
Theoretical ONIOM2 Study on Pyridine Adsorption in the Channels and Intersection of
ZSM-5

Shuping Yuan,† Wei Shi,‡ Bingrui Li, ‡ Jianguo Wang,*,† Haijun Jiao,†,§ and Yong-Wang Li†

State Key Laboratory of Coal ConVersion, Institute of Coal Chemistry, Chinese Academy of Sciences,
P.O. Box 165, Taiyuan 030001, P. R. China, College of Chemistry and Chemical Engineering, Lanzhou
UniVersity, Lanzhou 730000, P. R. China, and Leibniz-Institut fu¨r Organische Katalyse an der UniVersität
Rostock, Buchbinderstrasse 5-6, 18055 Rostock, Germany

ReceiVed: September 6, 2004; In Final Form: December 18, 2004

The structures of the acid sites in the channels and intersections of H-, Li-, and Na-ZSM-5 (ZSM )
zeolite socony mobil) and their interactions with pyridine molecule have been computed by using three
corresponding models containing 22 tetrahedral sites. The calculated adsorption energies of pyridine in the
intersection regions of H-, Li-, and Na-ZSM-5 are 197.0, 172.5, and 122.3 kJ/mol, respectively, in good
agreement with the respective experimental values of 200( 5, 155-195, and 120 kJ/mol, while those in the
straight and sinusoidal channels are much smaller (157.9 and 127.6, 152.2 and 149.4, and 150.4 and 109.9
kJ/mol, respectively). These indicate that the most probable adsorption site for pyridine in ZSM-5 is the
acidic site located in the intersection region. The structural parameters of the adsorption complexes show that
the acidic proton in the three models of H-ZSM-5 has been transferred to the nitrogen of pyridine, while in
alkali cation-exchanged ZSM-5, the coordination of the alkali cation to the nitrogen atom of pyridine dominates
the overall interaction. In addition, the adsorption complexes were further stabilized by the long-range
electrostatic interaction between the positively charged pyridine hydrogen atoms and the negatively charged
lattice oxygen atoms of the zeolite framework. In the intersection regions of H-, Li-, and Na-ZSM-5, the
coordination energy of the charge-compensating cation to the pyridine nitrogen amounts to 58, 60, and 68%
of the total adsorption energy, respectively, while another 42, 40, and 32%, respectively, is due to long-range
electrostatic interactions. This indicates that the zeolite lattice framework surrounding the adsorption site has
important contributions to the adsorption energy of the pyridine molecule.

1. Introduction

Zeolites are important shape-selective acidic catalysts in
petroleum reforming, synfuel production, petrochemical produc-
tion, and the synthesis of fine chemicals. Channels and cavities
of their framework provide both high surface area and shape
selectivity as catalysts, while bridging hydroxyl groups intro-
duced by the substitution of Si by Al or other trivalent metal
atoms are responsible for their Brønsted acidity. In addition,
because of the specific balance of acidic and basic functions,
alkali-metal cation-exchanged zeolites have been found to be
potential catalysts in reactions such as the side-chain alkylation
of toluene1 and condensation reactions2 or to be selective
sorbents in separation technologies.3

A better understanding of the strength of the acidic centers
and their relative positions in zeolite structures is important for
the successful description of the catalytic and adsorption
properties of proton and alkali-metal cation-exchanged zeolites.
Experimentally, various methods have been employed to locate
the positions of the Lewis and Brønsted acidic sites in zeolites
and their interaction with probe molecules. Ammonia and
pyridine are the most frequently used probe molecules for the
acid strength of zeolites because it is assumed that the acid

strength can be inferred from the heat of adsorption for these
simple base molecules. For instance, pyridine has been used as
an indicator of the acidity of zeolite in infrared,4 temperature-
programmed desorption,5 X-ray photoelectron spectroscopy,6

and NMR7 experiments. However, these experiments provide
an average picture of zeolite, and detailed information on local
structure and reaction mechanisms within zeolite are still elusive.
In the past few decades, theoretical methods have become a
useful, complementary tool to experimental techniques to get
information pertinent to the local electronic and structural
properties of zeolite.

Up until now, numerous theoretical models have been
proposed to study the structures and acidic properties of zeolites.
The most widely used procedure is small cluster models for
describing catalytic active sites of zeolites.8-10 However, these
small models cut from zeolites do not reflect the framework
reasonably, on the one hand, and neglect the long-range
electrostatic interactions, on the other hand. Periodic ab initio
calculation is an alternative approach to overcome this limitation,
but zeolites in practical processes usually have hundreds of
atoms per unit cell, and this large size makes the use of periodic
ab initio methods too computationally expensive or impossible.
The development of embedding cluster methods and a combina-
tion of quantum and molecular mechanics (QM/MM) hybrid
methods are effective ways to describe the zeolite framework
at a reasonable computational cost with rather precise results.11

The ONIOM method, developed by Morokuma and co-workers
and implemented in the Gaussian 03 program, is a more general
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QM/MM or QM/QM method12 in which a high-level QM
method is applied only to the sites of interest (adsorbates,
reactants, and catalytic active sites) and a low-level QM or MM
method is applied for the rest of the zeolite framework. It has
the advantages of high QM accuracy and high MM efficiency
simultaneously.

Many calculations have been done for the adsorption of
pyridine in zeolites.13 Because of limited computer resources
in the past, the structure of zeolite was modeled by small
clusters, in which only the acidic site and its nearest neighbors
are included. These small clusters can give a good description
of the adsorption of small molecules such as CO,14 NH3,9,10,15

CH3OH,16 and H2O17 in zeolite’s acidic sites. However, for
larger molecules such as pyridine, with dimensions close to the
diameters of the straight channels, ca. 5.4× 5.6 Å, and the
sinusoidal channels, ca. 5.1× 5.4 Å, of ZSM-5, the heats of
adsorption are related both to the intrinsic acidity of the acidic
site and to the interaction between the deprotonated zeolites
and the protonated base. Therefore, small clusters, which neglect
the effect of the framework, can significantly change the
structure and energies of the system and lead to rather smaller
∆Eadsvalues (∆Eads) adsorption energy) as compared to those
of the experiments.

In recent years, ONIOM methods have been frequently used
to study the extended systems such as enzymes,18 metal
surfaces,19 and zeolite properties.20 Roggero et al.21 have
successfully used the ONIOM method to model the adsorption
of NH3 at the isolated hydroxyl groups on a highly dehydrated
silica surface. It has also been applied successfully to study the
catalytic reactions on H-ZSM-5.22 However, there are no
reports on the application of the ONIOM method to the
interaction of zeolite acidic sites with pyridine as a probe
molecule. In this work, we present ONIOM2 theoretical studies
on the local structures of the acidic sites in the straight and
sinusoidal channels and the intersections of these two channels
for H+-, Li+-, and Na+-exchanged ZSM-5 as well as their
interactions with pyridine.

2. Computational Details

2.1. Models.The cluster models are taken from the lattice
structure of Na-ZSM-5, in which there are 12 distinct
tetrahedral sites (Tx, x ) 1-12) in the unit cell.23 Three different
clusters containing 22 tetrahedral sites (Figure 1) are used to
model the straight and sinusoidal channels and their intersections
of ZSM-5, respectively. In these three clusters, an aluminum
atom replaces a silicon atom and the resulting negative charge
is compensated by H+, Li+, or Na+ to produce H-, Li-, and
Na-ZSM-5, respectively. In the clusters of the sinusoidal
channel and the intersection region, an Al atom is at the T12

site,24 while in the straight channel, an A1 atom is at the T7

site.25 The dangling bonds in these models are replaced by Si-H
with a distance of 1.48 Å.

It is necessary to point out that our models have been chosen
on the basis of the realistic sizes of the channels and the
intersection and also on the basis of our computer power, and
the structures have been optimized partially, although the best
model should be a real cluster fully optimized at a high
correlated level and sufficient basis set. This is because the
relaxation of the zeolite framework upon adsorption is rather
local around the active site.20,26 On the other hand, the strain
caused by partially optimized structures can be canceled or
compensated largely between the clusters and adsorbed clusters
for the calculation of∆Eads values. In addition, we have used
2T, 4T, and 8T models to make sure that our results are reliable

and meaningful. Indeed, the very good agreement between
theoretical and experimental∆Eads values reveals the high
quality of our model systems, and therefore our results are
qualitatively meaningful and quantitatively reliable.

2.2. Methods. All calculations are performed using the
ONIOM2 method in the Gaussian 03 program.27 In the
framework of ONIOM2, the system is divided into two layers
and treated at two different levels of theory; that is, the active
region is treated more accurately with the B3LYP/6-31G(d,p)
density functional method, while interaction in the rest of the
clusters is approximated by the HF/3-21G ab initio method. In
this work, the 4T model of the ZSM-5 bare cluster forming the
high-level layer (shown as ball-and-stick in Figures 2-4) is
described at B3LYP/6-31G(d,p). In the adsorption complexes,
pyridine is also included in the high-level region. The rest of
the cluster forming the low-level layer is described at HF/3-
21G. Four linking H atoms between these two layers replace
four oxygen atoms in the clusters to avoid the chemically
unrealistic model.

What should be mentioned is that density functional methods
have limitations for taking the dispersive energy into account.22

Figure 1. 22T clusters simulating the intersection (A), the straight
channel (B), and the sinusoidal channel (C) of ZSM-5.
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However, the dispersion forces are a minor component of the
∆Eadsvalues because interactions in the present studied systems
are through medium-strength H bonds. Therefore, the B3LYP
hybrid functional with the 6-31G(d,p) basis set including a
polarization function on hydrogen is expected to predict
reasonably accurate interaction energies. The HF/3-21G method
used for the low-level layer would overestimate the hydrogen-
bonding interaction energies. Thus, the∆Eads values obtained
in this work would be somewhat larger than more accurate
theoretical values. In addition, all of the energies reported do
not include corrections for zero-point energy because their values
would likely be similar for each of the clusters and, thus, would
have no influence on conclusions based on the relative energies.
Basis-set superposition errors were not calculated because they

would be a small factor, of several calories per mole, and a
relatively constant energetic offset across the cluster models we
compared,28 and the same is also applicable to the intramolecular
dispersion effect for the density functional theory method.29

The clusters representing the framework of ZSM-5 are all
partially optimized with the relaxation of the SiOAlO3 moiety
and the charge-compensating cation, while the rest of the model
is fixed in its bulky position. For the adsorption complexes,
pyridine is fully relaxed along with the zeolite framework. The
optimized structures are the most stable adsorbed complexes
around the acidic center, while adsorption outside the acidic
center has not been included.

3. Results and Discussion

3.1. Structures of the Acidic Sites in H-, Li -, and Na-
ZSM-5. To give a detailed description of pyridine adsorption
in ZSM-5 with a reasonable resource cost, two 22T models
representing the intersection region of H-ZSM-5, with the high-
layer models being 2T (22/2T; Figure 2, A′-H+) and 4T (22/
4T; Figure 2, A-H+), are used for pyridine adsorption (Figure

Figure 2. 22/4TONIOM2 models (A′-H+, 22/2T) and their pyridine
adsorption complexes in the intersection and channels of H-ZSM-5,
in which stick-and-ball structures represents the high layer, while lines
represent the low layer: A-H+ (A′-H+)/A-PyH+ (A′-PyH+) for the
intersection; B-H+/B-PyH+ for the straight channel; and C-H+/C-
PyH+ for the sinusoidal channel.

Figure 3. 22/4T ONIOM2 models and their pyridine adsorption
complexes in the intersection and channels of Li-ZSM-5, in which
stick-and-ball structures represent the high layer, while lines represent
the low layer: A-Li+/A-Py-Li+ for the intersection; B-Li+/B-Py-
Li + for the straight channel; and C-Li +/C-Py-Li + for the sinusoidal
channel.
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2, A′-PyH+ and A-PyH+; PyH+ ) pyridinium ion). From the
structural parameters of the acid sites calculated from these two
schemes (Table 1), it is shown that the O1-H1 bond distance,
which reflects the acid strength of the Brønsted site, is not
obviously affected by the different selection of the high-level
layer. The Al-O1 and Al-O2 bond lengths and the angle
between the Si-O1 and Al-O1 bonds (RAl-O1-Si) are also hardly
affected. However, a difference is observed in the Al-H1

distances of these two models. TheRAl-H1 value of 2.318 Å
for 22/4T is closer to the NMR experimental value of 2.38(
0.04 Å30 than the value of 2.304 Å for22/2T, which indicates
that more accurate results can be obtained with22/4T. The∆Eads

values in Table 2 show further that22/4T is more efficient to
describe the acidic sites and their interaction with pyridine; that
is, the calculated∆Eadsfor 22/4T is 197.0 kJ/mol, which agrees
nicely with the experimental value of 200( 5 kJ/mol,31 while
the energy calculated for22/2T is only 186.0 kJ/mol. As a result,
we used22/4T models to finish the remaining calculations and
discussion.

Optimization of the three22/4T models representing the
intersection and the straight and sinusoidal channels of H-ZSM-5
leads to different fine structures of the Brønsted sites (Table
1). Although the O1-H1 distance shows similar results in the
three models, the bond angle ofRAl-O1-Si shows a significant
difference. It was also found that the replacement of Si by Al
leads to a larger distortion of the zeolite structure in the
intersection region than it does in the two channels, as indicated
by the RAl-O1 and RAl-O2 bond lengths. The smallerRAl-O1

distances in the two channels also lead to shorter Al-H1 bonds
as compared to those of the intersection model. In addition, large
differences in the Al-O bond distances in the intersection and
the straight and sinusoidal channels are found (RAl-O1 andRAl-O2

in Table 1); this is mainly due to the different structural
characteristics of these three models. The substitution atom Al
can relax much more in the intersection region than it can in
the two channels; thus, the Al-O bonds in the intersection
model are much longer than those of the two channels. This
model has been validated by a good agreement in theoretical
and experimental∆Eads values, as discussed in the previous
section.

Figure 4. 22/4TONIOM2 models (A′-Na+, 22/8T) and their pyridine
adsorption complexes in the intersection and channels of Na-ZSM-5,
in which stick-and-ball structures represent the high layer, while lines
represent the low layer: A-Na+ (A′-Na+)/A-Py-Na+ (A′-Py-Na+)
for the intersection; B-Na+/B-Py-Na+ for the straight channel; and
C-Na+/C-Py-Na+ for the sinusoidal channel.

TABLE 1: Structural Parameters of the Bare H-ZSM-5
Framework Modelsa

intersection
A′-H+

(22/2T)

intersection
A-H+

(22/4T)

straight
channel B-H+

(22/4T)

sinusoidal
channel C-H+

(22/4T)

RAl-O1 1.907 1.911 1.801 1.759
RAl-O2 1.712 1.717 1.636 1.688
RSi-O1 1.593 1.594 1.657 1.646
RO1-H1 0.979 0.978 0.982 0.977
RAl-H1 2.304 2.318 2.215 2.260
RSi-O1-Al 141.0 140.8 152.6 134.6

a For the numbering systems, see Figure 2.

TABLE 2: Adsorption Energies (kJ/mol) of Pyridine in the
Two Channels and Channel Intersections of H-, Li -, and
Na-ZSM-5

22/4T
small
cluster expt

H-ZSM-5
intersection (A-PyH+) 197.0 (186.0)a 115.0b

straight channel (B-PyH+) 127.6 97.4c 200( 5
sinusoidal channel (C-PyH+) 157.9 81.7c

Li-ZSM-5
intersection (A-Py-Li +) 172.5 104.3c

straight channel (B-Py-Li +) 149.4 104.2c 155-195
sinusoidal channel (C-Py-Li +) 152.2 112.5c

Na-ZSM-5
intersection (A-Py-Na+) 122.3 (112.1)d 82.7e

straight channel (B-Py-Na+) 109.9 78.8c 120
sinusoidal channel (C-Py-Na+) 150.4 100.3c

a Calculated from the22/2T model of the intersection region of
H-ZSM-5. b Calculated from the2T model, which is cut from the high-
level layer of the22/2T model of the intersection region of H-ZSM-
5. c Calculated from the4T model, which is cut from the high-level
layer of the corresponding22/4T models.d Calculated from the22/8T
model of the intersection region of Na-ZSM-5. e Calculated from the
8T model, which is cut from the high-level layer of the22/8T model
of the intersection region of Na-ZSM-5.
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In H-ZSM-5, the charge-compensating proton is attached
to one of the framework oxygen atoms bonded to Al and, thus,
forms the bridging hydroxyl group Al-O1(H1)-Si in the models
of A-H+, B-H+, and C-H+ in Figure 2. In the alkali-metal
cation-exchanged ZSM-5, Li+ and Na+ are located near the Al
and interact with the O1 and O2 atoms that are bonded to the
Al more or less symmetrically, in both the channels and the
intersection for Li+ (Table 3 and Figure 3, A-Li+, B-Li+, and
C-Li+) and only in the channels for Na+ (Figure 4, B-Na+

and C-Na+), while in the intersection model of Na-ZSM-5,
Na+ has a 4-fold interaction (Figure 4, A-Na+). The symmetric
binding between the alkali-metal cation and [AlO4

-] of the
zeolite has been confirmed by an electron spin resonance
experiment32 and theoretical studies.33,34 In the intersection
model of Na-ZSM-5, Na+ is located above the middle of the
six-membered ring and lies at a short distance (2.254-2.818
Å) from four of the oxygen atoms and at a longer distance
(3.227-3.792 Å) from the other two oxygen atoms of the ring.
The location of Na+ in a six-membered ring of Faujasite zeolite
has been studied by density functional methods by Vayssilov
et al.,35 and they found that, with only one Al in the six-
membered ring, Na+ is almost in the plane of the six-membered
ring of Sodalite cages. Considering that interactions of O3 and
O4 with Na+ in the intersection model of Na-ZSM-5 (Figure
4, A-Na+) belong to the low-level layer, calculations are carried
out on the22/8T ONIOM2 model (Figure 4, A′-Na+), with
8T as a high-layer model and the complete six-membered ring
included in the high-level layer. It was shown that the optimiza-
tion of this model leads to results similar to those of the22/4T
model (Table 3). This indicates that, in the intersection region
of ZSM-5, the most stable position for the Na+ ion is above
the six-membered ring, in which Na+ forms a 4-fold coordina-
tion with the framework oxygen.

Compared to those of H-ZSM-5, the interactions of Li+ and
Na+ with the zeolite framework lead to less perturbation of the
atoms around the acidic sites, as indicated by the Al-O and
Si-O bond lengths (Table 3). This can be attributed to the
electrostatic interaction between the charge-compensating alkali-
metal cation and the zeolite framework oxygen, while in
H-ZSM-5, the proton forms a covalent bond with the bridging
oxygen O1. Li+ interacts with two oxygen atoms bonded to Al
at distances of 1.892-2.012 Å and Na+ bonded to two or four
oxygen atoms at distances of 2.252-2.818 Å. The Al-Li and
Al-Na distances in the intersection model of 2.506 and 2.941
Å, respectively, are close to the values of other theoretical
ONIOM studies, in which the Al-Li bond is 2.566 Å and the
Al-Na bond is 2.961 Å.33 It was also found that the Al-Na
bond is longer than the Al-Li bond, in agreement with the

increasing radius of these two cations (Pauling radius: Li+, 0.60
Å; Na+, 0.95 Å36). The longest Al-O1 bonds of the intersection
models in Li- and Na-ZSM-5 resulted in the longest Al-Li
and Al-Na bonds when compared to those of the models of
the two channels.

3.2. Structure of the Adsorption Complexes of Pyridine
in H-, Li -, and Na-ZSM-5. Figures 2-4 and Tables 4 and
5 present the optimized structures and the selected structural
parameters of pyridine adsorption complexes on H-, Li-, and
Na-ZSM-5. From the configurations of A-PyH+, B-PyH+,
and C-PyH+ in Figure 2 and the distances of N-H1 and O1-
H1 (RN-H1 andRO1-H1 in Table 4), it can be seen that, in the
three models representing H-ZSM-5, all of the pyridine is
protonated by H-ZSM-5 and the ion-pair structure of [ZeO-
PyH+] is formed. With the formation of PyH+, the acidic proton,
which had been attached to the nitrogen of pyridine, has a
hydrogen bond to the bridging oxygen O1, with O1-H1 distances
ranging from 1.474 to 2.418 Å, and the Al-H1 distance is
accordingly elongated by 0.106-1.439 Å. Except for the case
of the intersection model of H-ZSM-5 (Figure 2, A-PyH+),
the structure of the zeolite framework near the acidic sites does
not change significantly upon adsorption because of the weak
interaction of the adsorption.

For pyridine adsorption in H-ZSM-5, it can be found that
there are two kinds of interactions between the adsorbate and
the substrate. In addition to the strong interaction between the
acidic proton of zeolite, which has been transferred into the
nitrogen of pyridine, and one of the bridging oxygen atoms
bonded to Al, there are about 10 H-bond interactions between
the hydrogen atoms of the CH groups in pyridine and the lattice
oxygen atoms of the zeolite model, with O-H distances ranging
from 2.145 to 2.936 Å (Table 4).

For the case of pyridine adsorption in Li- and Na-ZSM-5,
it was found that there is a strong interaction between the
pyridine nitrogen and the alkali-metal cation, with N-X
distances ranging from 2.122 to 2.314 Å and 2.327 to 2.363 Å
for X ) Li and Na, respectively, and the N-X distance increases
with increasing radii of these two cations. In all of the adsorption
models, the structures of the Lewis acidic sites and pyridine
molecule are almost not perturbed upon the adsorption. In Na-
ZSM-5, the adsorption of pyridine is significantly weaker than
that in Li-ZSM-5, according to the weaker acidity of Na+

TABLE 3: Structural Parameters of the Bare Li -ZSM-5
and Na-ZSM-5 22/4T Framework Modelsa

Li-ZSM-5 Na-ZSM-5

inter-
section

straight
channel

sinusoidal
channel intersectionb

straight
channel

sinusoidal
channel

RAl-O1 1.785 1.741 1.729 1.752/[1.799] 1.744 1.718
RAl-O2 1.756 1.642 1.689 1.689/[1.712] 1.647 1.685
RSi-O1 1.593 1.606 1.611 1.594/[1.601] 1.596 1.591
RSi-O1-Al 140.7 154.2 136.9 142.0/[142.5] 154.3 138.4
RX-O1 1.897 2.002 1.892 2.754/[2.616] 2.345 2.252
RX-O2 1.940 2.012 1.940 2.254/[2.305] 2.316 2.268
RAl-X 2.506 2.441 2.486 2.941/[2.881] 2.867 2.895
RX-O3 2.818/[2.771]
RX-O4 2.579/[2.744]

a For the numbering systems, see Figures 3 and 4.b Values calculated
from the22/8T model of the intersection region of Na-ZSM-5 are in
square brackets.

TABLE 4: Structural Parameters of Pyridine Adsorption
Complexes in H-ZSM-5 Modelsa

intersection
(A-PyH+)

straight channel
(B-PyH+)

sinusoidal channel
(C-PyH+)

RAl-O1 1.767 1.801 1.801
RAl-O2 1.737 1.664 1.690
RSi-O1 1.603 1.573 1.632
RAl-H1 2.524 3.654 2.640
RSi-O1-Al 141.7 155.0 133.0
RN-H1 1.047 1.019 1.086
RO1-H1 1.763 2.418 1.474
RO2-H2 2.434 2.461
RO3-H3 2.525
RO2-H1 2.775 2.533
RO3-H1 2.269 2.742
RO4-H2 (RO4-H3) 2.428 (2.530) (2.342)
RO5-H4 (RO5-H3) 2.936 2.893 (2.830)
RO6-H4 (RO6-H3) 2.425 2.756 (2.774)
RO7-H6 (RO7-H4) 2.381 (2.436) (2.919)
RO8-H5 (RO8-H3) 2.875 (2.848) 2.213
RO8-H6 2.881
RO9-H5 (RO9-H3) 2.657 (2.145) 2.761
RO10-H5 2.679

a For the numbering systems, see Figure 2.
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compared to that of the Li+ ion and reflected by a N-Na
distance longer than that of N-Li. This is also reflected by the
∆Eads, which is larger in Li-ZSM-5 than in Na-ZSM-5 (which
will be discussed in the next section). Except for the coordination
of pyridine nitrogen to the alkali cations of Li+ and Na+, there
also exist multiple electrostatic interactions between pyridine
hydrogen atoms and zeolite lattice oxygen atoms with an O-H
distance smaller than 3.0 Å (Table 5). Because Li+ and Na+

ions are larger in size than H+, the adsorbed pyridine in Li-
and Na-ZSM-5 is farther from the adsorption site than it is in
H-ZSM-5 and, thus, the oxygen atoms, which have electrostatic
interactions with the pyridine hydrogen atoms, are not included
in the high-level layer.

3.3. ∆Eads Values of Pyridine in the Channels and the
Intersection of ZSM-5. Table 2 reports the energies of pyridine
adsorption in the intersection and in the two channels of ZSM-
5. ∆Eads is defined as the energy difference between the
adsorption complex (Epyridine-ZeOX) and the two monomers
(isolated zeolite models,EZeOX, and the free pyridine molecule,
Epyridine), where X means the charge-compensating ion of H,
Li, or Na.

By comparing the∆Eadsvalues calculated from the channels
and the intersections of H-, Li-, and Na-ZSM-5, it was found
that the energies in the intersection region of 197.0, 172.5, and
122.3 kJ/mol are much closer to the experimental values of 200
( 5,31 155-195, and 120 kJ/mol,37 respectively, than the
energies in the channels (157.9 and 127.6, 152.2 and 149.4,
and 150.4 and 109.9 kJ/mol, respectively), indicating that the
most probable adsorption site for pyridine in ZSM-5 is the
intersection region of the straight and sinusoidal channels. Thus,
one can conclude that molecules with dimensions similar or
larger than those of pyridine can only be held in this region,
and the active sites for most of the chemical reactions catalyzed
by ZSM-5 are in the intersection region.

Except for Na-ZSM-5, the∆Eads values of pyridine calcu-
lated from the three models increase in the following order:
straight channel< sinusoidal channel< intersection. In Na-
ZSM-5, the energy in the sinusoidal channel is the largest one,
which is due to the special location of Na+ in the six-membered
ring, which results in the reduced acidity of Na+ in the
intersection model because it was found that when Na+ is farther

from the ring, it is more acidic.38 As for Li- and Na-ZSM-5,
the energy of pyridine adsorption for the acid site in Li-ZSM-5
is larger than that for Na-ZSM-5 at the same location, which
is consistent with the Lewis acidity of these two cations.

For pyridine adsorption in the intersection region of Na-
ZSM-5, calculations on the22/8T model are also carried out.
It was found that the structure of the adsorption complex is not
affected by different high-layer models, while∆Eadsis decreased
by 10 kJ/mol in the22/8T model. This indicates that the
inclusion of the six-membered ring in the high-layer model
stabilizes the bare cluster more than the adsorption complex.

The ∆Eads value of a molecule interacting with a zeolite
framework is governed by two types of interactions;38 one is
the chemical interaction of the reactive part of the molecule
with the active site of the zeolite (hydrogen bond, coordinative
chemical bond, or electrostatic interaction), and the other is the
dispersive van der Waals type of interaction of the rest of the
molecule with the zeolite walls, namely, the hydrogen bonds
formed between the guest molecule and the zeolite framework.
For pyridine adsorption in ZSM-5, the latter part has an
important contribution to∆Eads; because pyridine has a dimen-
sion similar to that of the 10-membered ring channels of ZSM-
5, there will be multiple electrostatic interactions of the pyridine
hydrogen atoms and the oxygen atoms of the zeolite wall.

To separate these two types of contributions, we used small
clusters to exclusively estimate the first type of interactions,
and it is expected that the calculated∆Eads values are lower
than the experimental values. On the basis of the structural
properties of the acid sites in H-, Li-, and Na-ZSM-5, 2T,
4T, and 8T clusters, which are respectively cut from the high
layers of22/2T, 22/4T, and22/8T of the intersection models
of H-, Li-, and Na-ZSM-5, were used to represent the acid
sites in these three zeolites. It was found that the calculated
∆Eadsvalues on these small clusters at the B3LYP/6-31G(d,p)
level are only 115.0, 104.3, and 82.7 kJ/mol, respectively, which
is 58% of the energy of 197.0 kJ/mol in H-ZSM-5, 60% of
172.5 kJ/mol in Li-ZSM-5, and 68% of 122.3 kJ/mol in Na-
ZSM-5 calculated with22/4TONIOM2 methods. On this basis,
it can be roughly approximated that, in H-ZSM-5, the energy
comes from the electrostatic interaction responsible for 42% of
the total∆Eads, while the first part of the energy that is related

TABLE 5: Structural Parameters of Pyridine Adsorption Complexes in Li -ZSM-5 and Na-ZSM-5 Modelsa

Li-ZSM-5 Na-ZSM-5

intersection
(A-Py-Li +)

straight channel
(B-Py-Li +)

sinusoidal channel
(C-Py-Li +)

intersection
(A-Py-Na+)

straight channel
(B-Py-Na+)

sinusoidal channel
(C-Py-Na+)

RAl-O1 1.785 1.740 1.729 1.760 1.817 1.775
RAl-O2 1.756 1.642 1.689 1.702 1.709 1.708
RSi-O1 1.593 1.606 1.611 1.591 1.611 1.613
RSi-O1-Al 140.7 154.2 136.9 144.1 151.6 136.8
RX-O1 1.897 2.002 1.892 2.861 2.334 2.296
RX-O2 1.940 2.012 1.940 2.285 2.352 2.345
RAl-X 2.506 2.442 2.486 3.046 2.918 2.968
RN-X 2.122 2.314 2.242 2.328 2.327 2.363
RX-O3 2.790
RX-O4 2.472
RO3-H2 (RO4-H4) 2.823 2.167 2.691 (2.418)
RO4-H1 (RO4-H3) 2.981 2.641 (2.772) 2.449
RO5-H2 (RO5-H3) 2.662 2.452 2.637 2.410 2.670 2.439 (2.524)
RO6-H3 (RO6-H2) 2.646 (2.991) 2.830 2.978 2.462 2.824 (2.768)
RO7-H3 (RO7-H4) 2.806 (2.202) 2.639 (2.404) 2.467 (2.784)
RO7-H5 2.766
RO8-H4 (RO8-H2) 2.670 2.754 2.293 (2.465) (2.818)
RO9-H4 (RO9-H2) 2.963 2.615 2.333 (2.777) 2.920
RO10-H5 (RO10-H4) 2.791 2.985 (2.559)
RO11-H5 (RO9-H5) 2.861 (2.754)

a For the numbering systems, see Figures 3 and 4.
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to the Brønsted acid site only amounts to 58% of the total∆Eads.
For Li- and Na-ZSM-5, the coordination of the nitrogen of
the pyridine to the alkali cation is responsible for 60 and 68%
of the total ∆Eads, respectively, while another 40 and 32%,
respectively, are due to the electrostatic interaction.

For the two channels of H-, Li-, and Na-ZSM-5, the
energy decomposition calculations are also carried out on 4T
clusters for comparison (Table 2). The results show that the
coordination energy of pyridine nitrogen to the zeolite charge-
compensating cation is responsible for 76, 70, and 72% of the
total ∆Eads in the straight channel and 52, 74, and 67% in the
sinusoidal channel, respectively, and the rest comes from the
long-range electrostatic interaction. These results show the same
qualitative picture as that found in the intersection.

It is reported that, for methanol adsorbed on Na+-exchanged
zeolites, about 80% of the calculated binding energy of the guest
molecule to an active site is derived from the coordination of
the methanol oxygen center to the alkali cation, while only 20%
is due to the electrostatic interaction.38 For pyridine, which has
a larger dimension and more hydrogen atoms than methanol,
there are more hydrogen bonds that can be formed in the
adsorption complexes and, thus, the contributions from elec-
trostatic interactions to the total∆Eadsare larger than those for
methanol adsorption. This also indicates that the zeolite
framework surrounding the acidic sites has an important effect
on the adsorption of a large molecule such as pyridine. In
addition, it was found that the decrease of Lewis acidity of the
alkali-metal cations from Li+ to Cs+ can change the relative
contributions of the coordination and the electrostatic interaction
to the total∆Eads.38 Our result that, in Li- and Na-ZSM-5,
there are different contributions of the coordination energy and
the electrostatic interaction is in agreement with this conclu-
sion.

3.4. Electronic Properties of Pyridine Adsorption Com-
plexes in H-, Li -, and Na-ZSM-5. The atomic charges
estimated by Mulliken populations on the selected atoms of
pyridine adsorption complexes in the intersection regions of H-,
Li-, and Na-ZSM-5 are reported in Table 6. For comparison,
the charges on these atoms in the bare models are also presented.
It can be seen that the adsorption of pyridine decreases the
positive charge on the compensating cations, which is reduced
by 0.011-0.254eas compared to the corresponding bare model.
While the negative charge on the pyridine nitrogen center
increases significantly after adsorption, by 0.102-0.293e, the
positive charges on the hydrogen atoms of the CH groups also
increase. In addition to these changes, the charges on other atoms

of the zeolite framework, such as Si, Al, and O, are also affected
by the adsorption, while the changes occur in an unorderly
way.

4. Conclusions

Pyridine adsorption in the straight and sinusoidal channels
and their intersection of H-, Li-, and Na-ZSM-5 was
investigated by the ONIOM2 theoretical method. It was shown
that the most likely adsorption site for pyridine in ZSM-5 is
the intersection of the straight and sinusoidal channels. The
calculated∆Eads values of 197.0, 172.5, and 122.3 kJ/mol,
respectively, in the intersections of H-, Li-, and Na-ZSM-5
are in good agreement with the experimental values of 200(
5, 155-195, and 120 kJ/mol. In H-ZSM-5, proton transfer from
the Brønsted acidic sites to the nitrogen of the guest molecule
has been found upon pyridine adsorption, while in Li- and Na-
ZSM-5, the electrostatic interaction between the alkali cation
and the nitrogen atoms dominates the overall interaction. In
addition to this interaction, the adsorption complexes were
further stabilized by long-range electrostatic interaction between
the hydrogen atoms of pyridine and the lattice oxygen atoms
of the zeolite framework, which is responsible for 42% of the
total ∆Eadsin the intersection of H-ZSM-5 and 40 and 32% in
the intersections of Li- and Na-ZSM-5, respectively.

Acknowledgment. The authors are grateful to the National
Natural Science Foundation of China (No. 20403028), The State
Key Fundamental Research Project, and the Chinese Academy
of Sciences for their financial support and to the Alexander von
Humboldt Foundation for the donation of computing facil-
ities.

References and Notes

(1) Hathaway, P. E.; David, M. E.J. Catal.1989, 119, 497.
(2) Corma, A.Mater. Res. Soc. Symp. Proc.1997, 233, 17.
(3) Fu, Z. H.; Ono, Y.Catal. Lett.1993, 21, 43.
(4) (a) Buzzoni, R.; Bordiga, S.; Ricchiardi, G.; Lamberti, C.; Zecchina,

A. Langmuir1996, 12, 930. (b) Meloni, D.; Laforge, S.; Martin, D.; Guisnet,
M.; Rombi, E.; Solinas, V.Appl. Catal., A2001, 215, 55.

(5) Karge, H. G.; Dondur, V.; Weitkamp, J.J. Phys. Chem.1991, 95,
283.

(6) Defosse, G.; Canesson, P.J. Chem. Soc., Faraday Trans. 11976,
72, 2265.

(7) Ripmeester, J. A.J. Am. Chem. Soc.1983, 105, 2925.
(8) (a) Zygmunt, S. A.; Curtiss, L. A.; Zapol, P.; Iton, L. E.J. Phys.

Chem. B2000, 104, 1944. (b) Brand, H. V.; Curtiss, L. A.; Iton, L. E. J.
Phys. Chem.1993, 97, 12773.

(9) Yuan, S. P.; Wang, J. G.; Li, Y. W.; Jiao, H.J. Phys. Chem. A
2002, 106, 8167.

(10) Yuan, S. P.; Wang, J. G.; Li, Y. W.; Jiao, H.THEOCHEM2004,
674, 267.

(11) (a) Deka, R. C.; Hirao, K.J. Mol. Catal. A2002, 181, 275. (b)
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