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The structures of the acid sites in the channels and intersections-piLH-, 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 of2@0) 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
kJd/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 ofFHASM-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-¢filit, 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 strength can be inferred from the heat of adsorption for these
. . ) L __simple base molecules. For instance, pyridine has been used as
Zeolites are important shape-selective acidic catalysts in g ingicator of the acidity of zeolite in infrarédemperature-
petroleum reforming, synfuel production, petrochemical produc- programmed desorptidhX-ray photoelectron spectroscopy,
tion, and the synthesis of fine chemicals. Channels and cavities;,4 NMR experiments. However, these experiments provide
of their framework provide both high surface area and shape 5, ayerage picture of zeolite, and detailed information on local
selectivity as catalysts, while bridging hydroxyl groups intro- gy cture and reaction mechanisms within zeolite are still elusive.
duced by the substitution of Si by Al or other trivalent metal | he past few decades, theoretical methods have become a

atoms are responsible for their Bronsted acidity. In addition, \;sefyl complementary tool to experimental techniques to get
because of the specific balance of acidic and basic functions,iytormation pertinent to the local electronic and structural

aIkaIi-metaI cationfexchar?ged zeolites have_: been found to,beproperties of zeolite.
potential catalysts in reactions such as the side-chain alkylation Up until now, numerous theoretical models have been

of toluené and condensation reactidnsr to be selective - ,n0seq to study the structures and acidic properties of zeolites.
sorbents in separation technologfes. The most widely used procedure is small cluster models for
A better understanding of the strength of the acidic centers gescribing catalytic active sites of zeolifed? However, these

and their relative positions in zeolite structures is important for small models cut from zeolites do not reflect the framework
the successful description of the catalytic and adsorption reasonably, on the one hand, and neglect the long-range
properties of proton and alkali-metal cation-exchanged zeolites. gjectrostatic interactions, on the other hand. Periodic ab initio
Experimentally, various methods have been employed to locateca|culation is an alternative approach to overcome this limitation,
the pOSitionS of the Lewis and Brgnsted acidic sites in zeolites but zeolites in practica| processes usua”y have hundreds of
and their interaction with probe molecules. Ammonia and atoms per unit cell, and this large size makes the use of periodic
pyridine are the most frequently used probe molecules for the gp jnitio methods too computationally expensive or impossible.
acid strength of zeolites because it is assumed that the acidrhe development of embedding cluster methods and a combina-
tion of quantum and molecular mechanics (QM/MM) hybrid
*Author to whom correspondence should be sent. E-mail: methods are effective ways to describe the zeolite framework

iccjgw@sxicc.ac.cn. . at a reasonable computational cost with rather precise rédults.
T Chinese Academy of Sciences.
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QM/MM or QM/QM method? 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 zeolite$3 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 BOQH3,%10.15
CH30H,® and HO' in zeolite’s acidic sites. However, for
larger molecules such as pyridine, with dimensions close to the
diameters of the straight channels, ca. 5.4.6 A, and the
sinusoidal channels, ca. 514 5.4 A, 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
AEagsvalues AE;qs= 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 enzyfhesetal
surfaces? and zeolite propertie®¥. Roggero et at! have
successfully used the ONIOM method to model the adsorption
of NHs at the isolated hydroxyl groups on a highly dehydrated
silica surface. It has also been applied successfully to study the
catalytic reactions on HZSM-522 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_ NaZSM-5, in _Wh'Ch t_here are 12 _d'St'nCt Figure 1. 22T clusters simulating the intersection (A), the straight
tetrahedral sites (Ix = 1—-12) in the unit celf® Three different  channel (B), and the sinusoidal channel (C) of ZSM-5.
clusters containing 22 tetrahedral sites (Figure 1) are used to
model the straight and sinusoidal channels and their intersectionsand meaningful. Indeed, the very good agreement between
of ZSM-5, respectively. In these three clusters, an aluminum theoretical and experimentalE,ys values reveals the high
atom replaces a silicon atom and the resulting negative chargequality of our model systems, and therefore our results are
is compensated by H Li*, or Na* to produce H-, Li—, and qualitatively meaningful and quantitatively reliable.
Na—ZSM-5, respectively. In the clusters of the sinusoidal 2.2. Methods. All calculations are performed using the
channel and the intersection region, an Al atom is at the T ONIOM2 method in the Gaussian 03 programin the
site2* while in the straight channel, an Al atom is at the T framework of ONIOM2, the system is divided into two layers
site2® The dangling bonds in these models are replaced bySi  and treated at two different levels of theory; that is, the active
with a distance of 1.48 A. region is treated more accurately with the B3LYP/6-31G(d,p)

It is necessary to point out that our models have been chosendensity functional method, while interaction in the rest of the
on the basis of the realistic sizes of the channels and theclusters is approximated by the HF/3-21G ab initio method. In
intersection and also on the basis of our computer power, andthis work, the 4T model of the ZSM-5 bare cluster forming the
the structures have been optimized partially, although the besthigh-level layer (shown as ball-and-stick in Figures4) is
model should be a real cluster fully optimized at a high described at B3LYP/6-31G(d,p). In the adsorption complexes,
correlated level and sufficient basis set. This is because thepyridine is also included in the high-level region. The rest of
relaxation of the zeolite framework upon adsorption is rather the cluster forming the low-level layer is described at HF/3-
local around the active sif€:26 On the other hand, the strain  21G. Four linking H atoms between these two layers replace
caused by partially optimized structures can be canceled orfour oxygen atoms in the clusters to avoid the chemically
compensated largely between the clusters and adsorbed clustensnrealistic model.
for the calculation ofAEags values. In addition, we have used What should be mentioned is that density functional methods
2T, 4T, and 8T models to make sure that our results are reliablehave limitations for taking the dispersive energy into accétint.

C-sinusoidal channel
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(o (11 C-Py-Li"
Figure 3. 22/4T ONIOM2 models and their pyridine adsorption
complexes in the intersection and channels of ZEM-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-@.i*/C—Py—Li" for the sinusoidal
channel.

C-PyH" .
Figure 2. 22/ATONIOM2 models (A—H*, 22/2T) and their pyridine Woulld be a small factor, (_)f several calories per mole, and a
adsorption complexes in the intersection and channels-Z$M-5 relatively constant energetic offset across the cluster models we

in which stick-and-ball structures represents the high layer, while lines compared?® and the same is also applicable to the intramolecular
represent the low layer: AH* (A'—H*)/A—PyH" (A'—PyH") for the dispersion effect for the density functional theory methbd.
intersection; B-H*/B—PyH" for the straight channel; and-G4*/C— The clusters representing the framework of ZSM-5 are all
PyH" for the sinusoidal channel. partially optimized with the relaxation of the SiOA{@noiety

However, the dispersion forces are a minor component of the Qnd the charge-compensating cation, while the rest of the model

AE,gsvalues because interactions in the present studied systemdS fixed in its bulky position. For the adsorption complexes,

are through medium-strength H bonds. Therefore, the B3LYP pyr!dipe is fully relaxed along with the zeolite framework. The
hybrid functional with the 6-31G(d,p) basis set including a optimized structures are the most stable adsorbed complexes

polarization function on hydrogen is expected to predict around the acidic center, while adsorption outside the acidic

reasonably accurate interaction energies. The HF/3-21G method eNter has not been included.
used for the low-level layer would overestimate the hydrogen-
bonding interaction energies. Thus, th&,ysvalues obtained

in this work would be somewhat larger than more accurate 3.1. Structures of the Acidic Sites in H-, Li—, and Na—
theoretical values. In addition, all of the energies reported do ZSM-5. To give a detailed description of pyridine adsorption
not include corrections for zero-point energy because their valuesin ZSM-5 with a reasonable resource cost, two 22T models
would likely be similar for each of the clusters and, thus, would representing the intersection region of BSM-5, with the high-
have no influence on conclusions based on the relative energieslayer models being 2T2@/2T; Figure 2, A—H*) and 4T @2/
Basis-set superposition errors were not calculated because theyT; Figure 2, A-H™), are used for pyridine adsorption (Figure

3. Results and Discussion
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C-Na' C-Py-Na~
Figure 4. 22/4TONIOM2 models (A—Na', 22/8T) and their pyridine
adsorption complexes in the intersection and channels ef2&M-5,
in which stick-and-ball structures represent the high layer, while lines
represent the low layer: ANa* (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.

2, A'—PyH" and A—-PyH"; PyH" = pyridinium ion). From the
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TABLE 1: Structural Parameters of the Bare H—ZSM-5
Framework Models?

intersection intersection straight sinusoidal

A'—H" A—H*  channel B-H" channel CG-H"

(22/27) (22/4T) (22/4T) (22/4T)
Raj—o1 1.907 1.911 1.801 1.759
Rai-02 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
Rai—H1 2.304 2.318 2.215 2.260
Osi-o1-a  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

small
22/4T cluster expt
H—-ZSM-5
intersection (A-PyH") 197.0 (186.0) 115.¢
straight channel (BPyH") 127.6 97.4 200+5
sinusoidal channel (EPyH") 157.9 817
Li—ZSM-5
intersection (A-Py—Li™") 1725 104.3
straight channel (BPy—Li*) 149.4 104.2 155-195
sinusoidal channel (EPy—Li*) 152.2 112.5
Na—ZSM-5
intersection (A-Py—Na) 122.3(112.19 82.7
straight channel (BPy—Na") 109.9 78.8 120
sinusoidal channel (EPy—Na") 150.4 100.8

aCalculated from the22/2T model of the intersection region of
H—ZSM-5. ® Calculated from th@T model, which is cut from the high-
level layer of the22/2T model of the intersection region ofHZSM-
5. ¢ Calculated from thelT model, which is cut from the high-level
layer of the corresponding2/4T models.? Calculated from th@2/8T
model of the intersection region of N&SM-5. € Calculated from the
8T model, which is cut from the high-level layer of t2@/8T model
of the intersection region of NeZSM-5.

values in Table 2 show further tha2/4T is more efficient to
describe the acidic sites and their interaction with pyridine; that
is, the calculated\Eggsfor 22/4Tis 197.0 kd/mol, which agrees
nicely with the experimental value of 20D 5 kJ/mol3! while

the energy calculated f@2/2T is only 186.0 kJ/mol. As a result,
we used22/4T models to finish the remaining calculations and
discussion.

Optimization of the three€22/4T models representing the
intersection and the straight and sinusoidal channels-&Z$M-5
leads to different fine structures of the Brgnsted sites (Table
1). Although the @—Hj distance shows similar results in the
three models, the bond angle @f;—o:1-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 Ra—01 and Ra—o02 bond lengths. The smalleRa—o1
distances in the two channels also lead to shorterthlbonds

structural parameters of the acid sites calculated from these two, g compared to those of the intersection model. In addition, large

schemes (Table 1), it is shown that the-®1; bond distance,

differences in the A+O bond distances in the intersection and

which reflects the acid strength of the Brgnsted site, is not {he straight and sinusoidal channels are fourigl o1 andRa o2
obviously affected by the different selection of the high-level i3 Taple 1); this is mainly due to the different structural

layer. The AFO; and A~O; bond lengths and the angle
between the SiO; and A0, bonds (ta—o01-sj) are also hardly
affected. However, a difference is observed in the-iA}
distances of these two models. TRg_n; value of 2.318 A
for 22/4T is closer to the NMR experimental value of 2.38
0.04 A% than the value of 2.304 A fa22/2T, which indicates
that more accurate results can be obtained 22 T. The AEags

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 AD 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 experimentalAEggs values, as discussed in the previous
section.
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TABLE 3: Structural Parameters of the Bare Li —ZSM-5
and Na—ZSM-5 22/4T Framework Models?

Yuan et al.

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

Li—ZSM-5 Na-ZSM-5

inter-  straight sinusoidal straight sinusoidal
section channel channel intersectién channel channel

Rai—o1 1.785 1.741  1.729 1.752/[1.799] 1.744  1.718
Rai_o2 1.756 1.642  1.689 1.689/[1.712] 1.647  1.685
Rsi-o1 1593 1.606 1.611 1.594/[1.601] 1.596  1.591
Osiora 1407 1542 1369  142.0/[1425] 1543 1384
Rx_o1 1.897 2.002  1.892 2.754/[2.616] 2.345  2.252
Rx_o2 1.940 2012 1.940 2.254/[2.305] 2.316 2.268
Ral-x 2506 2441 2486 2.941/[2.881] 2.867  2.895
Rx_03 2.818/[2.771]

Rx_o4 2.579/[2.744]

2 For the numbering systems, see Figures 3 afid/4lues calculated
from the22/8T model of the intersection region of N&SM-5 are in
square brackets.

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 AfO;(H;)—Si in the models
of A—H*, B—H™", and C-H™" in Figure 2. In the alkali-metal
cation-exchanged ZSM-5, tiand Na are located near the Al
and interact with the Qand @ 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, ALi*, 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 N&ZSM-5,

Na' has a 4-fold interaction (Figure 4,ANa"). The symmetric
binding between the alkali-metal cation and [AIQ of the

intersection straight channel sinusoidal channel

(A—PyH") (B—PyH") (C—PyH")
Rai-o1 1.767 1.801 1.801
Rai-o2 1.737 1.664 1.690
Rsi—o1 1.603 1.573 1.632
Rai—n1 2.524 3.654 2.640
Asi-01-Al 141.7 155.0 133.0
Ry-H1 1.047 1.019 1.086
Ro1-H1 1.763 2.418 1.474
Ro2-t2 2.434 2.461
Roz-H3 2.525
Ros_t 2.775 2,533
Rosz-H1 2.269 2.742
Ros-+2 (Roa-H3) 2.428 (2.530) (2.342)
Ros_ 114 (Ros13) 2.936 2.893 (2.830)
Ros-+a (Ros_3) 2.425 2.756 (2.774)
Ro7-He (Ro7-Ha) 2.381 (2.436) (2.919)
Ros_rs (Rog_+3) 2.875 (2.848) 2.213
Rog-Hs 2.881
Rog-Hs (Rog-H3) 2.657 (2.145) 2.761
Ro10-Hs 2.679

aFor the numbering systems, see Figure 2.

increasing radius of these two cations (Pauling radius; @i60
A; Na*, 0.95 A%). The longest A+O; bonds of the intersection
models in Li- and Na-ZSM-5 resulted in the longest AlLi
and Al—-Na bonds when compared to those of the models of
the two channels.

3.2. Structure of the Adsorption Complexes of Pyridine

zeolite has been confirmed by an electron spin resonancein H—, Li—, and Na—ZSM-5. Figures 2-4 and Tables 4 and

experiment? and theoretical studied:3* 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 (225818

A) from four of the oxygen atoms and at a longer distance
(3.227-3.792 A) from the other two oxygen atoms of the ring.
The location of Na& in a six-membered ring of Faujasite zeolite

5 present the optimized structures and the selected structural
parameters of pyridine adsorption complexes on, Hi—, and
Na—ZSM-5. From the configurations of APyH", B—PyH",

and C-PyH" in Figure 2 and the distances of-§; and Q—

Hi (Rv—-H1 and Roi—p1 in Table 4), it can be seen that, in the
three models representing—HSM-5, all of the pyridine is

has been studied by density functional methods by Vayssilov protonated by HZSM-5 and the ion-pair structure of [Ze©

et al.35 and they found that, with only one Al in the six-
membered ring, Nais almost in the plane of the six-membered
ring of Sodalite cages. Considering that interactions gpaad

04 with Na' in the intersection model of Ne&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

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,®With O,—H; distances
ranging from 1.474 to 2.418 A, and the AH; distance is
accordingly elongated by 0.166.439 A. Except for the case

of the intersection model of HZSM-5 (Figure 2, A-PyH"),

8T as a high-layer model and the complete six-membered ring the structure of the zeolite framework near the acidic sites does

included in the high-level layer. It was shown that the optimiza-
tion of this model leads to results similar to those of #24T
model (Table 3). This indicates that, in the intersection region
of ZSM-5, the most stable position for the Né&n is above
the six-membered ring, in which Ndorms a 4-fold coordina-
tion with the framework oxygen.

Compared to those of HZSM-5, the interactions of tiand
Na' with the zeolite framework lead to less perturbation of the
atoms around the acidic sites, as indicated by the @land
Si—O bond lengths (Table 3). This can be attributed to the

not change significantly upon adsorption because of the weak
interaction of the adsorption.

For pyridine adsorption in HZSM-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-®! distances ranging

electrostatic interaction between the charge-compensating alkali-from 2.145 to 2.936 A (Table 4).

metal cation and the zeolite framework oxygen, while in
H—ZSM-5, the proton forms a covalent bond with the bridging
oxygen Q. Li* interacts with two oxygen atoms bonded to Al
at distances of 1.8922.012 A and N bonded to two or four
oxygen atoms at distances of 2.252818 A. The ALi and

For the case of pyridine adsorption in-tiand Na-ZSM-5,
it was found that there is a strong interaction between the
pyridine nitrogen and the alkali-metal cation, with—IX
distances ranging from 2.122 to 2.314 A and 2.327 to 2.363 A
for X = Li and Na, respectively, and theNX distance increases

Al—Na distances in the intersection model of 2.506 and 2.941 with increasing radii of these two cations. In all of the adsorption

A, respectively, are close to the values of other theoretical
ONIOM studies, in which the AtLi bond is 2.566 A and the
Al—Na bond is 2.961 &3 It was also found that the AlNa
bond is longer than the AlLi bond, in agreement with the

models, the structures of the Lewis acidic sites and pyridine
molecule are almost not perturbed upon the adsorption. th Na
ZSM-5, the adsorption of pyridine is significantly weaker than
that in Li—ZSM-5, according to the weaker acidity of Na
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TABLE 5: Structural Parameters of Pyridine Adsorption Complexes in Li—ZSM-5 and Na—ZSM-5 Models?

Li—ZSM-5 Na-ZSM-5
intersection straight channel  sinusoidal channel intersection straight channel  sinusoidal channel
(A—Py—Li™) (B—Py—Li™) (C—Py—Li™) (A—Py—Na") (B—Py—Nat) (C—Py—Nat)

Rai-o1 1.785 1.740 1.729 1.760 1.817 1.775
Rai-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
Qsi-01-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-02 1.940 2.012 1.940 2.285 2.352 2.345
Rai—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-03 2.790
Rx-o04 2.472
Ros-+2 (Roa—Ha) 2.823 2.167 2.691 (2.418)
Roa-+1 (Ros-Ha) 2.981 2.641 (2.772) 2.449
Ros-+2 (Ros-H3) 2.662 2.452 2.637 2.410 2.670 2.439 (2.524)
Ros-+3 (Ros-Hz) 2.646 (2.991) 2.830 2.978 2.462 2.824 (2.768)
Ro7-13 (Ro7-Ha) 2.806 (2.202) 2.639 (2.404) 2.467 (2.784)
Ro7-Hs 2.766
Ros-Ha (Ros-H2) 2.670 2.754 2.293 (2.465) (2.818)
Rog-Ha (Rog-H2) 2.963 2.615 2.333 (2.777) 2.920
Ro10-5 (Ro10-+a) 2.791 2.985 (2.559)
Ro1-+s (Roo-hs) 2.861 (2.754)

aFor the numbering systems, see Figures 3 and 4.

compared to that of the tiion and reflected by a NNa
distance longer than that ofN\Li. This is also reflected by the
AEags Which is larger in Li=ZSM-5 than in Na-ZSM-5 (which

from the ring, it is more acidié® As for Li— and Na-ZSM-5,
the energy of pyridine adsorption for the acid site ir-ZISM-5
is larger than that for NaZSM-5 at the same location, which

will be discussed in the next section). Except for the coordination is consistent with the Lewis acidity of these two cations.

of pyridine nitrogen to the alkali cations of Liand N&, there
also exist multiple electrostatic interactions between pyridine
hydrogen atoms and zeolite lattice oxygen atoms with aitdO
distance smaller than 3.0 A (Table 5). Because &nd Na
ions are larger in size than*tithe adsorbed pyridine in ki
and Na-ZSM-5 is farther from the adsorption site than it is in

For pyridine adsorption in the intersection region of-Na
ZSM-5, calculations on th22/8T model are also carried out.
It was found that the structure of the adsorption complex is not
affected by different high-layer models, whitd=,4sis decreased
by 10 kJ/mol in the22/8T model. This indicates that the
inclusion of the six-membered ring in the high-layer model

H—ZSM-5 and, thus, the oxygen atoms, which have electrostatic stabilizes the bare cluster more than the adsorption complex.
interactions with the pyridine hydrogen atoms, are notincluded The AEygs value of a molecule interacting with a zeolite

in the high-level layer.

3.3. AE4gs 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. AEags is defined as the energy difference between the
adsorption complex Hyyridine-zeox) and the two monomers
(isolated zeolite model&zeox, and the free pyridine molecule,
Epyriding, Where X means the charge-compensating ion of H,
Li, or Na.

By comparing theAEagsvalues calculated from the channels
and the intersections of H, Li—, and Na-ZSM-5, it was found

framework is governed by two types of interactidfsine 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 ta\Eags 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

that the energies in the intersection region of 197.0, 172.5, andhydrogen atoms and the oxygen atoms of the zeolite wall.
122.3 kJ/mol are much closer to the experimental values of 200 To separate these two types of contributions, we used small

+ 5731 155-195, and 120 kJ/md¥, respectively, than the

clusters to exclusively estimate the first type of interactions,

energies in the channels (157.9 and 127.6, 152.2 and 149.4and it is expected that the calculatadE,ys values are lower
and 150.4 and 109.9 kJ/mol, respectively), indicating that the than the experimental values. On the basis of the structural

most probable adsorption site for pyridine in ZSM-5 is the

properties of the acid sites inH Li—, and Na-ZSM-5, 2T,

intersection region of the straight and sinusoidal channels. Thus,4T, and 8T clusters, which are respectively cut from the high
one can conclude that molecules with dimensions similar or layers of22/2T, 22/4T, and22/8T of the intersection models

larger than those of pyridine can only be held in this region,

of H—, Li—, and Na-ZSM-5, were used to represent the acid

and the active sites for most of the chemical reactions catalyzedsites in these three zeolites. It was found that the calculated

by ZSM-5 are in the intersection region.

Except for Na-ZSM-5, theAEygs values of pyridine calcu-
lated from the three models increase in the following order:
straight channek sinusoidal channek intersection. In Na&

AEggsvalues 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+ZSM-5, 60% of
172.5 kJ/mol in Li-ZSM-5, and 68% of 122.3 kJ/mol in Na

ZSM-5, the energy in the sinusoidal channel is the largest one, ZSM-5 calculated witt22/4T ONIOM2 methods. On this basis,

which is due to the special location of Nan the six-membered
ring, which results in the reduced acidity of Nan the
intersection model because it was found that wheh iNl&arther

it can be roughly approximated that, irtZSM-5, the energy
comes from the electrostatic interaction responsible for 42% of
the totalAEags While the first part of the energy that is related
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TABLE 6: Mulliken Atomic Charges on Selected Atoms of of the zeolite framework, such as Si, Al, and O, are also affected
the Bare Models and Their Pyridine Adsorption Complexes by the adsorption, while the changes occur in an unorderly
in the Intersections of H—, Li—, and Na—ZSM-52 way

H—ZSM-5 Li—ZSM-5 Na—ZSM-5

bare model adsorbed bare model adsorbed bare model adsorbed4. Conclusions

Al 1.457 1.435 1.574 1.574 1.541 1.561 e P, ; ; ;
Si 1084 106 1087 1975 1948 1962 Pyridine adsorption in the straight and sinusoidal channels

X 0.519 0.508 0.480 0.357 0.462 0208 and their intersection of H, Li—, and Na-ZSM-5 was

O, -1.006 —1.074 —1.102 —1.080 -1.064 —1.065 investigated by the ONIOM2 theoretical method. It was shown
0, -1104 -1.090 -1107 -1.091 -1.142 1125 that the most likely adsorption site for pyridine in ZSM-5 is
O; -1106 -1.09 -1.110 -1.112 -1.144 -—1.139 the intersection of the straight and sinusoidal channels. The

Ha 0.256 0.387 0.256 0.284 0.256 0.465
Ha 0.256 0358 0.956 0.304 0.256 0.408 calculated AE,gs values of 197.0, 172.5, and 122.3 kJ/moal,

Hb 0.250 0.329 0.250 0.302 0.250 0361 respectively, in the intersections ofH Li—, and Na-ZSM-5

N —-0.669 -0.962 —0.669 —0.785 —0.669 —0.771 are in good agreement with the experimental values of 200
aFor the numbering systems, see Figureg2® The average charge 5,155-195, and _120 k_J/mOI' In HZ_SM'S' proton transfer from
on the other hydrogen atoms of pyridine. the Brgnsted acidic sites to the nitrogen of 'ghe_gugst molecule
has been found upon pyridine adsorption, while i land Na-
to the Bransted acid site only amounts to 58% of the ks ZSM-5, the electrostatic interaction between the alkali cation

For Li— and Na-ZSM-5, the coordination of the nitrogen of ~and the nitrogen atoms dominates the overall interaction. In
the pyridine to the alkali cation is responsible for 60 and 68% addition to this interaction, the adsorption complexes were
of the total AEags respectively, while another 40 and 32%, further stabilized by long-range electrostatic interaction between
respectively, are due to the electrostatic interaction. the hydrog_en atoms of pyr|d_|ne_and the Igttlce oxygen atoms
For the two channels of H Li— and NaZSM-5. the of the zeolite framework, which is responsible for 42% of the

. . . total AEagsin the intersection of HZSM-5 and 40 and 32% in
energy decomposition calculations are also carried out on 4T e intersections of I and Na-ZSM-5 respectively
clusters for comparison (Table 2). The results show that the ' '

coordination energy of pyridine nitrogen to the zeolite charge- 51 owiedgment. The authors are grateful to the National
compensating cation is responsible for 76, 70, and 72% of the Natral Science Foundation of China (No. 20403028), The State
total AEgsin the straight channel and 52, 74, and 67% in the ke Fundamental Research Project, and the Chinese Academy
sinusoidal channel, respectively, and the rest comes from theof Sciences for their financial support and to the Alexander von
long-range electrostatic interaction. These results show the samgqmboldt Foundation for the donation of computing facil-
qualitative picture as that found in the intersection. ities.
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