form zeolites [40–43]. ZSM-5 is a representative
igh-silica zeolite and is industrially very important [44]. Here we
resent a systematic study of cluster model selection for Na+ loca-
Fig. 2. Four probable Na-sites associated with Al substituted T1 site.

tion in ZSM-5 as an instructive example for metal cation locations
in zeolites.

A series of cluster models with sizes ranging from 3T to 192T
were constructed and their performance in coordination struc-
ture optimization and stability sequence prediction of different
sites were tested. Converged coordination structure and stability
sequence were obtained, such that a general scheme of cluster
model construction for reliable prediction of metal cation locations
in zeolites was proposed.

2. Models and computational methods

ZSM-5 zeolite typically crystallizes in orthorhombic space group
Pnma, and twelve crystallographically distinct T-sites exist in its
framework [45]. Among them, T1 was predicted to be one of the
most stable Al substitution sites [27] and has been used as the Al
substitution site in other theoretical studies [46]. Once Si–Al sub-
stitution occurs at T1, we found four probable sites for Na+: Z6,
M7, I2 and I3 (see Fig. 2). Symbol Z6 denotes the cation site on top
of the six-member ring in the zigzag channel. Similarly, M7 repre-
sents the site on top of the six-member ring in the main channel
with an additional [SiO4] at the bottom of the ring. I2 and I3 denote
the sites located at the intersection of the main and zigzag chan-
nels, at which Na+ is coordinated to two or three oxygen atoms of
[AlO4], respectively. For each site, cluster models with increasing
sizes (3T–192T) were constructed. Their performance in coordina-
tion structure optimization and stability sequence prediction were
tested.

To assess the relative stability of different Na+ locations for a
given T site, interaction energy (Eint for short, see Fig. 1) between
Na+ and the zeolite framework may be defined. For example, Eint of
the M7 site is expressed as:

Eint(M7) = EAl−−Na+ (M7) −
[
EAl− (M7) + ENa+

]
(1)

here the subscript Al− represents the cluster model with Si atom at
T1 substituted by Al. Note that it carries a negative charge. Al−–Na+

represents the cluster with a Na+ compensating the negative charge
of the Al− cluster. Eint defined here is the same as the binding energy
used by Rice et al. [26], as well as by Nachtigall et al. [27,28]

Here we introduce another indicator, namely cation location
energy (Eloc for short, see Fig. 1) to assess the Na-site stability asso-

ciated with a given T site for Al substitution. Hence, Eloc of the M7
site is expressed as:

Eloc(M7) = EAl−−Na+ (M7) − ESi(M7) (2)
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appropriate coordination environment for one of the four Na-sites.
Thus as can be seen in Fig. 3, Type I clusters for different Na-sites
comprise different parts of the zeolite framework, and have dif-
ferent sizes. On the contrary, clusters of Type II are big enough to
Fig. 3. C-1-O, C-1-Si, C-2 and C-

here the subscript Si represents a siliceous cluster before Si–Al
ubstitution. Note that the negatively charged Al− cluster is not
irectly involved in such a definition, which may show less basis
et dependence.

In Fig. 1, we also define Esub for the energy change due to Si–Al
ubstitution at a given T site. In the literature, the term ‘substitute
nergy’ may be defined based on the substitution of Si(IV) by a pair
f Al(III)· · ·M+ [47,48]. Such a definition is the same as Eloc used here.
ndeed, it is possible to use Eloc to study cation location associated

ith different T site.
To access the relative stability, �Eloc or �Eint may

e used:(3)�Eint(M7) =
[
EAl−−Na+ (M7) − EAl−−Na+ (Z6)

]
−

EAl− (M7) − EAl− (Z6)
]

Eloc(M7) =
[
EAl−−Na+ (M7) − EAl−−Na+ (Z6)

]
− [ESi(M7) − ESi(Z6)]

(4)

ere we use the Z6 site as the reference, as it is the most stable
a-site associated with T1 concluded in this work. Note that the

econd term in the parenthesis of Eq. (3) or (4) is due to the different
hoice of cluster model for different site, which is artificial and has
o be subtracted from the first term to get the intrinsic relative
tability for the Na-sites. Due to different electronic nature of the
egatively charged Al− clusters and neutral Si clusters, it is expected
int, �Eint, and Eloc and �Eloc show different size dependence for
odel selection, which is the main theme to be examined in the

resent work.
A series of cluster models with increasing sizes (3T–192T) were

onstructed for all four Na-sites: namely C-1-O, C-1-Si, C-2, C-3, C-4,

-5, C-6 and C-7. These cluster models are depicted in Figs. 3 and 4.
ll of them were cut out from the experimental crystallographic
tructure of ZSM-5 [45]. The dangling bonds resulting from break-
ng the Si–O valance bonds were saturated by H atoms. C-1-O used
–H termination and the terminal O–H bond length was fixed at
ter models for all four Na-sites.

0.97 Å. All other clusters used Si–H termination with the Si–H bond
lengths fixed at 1.47 Å.

These cluster models can be assigned into two categories: Type I
and Type II. Cluster models of Type I include C-1-O, C-1-Si, C-2 and
C-3. Due to their small sizes, each Type I cluster includes only the
Fig. 4. C-4, C-5, C-6 and C-7 cluster models for the M7 site.
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Table 1
The optimized Na–O bond lengths and calculated relative stability (�E) of different
Na-sites with different basis sets. Calculations are based on C-4:33T models.

Basis set Na-sites Na–O bond length (Å)a �E (kcal/mol)

3-21G* Z6 2.150, 2.756, 3.740, 2.253, 2.426, 3.777 0.0
M7 2.166, 3.014, 2.284, 2.699, 2.241, 2.948 −2.33
I2 2.138, 2.271 16.75
I3 2.240, 2.267, 2.224 11.85

6-31G* Z6 2.204, 3.377, 4.104, 2.410, 2.322, 3.428 0.0
M7 2.196, 2.450, 3.452, 2.354, 2.478, 3.699 3.21
I2 2.221, 2.351 5.85
I3 2.383, 2.456, 2.373 6.45

6-31+G* Z6 2.209, 3.438, 4.151, 2.421, 2.323, 3.409 0.0
M7 2.198, 2.482, 3.441, 2.368, 2.505, 3.709 2.66
I2 2.233, 2.364 4.03
I3 2.394, 2.506, 2.373 5.33

6-311+G** Z6 2.212, 3.413, 4.109, 2.419, 2.327, 3.441 0.0
M7 2.204, 2.461, 3.449, 2.368, 2.501, 3.689 3.43
I2 2.233, 2.356 4.60
I3 2.384, 2.453, 2.402 4.89
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Table 2
The numbers of the relaxed atoms (Nr) in geometry optimization and the average
optimized Al–O bond lengths (LAl–O, Å) in the [AlO4] tetrahedron for different cluster
modelsa.

Cluster model Z6 I2 M7 I3

Nr LAl–O Nr LAl–O Nr LAl–O Nr LAl–O

C-1-O 13 1.681 6 1.682 16 1.708 8 1.703
C-1-Si 17 1.721 10 1.723 18 1.725 10 1.723
C-2 25 1.723 14 1.713 28 1.741 18 1.713
C-3 33 1.732 22 1.725 32 1.737 22 1.726
C-4 50 1.741 50 1.738 50 1.736 50 1.740
a Na–O bond lengths for Z6 listed here are between the Na+ and the six O atoms
n the Z6 ring: 1-10-11-7-4-5-1 (the numbers denote the T sites connected to the
atoms [45]). For M7: the six O atoms on the M7 ring are 5-1-2-8-7-11-5. For I2:

he two O atoms are 5-1-2. For I3: those three O atoms are 5-1-2 and 1-10.

nclude all four adsorption sites for Na+ in a single cluster. Fig. 4
hows the model for Na+ adsorbed on the M7 site, as an exam-
le. Models for other Na-sites can be conveniently constructed by
utting Na+ at the appropriate sites as shown in Fig. 2. Hence, four
dsorption sites have the same size for cluster models of Type II.
or cluster models of Type I, one has to use either �Eint or �Eloc to
ompare their relative stability for different Na-sites, but for Type
I, one can directly compare the energy differences between the
luster models (�E) for different Na-sites. In such case, �Eint and
Eloc given in Eqs. (3) and (4), respectively, are both converted to
E as:

E(M7) = [EAl−−Na+ (M7) − EAl−−Na+ (Z6)] (5)

All the calculations were performed using the three-parameter
ybrid density functional B3LYP [49–53]. In order to study the basis
et effect, four basis sets namely 3-21G* [54–59], 6-31G* [60–62],
-31+G* [63,64] and 6-311+G** [65–69] were assessed for their per-
ormance both in geometry optimization and single point energy
alculation. For clusters no larger than 33T, analytical frequencies
ere calculated to confirm that all local minima have no imaginary

requency and to get the zero-point vibrational energies. We found
hat including zero-point vibrational energy changed the results by
o larger than 0.3 kcal/mol in the relative stability calculations of
ifferent sites. Thus for clusters larger than 33T, frequency calcula-
ions were not carried out, due to its too large calculation expense
or these huge clusters.

All the calculations were performed using Gaussian 03 package
70].

. Results and discussions

.1. Basis set effect

The optimized Na–O bond lengths with C-4:33T clusters for all
our Na-sites using B3LYP and four different basis sets, 3-21G*,
-31G*, 6-31+G* and 6-311+G** are summarized in Table 1. All
our basis sets have been used before in the literature to study the
elated zeolite properties [71–75]. It can be seen that 3-21G* opti-

ized Na–O bond lengths are distinctly different from those by

-31G*, whereas the Na–O bond lengths by 6-31G* and 6-31+G*
re quite similar to those from 6-311+G** with a MAD (Mean abso-
ute deviation) of only 0.011 and 0.016 Å, respectively. By contrast,

AD of the 3-21G* optimized bond lengths with respect to those
C-5 50 1.741 50 1.741 50 1.736 50 1.739
C-6 68 1.742 68 1.740 68 1.737 68 1.739

a For Al−–Na+ form clusters.

by 6-311+G** is as high as 0.321 Å. So it can be seen that 6-31G* is
a basis set that can provide similar coordination structure to that
of 6-311+G** for Na+ at a relatively low expense.

The relative stability of the Na-sites (i.e., �E of I2, M7, I3 with
respect to Z6) predicted by 3-21G*, 6-31G*, 6-31+G* and 6-311+G**
is also summarized in Table 1. It can be seen that M7 is predicted to
be the most stable site by 3-21G*, while Z6 is shown to be the most
stable one by 6-31G*, 6-31+G* and 6-311+G**. Actually the stability
sequences for all four sites by 6-31G*, 6-31+G* are identical to that
from 6-311+G**, while 3-21G* presents completely different stabil-
ity sequence from that by 6-311+G** and shows a clear tendency to
underestimate the stability of I2 or I3. For C-4:33T model, 6-31G*
reduces the number of basis set from 2262 of 6-311+G** to 1405. In
the rest part of this work, all results presented are obtained using
the 6-31G* basis set to facilitate calculations of large clusters. For C-
7:192T, a total of 636 atoms are involved with 8778 basis functions
at 6-31G*.

3.2. Geometry optimization by different cluster models

Acquiring the accurate coordination structure for cations is
important for active center characterization in zeolite. In order to
reflect the constraint effect of the zeolite lattice on the structure of
the active site, partial optimization is usually employed [76]. And
the reliability of the results could largely be influenced by the selec-
tion of the relaxed part during the partial optimization [77,78]. In
the metal cation location studies in zeolite, the Si–Al substitution
and subsequent cation adsorption would lead to drastic perturba-
tion on the local structure. So there is a particularly urgent demand
for a systematic investigation on the dependence of coordination
structure optimization of cation on the cluster model selection.
Here we use Na+ location in ZSM-5 as an example.

As the cluster sizes increase from C-1-O to C-6, the numbers
of atoms allowed to relax in the optimization are also increased
accordingly (see Nr in Table 2). For example, from C-1-O to C-4
clusters of the Al−–Na+ models, the number of atoms relaxed during
geometry optimization increases gradually from the smallest 6 (C-
1-O for I2 site) to 50. In C-4:33T, besides Na+ and [AlO4], all [SiO4]
on the three rings around the Al substituted T1 site and all four
[SiO4] that directly coordinate to Al, are allowed to relax. In C-5:75T,
the same relaxed region as that in C-4 model is adopted in order
to investigate the effect of the zeolite environment on the Na-site
structure optimization. In C-6:128T, the relaxed region is further
enlarged by another shell of Si atoms from that of C-4 and C-5 and
the number of relaxed atoms reaches 68.

The average Al–O bond lengths of the [AlO4] tetrahedron

obtained by different cluster models (C-1-O to C-6) are summarized
in Table 2. The average Al–O bond length in Na-FAU zeolite found in
EXAFS experiment is 1.74 Å (no experimental result for Na-ZSM-5
is available) [79]. It is distinct that for small clusters like C-1-O, the
optimized Al–O bond lengths are much shorter than 1.74 Å. With
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Table 3
�E (kcal/mol) of I2, M7 and I3 with respect to Z6 by single point calculation with
different models.

Models I2 M7 I3

pared to the results by the largest C-7 clusters. And Eint decreases
sharply by more than 30 kcal/mol from C-1-O to C-1-Si. By increas-
ing the cluster sizes from C-1-Si to C-7, the calculated Eint decrease
gradually and are not convergent even at the C-7 model consist-
ing of 192T. Brand et al. [80] has compared the performance of

Table 4
Dependence of Eint on cluster model selection (kcal/mol).

Cluster size Z6 I2 M7 I3

C-1-O −167.65 −162.46 −161.48 −160.87
C-1-Si −127.12 −126.54 −125.13 −127.63
C-2 −126.90 −124.80 −126.22 −120.65
C-3 −120.50 −120.14 −124.37 −118.85
ig. 5. Dependence of the optimized Na-site coordination structure on cluster size.

he relaxed region enlarged, the Al–O bond lengths increase grad-
ally. When the model size is up to those in C-4, the Al–O bond

engths for all four Na-sites are less than 0.005 Å apart from 1.74 Å.
urther increasing the model size or enlarging the relaxed region
auses negligible change. So we can conclude that small clusters
mpose too much constraint on the active site structure that leads
o too short Al–O bond lengths. By relaxing all the rings around Al
ubstituted site in C-4 and C-5, the structure of the Na-site is fully
elaxed and the average Al–O bond lengths tend to approach to the
onverged value.

Using results of C-6 as references, we further evaluate MADs of
he optimized Na–O bond lengths by cluster models of C-1-O to C-
. The results are displayed in Fig. 5. Due to the serious constraint
ffects, MAD of the Na–O bond length of C-1-O cluster for Z6 is as
arge as 0.232 Å. Even for I3, which possesses the smallest errors in
he C-1-O models, is still larger than 0.1 Å. As the cluster size and
he number of the relaxed atoms increase, the errors for the Na–O
ond lengths gradually decrease. With all the three rings around
1 relaxed during geometry optimization as in the C-4 model, the
iggest error is only 0.058 Å, which is about 1/4 of those associated
ith C-1-O and C-1-Si. So it can be seen that full relaxation of the

ctive region structure is a requisite for reliable prediction of the
a+ coordination structure.

However, despite the same relaxed regions for C-5 and C-4
lusters, their optimized structures are still rather different. As
ompared to those of C-4, MADs of the Na–O bond lengths for var-
ous C-5 models further decreased dramatically (e.g. the largest for
6 is 0.023 Å and the lowest for I2 only 0.011 Å). Two reasons should
ontribute to this improvement: (1) the reduced boundary effect,
2) the better description of the long-range interaction. The Mul-
iken charges on the Si atoms in the terminal SiH3 groups of the
-4 clusters are only about +0.5, whereas, in C-5, these Si atoms are
o longer in the terminal SiH3 groups but in the [SiO4] tetrahedral
nd the charges on them are now about +1.1. These differences in
lectronic structure of this boundary area should have significant
ffects on the optimized Na+ coordination structure. Even though
-5 has the same relaxed region as C-4, the former incorporates the

ong-range interaction of the zeolite environment beyond C-4 that
hould be rather important for this cationic system. Hence, in addi-
ion to a fully relaxed structure of the active center, diminishing the
oundary effect and including the necessary zeolite environment

re also important for reliable coordination structure optimization
f metal cations in zeolites.

To further investigate the effect of the difference between the
ptimized structures by C-4 and C-5, and that between C-5 and
-6, on the relative stability prediction of the Na-sites, the opti-
C-4-embedded-C5 (C-5*) 5.14 4.62 5.74
C5 2.92 4.48 5.46
C-5-embedded-C6 (C-6*) 2.59 4.21 4.93
C6 2.60 3.69 5.07

mized C-4, C-5 structures were embedded into the C-5 and C-6
models, respectively. Then single-point energy calculations were
performed on the C-4-embedded-C5 (C-5*, for short) and C-5-
embedded-C-6 clusters (C-6*, for short). The results are listed in
Table 3 and compared to those of C-5 and C-6. It can be seen that
C-5* models induced different stability sequence from C-5. The sta-
bility sequence of I2 and M7 was reversed. In contrast, C-6* clusters
provided a stability sequence that was exactly the same as that of
C-6. Hence, we conclude that coordination structures of Na+ by C-5
are good enough and further enlarging the relaxed region and the
size of the full cluster will cause no significant difference in stability
prediction of the Na-sites.

3.3. Dependence of Eint or Eloc on cluster model selection

For clusters of Type I (C-1-O to C-3), one may use either Eint or
Eloc to evaluate the relative stability of different sites. Such small
cluster model calculations are important, as they present models
that are affordable for high level calculations. However, such kind
of high level calculations are relevant only when the model sys-
tems faithfully represent the real system. Hence it is important to
examine the dependence of Eint or Eloc on cluster model selection.
For clusters of Type II (C-4 to C-7), examination of size dependence
is also important. Even though Type II clusters are large enough to
accommodate all four Na-sites in a single model, some sites may
be better described than the other sites for a specific model. Hence
it is important to study how the stability prediction of the Na-sites
depends on the cluster model selection for both Type I and Type II
models.

For all the C-1-O to C-7 models, we calculated Eint and Eloc for
all four sites. As C-5 optimized structures were found reliable and
the C-5-embedded-C-6 (C-6*) model led to the same trend as that of
C-6, we used C5-embedded-C7 (C-7*) for single point energy calcu-
lations to avoid further optimization of the huge C-7:192T clusters
and assess the effect of the long-range interactions beyond C-5
clusters.

Table 4 displays Eint calculated with different cluster models. As
it can be seen, Eint changes intensively with the increasing cluster
size. C-1-O clusters overestimate Eint by about 50 kcal/mol, as com-
C-4 −121.50 −115.65 −118.29 −115.05
C-5 −119.89 −116.97 −115.41 −114.43
C-6a −118.52 −115.93 −114.31 −113.59
C-7a −116.00 −113.69 −111.94 −111.30

a The C-5-embedded models are used for single point energy calculations.
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Table 5
Dependence of Eloc on cluster model selection (kcal/mol). All numbers have been
shifted by adding 115.3 au.

Cluster size Z6 I2 M7 I3

C-1-O −21.23 −13.35 −24.80 −18.89
C-1-Si −19.41 −11.62 −21.10 −12.72
C-2 −23.34 −17.76 −34.36 −18.86
C-3 −32.04 −27.73 −35.96 −26.44
C-4 −38.49 −32.64 −35.28 −32.03
C-5 −38.28 −35.36 −33.80 −32.82

ter size is increased up to C-5. This demonstrates that the zeolite
Fig. 6. Relative stabilities of Na-sites predicted by �Eint.

–H and Si–H terminated cluster models in PA (proton affinity)
alculations in H-ZSM-5 zeolite. They found that O–H termination
aused unrealistically strong electrostatic potential on the terminal
–H groups, so O–H terminated models tended to overestimate PA

or acid zeolite. We believe that the serious overestimation of Eint,
bserved here for C-1-O, is also due to the O–H termination. We
uggest that other factors, such as the small size of C-1-O and the
ack of the long-range interactions, also contribute. These effects
an be inferred, as the calculated Eint further decrease gradually
rom C-1-Si to C-7.

Although the interaction energies do not converge at our largest
-7:192T cluster, what is actually important for the Na-site stabil-

ty assessment is the relative interaction energies (�Eint) between
ifferent sites. From Table 4, we find that the differences between
he calculated Eint with C-5 and C-6* models for Z6, I2, M7, I3 are
.37, 1.04, 1.10 and 0.84 kcal/mol, respectively. On average, the
alculated Eint with C-5 and C-6* clusters differ by 1.08 kcal/mol.
owever, the maximum deviation from this average value is only
.29 kcal/mol. Thus both C-5 and C-6* predicted the same trend for
Eint as has shown in Table 3. Data in Table 4 show that the differ-

nces between the calculated Eint with C-6* and C-7* models for Z6,
2, M7 and I3 are 2.52, 2.24, 2.37 and 2.29 kcal/mol, respectively.
he maximum deviation from the average value (2.36) is further
educed to 0.16 kcal/mol. We can conclude that further enlarge-
ent of the cluster size beyond C-5:75T will shift Eint for various
a-sites by similar amount, thus �Eint of different Na-sites start to
onverge at C-5 (see Fig. 6 and Section 3.4 for further discussion).

PA is usually used to characterize the acid strength of zeolites
81] which, in turn, is used as the indicator for the catalytic activity
f acid zeolites. Brand et al. [80], used a series of cluster models
anging from 2T to 46T to calculate PA of H-ZSM-5. Similar to our
esults for Eint of the Na-sites, the calculated PAs changed with the
ncreasing cluster size and no convergent results could be obtained

ithin the cluster models they used. However, the present work
howed that converged �Eint can be obtained with the C-5 type
odels, even though Eint does not converge. This suggests that �PA
ay also have a faster convergent behavior than PA itself. Indeed,
e argue that it is �PA among different acid sites in zeolites that

re more concerned with the elucidation of catalytic activity of the
cid zeolites.
The cation localization energies (Eloc) of the Na-sites by vari-
us cluster models for all the four sites are summarized in Table 5.
s is evident, the difference between Eloc from the smallest model

C-1-O) and the largest model (C-7*) is much smaller than the corre-
C-6a −37.88 −35.30 −33.67 −32.96
C-7a −37.64 −35.34 −33.58 −32.94

a The C-5-embedded models are used for single point energy calculations.

sponding value of Eint, suggesting that Eloc has less size dependence
than Eint. This may be explained as the latter involves EAl

− which is
the total energy of a negatively charged cluster. Nevertheless, we
notice that, for cluster models below C-5, Eloc is still far from being
convergent and �Eloc between different Na-sites changes acutely
as the cluster size increases. Significantly, Eloc tends to converge
by C-5 and further enlarging C-5 clusters to C-6, causes only little
change in Eloc (0.39, 0.07, 0.12 and 0.14 kcal/mol for Z6, I2, M7 and
I3, respectively). From C-6 to C-7, the differences of Eloc for Z6, I2,
M7 and I3 further decrease to 0.25, 0.04, 0.09 and 0.02 kcal/mol,
respectively. Hence converged Eloc can be obtained using the C-5
type models, which guarantee a converged �Eloc from C-5 up.

Zygmunt et al. [82] calculated the activation barrier of ethane
cracking on a series of cluster models of H-ZSM-5 with increasing
size. They found that long-range interaction could largely stabilize
the ionic transition state. Eloc is defined as the energy difference
between the Al−–Na+ and Si form clusters, where the ionic inter-
action plays an important role in stabilizing the Al−–Na+ form
clusters, which, in a way, is similar to the electronic structure for
reaction with an ionic transition state. Indeed, the present work
confirms this viewpoint as the calculated Eloc becomes more neg-
ative as the cluster size increases. Using models with a proper size
(like C-5), the long-range electrostatic effect of the framework of
zeolite is adequately accounted for, and converged results are thus
achieved.

In ZSM-5, there are twelve distinct T-sites available [45]. The
present work focuses on the Na+ location associated with the T1
site. In the literature, energy change, similar to Eloc defined here,
has been used to evaluate the relative stability of Al substitution
at different T sites in zeolite [47,48]. Thus accurate Eloc values are
valuable for reliable prediction of Al distribution. Former quan-
tum chemical studies for this issue usually used small clusters [47].
However, from this work, it is clear that one has to take into account
of the size dependence of Eloc and �Eloc. Currently, we are studying
the thermodynamic stability of different T sites for Al substitution
in ZSM-5. We anticipate that reliable results can be obtained with
the C-5 type models.

3.4. Relative stability of different Na-sites

Figs. 6 and 7 display the relative stability of all four sites (Z6, M7,
I2 and I3) predicted by �Eint and �Eloc, respectively. As can be seen,
the results from small cluster model calculations are oscillating, and
hence are not trustworthy. The source of errors is a combined result
from the boundary effects, unreasonable electronic structures, the
partial absence of the long-range interactions, etc. The calculated
energies for different Na-sites start to converge only when the clus-
lattice effect beyond C-5 is negligible on the stability prediction of
the Na-sites. Furthermore, C-5 is proved to be much more efficient
than C-6 and C-7 while maintaining accuracy. The time consumed
by one step of self-consistent field calculation for C-5 Al–Na model
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Fig. 7. Relative stabilities of Na-sites predicted by �Eloc.

f M7 is 2258s, while those for C-6 and C-7 are 4350s and 11,081s,
espectively, on a dual processor Intel Xeon 5345–2.33 GHz Clover-
own computer loaded with 8GB memory and 146GB disk space.

The final stability sequence of the four probable location sites
or Na+ at T1 by the C-5 type clusters is Z6 > I2 > M7 > I3. The only
esult that is available to be compared with our work was pro-
ided by Kucera and Nachtigall [28]. They used an IPF (interatomic
otential function) method to investigate the relative stability for
a+ locating at M7, I2 (5-1-2) and another I2 (1-10-4) site, and

ound M7 and I2 (5-1-2) as the equally stable sites with Eint (Eb in
ef. [28]) to be −127 kcal/mol. Although Z6 is found to be the most
table site in our calculation, Z6 and I3 were not reported in their
ork, while our optimization could not locate a local minimum for

2 (1-10-4). Nachtigallova et al. [27] investigated Cu+ location at T1
ite and found a Z6 site similar to that in this work. We have also
ried to locate a Z5 site in which Na+ located on top of a 5-member
ing in the zigzag channel. Geometry optimizations using C-4, C-5
nd C-6 cluster models in search for Z5 always end up with the I3
ite. Hence, Z6, M7, I2 and I3 are the four probable sites that we can
ocate at the T1 site.

The stability of a specific Na-site can be related to its local coor-
ination environment. The Z6 site is predicted here to be the most
table site, as it possesses higher coordination numbers and higher
eometric flexibility. The Z6 site can accommodate Na+ well by
triple coordination with the corresponding Na–O bond lengths

f 2.222, 2.334 and 2.478 Å, respectively. The Na–O bond lengths
2.262 Å and 2.347 Å) in I2 are comparable to those of Z6, but only
wo O atoms are available for Na+ in this site. As compared to Z6,
here is an additional SiO4 at the bottom of the M7 site, which
argely restricts its structural relaxation during Na+ coordination to

7. In I3, three O atoms in AlO4 are coordinated to Na+. However
he Na–O bonds are relatively longer (2.396, 2.412 and 2.483 Å). Sig-
ificantly, the Al–Na distance in I3 site is fairly short (only 2.669 Å),
hile those in I2, M7 and Z6 are much longer (2.991, 3.020 and

.479 Å, respectively). This leads to a larger repulsion between Na+

nd the positive-charged Al3+ in I3, which makes it the least favor-
ble.

.5. Proposed schemes for cluster model selection for cation
ocation
There is no systematic study on the model selection for cation
ocation in the literature. There are related works on the model
election for the Brønsted acid site in zeolites [80,83–85]. In these
tudies, a Si–O(H)–Al bridge structure was usually used as the cen-
y 165 (2011) 112–119

ter of the models and the full model was obtained by incorporating
the environment around this central bridge. This scheme needs to
be improved for metal cation location studies as the distribution
of metal cations is much more flexible than H+. In this work, the
C-5 type model is found to be the smallest one with convergent
coordination structure and stability sequence for all four Na-sites
associated with T1. The key feature of C-5 is to allow all the atoms
on the three rings around the Al site to relax during the geometry
optimization, while expanding the region by roughly another three
shells of Si atoms. In such a way, boundary effects are minimized
and long range electrostatic interactions can be properly accounted
for. We suggest that such a scheme can be applied to study cation
location at other T-sites for Al substitutions. Encouraging prelim-
inary results have been achieved and a more thorough study is in
progress.

4. Conclusions

Here we present the first systematic investigation on the model
selection in geometry optimization and relative stability prediction
of the Na-sites associated with the T1 site for Al substitution. The
main conclusions are summarized as following:

1. Selection of the relaxed region during the partial geometry opti-
mization has important impact on the optimized structures.
Inclusion of long-range electrostatic interaction and elimina-
tion of cluster boundary effect are also important for reliable
predictions of cation coordination geometry and cation stability
sequence of various sites.

2. For Na-sites associated with the T1 site for Al substitution, we
find that Eloc start to converge at the C-5:75T type models,
while Eint is not yet converged even at C-7:192T. Both �Eloc and
�Eint are converged at C-5, predicting a stability sequence of
Z6 > I2 > M7 > I3.

3. The C-5 type model is constructed by allowing all the atoms on
the three rings around the Al site to relax during the geometry
optimization, and then expanding the region by roughly another
three shells of Si atoms. We suggest that this is a general scheme
to set up suitable cluster models for metal cation location calcu-
lations in zeolites.

Zeolites normally display a low symmetry with large unit cells
due to the Si/Al substitution. This not only imposes technical diffi-
culty in periodic method (e.g. The unit cell of ZSM-5 consists of 96T
[45]), but also demands large cluster models for proper description
(e.g. The C-5:75T model at 6-31G(d), recommended here, contains
259 atoms and 3331 basis functions). Hybrid methods (e.g. ‘our
own n-layered integrated molecular orbital and molecular mechan-
ics’ ONIOM method [34–37]) may present a promising alternative
[38]. Our present work provides “the real values” for further ONIOM
model study. Through proper selection of the high and low-level
methods and high-layers in the ONIOM scheme, more efficient cal-
culation schemes could be designed [34–38]. Further investigation
on other T sites in ZSM-5 zeolite is needed for a comprehensive
understanding of Na+ location in this important high-silica zeolite.
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