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Abstract

Catalytic and nanostructured materials are perhaps of the utmost importance to areas of
research that have direct impact on the chemical industries. Nanochemistry creates a new
dimension of chemistry as many materials in small nanometer sizes have significantly different
properties from the bulk phases. Zeolites, which are nanostructured crystalline materials, are much
better catalysts than normal silica-alumina oxides. Highly dispersed metal clusters show different
chemical and electronic properties from large particles of the same metal. Knowledges of
nanochemistry or molecular chemistry and nanotechnology are increasingly important and
predicted to lead to dramatic impacts to the way we practice and study chemistry and other fields of
science and technology. With the advance in computing technology, the computational chemistry
and molecular modeling can be an effective route to advancing in chemistry and nanotechnology

and related industries.



The proposed “TRF Senior Research Scholar” Unit is designed to provide a unique
research environment for the integration of knowledge and expertise from different divisions within
the KU faculty of science and engineering. The “Unit™ combines the cxpertise of science and
engineering faculties with the talents of new and young members in various universities (Chiang
Mai University, and Kasetsart University, and King Mongkut Institute of Technology Lardkrabung,
and Mahidol University) to pursue the excellence and integration of research in the areas of
Molecular Catalytic and Nanostructured materials. The forming research team has published 25
articles in prestige international journals and fostered 12 young scientists. These outputs of this

research unit will contribute to the development and science and technology in Thatland.
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COMMUNICATIONS

Theoretical Investigation of the
Selective Oxidation of Methane to
Methanol on Nanostructured
Fe-ZSM-5 by the ONIOM Method**

Piboon Pantu, Suwat Pabchanda, and
Jumras Limtrakuf*®

The Intracrystalline nanostructuced pore network of zeolites
has an astonishing ability to stabilize small metal complexes,
leading to extraordinary catalytlc activities. Small ron com~
plexes in ZSM-5 (Fe-ZSM-5), for example, have a remarkable
redox behavior and received great attention. The Fe-ZSM-5
shows a unique activity in the selective oxidation of methane
to methanol at reom temperature using nitrous oxide as an

oxidant”! Due to this catalytic property, the Fe-ZSM-5 has

bean widely compared with the enzyme methane mono-oxy-
genase (MMOQ), whose active site contains a binudlear lron clus-
ter.® The Fe-ZSM-S zeolite also exhibits high activity for the
direct partial oxidation of benzene to phenol using nitrous
oxide as an oxidant™ and also for selective catalytic reduction
of nitrogen oxides.* 1

The highly selective and active catalytic site in the Fe-ZSM-5
is generally denoted as a site, of which the exact structure is
still not understood, thaugh It has been extensively studied.
Generally, the active iron atoms in Fe-ZSM-S are highly dis-
persed iron complexes, which can form isolated lons, binuclear
complexes, or small aggregates of iron atoms, In a zeolite
matrix'?  After activation at high temperatures under
vacuum or in a fiow of steam, the active form of lron &s
formed." This active site has a strong affinity for nitrous oxide
decamposition. At fow temperatures (below 300°C), the de-
compaosition of nitrous oxide leads to deposition of active sur-
face oxygen denoted as a oxygen¥ According te in situ X-ray
absorption near edge structure {XANES) and Mbssbauer stud-
ies. iron atoms at the a site are in a bivalent state (Fe%). After
decomposition of nitrous oxide, the iron atoms are oxidized to
a trivalent state (Fe"). Eadier, proposed structures for the active
site mostly were the oxo- or hydroxe-bridged binudear iron
complexes in Z5M-5 pores resembling the structure of the
active site of the MMO enzyme. Extended X-ay absorption
fine structure {EXAF5) studies have supponted the presence of
binuclear iron complexes in over-exchanged Fe-ZSM-5 cata-
lysts Recently, it has been reported that the isolated iron cat-
tons can be found at the ion exchange site in Fe-ZSM-5 sam-
ples, espedially at low iron loadings (Fe/Al<1)*'" Based on
the infrared spectroscopic results of nitric oxide (NOQ) adsomp-

(a] Or. £ Panty, S. Pabchanda, Prof. Or, 1. Limtrakut
. Laboratory for Computational ond Appifed Chemistry

Physical Chemistry Division, Department of Chemistry
Kasetsart University, Bangkok 10900 (Thaifand)
Fax: {4 6562) 942-8900-324
E-mai: fscjri@ku.ac.th

P} ONIOM =our own n-layer Integrated molecular orbital and
molecular mechanics :

tion on Fe-ZSM-5, Berlier et al™ suggested that the active site
is the highly coordinately unsaturated isolated Fe” site that s
located at the Brensted add site. Choi et al!™ reported EXAFS
studies of Fe-ZSM-5 samples with a Fe/Al ratio <1, which are
prepared by solid-state ion exchange with iron species uni-
formly present in a form of mononudear lron complexes as
either (FeQ,]* or (Fe(OH),J*.

Quantuwm-chemical studies have been utilized to characterize
the active site in the Fe-ZSM-5 and to study its activity In vari-
ous selective oxidation reactions. The first quarntum model of
active iron spedes inside zeolites proposed binudear lron clus-
ters.'™ Yoshizawa et al™'? proposed a model of mononuciear
iron oxide cation in a 3T zeolite cluster and demonstrated that
these cations can catalyze the direct oxidation of methane to
methanol and of benzene to phenol, although thelr model in-
volves an unrealistic conversion of Fe" to Fe' spedes which has
not been experimentally proven. Recently, Ryder et al">'¥ and
Kachurovskaya etal!™ proposed a ferryl-type mononuclear
iron species in a ZSM-5 zeolite cluster. These two slightly differ-
ent models demonstrated catalytic decomposition of nitrous
oxide™ and direct oxidation of benzene to phenol F+'9

However, In earlier reported quantum—chemical studies, elec-
tronic properties of zeolites are usually modeled with size-fim-
ited cluster fragments of a particular zeolite. With such limited
models, the effect of the framework, which can significantly
change the structure and energetics of the system, is not
taken into account. It has been shown that neglecting the mi-
croporous framework effect leads to discrepandes between
duster results and the actual zeofite behavior"®

Recent developments In hybrid methods, such as embedded
cluster or combined quantum mechanics/molecular mechanlcs
{QM/MM) methods, as well as the more general ONIOM (our
own n-layer Integrated molecular orbital and molecular me-
chanics)" method, have brought large systems within reach
of accurate calculation results.

Herein, we report the quantum-chemical study of structure
and activity of Fe-ZSM-5 for decomposttion of nitrous oxide
and oxidation of methane to methanol using an ONIOM
method. The active site is modeled as a highly coordinately
unsaturated Isolated Fe cation located at the 8rensted acid site
of ZSM-5, and the effects of the extended zeolitic framework
are explicitly Included by utilizing a two-tayered ONIOM model.
This is one of the first theoretical studies™® ™ adopting the
ONIOM scheme for characterizing the reactivity of active sites
inside zeofites. The extended structure of the zeolite is found
to have profound effects on the structure, the elzctronic prop-
erties and the catalytic activity of the lron spedes, These find-
ings are in agreement with a recent FTIR study by Beriier
et al.®™ which shows that the Fe" species hosted inside the
MFI channels exhibits significantly mote pronounced coordina-
tive unsaturation than the Fe' spedes anchored on MCM-41
and amorphaus silica surfaces and, thus, thelr higher reactivity
towards NO molecules,
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Results and Discussion

Model of the a Site [FeQ*/Z5M-57)

The active site In Fe-ZSM-5 is modeled as an isolated mononu-
clear iron oxide ion at the ion-exchange sites of the ZSM-S,
The existence of such an active site has been found by Fourier
Transfom (FT} IR spectroscopy™ and was recently confirmed by
EXAFS experiments® on Fe-ZSM-5 with low iron loadings of
Fe/Al =0.17-0.80. In this model, the active oxygen atom, which
is bound to the iron cation, is considered to be an O~ radical
anion since EPR experiments reported the formation of O~ rad-
ical anlons by decomposition of nitrous oxide on a surface of
reduced metal oxides™ The effects of nanostructured zeolite
pores are induded by using the 46T ONIOM2 model in which
the active reglon, conslsting of the iron oxide, reactive spedes
and the 5T structure of the ZSM-5 acid site, is modeled by den-
sitiy funtionat theory (DFT) calculations, whereas the surround-
ing ZSM-5 crystal [attice is modeled by the universal force field
(UFF} force field with up to 46T atoms in order to cover the
cavity at the intersection of the stralght and the zigzag pore
channels, where reactions normally take place. Since the main
interactions between adsorbed molecules and zeolite pore
walls are van der Waals Interactforis,®" the UFF force field has
been found to be adequate in representing the confinement
effects of zeolite pore walls. The active model used in this
study Is stmilar to that proposed by Ryder et al. in their studies
on nitrous oxide decomposition and oxidation of benzene to
phenot! % except that In this study the effects of the extend-
ed zedlite famework s explicitly

Flgure 1. 46T ONIOM model of the Fe-ZSM-5 zeolite, ANl O H . Atoms be-
longing to the active region are drawn as sphere: a} FeO-25M-5 and

b) FeOLZ3M-5.

taken into account by using the
ONIOM scheme, Therefore, we
will make comparisons wherever it se £
possible and point out the_ ef- Pacametars N0+ (FeQ] N/ (FeOl} FSa N,/iFed;) N; +[Fel;)
fects of the reolite framework | dismnces
on the reaction Inside the zeg- | Feal 283 283 279 280 f.:g
lite pores. Fe-O1 1.66 167 1.7 1.68

Thp: optimized structure of Fe-02 S 229 1:90 167 it

Fe-03 203 204 2.01 1.99 198

the Fe-ZSM-5 model is shown In | Fe—04 202 201 2.0t 200 158
Figure 1a. At the actlve site, the | Fet0 - ERLY 2n 247 -
iron catlon [FeO]* is coordinat- | N-02 119 120 156 3.00 e
ed with the two bridging N1-N2 113 112 112 1.00 30
oxygen atoms of the zealite | angles '
framework which act as Lewis | ¥01-Fe-02 - 9.9 1017 854 864
bases exerting bidentate inter- | ¥S-03-A 1292 1295 1299 129.7 129.4
actlons, These interactions are ¥5i2-04-A 1303 1304 1558 1286 1289

found to be approximately sym-

metric, with almost equal Fe-0 bond lengths of 2.02 and
2.03 A (see Table 1). The distance between the Fe and Al atoms
is 2.83 A. An O radical anion (O1) Is covalently bonded to the
iron atom with a bond distance of 1.66 A

Oxidation of the a Site by Nitrous Oxide Decomposition

At temperatures below 300°C, nitrous oxide decomposition
can take place on the asite in Fe-ZSM-5 and leave an active

surface oxygen spedes (a oxygen) deposited on the active
ron center. The reaction pathway is depicted in Figure 2 and
selected structural parameters are tabulated in Table 1. First, a
nitrous oxide molecule adsorbs on the [FeQi* site. It is found
that structure and energetics of the adsorbed nitrous oxide
molecule are significantly affected by the extended zeclite
aystal structure. The sterlc confinement of the zeolite pore
walls included in the 45T ONIOM model causes the adsorbed
nitrous oxide molecule te point with its nitrogen end towards
the empty space in the Intersection cavity of the ZSM-5 zeolite,
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Figure 1 Energy profite [keolmol™"] foc nitrous oxdde decompasition over Fe-Z5M-5 by the 45T ONIOM method

{BILYP/6-3T1 + G\, 2p)-UFF).

whereas in a bare 5T model the nitrogen end of the nitrous
oxide leans towards the 5T cluster fragment due to stabilizing
electronic Interactions."™™ The energetics of the adsorbed mole-
cule is also markedly affected by the extended framework of
the zeofite. In the 46T ONIOM model, the adsorption energy is
calculated 1o be —13.1 kealmol ™, which is reasonably clase to
the expetimental estimate of —16 kcatmol™ "2 whereas, In the
case of ST bare cluster, the computed adsorption energy s
only —6.6kcalmol '™ Subsequently, the adsorbed nitrous
oxide can undergo the decomposition reaction by breaking
the N-O bond, releasing a nitrogen molecule, and leaving an
active surface a oxygen deposited on the active iron site. The
activation energy for the nitrous oxide decomposition is evalu-
ated to be 39.4 kcalmol™’, which agrees reasonably with the
energy barrder for the same step computed by Ryder etal. of
37.6 kealmal™""" However, the apparent activation energy for
this step.is calculated to be 26.3 kcalmol™, which is considera-
bly lower than the value of 31.0 kcalmol™ reported by Ryder
et al™ for the same reaction step mainly due to the effects of
the extended zeolite framework induded by the
ONIOM scheme that stabilizes the reactive complexes inside
the zeolite pores.

After decomposition of nltrous oxide, an active o-oxygen
atom Is deposited on the active kon center and the optimized
structure of the a-oxygen-loaded site is presented in Fig-
ure 1b. The Fe-Al distance Is computed to be 2804 (see
Table 1), which agrees well with the Fe—Al distance of =29 A
experimentally measured by EXAFS for the mononucdlear iron
dioxide {FeO,l* or rather the dihydroxide [Fe{OH),]1* at the ion
exchanged site of the ZSM-5 zeolite by Chol et all'™ The Fe—0
distances are 1.98 A between the iron atom and the two bridg-
ing atoms of the zeolite framework and 1.67 A between the
Iron atom and the c-oxygen atoms. it is noted that the Fe-O
bond distance of 167 A Is dose to the bond distance of 1.65 A

-18.5
Na{FeOnl

between an active oxygen atom
bound to the heme lron in the
enzymse cytochrome
P450cam,™ but significantly
shorter than the normal Fe-O
single bond distance of 184
The distance between the two
oxygen atoms is 2.29 A, which
indicates that these two O~
oxides do not form a chemical
bond, The configurations of the
two oxygen atoms around the
fron atom are sfightly different.
The Fe—O1 bond t5 close to the
?igzag pore wall while the Fe—
02 bond is pointing towards
the free space in the intersec-
tion cavity. Therefore, the O2 is
slightly more accessible to In-
coming adsorbates,

N2 - [+e0;l

Methane Selective Oxidation on the a-Oxygen-Loaded Site
[FeQ,*/Z5M-57]

The reaction pathway for selective oxidation of methane on
the a-oxygen-loaded site is proposed in Figure 3 and selected
structural parameters are presented in Table 2. Initiatly, meth-
ane weakly adsorbs on the active site with one hydrogen atom
{H1) pointing towards the lron atom and the g-oxygen atom
(02). The computed adsorption energy is —6.1 kcaimol™. The
weak Interactions between the adsorbed methane and the
active site do not significantly disturb the structure of the
active. site. Nevertheless, the adsorbed methane molecule Is
apparently activated to some extent as the C-H1 bond dis-
tance is slightly elongated from 1.090 A to 1095 A, Then, the
adsorbed methane is activated by hydrogen abstraction form-
ing a hydroxyl group on the iron center and a methyl radical.
The transition state structure shows the characteristic feature
of the direct H-abstraction process with an almost linear angle

" for the C-H1-0Oa angle (172.7 degree). At the transition state,

the C-H1 bond of the methane molecule is elongated from
1.095 A to 1.21 A and, at the same time, the H1—-0Oa bond is
forming as the Hi-Ou distance decreased from 3.30A to
133 A The energy barmier for this step is calculated to be
153 kcalmol™), which is dose to the energy barier of 14-
18 kealmel™' for H abstraction from methane by the MMO
enzyme®™ and also close to the energy barrier of 16 kcalmot™
for C—H bond dissodiation of methane on the surface O radi-
cal anion of Ma0, 2 ‘

The methyi free radical intermediate can rapidly recombine
with the surface O™ radical anion forming a highly stable meth-
oxide spedes. The bond distances between the iron atom and
methoxide as well as between the jron atom and hydroxide
are 179 and 1.81 A respectively reflecting the typical Fe—O
single bond distance. The OT1—+Fe—02 bond angle Increases
from 864 to 119.2 degrees to reduce the repulsive interactions
between the methoxide and the hydroxide which are: situated
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on the same iron atom. The methoxide product Is more stable
than the starting reactants and, therefore, this process is highly
exothermic with a reaction energy of —91.0 kcalmol™. This
fast radical recombination step is assumed to be a bamierless
process, since a transition state for this step cannot be found.

This stable methoxide can be converted to methanol via a
hydrogen shift reaction. The transltion structure shows that

CH,AGFe0] 5y

CHLOFOH|

the hydrogen atom of the hy-
droxyl group & moving to the
oxygen atom of the methoxide
to form the methanol product.
However, the conversion of
methoxide ta methanol is quite
difficult, as this reactions re-
quires a high activation energy
of 40.1 kealmol™ and Is endo-
thermic by 28.5 kealmol ™. How-
ever, the exothermic conversion
of methanol back to methoxide
is relatively easy achievable and
requires a small activation
energy of 118 kcal mol™' as the
methoxide specles s more
stable than the adsorbed meth-
anol. :
Alternatively, the methyl radi-
cal is stabilized by the ZSM-5
framework by forming a loosaly
bound complex with the iron
atom at a Fe—CH; distance of
2.78 A. The formation of strong-
ly bound mathyt speclas on the
iron active site with a much
shorter bond dlstance (1.97 A)
as proposed by Yoshizawa
" et al™ has not been found In
this model. in this model, the
space around the active iron atom Is more crowded than in
the model of Yoshizawa et al. as the Iron atom is covalently
bound to two oxygen atoms and surrounded by zeolite pore
walls. Therefore, the space around the iron atom appears to be
too crowded to accommodate a strong honding of a methyl
group. The relative energy of this loosely bound methyl radical
complex Is evaluated to be —62 kcalmolt™, The methyl radical

Tse (CHOMFeO]  CH/OFeQH|  TSd

y Paraeeters CH, +|0Fed; [QFeCH, 04}
. distances
Fe Al 1.80 279 177 282 82 2.85 284 285 84
. Fe~01 167 147 161 1.79 203 213 V61 158 147
Fe-Q2 167 \B7 175 18 1.74 167 1.78 187 242
Fo-03 1.98 198 1.9 204 203 207 203 207 o1
Fa-O4 1.98 129 103 202 203 206 145 2.04 107
Fe-C - 146 165 364 in 240 278 2.48 30
C H 149 1.09% £21 - - - 3.87 - -
o2 229 237 258 3 P21 2176 259 277 1398
H1-02 - 3130 113 096 L2 153 .92 097 0,96 .
H1-O - 33y 2H 139 120 Q97 255 - - :
angle, ’
X0 FeuOl BG4 85.8 100.} n9.2 782 n2 993 1035 wy L
C 5103 A8 1294 1209 1299 1291 1284 1294 1293 1290 1245 4
! x%i2.04 M 1289 1284 291 1306 1248 1304 1205 1307 1318,
£C-K1-02 - 845 1727 . - - - - - 1.
's
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can then be transformed to methanal by reacting with the hy-
droxyl group on the active iron center. This reaction is also
highly exothermic with a reaction energy of —56.3 kealmol™
and a cakulated activation energy of 11.1 kealmol™, The re-
sulting adsorbed methanol is strongly attached to the catalyst.
Desorption of the adsorbed methanol would require a high ac-
tivation energy to overcome the strong adsorption energy of
28.8 kealmol ™',

The methoxide and methanol products are hoth strongly at-
tached to the active site and, thus, are not easy to be desor-
bed, which Is in agreement with expetimental observation,
which show that the product from the direct oxidation of
methane to methanol on Fe-Z5M-5S is so strongly attached to
the catalyst surface that it cannot be directly desorbed. A sol-
vent extraction by water or a mixture of water and acetoni-
trile™ Is needed to hydiolyze and remove the adsorbed prod-
ucts from the surface of Fe-ZSM-5.

When we examine the energy profile of the selective oxida-
tion of methane, the activation of methane via hydrogen ab-
straction is found to be the mtedimiting step in agreement
with the kinetic isotope effects, which indicate that a step in-
volving C—H dissociadon Is the rate-limiting step. The predict-
ed activation energy of 15.3 kealmol™ Is comparable to the
energy barrler for H abstraction by the MMO enzyme.?® This is
also In agreement with the experimental observation that this
reaction can occur at room temperature similar to the enzy-
matic system.”? The reaction then preferably proceeds via a
rapid recombinatlon of the methyl radical and the surface
oxygen radical anion forms the highly stable methoxide which
is strongly adsorbed to the active site.

Conclusions

Using the ONIOM method to investigate the reactivity of Fe-
ZSM-5, we observe that the confinement of the zeolite pore
structure can stabilize the adsorbed reactive species and affect
structures, electronlc properties and catalytic activity of the
active lron species. On the active iron center, the oxidation of
methane proceeds through the direct hydrogen abstraction of
adsorbed methane forming a methy! radical with an energy
parrier of 15.3 kcalmol™ whkh is comparable to the energy
barrier found in the MMO enzyme system. The methyt radical
can undergo the barrierless recombination with the surface
O radical anion and produces the strongly adsorbed methox-
ide. Altemnatively, the methyl radical can be stabilized by the
zeolite framewark and, then, react rapidly with the hydroxyl
group on the iron center forming the adsorbed methanol. Due
to the relative stability, the adsorbed methanol can be easlly
converted ta the more stable methoxdde species which should
become the dominant product and ks strongly adsorbed on
the catalyst surface.

Computational Methods

The structure of the duster mode! was taken from the crystal
structure of the ZSM-5 lattice.? {n this study, the Fe-ZSM-5
structure was represented by a 46T ONIOM2 model. The

Lt M LRI G G Tl I L A PRI e Rt e DL A e T I e (e,
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46T cluster that coveres the three different channel structures
{channel intersectlon, the straight channel and the Zzigzag
channel], where reactions normally take place, was selected
with one aluminum atom that substituted a silicon atom at
the T12 position. The negative charge of the duster was bal-
anced by either the [FeOl* or the [FeQ,]* ion to form the
active center (Figure 1),

The accuracy of the ONIOM method depends significantly
on the choke of the level of cakulations for high- and low-
level reglons. in the ONIOM2 model the STactive center was
treated quantum chemically at the 83LYP level of theory using
the 6-311+G(3df,2p) basis set for all types of atoms, except for
the Iron atom, for which the energy-consistent pseudo-poten-
tlal (ECP) of Stuttgart and Bomn in the smalcore approxima-
tion® was used as it has been shown by Ryder et al!'*'" that
this basis set gives reasonable results for catalytic decompaosi-
tion of nitrous oxide and oxidation of benzene to phenol in
the Fe-ZSM-5 catalyst. Using the expermental adsorption
energy as 3 benchmark, we have demonstrated that the UFF
method provides reasonable values corresponding to experi-
mental measurements." This is due to the expiidt considera-
tion of van der Waals interactions, which are the dominant
contribution for adsorption-desorption mechanisms in zeo-
lites.2" This suggests that the UFF methad is a practical cholce
for the lowevel methodology whereas the high-level region is
treated by the BAILYP method. Therefore, the rest of the ex-
tended framework, up to 461, was treated at molecular me-
chanics force field.

Geometry optimizations were done at the BILYP/6-311+4
G(3df,2p} level of theory. The total spin of the system was kept
constant at the sextet state throughout all calculations. During
the structure optimization, only the 5T portion of the active
site region and the adsorbates were allowed to relax while the
rest was fixed at the crystaliogrphic coordinates. Normal
mode analyses were camried out to verify the transition states
to have one imaginary frequency whose mode corresponds to
the designated reaction. All calculations have heen performed
by using the Gaussian 58 code™
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Cation Mobility and Anion
Reorientation in Sodium
Trifluoromethyl! Sulfonate

Lea van Wiillen,*® % Natalia Sofina,*! and
Martin Jansen*®

The study of solid electrolytes for use in all solid-state batteries
remalns an important facet of materials science. Mainly due to
thelr low weight and Rexibility, the vast majority of studles in
this fleld has been devoted to polymer-based electrolytes.
However, with respect to the key feature, a high fonic conduc-
tivity in combination with a more or less vanishing electronic
contribution, crystailine materials might evolve as a promising
afternative. One route to optimized conductivitles In these ma-
terials follows a maximization of vacancles via afiovalent
doping or replacement as successfully exemplified in
U2 56o50¢ (030 <x<045"  Liylagy, N0, (004<y<
0.14129 or Na,_P, 5,0, (0=2=06)" The second route has
its starting point with the observation that the phase transition
of some alkali salts of complex anlons (e.g., NO;~, SO, PO~
AlFZ) into the dynamically disordered high-temperature
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Abstract

The alkylation of benzene with ethylene over faujasite zeolise has been investgated using an 84T cluster of faujasite zeolite serving as
a narometer-sized chemical reactor modeled by the ONIOM3 (MP2/6-311++G{d,p)-HF/6-31G{d): UFF) method. which gives accurate ad-
sorption energies for the reactants and the product, indicating the accuracy of the model in representing inleractions between the adsorbates
and the zeolite. The computed adsorption energies are —8.73, —13.91, and —20.11 kcal/mol, which compared well with experimentally
reported values of —9.0, —14.0, and —20.4 kcal/mol for ethylene, benzene, and ethylbenzene, respectively. Stepwise and concerted mech-
anisms of the alkylation reaction are considered. For the stepwise mechanism, the alkylation starts with the protonation of the adsorbed
ethylese by ar acidic zeolite proton leading to the formation of the ethoxide intermediate and, subsequently, the ethoxide reacts with a ben-
zene molecule forming an ethylbenzene product. The computed activalion energies are 30.06 and 38.18 keal/mol for the first and second
step. respectively. For the concerted mechanism, the alkylation of benzene takes place in a single reaction step without prior ethoxide for-
mation. The concerted mechanism has an activation energy of 33.41 kcal/mol which is in between the two enecgy barriers of the stepwise

mechanism.
© 2004 Elsevier [nc. All rights reserved.

Keywords: Benzenc alkylalion; Densily functional calculations; QNTOM, QM/MM; Zeolite; Reaclion mechanism

1. Introduction

Ethylbenzene is an important raw material in the petro-
chemical industry for the manufacture of styrene, which is
one of the most impontant industrial monomers. Worldwide
capacity of ethylbenzene production is about 23 million met-
ric tons per year {1]. Conventionally, ethylbenzene is pro-
duced by benzene alkylation with ethylene using mineral
acids such as aluminum chleride or phosphoric acid as cata-
Lysts. However, these comrosive catalysts cause a number of
problems concerning handling, safety, corrosion, and waste
disposal. An immense endeavor has been put into devel-
oping alternative catalytic systems that are more environ-
mentally friendly. As a result, the ethylbenzene production
technology has been progressively moved toward zeolite-
based processes. In the past couple of decades, zeolite-based
processes have been introduced and licensed by several

* Comesponding author.
E-mail address: fscijri@ku.ac.th (. Limtrakul).

0021-9517% ~ sex front mauer © 2004 Elscvier Inc. All nighis reserved.
dou:{0. 1016/ jeat 2004.04.016

manufactures, Mobil-Badger, Lummus-UQP, CDTech, and
Dow Chemical [1}.

Zealite catalysts also offer an advantage of high selec-
tivity toward the desired product due to the shape-selective
propertics of their microcrystalline pore structures. Sev-
eral types of zeolites have been reporied to have high ac-
tivity for benzene alkylation, for example, faujasite, beta,
H-ZSM-5, and MCM-22 [1-11]. Elucidation of the reac-
tion mechanism of benzene alkylation on zeolite catalysts
is of great interest. From an industey point of view, under-
standing the alkylation mechanism could help in optimizing
the reaction conditions and designing 3 new catalyst for a
more efficient process. However, the reaction mechanism
of alkylation of aromatics with short-chain olefins on ze-
olites is not yet clearly understood. Venuto et al. {2] and
Weitkamp [3] suggested that alkylation of benzene with eth-
ylene over acidic faujasite and ZSM-5 zeolites foliowed the
Eley-Rideal mechanism. Corma et al. [4] reported the Eley—
Rideal mechanism for alkylation of benzene with propylene
over MCM-22. While the Langmuir-Hiashelwood mecha-
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Figure 3. To1al single uracil ionization ¢ross section as a function of clectron energy. The relative
measured ¢ross section was put on an absolute scale by normalization to a caleulated cross section
using the DM formalism of 15.7 x 10~2% m? at 100 ¢V, The normalized measured cross section
{filled squares) is compared with the calculated DM cross section (Alled circles) over the entire
range of impact energies studied here (threshold to 1004 eV).
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Figured. Absolule partial ionization cross sections for the formation of the parear uracil CaHaN2 O3
ion (squares} and two fragment fons C3HyNQ* [circles) and OCN™ (riangles) as a function of
electron energy following electron impact an uracil. )

measured cross section tends 1o lie slightly above the calculated cross section. The maximum
discrepancy in the two cross sections of slightly more than 10% is found in the energy range
between 250 and 350 eV. At impact energies from 150 eV to 250 ¢V and above 400 ¢V, the
deviation between the two curves is generally less than 5%.

Figure 4 shows the three absolute partial ionization cross sections for the parent uracil
ion CqHaN,O7 and two fragment ions, C3H;NO* and QCN*. As one would expect on the
basis of the mass spectrum depicted in figure 1, the parent ionization cross section has the
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The reaction profile involving the reaction between the
atkoxide intermediate with benzene to produce ethylbenzene
is shown in Fig. 3a and selected structural parameters are
tabulated in Table 2. A benzene molecule diffuses into the
vicinity to react with the alkoxide. The alkylation of benzene
involves concerted bond forming between the carbon atoms
of ethylene and benzene and the breaking of a benzene pro-
ton giving the proton back te the zeolite-bridging oxygen.
The vibrational motion comespondiag to the imaginary fre-
quency at the transition is explicitly shown in Fig. 3b, which
clearly demonsirates that the C—C bond forming between the
ethyl and benzene occurs via interactions of surface ethoxide
and benzene. During the transformation, the C-O covalent
bond of the surface ethoxide is breaking while the bond be-
tween the ethyl and benzene begins to form and a benzene
proten is leaving toward the zeolite framework. The activa-
tion energy ts evaluated to be 38.18 keal/mol. The adsorbed
ethyibenzene product is subsequently desorbed endathermi-
cally, requiring energy of 20.11 keal/mol.

3.3.2. Concerted mechanism for benzene alkylation with
ethylene

Alternatively, benzene alkylation can proceed via con-
certed interactions in the coadsorbed complex of ethylene
and benzene without the formation of an alkoxide interme-
diate. The reaction steps can be written as follows:

CyHy + H-FAU = CyHs-H-FAU, (3)
CsHg + C2Hy—H-FAU = (CHaCH)CeHs-H-FAU,  (6)

{CHyCH;)CgHs—H-FAl = (CH3yCH2)CsHs + H-FALL
N

Very recently, DFT cluster calculations of ethylbenzene
formation via the concerted reaction of the coadsorbed com-
plex have been reported using DFT quantum cluster calcu-
lations by Vos et al. [53] and Austad et al. [54]. Therefore,
a comparisen will be made and the effect of inclusion of the
exiended framework of the zeolite by the ONIOM method
will be discussed.

The reaction energy profile is presented in Fig. 4a and the
selected geometrical parameters of intermediates and transi-
tion state are tabulated in Table 3. The reaction is initiated
by coadsorption of benzene on the adsorbed ethylene at the
acid site of the zeolite. The coadsorption energy is evaluated
to be —16.79 kcal/mol, which is significandly higher than
the values previously reported by Vos et al. and Arstad et
al. (7.3 and 7.8 kcal/mol, respectively). The difference re-
sults mainly from Van der Waals interactions between the
adsorbed complex and the zeolite walls, which in this study
were taken into account by using the UFF force field to
model the extended framework of the zeolite [30--37]. Atthe
transition state, there is an imaginary frequency associated
with the transition complex (Fig. 4b) which indicares that
the zeolitic proton (H1) is moving toward the ethyleae car-
bon (Cl} and the other ethylene carbon (C2) staris forming a
bond with the benzene carbon (C3) and, simultaneously, the
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Fig. 4. (a) Calculated energy profile for the concerled reactions. (k) Viora-
tional movement corresponding to the irmaginary frequency at the transition
structure.

benzene proton is leaving toward the zeolite-bridging oxy-
gen (O2). The vibrational motion of the transition state com-
plex clearly indicares the concerted mechanism of the alky-
lation of benzene. The structure of the transition state shows
that the Brgnsted acid O1-HI distance is greatly lengthened
from 0.987 to 1.537 A and the distance between the zeotitic
proton (H1) and the ethylene carbon (C1} becomes 1.188 A.
The ethylene C—C bond distance is significantly lengthened
from 1.342 1o 1.403 A, whereas the structure of the ben-
zene molecule does not significantly differ from that of the
coadsorbed structure except that the distance between the
benzene proton {H2) and the zeolite-bridging oxygen (O2) is
shortened from 3.105 to 2.491 A. The transition-state struc-
ture obtained in this model is similar to that of reported by
Arstad et al., but slightly different from that reported by
Vos et al. in which the ethylene is compleiely protonated at
the transition state. The activation energy is calcutated to be
31.41 kcal/mol, very close to the numbers reported by Vos et
al. and Arstad etal. (31.6 and 31.3 kecal/mol, respectively).



S, Nanmangruk er al / Journal of Catalysis 225 (2004) 523-530 529

Table 3

The optimized geometic parameters of isolated molecule, coadsorption complex, transition state (TS), and product of concerted reaction of benzene alkylation

on FAU using ONIOM) (distances are in angstroms and angles are in degrees)

Parameters Isolated cluster Coadsorption complex Transition state Product
Distanves

Al-H1 2.462

C1-2 1.335 1.342 1.403 1.529
C2-C3 - 3.249 2439 1.512
C3-C4 - 1,398 1.408 1.403
C3-H2 - 1.083 1.081 1436
C4-H2 - 2.147 2.159 1.659
O2-H2 - 3105 2.491 0982
Ci-HI ~ z.297 1.188 1.088
C2-HI 2.313 2.030 2,165
O1-Hl 0.970 0.987 1.537 3.992
A-01 1.876 1.861 1.773 1.701
AlQ2 1.694 1.69¢ 1.741 1.886
Si1-01 1.669 1.667 1.612 1.601
8i2-02 L.60G 1.602 1.598 1.683
Angles

LSiOLAL 123.7 122.9 121.7 116.9
£8i202Al 130.4 131.5 1349 135.1

~F.H

Fig. 5. Calculated energelic profiles for the stepwise (solid ling} and con-
certed (dashed line) reaction mechanisms.

The complete energetic profiles of the two mechanisms
are drawn on the same diagram (Fig. 5) for easy compar-
ison. For the stepwise mechanism, the alkoxide formation
has a smnaller activation energy of 30.06 kcal/mol and the
surface reaction step is the rate-determining step with the
activation energy of 38.18 kcal/mol. The activation barrier
of the concerted mechanism of 33.41 kcal/mol is in between
the barriers of the stepwise mechanism. It might appear that
the ¢oncered mechanism should dominate the overall alky-
lationr reaction due to the smaller activation energy. However,
the stepwise mechanism could also contribute significantly
because, from an energetic point of view, the alkoxide for-
mation will occur relatively easily, and after the alkoxide
intermediate is formed the stability of the adsorbed benzene—
alkoxide adduct makes the reverse reaction more difftcult 1o
g¢cur than the forward reaction to the ethylbenzene product.
When it 1s considered that both mechanisms can take place
under the reaction conditions. the calculated apparent acti-
vation energy for the alkylation of benzene with ethylene
would be in 2 range of 16.62-27.67 keal/mol. Although,
there s no experimental value of the activation energy for
alkytation of benzene with ethylene in zeolites to com-

pare with, our computed apparent activation energy range
seems reasonable when compared with the apparent acti-
vation energies (10-18 kcal /mol) for alkylation of benzene
with propylene in zeolites [4.6,46]. Because ethylene is a
poorer alkylating agent than propyleae, and the rate of ben-
zene alkylation with ethylene is much slower than that with
propylene and generaily it requires a higher reaction tem-
perature 1o obtain the same conversicn level as that of the
atkylation with propylene [1,4,47,53], the activation energy
of the alkylation with ethylene is expected 10 be higher than
the activation energy of the alkylation with propyleae.

4, Conclusion

The atkylation of benzene with ethylene over favjasite ze-
olite has been investigated using the ONIOM3 model. The
model is shown to be accurate in predicting adsorption en-
ergies of the adsorbed reactants and product compared to
experimental estimates, Two alkylation mechanisms, step-
wise and concerted, are considered. For the stepwise mech-
anism, the alkylation starts with protonation of the adsorbed
ethylene which leads to the formation of the active surface
ethoxide intermediate. Benzene alkylation takes place via in-
teractions berween the ethoxide species and a benzene mole-
cule. The rate-determining step is found to be the reaction
step where concerted bond forming between the carbon of
the ethyl frapment and benzene and bond breaking of 2 ben-
zene proton occur. The activation energy of 38.18 kecat/mal
is predicted. For the concerted mechanism, the alkylation of
benzene takes place in a single reaction step of the coad-
sorbed reactants without prior alkoxide formation. The acti-
vation energy is calculated to be 33.41 kecal/mol.

The results derived in the present study suggest that the
ONIOM approach yields an accurate and practical model
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for exploring the structure, adsomption, and reaction mech-
anisms of zeolites.
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Abstract

The mechanism of ethylene epoxidation with hydrogen peroxide over Ti-substituted silicalite (TS-1) catalyst was iavestigated by using
both the cluster and embedded cluster approaches at the B3LYP/6-3 1G{d) level of theory. The complete catalytic cycle was determined. The
epoxidation of ethytene consists of three steps. First, the chemisorption of HzO; at the Ti active site forms the oxygen donating Ti-OOH
species and then the eransfer of an oxygen atom from the Ti-OOH species to the adsorbed ethylene. The final step is the dehydration of the
Ti-OH specics to regenerate (o active ceater. The oxygen atom transfer step was found to be the rate-limiting step with the zero-point energy
corrected barrier of 17.0kcaVmol using the embedded cluster mode! at BILYP/6-31G(d} level of theory, which is in agreement with the
experimental estimate of about 16.7 keal/mo). Regeneration of the active center by dehydration of the Ti—~OOH species was found to have a
rather small barrier and the overall process is exothermic. Our results also show that inclusion of the effects of the zeolite crystal framework is
crucial for obiaining quantitative energetic information. For instance, the Madelung potential increases the barrier of the oxygen atom transfer

step by 5.0 kcal/mol.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Density functicnal theory: Ethylene epoxidation; Ti-substinitted silicalite

1. Introduction

Ti-substituted silicalite {TS-1} has been widely used as
a catalyst for several important oxidation reactions such as
the olefin epoxidation, the phenol hydrexylation, cyclohex-
anone amoxidation, as well as the conversions of ammonia
to hydroxylamine, of secondary alcohol to ketone, and of
secondary amine to dialkythydroxylamine [1-7]. In partic-
utar, its use in alkene epoxidation reactions with hydrogen
peroxide as oxidant has been experimentally [4-7] and
theoretically {8-15} studied. The characterization of TS-1
structure and the nature of its active site have been stud-
ied experimentally by using X-ray diffractien, IR, Raman,
UV-Vis spectroscopy and EXAFS [16-21].

There have been several previous theoretical studies on
the oxidation of ethylene over TS-1 catalysts using quan-
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wm chemistry methods. These studies provided useful
information on the mechanism and energetic properties of
the reaction, though complete catalytic cycle has not been
determined and the rate determining step has not been well
understood. Furthermore, all of these studies used the clus-
ter models to represent the reactive center and thus did not
include the effects of the zeolite framework. In our previous
study, we found that the Madelung potential from the zeolite
framework can increase the adsorption energy of ethylene
in H-ZSM-5 zeolite by about 50% and bring the predicted
results tn much closer agreement with experimental ob-
servations [22]. This indicates that the Madelung potential
could be an important factor in stabilizing the adsorption
complexes and transition states for the ethylene epoxidation
over TS-1 catalyst. To accurately include the effects of the
extended zeolite framework on the catalytic properties, one
can employ periodic electronic structure methods, such as
the periodic density functional theory methodology. How-
ever, due to the large unit cells of typical zeolites, such cal-
culations are often computationally demanding if it is still
feasible. The embedded cluster methodology provides a cost
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effective computational strategy for including the effects of
the zeolite framework [23-32]."In this approach, the effects
of the zeolite framework can be modeled either by a classical
molecular mechanic force field or by a set of point charges.
In this study, we investigated the complete catalytic cycle
for the alkene oxidation over TS-1 catalysts in the presence
of hydroperoxides and the influence of a zeolitic framework,
particularly thie Madelung potential on the structural and en-
ergetic information. The surface charge representation of the
external embedded potential (SCREEP) embedded cluster
methodology was used. This method has been found to be
rather accurate in representing the Madelung potential for
studying adsorptions and reactions in zeolites {22,26-31].

2. Method

The active site of TS-1 is modeled by a five-tetrahedral
(ST) cluster (OH); Ti[OSI(OH)208iH;]); selected from the
ZSM-5 zeolite structure where the Ti atom is located at the
T12 site. To have a2 more accurate description of the active
site, OH terminations were used for Si atoms closed o the
Ti atom. The T12 site has been used as an active site of
ZSM-5 in many theoretical studies since it was predicted to
be among the most stable Brgnsted acid sites (33,34). It is
located at the intersection of main and sinusoidal channels
and is accessible to adsorbates. It should be noted that the
preferred Ti-substitution sites in TS-1 are still not known
for certain and thus require further detailed study. The ST
cluster used in this study (see Fig. 1} is one half of the 10T
ring and is the largest cluster that has been used previcusly.
For the embedded cluster model, (see Fig. 1), this 5T clus-
ter is’ embedded in a set of point charges according to the
surface charge representation of external embedded poten-
tial method [23]. Accuracy of this method for modeling ad-
sorption processes in zeolites has already been addressed in

several previous studies [22,26-31]. These models consist of
three layers. The center layer is a five-tetrahedral (5T) quan-
turn chemical cluster. The next layer of the model is a set of
explicit point charges located at the latice positions. Their
magnitudes were derived from periodic population analyses
of zeolite systems. To minimize the interaction that occurs
between the quantum mechanical terminating hydrogens and
the neighboring point charges, the layer of explicit point
charges nearest to the quantum cluster is moved out and
combined with the next layer of point charges. The charge
values of the moved point charges are fitted 1o minimize
deviation from the original external electrostatic field. The
outermost layer of the model is the SCREEP surface. repre-
seated by a set of surface point charges to model the remain-
ing Madelung potential from the extended zeolite crystal.
All geometry optimizations were done at the B3LYP/6-
31G{d) level. The two SiH3 groups and H atoms of the six
OH groups bonded to the Ti and Si atoms were fixed along
the 5i-O crystal framework (see Fig. 2) while other atoms
in the quantum cluster were allowed to relax in atl geometry
optimizations. Normal mode analyses were carried out to
verify the transition states to have one imaginary frequency
whose mode correspond to the designated reaction. All cal-
culations were done using the Gaussian98 program-[35].

3. Results and discussion

For the purpose of clarity, we separate the discussion be-
low into two sub-sections. In one sub-section we discuss
only the mechanisms of ethylene epoxidation by the TS-1
zeolite using the embedded cluster model. In the other sec-
tion we focus only on the effects of the Madelung poten-
tial on structural and energetic information of this reaction
by compariag the differences in the results predicted by the
embedded and bare cluster models.

SCREEP Surface

Quantum Mechanical
Cluster

Explicit Environmental
Point Charges

Fig. 1. SCREEP embedded cluster model for studying adsorption or reaction in zeolites.



S Limgrakul ef al fJoumal of Molecular Catalysis A- Chemical 207 (2004) 137-146 e

Fig. 2. Embedded 5T cluster model of the active site Ti(TV) of the TS-1 zeolite. Selected BILYP/6-31G(d) optimized geometrical parameters using both
the bare clusier and embedded clusier models are also given, The values in parentheses are obtained from the cluster model.

3.1. Chemistry of ethylene epoxidation by TS-1 zeclite

The complete catalytic cycle of the ethylene epoxidation
by hydrogen peroxide is known to consist of three steps: (1)
chemisorptior of hydrogen peroxide 1o form Ti-OOH active
species; {2) epoxidation of ethylene by the Ti~OOH species
and the desorption of the adsorbed ethylene epoxide; and (3)
dehydration to regenerate the active center [8-15]. It is in-
formative to first discuss the nature of the active site th com-
parison with known experimental data. This would provide
indicatior on the accuracy of the computational method.

3.1.1. The active site

In this study, the active site of TS-1 is modeled by a Ti(IV)
atom located at the T12 site of the ZSM-5 zeolite framework
as shown in Fig. 2. Selected optimized geometrical param-
eters are reported in Table 1, and also depicted in Fig. 2.

Table 1

Selected optimized geometrical parameters of the active site of TS-| ustng
both the bare cluster and embedded cluster models at the BILYP/6-3 (G(d)
tevet of theory

Bond (A) or Embedded Bare cluster Expt.
angle (°} -
Ti-Ol1 1.817 1815

Ti-02 1.806 1803 -
Ti-05 1.804 1.805 -
Ti-06 1.766 1.790 -
{Ti-0) 1.798 1.803 1.79%, 1.80-1 81°
5i-01 1.630 1.642 .
Si-02 1.633 1.646 -
(Si-0} 1.635 L.650 -
ZLTi-0 -5t 150.7 152.4

LTi-02-8i 140.6 144.7

LO1-Ti-02 108.3 110.5 -

4 XRD data is taken from (36).
b EXAFS data are taken from [19,37,38).
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The calculated average Ti-O bond lengths of 1.798 A is in
good agreement with that of 1.79 A obtained from XRD
experimeats (36) and of 1.80-1.81 £ 0.01 A from EXAFS
119,37,38] experiments.

3.1.2. Chemisorption of H2(

H;0; chemisorbs on the Ti active site to form two pos-
sible active oxygen donor species, Ti-OOH denoted as
Ti(n;-O0H) and Ti(n;-OO0H). In the former, the termi-
nal oxygen atom of the QOH group binds to the Ti atom
whereas in the latter both oxygen atems of the OOH group
bind to the Ti atom resembling a bidentate configuration.

The Ti(nz-OOH) species was found to be more stable
than the Ti(m;-OOH) by about 9.2 kcal/mol. This is slightly
larger than that of 8.0 kcal/mol from the DFT/DNP done by
Karlsen and Schoeffel [9]. For this reason, we focused only
on the formation of the Ti(my-OO0H) species and its inter-
action with ethylene in the second step of the epoxidation
PIoceSs.

Fig. 3 shows structures of the stationary points for the
dissociative chemisomption of HO; on the active site of
TS-1 1o form the Ti(1;-OCOH) species. Selected optimized
geometrical parameters are listed in Table 2. HzOy first
motecularly adsorbs to the active site with the O, atom
binding to the Ti atom at the distance of 2.469 A. The cor-
responding adsorption energies for the H;O,/5T complex
is —10.8 keal/mol. This is lower than that of —7.4 kcal/mol
from non-local GGA/BP DFT single-point energy calcu-
lations at the optimized local LDA/VWN geometries done
by Munakata et al. [15]. The difference is partly due to
the inclusion of H-bonding such as between Hy—Qj in our
adsorbed complex (see Fig. 3a) but not in the model used
by Munakata et al. {15].

The transition structure for chemisorption of H,0; on
TS-1 zeolite ts shown in Fig. 3b. The chemisorption of
the HyQ» molecule occurs over both the Ti and Ol atoms
rather than just over the Ti atom. As the adsorption com-
plex approaches the transition state the Ti-O, bond is short-
ened from 2.469 to 2.151 A, and the H, atom migrates to
the Ol atom with the O,—H, bond elongated from 0.976
to 1249 A Due 10 the change in the valancy of the Ol
atorn as H, migrating over, the Ti-O1 bond distance is
elongated from 1.826 to 2.043 A. Continuing trends are ob-
served as the system moves from the transition state to
form the dissociated product, Ti(nz-OOH). Note that this
complex plays a major role as an oxidizing agent in the
oxidation reaction of unsaturated hydrocarbons. The opti-
mized structure of Ti(ny-OO0H) is in agreement with avail-
able experimental data [10] found in the crystal structure
of {{(z-rerz-butylperoxo)titanatrane]-3-dichrolomethane}
Ti-O, = 1.97A versus 1.914, Ti-Oy = 2.21A versus
227 A and 0,0, = 1.48 A versus 1.47 A (the latter num.-
bers are the experimental results).

The barrier height, A EL, for the chemisorption of H;0;
ts predicted to be 13.6 kcal/mel. Our finding is consistent
with the previously reported barder of 11.9 kcal/mol ob-

Fg. 3. Suuctures of the HyQ2/TS-1 complexes: (a} physisorbed complex:
(b) wansition stale structure; (¢) chemisorbed Ti(n:-OOH) complex: {d)
chemisorhed Ti{m;“OOH) compiex. Selected BILYP/G-310{d)} aptimized
geomelrical parameters using both the bare cluster and embedded cluster
madels are also given. The values in parentheses are obtained from the
cluster model.

tained from BPBG/DZVP calculations but with a smaller
cluster [L1]. The formation of Ti(n-OOH) active species
(Fig. 3c) is found to be energetically favorable with the
reaction energy cakulated to be —3.2kcalfmol. Our pre-
dicted reaction energy is lower than that of Munakata et.
al. [15) by 5.8 kcal/mol which may be due to the inclusion



J Limiraksd et al / Journal of Molecular Catalysis A: Chemicel 207 (2004) 137-146 145

Table 2
Selected optimized goometrical parameters for the M 0y/TS-1 system: (3a) physisorbed complex; (3b) transitien state; (3¢) chemisorbed product at the
B3ILYP6-31G(d) level of theary

Bond (A) or  Physisorved complex (Fig. 3a) Transition state {Fig. 3b) Ti(n2-O0H) complex (Fig. 3¢} Ti(n -COH) complex (Fig. 3d)
mgle ) pbedded Bare Embedded Bare Embedded Bare Embedded Bare
cluster cluster cluster cluster cluster cluster cluster cluster
Ti-0, 2.469 2457 2.151 2170 1.972 1.948 1.990 1.945
Ti-Oy - - 2172 223 2,208 2276 2.574 2.579
Ti-01 1.826 1.832 2.043 2.067 2196 2316 22246 2.336
Ti-02 1.860 1.854 1836 1.835 1.836 1.820 1.814 L.803
Q-0 1.455 L.460 1.478 1477 1479 1.475 1476 1470
Op—-Hy, 0.981 0982 0.983 0.992 0.983 0.990 0.974 0972
O,-H, 0.976 0.983 1.249 1.216 1.830 1.678 i.573 1.655
Ol1-H, 2.543 2,495 1.188 1.222 0.987 0.999 1.015 1.000
03-H, 2.255 2.015 - - - - - -
02-H, 1.903 1.957 - - - - - -
O4-Hy, 2.509 2.434 2.016 2016 2016 1811 3126 3.068
£LT-0O1-8i 1573 155.1 1389 154.9 137.0 1775 171.8 178.4
L0280 138.6 144.3 154.4 1527 143.7 146.1 t41.6 144.7
LTi-0y-0Or 136 110.8 15.0 79 T8.1 821 94.8 971
Z01-Ti-02 116.2 119.2 156.2 155.9 163.1 1584 1.8 1555

of additional hydrogen bonding in our physical model, as
mentioned earlier.

3.1.3. Epoxidation of ethylene by Ti{n2-O0H) and
desorption of ethylene epoxide

Fig. 4 shows the structures of the oxygen atom transfer
from the active Ti(nz-OOH) species to the absorbed ethy-
lene and of the adsorbed product ethylene epoxide. Selected
optimized geometrical parameters for these two stationary
points are given in the figure and are also listed in Table 3.
The ethylene molecule preferably attacks the Ti{mz-QOH)
at the O, position yielding the product of ethylene epoxide

Tabte 3
Selected BILYP/6-3 1G({d) optitmized geometrical parameters for the CaHy/
Ti(m2~OOH) complexes

Bond (A) Transition struciure Epoxide complex
or angle (°) {Fig. 5a) (Fig. 5b)

Embedded Bare Embedded Bare

cluster cluster cluster cluster
Ti-0, 2.037 2053 2314 2.461
Ti-Cy, 2.087 2.043 1.988 1.932
Ti-OI 2.323 2333 2327 2.34}
Ti~-02 1.830 1.818 1.818 1.815
Q-0 1.791 1.807 2.636 2.622
Oyp—Hy 0974 0.97% G.970 0.972
0Od—H,, 2.300 1.993 2.67% 2.320
Ow-H, 2.227 2.204 1.433 1.59%)
Ou-H, 1.638 1.709 2.760 2.789
Ol-H, [.005 0.997 1.038 1.013
Q,-C1 2.149 2.107 1.458 1.448
0,-C2 2.265 2.152 1.458 1.450
C1-C2 1.355 1.358 1.467 1.466
ZTi=-01-8i 1739 1716 {67.5 176.5
ZT1-02-5i 144.0 1428 142.6 1431
£TN-0,-C 122.8 122.8 112.8 114.2
ZO1-Ti-02 160.6 161.5 162.7 162.8
ZC1-0a~C2 60.3 60.3 356 52.4

(see Fig. 4a). A similar finding has also recently been re-
ported [10]. At the transition state, the Ti—O, distance (see
Fig. 4a) is elongated from 1,972 t0 2.037 A. The C1-C2 dis-
tance is calculated to be 1.355 A which is only slightly larger
than the corresponding C—C distance of the isolated CyHs
(1331 A) and is significantly smaller than that of the iso-
Jated epoxide OCyHy species (1.430 A). This indicates that
the transition state is closer to the reactant than the product.
Since the reaction is rather exothermic of 42.4 kcal/mol, this
result is consisteat with the Hammond postulate (Table 4).

The bamier for the ethylene epoxidation, AEL, is
predicted to be 18.5kcal/mwl. As compared to the
chemisorption of H;Q step, the ethylene epoxidation is
the rate-limiting step in this catalytic process. Including
the zero-point energy correction lowers this bamrier to
17.0 keal/mol. This result is particularly encouraging since
it compares well with the experimental estimnate for the ac-
uvation barrier of 16.7 kcal/mot [39]. Fig. 4b illustrates the
product, OC,Hy, adsorbed on the Ti-OH complex. We found
that O-Cl and O-C2 distances of the OCyH4 molecule
are virtually identical (1.448 A versus 1.450 A). These dis-
tances are slightly different from those of the isolate OC2Hy

Table 4
Energies (kcalfmot) of stable complexes and transition states for the
ethylene epoxidation reaction relative 10 Lhe separated rcaciants

BALYP/6-31G(d)

Embedded cluster  Bare claster
Physisorption cornplex (Fig. 3a) -103 -16.3
Traosition state [ (Fig. 3b) 28 -4.7
Ti{nz-O0H) complex {Fig. 3c) =32 -6.7
Transition state [T (Fig. 4a) 15.3 6.3
Epoxide complex (Fig. 4b) -45.4 ~53.6
Transition state [I[ (Fig. 5b) —4 1.6 - 84.2
Water adsorption complex {Fig. 5¢) 6.6 ~64.5
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Fig. 4. Similar to Fig. 3, except for the geometries of (a) the transition state structure of the epoxidation step ard (b) the adsorbed ethylene epoxide complex.

species, C~O = 1.431 A. The reaction energy for formation
of the OC;H4/TiOH complex is —45.6kcal/mol with re-
spect to the separated reactaats, In addition, we found that
the calculated desorption energy of OCzHy from the Ti-OH
complex is predicted to be 3.3 kcal/mol.

3.1.4. Dehydration to regenerate the active site

Previous studies have not considered the regeneration the
active site by dehydration of the Ti~OH species. As shown
in Fig. 5a—c, we found that this step involves the migration
of a hydrogen atom Hl bound to the zeolite frame-work
oxygen atom O3 fo the oxygen of the Ti-OH species and
the strengthening of Ti~03 bond. In particular, the Ti-02
from 1.903 10 2.266 A. The concerted motion of the hydro-
gen migration and the shortening of the Ti-O3 bond lead
10 a rather small barrier to dehydration step of 0.6 kcal/mol
relative to the energy of the Ti-OH species. The product
of this step is the adsorbed water on the Ti active site. The
step is aiso rather exothermic with the reaction energy of
~25.4 keal/mol with respect to the Ti-OH species. Desorp-

tion of the adsorbed water to regencrate the Ti active site
requires 21.1 kcal/mol.

3.L5. Discussion

Figs. 6 and 7 illustrate the catalytic cycle and schematic
energy profile along this cycle with respect to the overall
zero of energy, namely the energies of the separated reac-
tants, It is clear that the rate-limiting step is the oxygen
migration from the Ti~OOH active species to the adsorbed
ethylene. This step has the barrier of 15.3 kcal/mol relative
to the overall zero and of 18.5 keal/mol relative to the stable
intermediate of adsorbed ethylene on the Ti-OOH species.
The overall energy of the catalytic cycle is —46.5 kcal/mol.
It is interesting to compare our present results with those
from previous studies. Wu and Lai [8] reported a BLYP study
using the HOQTiI(OH); cluster model to study the epoxida-
tion step and found the barrier height to be £0.7 kcal/mol.
Karlsen and Schoffel (9] used a rather small Ti(OH)4 cluster
with the BSSLYP/DNF method and found the corresponding
barrier height to be 22.9 keal/mol. Hillier and co-workers



J. Limtrakul et al 7 Journal of Molecular Catalysis A: Chemical 207 (2004) 137-146 143

(a)

(b)

Fig. S. Similar to Fig. 3, except for the optimized geometries of (a} the Ti~OH species; (b) the iransition state for the debydration step; and {<) the

adsorbed waler on the Ti active site.

[0} employed the B3LYP/3-21G(d) level of theory with the
(H1SOWTIGV-O(1YO2)H/MeOH cluster model and found
that the corresponding barrier height was estimated to be
11.9 keal/mot. Using a different 4T cluster model with the
BP86 DFT method, Sinclair and Catlow [11] found that the
chemisorption of HpO; is the rate-limiting step instead of the
epoxidation step with the barmrier of 13.3 kcal/mol whereas
the epoxidation step has a lower barrier of 10.2kcal/mol.

Munakata et al. [15] performed BP//VWN calculations with
a different 5T cluster to model the Ti active site. The au-
thors modeled the epoxidation reaction with an additionat
water molecule in coordination with the adsorbates, H20O3
and C2H, and found the barrier, relative to the complex [ac-
tive site-H20-CaHy], is about 18.3 keal/mol. The estimated
barrier of the epoxidation step is 15.8 kcal/mol with respect
to the separated reactants. Qur study does not consider such
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additional water and our results are also consistent with
available experimental data. Thus, it is not clear what are
the roles of the water in overall mechanism for the ethylene
epoxidation by hydrogen peroxide in TS-1 zeolite. Though
water is produced in the dehydration step with the adsorp-
tion energy of —21.1 kcal/mol that is almost twice targer
than the adsorption of the hydrogen peroxide on the Ti ac-
tive site. However, the overall exothermicity of the catalytic
cycle of —46.5 keal/mol would have sufficient energy to re-
generate the active center. More study is certainly needed to
further understand the roles of water in the mechanism of
this reaction.

3.2. Effects of the Madelung potential

We found that the local structure of the active site of
the TS-1 model is not very sensitive to the inclusion of the
Madelung potentials. It is noted that the Madelung potential
has an effect of destabilizing Ti(n;-OOH)}) and Ti(m3-0O0H)
by about 3.5 kealVmol for the 7 structure (Fig. 3¢) and
2.1 kcal/motl for the m structure (Fig. 3d) does not change
the order of relative stability of the two complexes. The
Madelung potential from the zeolite framework has a sig-
nificant effect on the adsorption structure, particularly the
hydrogen Hy-Oz and H,-03 bonds where it shortens the
former by 0.05 A and elongates the latter by 0.3 A, Con-
sequently, it lowers the adsorption energy {or increases the
binding energy) by 5.5 kcal/mol. We found that the effects
of the Madelung potential on the structure increase as the
reaction proceeds toward the product. In fact at the dissoci-
ated product, Ti(n-OO0H) as shown in Fig. 3c, such effects
were found to be noticeably large. The Ti-Ol bond is shorn-
ened by 0.12 A while Ti-0, is elongated by 0.03 A. For the
ransition state to oxygen migration step fo form ethylene
epoxide, the Ti~0, bond distance is shortened by 0.16 A,
As a resuit, the Madelung potential increases the barrier for
this rate-limiting step by 5.0kcal/mol. The largest effect of
the Madelung potential is seen in the desorption energy of
water to regenerate the Ti active site. It increases the water
desorption energy by 11.8 kcal/mol.

A general observation from these resulls and from the
differences between our cluster and embedded cluster re-
sults is that the effects of the Madelung potential are rather
large and thus the embedded cluster model used in this
study appears to provide more quantitative information on
the energetic properties as compared with experimental
observation.

4. Conclusion

We have carried systematic ab initio clusier and em-
bedded cluster studies on the mechanism of the ethylene
epoxidation by hydrogen peroxide over the Ti-substituted
silicalite zeolite. BALYP/6-31G{(d) level of theory was em-
ployed. The active site of the TS-1 zeolite was modeled by

a 5T cluster. The effects of the Madelung potential from
extended zeolite framework on the structural and energetic
properties of this process were investigated. The complete
catalytic cycle was determnined. The reaction involves thiee
steps: (a) the chemisocption of hydrogen peroxide to form
Ti—OOH active species; (b) the oxygen atom transfer from
the Ti—OOH active species to the adsorbed ethylene to form
the produce ethylene peroxide and Ti~OH species; and (c)
the dehydration of Ti—-OH species to regenerate the Ti active
site. The chemisorption of the H;O» molecule on the TS-1
catalyst has the barrier of 13.6 kcal/mol to form dominantly
oxygen donor species, Ti(n2-O0H) using the embedded
cluster model. For the epoxide formation, the ethylene
molecule interacts with the oxygen atom close to the Ti atom
of the Ti(n2-O0OH) complex. The epoxidation step is found
to be the rate-limiting step where the oxygen atom from the
Ti—-0OO0H group transfer to the adsorhed ethylene molecule.
The predicted activation energy including the zero-point en-
ergy correction for this step is 17.0 keal/mol. Qur predicted
results are in agrecment with the experimental estimate for
the activation barrier of 16.7 kcal/mol. The dehydration of
the Ti-OH species to regenerate the Ti active site has rather
small barrier. We found that the Madelung effects are rather
large, in panticular they increase the activation energy of
the rate-limiting step by 5.0 keal/mol.
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Abstract

The R/MgO(0 0 1) system has been studied by periodic plane-wave density functional calculations using the VASP
code and PAW potentials. Four different adsorption sites (which were reduced to three after optimization) and three
different surface coverages were investigated. For the most stable site, above O, the adhesion energy was found to
decrease as a function of coverage (from 2.0 to 1.1 £V as the coverage increascs from 1/8 to 1 ML), while the adsorption
energy was found to increase with surface coverage. Electron density difference plots were calculated to display some of
the electron rearrangement responsible for the Rh—oxide adhesion energy, and the features of the Mg and O adsorption

sites were compared,
@ 2004 Elsevier B.V. All rights reserved.

Keywords: Density functional calculations; Magnesium oxides; Rhodium; Chemisorption; Electron density, excitation spectra

calcutations

1. Introduction

The role of the metal oxide support in metal/
oxide catalytic systems is intriguing. The activity
and reactivity of metal-metal oxide catalysts de-
pend on the nature and structure of both the metal
and the metal oxide support and on their interplay.
Even the very stable MgQ system appears to play a
decisive role in heterogeneous catalysis, and then
not anly as an inactive support or as a model
system. The present study is concerned with the
Rh/MgQO system. The functionality of RWMgO
catalysts has been studied intensively expenmen-
tally (see, for example, [1-12]). Only rather few

.Cclm:sponding author. Tel.: +46-18-471-3787; fax: +46-18-
513548,
E-mail address: Xersti@mkem.uu.se (K, Hermansson).

studies have been directly concerned with the
structural characterization of Rh/M gD systems at
an atomic level. One such example is the work by
Emrich et al. [13], who used EXAFS (Extended
X-ray absorption fine structure spectroscopy) to
investigate the structure of highly dispersed Rh
particles on MgO under reduced conditions and
determined the Rh-O bond length to be 1.95 A
(under these conditions). The ionic state of re-
duced Rh particles has also been investigated by
X-ray photoelectron spectroscopy (XPS) [14].

As for theoretical studies, to the best of our
knowledge, only a small number of Rh/MgO
studies have been published. Wu and Freeman [15]
investigated the possible magnetism of Pd, Rh and
Ru monolayers on MgO(0 0 1) using full-potential
linearized augmented-plane-wave (FLAPW) perio-
dic calculations (see {15] for details); there, five-
layer MgQ slabs were used with the metal atoms

0039-602873 - see front matter ® 2004 Elsevier B.V. All rights reserved.
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placed on top of every O atom on each side of the
slab (i.e. the coverage was 100%, using the defini-
tton that full coverage, i.e. 1 ML, is when either
each cation or each anion is covered by one metal
atom). They found an adhesion energy (see defi-
nition later) of 0.84 eV and an optimized Rh-O
distance of 2.34 A. Periodic DFT (density func-
tional theory) calculations with the BLYP func-
tional and a local atom-based basis set (LCAO)
were reported by Stirling et al. [16) for Rh adsorbed
over two different adsorption sites (O or Mg) on
one side of a one-layer MgQ slab, with a surface
coverage of 1/8 ML. The reactivity with NO and
NO; was also investigated. It was found that Rh
prefers to bind to O rather than to Mg, with an
optimized Rh—oxide interaction energy of 1.8 eV
for a Rh-O distance of 2.1 A. Very recently,
Bogicevic et al. [17] calculated the energy of adhe-
sion for a number of transition metals, including
Rh, on the MgQ(100) surface, with and without
oxygen vacancies present. These authors used
periodic, plane.wave DFT calculations with the
GGA (gencralized gradient approximation) treat-
ment of the exchange—correlation functional and
the systems consisted of five-layer oxide slabs with
the metal atom placed on one side of the slab only,
and a coverage of 1/18 ML. The adhesion energy
for Rh on top of O was reported to be 1.93 eV.

If we try to summarize the adsorption infor-
mation resulting from the three theoretical studies
just described, we arrive at the following picture;
the Rh atoms prefer to reside above the oxygen
atoms on MgO(001) and the adhesion energy is
appreximately 1.9 [17], 1.8 {16) and 0.8 {15] eV per
ad-atom for a coverage of 1/18, 1/8 and 1 ML,
respectively. The values display a strongly decreas-
ing trend as a function of surface coverage, which
may or may not be a consequence of the fact that
different DFT methods were used in the studies
compared. In the current study we present opti-
mized geometries and interaction energies for the
RWMgO(0 0 1) interface system for three different
coverages, calculated with one and the same theo-
retical method, namely, plane-wave DFT calcula-
tions at the GGA level with the projector
augmented-wave (PAW) method to describe the
core electrons {18]. Four different adsorption sites
were investigated.

2. Computational details

The Rh/MgO(00 1) system in our calculations
was described with a periodic slab model, where
each slab was infinite in the x and y directions and
finite along the z direction, and then repcated
periodically along the z direction with a vacuum
gap between nearest slab images. In the present
calculations, each slab consisted of 4 MgO(00 1)
layers with one Rh layer placed on only one side of
the slab and the vacuum gap was approximately 15
A {7 Mg—O distance intervals). All Mg-C .dis-
tances in the x and y directions were kept fixed at
the optimized bulk value (2.125 A; the experi-
mental value is 2.105 A {19]) and the Rh layer was
placed epitaxially on top of the oxide slab. Four
different adsorption sites and three different cov-
erages (1/8, 1/2 and i ML) were explored and will
be further discussed in Section 3.1. A Ix1 crys-
tallographic supercell was selected as a model for

‘the 172 and 1 ML calculations, whereas a 2x2

supercell was used for the 1/8 ML case. Both the
Mg-O and Rh—oxide distances along the z direc-
tion were allowed to relax, but two different
relaxation schemes were used, namely either all
Mg-0 distances were allowed to relax in the z
direction, or the bottom two oxide layers were
kept fixed at the optimized bulk structure value.
The two relaxation models gave virtually identical
structural and energetical results and only the Fully
optimized (in the z direction) slab results are re-
ported here. Morcover, test calculations with an 8-
layer oxide slab confirmed that a four-layer oxide
slab was thick enough for our interface study.
The calculations were performed within the
framework of periodic DFT using the Vienna
Ab initioc Simulations package (VASP) [20,24].
Here, non-spin polarized calculations are reported,
since we also performed spin polarized calcula-
tions and found the effect on the calculated
adsorption energy 10 be 0.2 eV or less. The valence
electron configurations used in our calculations
were Rh(4ps, 5s!, 4d%), Mg(2p®, 3s?) and O(2s?,
2p*) and the projector augmented-wave method
(PAW) (18,22} was used to treat the core electrons.
The GGA functional PW91 [23] was used. An
energy cut-off of 500 eV and a Gaussian smeanng
factor with ¢ = 0.1 eV were applied in all cases.
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For the bulk and surface systems, respectively,
(6x6x6) and (6x6x1) meshes of k-points, se-
lected according to the¢ Monkhorst-Pack (MP)
algorithm [24], were used in the Brillouin zone
sampling. All structures were optimized until the
forces on all unconstrained atoms were less than
0.01 eV/ A.

3. Resuits and discussions
3.0, RWMgO(001) structure

As mentioned, four different adsorption sites
were investigated for surface coverages of 1/8, 1/2
and [ ML: (i) on top of Q, (ii) on top of Mg, (iii}
above the middle of the Mg-O bond and (iv) above
a hollow site (see Fig 1a). It turned out that when
Rh was placed above the middle of the Mg-O bond,
the Rh atoms moved towards the O site and found
the same equilibrium positions as for a starting
position above the O atoms. Therefore only the
results for three sites are reported in Table 1.

We find that a Rh overlayer placed over the O
atoms induces an “inverse buckling” (inverse rum-
pling) of the oxide surface, compared to the relaxed
surface structure of the isolated MgO(001) slab.
Thus, with the Rh atoms present on top of the O
atoms, the Mg atorns in the surface layer lie further
out from the slab center than the (Rh-covered)} O
atoms. For the 1 ML case, this inverse rampling is as
large as 0.13 A and smaller values of 0.02 and 0.03
are found for the 1/2 and 1/8 coverages, respectively.
The optimized atomic positions reported in[15] also
bear evidence of this inverse rumpling.

The optimized vertical distances between the
Rh atoms and the MgQ surface are reported in
Table 1. As seen in the table, Rh prefers to bind to
the O atom, in agreement with expetimental [13]
and previous theoretical [15-17] results. Our.
optimized Rh-O distance is 1.99 A for 1/8 ML
coverage, in good agreement with the reported
low-coverage theoretical vatues in the literature
(2.09 A [16] and 201 A {17]). We find that the
distance increases with higher coverage, reaching a
value of 2.10 A for 1 ML coverage. The only
experimental distance reported in the literature
(see Section 1) is 1.95 A [13],

3.2, RWMgO(001) energetics

Two types of metal-metal oxide interaction
energies were calculated, namely the adsorption
energy E,q, and the adhesion energy £, defined in
(2) and (3) below. The formation of the metal/
oxide interface (3) can be thought of as consisting
of two consecutive steps, (1) and (2), according to

(1) Rh(g)— Rh-layer
AE, = _AEfomzli.on-of-layu
{2) Rb-layer + MgO-slab - RWMgO-slab

AEZ = —Ladh
(3) Sum: Rh(g) + MgO-slab - RMgO-slab
AEy = AE| + AEy = — By

These definitions of E,4, and E.,qn follow the
usual convention in the literature, but also step ([)
has been highlighted above, since this energy
contribution becomes particularly interesting
when adsorption energies at different coverages are
compared. AE¢maion-of-layer 15 thus the energy re-
quired or gained when an isolated overlayer is
produced from the isolated metal atoms. All sys-
tems in the definitions above have the same atomic
positions, namely those of the total (geometry-
optimized) Rh/MgQ interface system.

The Fuys and Euq values for the optimized
structures are also presented in Table L.
AFfymationof-ayer 15 NOE included in the table since it
is constant for each coverage and is less than 0.001
eV for 1/8 coverage, equal to 0.55 for 1/2 ML
coverage and 2.88 eV for | ML, The Rh layer is
thus stabilized by an increased pumber of Rh-Rh
interactions,

The adhesion energy, however, is seen to be-
come less stabilizing for larger coverages, in
agreement with the trends suggested by the exist-
ing data in the literature (see Section 1). The
magnitude of AEgmation-of-tayer 1S larger than the
magnitude of E,4,, however, and the combined
effect of AEgrmationotayer 20 Euqy is that the total
adsorption energy £,i. increases with suiface
coverage (see Table [). Given the larger value of
AL ¢ormation-ortayer COMpared to the E,g one might
expect “island formation™ of Rh to be important.
We have not made any attempt to study this
phenomenon in the present paper.
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Fig. i.(a) Top view of the clean MgO{00 1) surface, indicating the various adsorption sites as described in the text. The figure shows a
2x2 crystallographic supercell where the left and right edges are thus identical, as well as the upper and lower edges. The adsorption
pattern corresponds ta 1 ML coverage in cach case. The labels [, Il and [I] indicate the xz sections [(010) plane} used (or the sfectron
density plots. {b}-{¢) Difference electron density, Ap = Py ~ [Pmgowe + Prauyel. for the optimized interface system with four
oxide layers and | ML Rh coverage. Rh over O in (b)—{c} and over Mg in {d}-{¢). Solid contour lines denote electron excess, dashed
tines clectron loss. The contour levels are ac £0.0005, £0.0008, £0.0013, ... ¢/a.u.’ increasing by a factor of 10° for every contour line.

Qur E, 4, result for the low coverage, 2.05 eV, [(6] and 1.93 eV [17], and our | ML E,4, value of

shows quite similar result as compared to other . 1.1 ¢V is in reasonable agreement with the high-
low-coverage studies in the literature, i1.e. [.82 eV coverage value of 0.8 eV reported in {15].

AN
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Table t
[nteraction energics (in eV) and vertical Rb-surface distance (in A) for the optirmized Rh/MgO(001) system at different coverages
Coverage  Adsarption site
0 Hollow Mg
r E.u Eo r Eoan f r Ea Euu
1/8 ML 1.99 205 205 1.80 1.91 191 2.53 0.60 0.60
172 ML 2.07 1.7l 225 1.93 .13 1.72 20 0.39 0.94
t ML 2.10 .11 kR 248 035 323 292 0.16 104

The adhesion energy and adsorption cnergy are defined in the text.

As for the other adsorption sites, the hollow site
is a fairly good one, whereas the Mg ion is not.
This 15 reflected both by the Rh-surface distance
and by E.4;.

3.3. RhIMgQ(001) electronic charge density

Fig. 1b— shows the electron density redistri-
bution corresponding to | ML adsorption over
the O and Mg sites’ (Fig. 1b-¢ and d-e, respec-
tively). More exactly, the quantity plotted is &p =
PriMe0 — (PMgo sty + Prutyers Which is the elec-
tron redistribution occurring when an isolated Rh
layer and an isolated MgQ slab combine to form
the interface system (all components at the opti-
mized interface system geometry). This difference
density is thus the “density-equivalent” of AE,q.
The difference density has been plotied in three
different xz planes, defined in Fig. 1a. From Fig.
b, for example, we see that the O ion in the
topmost layer induces strong electron density
rearrangements in the Rh atom lying just above it.
The electron density “spills over” to the region
above the Mg ions, giving a stabilizing effect. The
clectron density rearrangement induced by the Rh-
surface interaction ts seen to extend quite far down
into the slab, although it of course decreases as a
function of depth. Electron density maps were also
presented in [15), where the authors emphasized
that the electron density rearrangement was
essentially confined to the Rh atoms and the out-
ermost oxide layer, a conclusion supported by
their electron density maps. As usual, however, the
choice of contour levels may be crucial in steering
the scientific conclusions drawn from the analysis
of electron density maps. It is clear from our_re-
suits that also the atoms a few layers down into the

slab are significantly affected by the Rh overlayer.
Fig. l1¢ shows that also in the region “between and
below’ the Rh atoms there are some effects of the
Rh layer present, although relatively very small.
in Fig. le, no such features are visible (with the
current choice of contour levels). This is one
manifestation of the fact that the Rh-Mg inter-
action is weaker than the Rh-O interaction. Fig.
Id shows the plane containing the Rh atom and
the Mg atom directly below it {plus all the other
atoms in that plane). A comparison with Fig. 1b
shows that, overall, the polanization features are
more enhanced for Rh adsorption at the O site
than at the Mg site. The fact that we obtained a
much larger £.4, value for the O site supports this
conclusion, although it must be borne in mind that
any interaction encrgy also contains components
which are not visible in a difference electron den-
sity map, namely truely electrostatic contributions.

4, Conclusion

The structural and energetic properties of Rh
atoms on MgO{@01) were studied by periodic
DFT plane-wave calculations. Qur results show
that Rh prefers to bind to the surface O site, which
exhibits both relatively large adhesion energy and
a short Rh-surface distance. Also the hollow site is
a rather attractive site for Rh. Our calculated
adhesion energies over O are in good agreement
with the scarce literature data existing. The adhe-
sion energy is found to decrease with coverage and
the adsorption energy increases with coverage. Rh
adsorption at the O site introduces more electron
density rearrangement in the oxide siab than
adsorption at the Mg site.
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Abstract

The structure of industrially important zeolitic catalysts (H-BEA, H-ZSM-5, and H-FAU) and their interactions with benzene have been
tnvestigated within the framework of our-own-N-layered integrated molecular orbital + molecular mechanics (ONIOM) approach utilizing
the three-tayer ONIOM scheme (B3LYP/6-31G(d,p):HF/3-21G:UFF). Inclusion of the extended zeolitic framework covering the nanocavity
has an effect on adsorption properties and leads to differentiation of different types of zeolite, unlike the small cluster models which are not
able to make this differentiation. The ONIOM adsorption cnergics of benzene on ZSM-5, BEA, and FAU zcolites are ~19.23, —16.11,
and — 15.22 kcal/mol, respectively, which agrees well with the known adsorption trend of these three zeolites. On the other hand,
the small cluster models underestimate the adsorption caergles and even yield an unreasonable trend of adsorption energies (—38.09, —8.48,
and —8.93 keal/mol for ZSM-5, BEA, and FAU, respectively). With the inclusion of basis set superposition error (BSSE) and the
MP2 corrections, the ONIOM3(MP2/6-31G(dp):HF/3-21G:UFF) adsorption cnergies are predicted to be —18.96, —16.34,
and —15.18 keal/mal, for ZSM-5, BEA, and FAU, respectively. The last value can be compared well with the experimental data
(—15.31 keal/mol) for benzene adsorption on a FAU zoolite. The results derived in this study suggest that the ONIOM3(MFP2/6-
31G{d.p):HF/3-21G:UFF) scheme provides a more accurate method for investigating the adsorption of aromatic hydrocarbons on these
zeolites.
© 2004 Elsevier B.V. All rights reserved
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1. Introduction sites. The understanding and rationat utilization of confine-

ment effects will undoubtedly coatribute to increase the

Zeolite is one of the most. important heterogeneous
catalysts for environmental and industriat applications [1,2].
Many petrochemical processes take advantage of the high
activity of the protonic form of these aluminosilicates
[3~-12]. It has been shown that the differeace in catalytic
activity can be ascribed to different acid strengths of the acid
sites and to the confinement effect, i.e. interactions between
adsorbed molecules and the nanostructured zeolitic pores
{13]. Derouane et al. {14,15) found that the confinement
effects are results of van der Waals interactions which are
major factors for determining the strength of interactions
between the adsorbed molecule and the zeolite Bregnsted
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productivity, selectivity and specificity of such chemical
transformations [13-16].

Numerous theoretical models, including the periodic
electronic structure methods, have been proposed to study
the interactions in extended systems such as crystals or
surfaces [17-24]. For nanostructured materials, such as
zeolites, that have a high impact in industrial processes
usually possess hundreds of atoms per unit cell. This makes
the use of accurate periodic structure calculations compu-
tationally too expensive and even impractical when very
large zeolites are concemed. Altemnatively, hybrid methods,
such as embedded cluster or combined quantum mechanics/
molecular mechanics (QM/MM) [25-31] methods, as
well as the more general our-own-N-layered integrated
molecular orbital + molecular mechanics (ONIOM) rethod
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[32.33}, have brought a larger system within reach of
obtaining accurate results.

In this study we present the ONIOM method that takes
advantage of the density functional theory for the accurate
treatment of the interactions of adsorbed molecules with the
acid site of zeolite and of the universal force fields (UFFE) for
rigorous presentation of the van der Waalg interaction due (o
the confinement of the extended zeolitic structure [34—40].
This efficient scheme has been demonstrated to yield
adsorption epergics close to the experimental estimates
- [34.35,41,42], suggesting that the ONIOM approach is a
sufficiently accurate and practical model in studying
adsorption of unsaturated hydrocarbons on zeolites. In this
study, the effects of the zeolite environments o the
adsorption properties of benzene in three different zeolites,
(H-BEA, H-ZSM-5, and H-FAU), are examined and
compared in order to address the confinement effect in
these nanostructurted materials.

2. Methods

Two different strategies have been employed to model
the different types of zeolites and their complexas with
benzene. First, small quantum cluster (B3LYP/6-
31G(d,py:HF/3-21G) of 10T H-ZSM-5, 12T H-BEA,
and 12T H-FAU zeolites are modeled to represent
the active sites of the H-ZSM-5, H-BEA and faujasite (H-
FAU) zeolites. The second strategy employs the QNIOM3(-
B3LYP6-31G(d,p):HF/3-21 G:UFF) approach for the more
realistic models of 46T-H-ZSM-5, 78T-H-BEA and 84T-H-
FAU zeolites.

The cluster models of H-ZSM-5, H-BEA and H-FAU
were obtained from their crystal lattice structures of H-
ZSM-5, H-BEA and H-FAU, respectively [10,43,44). The
12T-BEA cluster is the 12-membered-ring representing the
main gateway to the intersection of two perpendicnlar
12MR channel systems (Fig. 1a). The 10T-ZSM-5 cluster is
the 10-membered-rnng window representing the zigzag
gateway of the ZSM-5 zeolite that is targe enough to
allow the probe molecule to move freely (Fig. 2a). The 12T-
FAU cluster is the 12-membered-ring window connecting
two supercages of FAU zeolite (Fig. 3a).

The effect of the extended framework structure of
zeolites cannot be totally neglected if accurate results are
required. Thus, realistic clusters were proposed for
representing the systems of H-ZSM-5, H-BEA and H-
FAU using the ONIOM scheme, In the ONIOM scheme, for
computational efficiency, only the active region is treated
accurately with the ab initio method, while interactions in
the rest of the model is approximated by a less accurate
method. As for Beta zeolite, the 78T cluster is used for
representing nanocavity at the intersection of the two
perpendicular 12MR channels (Fig. 1b). The ONIOM3
scheme, in which the whole model is subdivided into three
layers, is adapted. The active region consisting of the 3T

cluster, HaSiOAIOH),Q(H)SiH;, which is considered the
smallest unit required to represent the acid site of zeolite,
and the reactive molecules is treated with the B3LYP/6-
31G(d.p) or MP2/6-31G(d,p) method. A silicon atom at a TS
position in Beta zeolite is substituted by an aluminum atom,
and a proton is added to the bridging oxygen atoms bonded
directly to the aluminum atom, conventionally called OS5
positdon {10]. The extended framework environment is
included using less expensive levels of theories, the
Harntree—Fock, and molecular mechanics force field (UF)
methods (45]. The HF/3-21G method is used for the 9T ring
fragment connecting the 3T acidic site to complete the 12T
pore opening of the Beta zeolite (Fig. 1). The remainder of
the 78T extended framework is treated with the UFF force
field to reduce computational time and to practically
represent the confinement effect of the zeolite pore
structure.

In order to observe the interactions of the adsorbed
motecule with different environments of the zeolite frame-
work, comparison is made with a similar ONIOM3 scheme
for H-ZSM-5 and H-FAU zeolites, We utilize the MP2 or
B3LYP method for the 3T cluster of Brgnsted acid site and
the benzene. In the intermediate layer, the Hartree—Fock
method is employed to complete the remainder of the 10T
and 12T membered-ring windows of the H-ZSM-5 and
H-FAU zeolites, respectively. The selected outermost layers
include the extended framework up to 46T and 84T
tetrahedral atoms for the H-ZSM-5 (Fig. 2b} and H-FAU
(Fig. 3b) zeolites, respectively, which cover all the
important frameworks—where the reaction normally takes
place.

All calculations have been performed using the GAUSSIAN
98 code [46]. The 6-31G(d,p) basis set is used for the
B3LYP and MP2 calculations, while the basis set for the
Hartree—Fock calculations is 3-21G. During the structure
optimization, only the active site region [=SiO(H)Al(O),.
08i=]), and the adsorbates are allowed to relax while
the remainder is fixed at the crystaliographic coordinates
[10,43,44).

In order to obtain more reliable interaction energies,
basis sets superposition error (BSSE) corrections were also
taken into account. It is known that DFT does not account
for the dispersion component of the interactions. Single
point MP2/6-31G(d,p) calculations for the high-level active
region were carried out at the B3LYP optimized geometries
to improve the energetic information between benzene and
the zeolite framework.

3. Results and discussion

3.1. Comparisons of small cluster with extended zeolitic
cluster models

The 12T and 78T cluster models for H-BEA zealite are
shown in Fig. 1. Selected geometrical stractuces for all
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Fig. . The oval dashed line encloses an iatersection of two perpendicular I2ZMR channed systems of Beta zeolite which is modeled by the 78T cluster-serving
a5 a nanoreactor, where the beazene molecule is favorably adserbed. (2) The (2T-BEA cluster is the |2-membered-ring representing the main gatcway (o the
intersection of Beta zeolite and is viewed along {100] as indicated by the eye's sign. (b) The 78T cluster model viewed from the main chanoei. The atom

belonging to the 12T quantum cluster is drawn as a sphere.

cluster models are documented in Tables 1 and 2. The
extended structure included in the ONIOM3(BILYP/6-
3iG(d,p):HE/3-21G:UFF) scheme was found to have a
small effect on the structure of BEA zeolite. In the most
realistic model of the 78T cluster model, 5i-01, Al-0O1 bond

lengths decrease slightly. On the other hand, this medel
slightly elongates the O1-Hz bond distance (Brgosted acid
site) by 0.1 pm for BEA zeolite. There is also aslight increase
in the 8i-O1-Al bond angle as cormpared to the small cluster
modet (131.1vs. 135.5 pm).
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Fig. 2. Optimized structures of CgHg adsorbed on H-ZSM-5 zeolite, () The 10T cluster model of H-ZSM-5/CgH,; complex is the lO-me-mbcrod-ri.ng window
representing the zigzag gateway af the ZSM-5 zeolite. (b) The 46T cluster model of the H-ZSM-SAC¢Hg complex; bath are viewed from the direction of the
straight chanael of the H-ZSM-5 zeolite. The atom belonging to the 10T quantam cluster is drawn as a sphere.

Further support for the reliability of the active site
subunit, =8i—-OH-Al=, by our model calculations is given
from NMR studies. Klinowski et al. have estimated the
internuclear distance between the aluminem and proton
nuclei in the Brgnsted acid site, Al---Hz, of different zeolites
{47,48] to be in the range of 234-252 pm, and our computed
Al---Hz distances of the most realistic models of 78T-H-
BEA, 46T-H-ZSM-5 and 84T-H-FAU zeolites are in the
range of 233-245 pm.

Despite the small magnitude, the changing of distances
and angles at the active region with the ONIOM model, one
can cxpect that adsorption of probe molecules on the
zeolites will be affected by the presence of the long-range

interaction of the framework, and this will be discussed in
the following text,

3.2, The interactions of benzene with the BEA zeolite

The C-C and C~-H bond lengths of a benzene molecule
were ascertained experimeatally to be 139.7 and 108.4 pm,
respectively. The BILYP/6-31G{(d,p) level of theory pre-
dicted the bond lengths of 139.6 and 108.6 pm which are in
excellent agreement with the experimental observation. For
the bare 12T quantum cluster, the changes of geometrical
parameters upon the adsorption of benzene are in accord-
ance with Gutmann's rule [49,50), ie. a lengthening of
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(b)

Fig. 3. Optimized structures of CgH; adsorbed on H-FAU zeofite. (a) The E2T-FAU cluster model of H-FAU/C H, ¢

plex is the 12- bered-ring window
connecting two supercages of FAL zeolite. (b) The 84T cluster model of the H-ZSM-5/CH, complex, which includes two supercages. The atom belonging o
the 12T quantom cluster is drawn as a sphere.

Table 1
Structure parameters for various zeolites and their complexes with CgHg are obiained at small clusters
Parameters 10T ZSM-5 12T BEA 12T EAU

Isolated Comgplex Lsolated Complex Isolated Complex
01-Hz 972 975 96.9 98.4 97.1 98.5
5i-01 166.1 166.2 168.3 1682 168.6 168.4
Al-O1 183.7 183.0 187.9 187.0 190.6 189.4
Al-O2 167.4 167.3 168.7 1695 168.7 170.0
Al---Hz 238.8 2387 2362 2373 250.4 248.8
£ 85i—01-Al 134.0 1333 131.1 129.6 1256 1247
Ci--Hz - 300.1 - 217 - 2335
C2---Hz - 315.0 - 259.0 - 258.0
c1-C2 £39.6 140.1 139.6 140.2 139.6 140.2
Cl-H{ i08.6 108.7 108.6 108.7 108.6 108.6

Bond lengths are in picometer and bond angles are in degree.
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Table 2
Structure parameters for various zeolites and their complexes with CgHg are obiained at large clusters
Parameterss 46T ZSM-5 78T BEA B4T FAU

Isolated Complex Isolated Complex Isolared Complex
O1-Hz 912 974 97.0 983 97.2 98.7
$i-01 i64.6 1647 166.5 165.7 166.5 166.1
Al-O1 1843 183.6 1349 1856 137.1 186.1
A-O2 166.0 165.9 1692 1702 168.9 169.1
Al---Hz 2326 328 . 2344 246 245.0 2439
£5i-01-Al 1350 1343 1355 1352 235 123.6
Cl---Hz - 3331 - 2535 - 2204
C2---Hz - 398.4 - 3008 - 2576
C1-C2 396 139.8 139.6 1399 139.6 1403
Ci-H1 108.6 108.7 1086 108.6 108.6 108.7

Bond lengths are in picometer and bond angles are in degree.

the Ol-Hz (96.9 vs. 98.4 pm) along with a :::orm:ponding
slight decrease in Al-Ol and lengthening of Al-02 (not
adjacent to the bridging OH). The distances of Brgnsted
proten (Hz} and C1 and C2 atoms of benzene are calculated
to be 227.6 and 259.0 pm, respectively. Benzene adsorption
results in a slight elongation of the C-C bonds as compared
to the isolated molecule {140.2 vs. 139.6 pm). However, no
significant change is observed in the lengths of the C-H
bonds. Our calculated adsorption energy from the 12T
cluster models is estimated to be ~B.48 kcal/mol at
B3LYP/6-31G(d.p) level, which is significantly lower than
the adsorption energy of benzene obtained from the ONIOM
model (—16.11 kcal/mol). After BSSE correction, the
adsorption energy (AELLT) predicted by the ONIOM
model is —13.54 kecal/mol, which is reasonably close to
the experimental estimate of — 15.31 kcal/mol for related
zeolite [51]. The large deviation cbserved in the 12T model
is due to the fact that the small cluster model neglects long-
range interactions of the extended framework, which is
important for adsorption-desorption in zeolites {52,53).

3.3. The effect of the different types of zeolite framework
(FAU, BEA and ZSM-35) on the adsorption properties of
benzene

In order to demonstrate that OQNIOM3 can be employed
to explore the different types of zeolites, adsorption of
benzene oa other industrially important zeolites, FAU
and ZSM-5, are also studied using the same ONIOM3
scheme. Similar trends about the adsorption energies have
also been observed (AESSE reported in Table 3), in which
the adsorption energies (AESSE) for small cluster models
(—5.78 and —6.46 for the H-ZSM-5 and H-FAU
complexes, respectively) are significantly lower than the
comresponding values obtained from the large ONIOM
cluster models. Therefore, in order to keep this article short,
we will discuss mainly the effect of the different pore sizes
in these zeolites on adsorption properties. The structural
parameters of these complexes are docurnented in Tables 1
and 2. A pronounced effect of the zeolite framework of H-
ZSM-5 is observed in adsorption of benzene. The 10T ring

Table 3
Adsorption energics for CiHgH-zeolites obtained from various models and methods
Zeolite Model Method Adsorplion energy (kcal/mol}
BE x4 AESEE'_
ZSM-5 1ot BILYF/6-21G{(d py-HF3-21G -8.09 -5.78
10T MP6-31G(d.pyHF/3-24G MBILYP/6-11G{d,pkHF/3-21G —1L.50 —-38.02(—~931)°
46T BILYP/6-31G(d p):HF/3-21G:UFF -19.23 —-17.24
46T MP26-31G(d,p):HF/3-21G:UFF AB3LYP/6-31G(d,p):HF/ -21.88 —-1896
3-21G:UFF
BEA 12T B3LYP/&-31G(dp):HF/3-21G —8.48 —5.41
12T MP2/6-31G{d.p):HF3-21G IMILYP/6-MGd py:HF-21G —-11.64 —~694 (—8.74)°
78T BILYPAG-31G(d,p):HFA-21G:UFF —I&.11 —13.54
7T MP2/6-31G{(d,p): HF/3-21G:UFF #/B3LYP/6-31G(d,p):HF/ —-20.36 —16.34
. 3-21G:UFF
FAU 12T B3LYP#6-31G{d p):HF3-2(G —-3.93 ~6.46
12T MP26-31G(d p)HF/3-21G /BILYP/6-ILG{d px HE3-21G -12.06 —8.27 (—10.34)°
84T BILYP/6-31G(d.p)HF/3-21G.UFF —-15.22 —2.22
84T MPL6-31G(d,p): HF/3-21G.UFF /BILYP/6-31G(d.p):HF/ —18.86 -15.18

321G:UFF

* AEBSSE is the calculated adsorption energy with the BSSE correction.
® With additional columbic intecactions dus to a set of point charges located on the positions of zeolite framework [23).
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of H-ZSM-5 zeolite is apparently too constricted for the
benzene molecuie to form a complex within the 10
membered-ring, The benzene molecule is moved toward
the intersection of the pore channels, which is more spacious
(see Fig. 2). This finding is supported by the neutron and X-
ray diffraction measurement [54]. Unlike H-ZSM-S, the
FAU consists of a 12 membered-ring which allows the
benzene to be trapped within its window. The small cluster
models significantly underestimate the adsdrption energies
of benzene/ZSM-5 and benzene/FAU. Inclusion of the
extended framework results in higher adsorption coergies,
ie. ~17.24 and —12.22 kcal/mol for benzene/ZSM-5 and
benzene/FAU complexes, respectively. The interaction
energies of benzene adsorbed on zeolites, calculated from
the ONIOM models, are much larger than from the bare
quantum cluster models and better in agreement with
experimental results. This difference is mainly attributed to
‘non-local interactions’ which are the van der Waals
interactions due to confinement of the zeolite microporous
structure, and the long range electrostatic interactions. The
interactions of benzene with the zeolite acidic site are small
as reflected by the small interaction energies obtained from
the cluster calculations and minute changes in structure of
adsorbed benzene., Since benzene is a non-polar molecule
the long range electrostatic interactions are not expected to
be significant. Indeed, by using columbic calculations with
the guantum cluster directly interacted with the potential
due to a set of point charges located on the positions
“of zeolite framework [23], we can demonstrate that for
benzene adsorbed on the different types of zeolite, (ZSM-3,
BEA and FAU}), inclusion of the long range electrostatic
interactions only increases the interaction energy by
1-2 keal/mol compared to the quantum cluster calculations
(cf. Table 3). On the other hand, the van der Waals
interactions, accounted for by the UFF force field, with the
zeolite pore walls should contribute significantly to the
adsorption of benzene because the size of benzene molecule
is comparable to the nanometer-sized zeolite pores [34,
36-40). The results also suggest that the large extended
zeolite framework covering nanocavity is needed for
accurate representation of the different types of zeolite,
which cannot be drawn from the typical small quantumn
cluster, The difference in interaction energies of benzene in
the H-ZSM-5, H-BEA, and H-FAU zeolites may be due to
the combination of the acidity and confinement effects of the
zeolites. Due to the smaller pore size of H-ZSM-5 (540 pm)
than that of H-BEA (640 pm) and H-FAU (740 pm for
cage window and 1250 pm for supercage) zeolites, the
confinement effect {(mainly van der Waals interactions) is
stronger in ZSM-5 zeolite. Since the van der Waals
interactions dominate the adsorption of non-polar mol-
ecules, the adsorption energy of benzene in H-ZSM-5 is
higher than those of H-BEA and H-FAU zeolites. In
the ONIOM3{(B3LYP:HF.UFF) scheme, the acidity of
zeolite is sufficiently accounted for by the quantum cluster
of the active region treated by the density functional theory

(B3LYP) and the van der Waals interaction is reasonably
described by the UFF force field {45]. Thercfore, the
ONIOM3 scheme proposed here can provide a beder
estimate of adsorption energies than the typical small
quantum cluster calculations.

It is known that DFT does not account for the dispersion
component of the interactions. Single point MP2/6-
31G(d,p) calculations for the high-level active region were
carried out at the B3LYP optimized geometries to improve
the energetic information between benzene and the zeolite
framework. Using the MP2 in place of the BILYP for the
active region in the ONIOM3I(MP2/6-31G:HF/3-21G:UFF)
scheme, the models yicld the adsorption energies (AES3T)
of —18.96, —16.34, and — 15.18 kcal/mol, for the H-ZSM-
5, H-BEA, and H-FAU complexes, respectively. The last
value is in excellent agreement with the experimental
estimate of —15.31 kcal/mol obtained by Coker et al. [51],
indicating that our combined approach is considesred to be
one of the best combinations for the ONIOM scheme. This
efficient scheme provides a cost effective computational
stwrategy for treating the effects of a large extended
framework structure. '

Thus, the studies of the zeolite framework structure
revealed that adsorption properties of zeolite do not depend
only on the acidic site center, but also on the framework
structure where the acidic site is located.

4. Conclusion

We have carried out systematic ONIOM studies
on the adsorption of benzene on industrially important
H-BEA, H-ZSM-5, and H-FAU zeolites. The effects of the
extended zeolite framework covering the nanocavity
on the adsorption properties were investigated
using ONIOM3 schemes. We found that the zeolite environ
ment significantly enhances the adsorption energies of
benzene on zeolites. The efficient ONIOM schemes,
the ONIOM3(B3LYP/6-31G(d,p):HF/3-21G:UFF) and
ONIOM3(MP2/6-31G(d,p):HF/3-21G:UFF)  perform
superbly in comparison to the known adsorption trend of
these three zeolites. Conversely, the small cluster models
yield very low adsorption energies for these three zeolites
and even yield an unreasonable trend of adsorption energies
for these zeolites/benzene complexes {(—8.09; —8.48, and
—8.93 kcal/mol for benzene adsorption on H-ZSM-5,
H-BEA, and H-FAU zeolites, respectively). With the
inclusion of basis set superposition error (BSSE) and
the MP2 corrections, the ONIOM3(MP2/6-31G{(d,p):HF/3-
21G:UFF) adsorption energies are predicted to be — 18.96,
~—16.34, and — 15.18 kcal/mol, for benzene adsorption on
H-ZSM-5, H-BEA, and H-FAU zeolites, respectively. The
computed adsorption energy for benzene/H-FAU
can be compared well with the experimental observation
of ~15.31 keal/mol for benzene adsocption on an H-FAU
zeolite. The results derived in this study suggest that
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the ONIOM3(MP2/6-31G(d,p):HF/3-21G:UFF) scheme
provides 2 more accurate method for investigating the
adsorption of aromatic hydrocarbons on these zeolites.
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Introduction

The Beckmann rcamangement'® is an  industrially
important reaction for the production of -caprolactam, a raw
material for the production of Nylon-6, where the market
consumption was mitlions of tons in 1998.7 Caprolactam is
produced by the Beckmann rearrangement of cyclohexanone
oxime with oleum or concentrated sulfuric acid as a reaction
medium. Although this procedure is comvenient from the
chemical standpoint, difficulties in manufacturing anti-
corrosion equipment and climinating & large amount of the
ammoniurn sulfate formed during the neutralization process
make the process environmentally unacceptable. However,
using a heterogeneous catalyst in this reaction, usually called
the vapor phase of the Beckmann rearrangernent, can solve
these problems. Zeolite proves to be an excellent candidate®
for taking over the catalytic function since the use of a zeolitic
catalyst has the benefit not only froms an econcmnical point of
view, but also from an ecological viewpoint.

The Beckmann rearrangement of oxime compound has
been wide,i{ investigated, especially on solid catalysts such as
H-ZSM5* ™, FAU™?, and B-ZSM5%% etc. Zecchina et al'”’
studied the vapor phase of the Beckmann rearrangement in H-
Faujasite, H-ZSM-5 and silicalite-1 by using IR-spectroscopy
and found that: a) both intemal siianols and strong acid sites
in zeolite can catalyze the Beckmann rearrangement of
cyclohexanone oxime; b) 2 stabie protopated intermediate is
formed on a strong acid site; ¢} the reaction at weak acid sites
has a higher activation energy through a mechanism not
involving a protonated intermediate. Rhee e of ¥ studied the
Beckmann rearrangement of cyclohexanone oxime over an
H-beta catalyst using FT-IR spectroscopy. They suggested
that the initial step of the rearrangement involved the N-
protonated complex of oxime, not the O-protonated complex.

Recently, Nguyen ef o' used MP? to investigate the
mechanism of the Beckmann rearrangement in the gas phase.
The reaction path was proposed in two key steps. The first
step is called 1,2 H-shift, which connects the N-protonated
complex and the O-protonated complex. The second step,
calted the Beckmann rearrangement, is a migration of the
alky} group to the aitrogen atom and an elimination of water
mojecule, giving 2 nitrilium cation, The first step was found to
be the ratc-determining step with an energy bamier of 54
kcal/mol. §t is noted that in their calculations they used a
proton te model the Bronsted acid of the catalyst interacting
with the oxime molecule, thus the effect of the catalytic
framework was omitted.

To the best of our knowledge, no theoretical works
regarding the interaction of oxime and zeolite catalysts have
been published, [n this work, the formaldehyde oxime was
chosen as a model for simplicity (small oxime molecule). The
interaction of the ZSM-5 and FAU zeolites with the N-, O-
formaldehyde oxime have been carried out at both the cluster
and the embedded cluster approaches with the aim of: a)
investigating the mechanism of the Beckmann rearangement
on both zeolites; b) determining the effects of the zeoltic
framework, particularly the effect of the Madelung potential to
the reaction mechanism and the energetic profile.

Methods

The bare cluster and embedded cluster models were used to
detenmine the adsorbed structure of oxime mofecules on
zeolite (active site) as well as their possible N-protonated and
(-protonated species. For the ZSM-5 system, the 10T cluster
model (Figure 1(a)) was taken from the crystal structure of
ZSM-5 to model the ZSM-5 system. The Si atom at T12
position, at the intersection between the straight channel and
the zigzag channe!, was replaced by Al atom and the negative
charge was counter balanced by a proton which is sitting on
the oxygen bridging atom.>** While in the FAU system, the
12T ciuster model (Figure (b)) which is surrounded by two
supercages was taken from the crystal structure of the FAU to
model the FAU system.

Figure L. Prescntation of the bare ¢luster models of zeolite. (a} 10T bare
chuster model of H-ZSM-5 zeclite illustrating the rigzag gateway of the
ZSM-5 zeolite (b) 12T bare cluster model of H-FAU zeolite showing the two
supercages.
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In the embedded cluster model, the static Madelung
potential from the infinite lattice of zeolite can be mimicked
by point charges surrounding the cluster. More details on this
method can be found elsewhere.**? With this small number
of point charges, the additional computational cost is often
less than 5% when compared to bare cluster caleulations.
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Figure 2. Comparison of the encrgetic profiles along the pathway af the
Beckmann rearrangement of formaldehyds oxime adsorbed on different acid
catalysts: gas phase model (a), H-FAU (b) and H-Z5M-§ () zeolites,
respeclively, at the BILYP level of theory. The energetic changes for the
embedded cluster (solid ling) and the bare clusier (dash line) complexes are in
keal/mal,

In the present work, the calculations of 10T and 12T
models have been done at the BILYP level of theory, [n both
bare  cluster models, only the active  site
(H,SilQAI(OH);O(H)Si2H;) bad been treated at B3LYP/6-
31G{d,p) while a lower basis set, 3-21G basis set had been
applied to the rest of the cluster models. In all geometrical
optimizations, the Si, Al, O bridging atoms and H! (Brensted
acid site) of the active site region of the quantum cluster were
allowed to relax, while other atoms were kept fixed at the
experimental structure. All calculations were performed using
the Gaussian98 program.* The computations were performed
using the compufer resources at the Laboratory for
Computational and Applied Chemistry (LCAC) at Kasetsart
University.

Resolts and Discusslon

The vapor-phase Beckmann rearrangement reaction,
The vapor-phase Beckmann rearrangement is investigated on
the industrial catalysts, FAU and ZSM-5 zeolites. This study
is the investigation the reaction mechanism and the energetic
profile of the Beckmann rearrangement at the strong acid site
of both zeolites by using bare cluster and embedded cluster
models. The encrgetic profiles of the Beckmann
rearrangement on both zeolites are shown in Figure 2. The
proposed reaction mechanism is divided inte twe steps. The
first step is the 1,2 H-shift step which is the transformation
from the N-bound configuration . structure (interactions of
formaldehyde oxime via its nitrogen-end with proton from the
acid catalyst) to the O-bound configuration structure
(interactions of formaldehyde oxime via its oxygen-end with
proton from acid catalyst). After that, the second step is the
Beckmann  rearrangement  step  (BR)  which is  the
transformation from the oxime compound to the amide
compound by the migration of the tran-atky! group {or hydride
group) at the carbon atom of the oxime compound
concurrently with the releasing of the water molecule. Next,
the water molecule is released and this reacts with the

nitrilium cation to form the amide compound (eq 1).
H

H H
@\
\ < 1.2 "“’“ﬁ,.. /c=\ R g HOSEEN- e H—— Oy (1)
H oHy'

The reaction mechanism on the embedded cluster
model of Faujasite and ZSM-5 zeolites. In order to take into
account the long range interactions of the extended zeolite
lattice beyond the bare cluster models, the embedded cluster
models of 10T H-ZSM-5 and 12T H-FAU zeolites are
employed Comparing the result between the cluster and the
embedded cluster models, the Madelung potential has the
effect of lengthening the O1-H1 bond distance (Bronsted acid
site) by about 0.7 pm and shortening the adjacent Al-O band
which is in accordance with Gutmann's rules.” In addition,
the Mulliken population on the HI atom is slightly increased
from 0.38 to 0.41 due to the Madelung potential effect.

The results obtained from the embedded cluster maodels of
both zeolites still provided the reaction mechapism as found in
the bare cluster model. The optimized structures are slightly
changed, but the influence from the Madelung potential has a
significant effect on the energetic profile, especially in the
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H-ZSM-S zeolite. In the 1,2 H-shift step, influence from
Madelung potential has the effect of stabilizing the adsorption
complexes, especially in both of the adsorption complexes
(N-bound and O-bound complexes). The adsorption energy of
the N-bound complex (Figure 3(a)) is enbanced to -51.9 and
46.6 kcal/mol for on H-FAU and H-ZSM-5 zeolites,
respectively. The aptimized structures in both zeolites are still
in the form of a protonated compiex. While in the O-bound
complex (Figure 3(c}), the adsorption eunergy is increased to
-31.7 and +27.7 kcal/mol for H-FAU and H-ZSM-5 zeolites,
respectiveiy. But the optimized structures are fumed into
protonated structures at the oxygen-end of oxime compound,
The energy barier of the 1, 2 H-shift step (Figure 3(b)) is
calculated to be 31.1 and 30.6 kecal/rool for the H-FAU and
H-ZSM-5 zeolites, respectively. The transition state structures
obtained from cluster and embedded cluster calculations are
quite similar. The O1-HI distance of the embedded cluster is
slightly changed by about 3 pm. The transition state of the
embedding calculation is more stable than that of the bare
cluster. The higher energy barrier compared to the energy
barrier of the bare cluster model can be explained by the fact
that the N-protonated complex is effectively stabilized by the
long-range electrostatic potential from the zeolite framework,

In the last step of this reaction, rearrangement step
(Figure 3(d)), the activation energy is slightly changed in the
case of the H-FAU zeclite, but significantly changed in
H-Z5M-5 zeolite. The activation energy dedved from the
embedded calcufation of the H-ZSM-5 zeolite was decreased
from 653 to 33.9 kcalimol The difference in activation
energies of H-ZSM-5 and H-FAU zeolites may be due to the
combination of topology of TS structure at acid site and pore
size of zeolites. Due to the smaller pore size of
ZSM-5 than that of FAU zeolite, the Madelung effect is
stronger in ZSM-5 zeolite and its effect is to significantly
stabilize the TS structure of ZSM-5.

From these resulis, the embedded cluster mode! provides
the different results to those obtained from the bare cluster
model. This indicates that the influences from the zeolite
lattice have an important effect on both the reaction
mechanism and the energetic profile. Moreover, the embedded
technique can differentiate the types of zeolite, unlike the bare
cluster modef which is not able to make this differentiation.

Conclusion

The wvapor phasc Beckmann rearrangement of
formaldehyde oxime over both types of zeolite, FAU and
ZSM-5 zeolites, have been studied by both the bare cluster
and the embedded cluster methods at the BJLYP/6-31G (d,p)
level of theory. The N-protonated species was obtained in
both the cluster and the embedded cluster methods and was
similarly found in both FAU and ZSM-5 zeolites. Regarding
the interaction of zeolite with the oxygen atom of oxime (O-
oxime) molecules, the cluster tnodels yielded only hydrogen
bonded adducts, while the O-protonated species were only
obtained with the embedded cluster model and was the same
in both zeolites. The embedded results indicate that the N-
protonation of oxime is preferable to the O-protonation.
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Figure 3, Presentation of the structure of each step in 1he Beckmann
rearrangement oo zeolte; (a} N-bound complex, (b) 1.2 H-shifi TS, (&)
Q-bound complex {d} rearrangement of TS and {¢) Amide complex.
This study suggests that the initial structure of the Beckmann
rearrangement reaction is not the Q-protonation but the N-
protonation of oxime. From the results of both types of
zeolite, the energies barrer for the 1,2 H-shift connecting N,
O protonated species is lower than that of the rearrangement
step. Comparing the difference between the types of zeolite
from the energetic profile, it is indicated that the H-ZSMS5
zeolite is a better acid catalyst for the Beckmann
rearrangement reaction of formaldehyde oxime than the H-
FAU zeqlite. Qur finding may be good supporting evidence
for the newly proposed mechanism for the cyclohexanone
oxime interacting with zeolites and finding the suitable zeolite
for this reaction. This indicates that inclusion of the effects of
the zeolite crystal framework is crucial for obtaining the
mechanistic aspect of the Beckmann rearrangement.
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Abstract

The lignite fly ash from the Mae-Moh power plant, Thailand, and rice husk ash were used as raw
aterials for ZSM-5 zeolite synthesis. Factors affecting the yield of ZSM-5 zeolite synthesized from
fly ash, i.e., the SiQ/Al; 0, mole ratio, the presence of tetrapropyl ammonium bromide (TPABT, the
structure-directing material for ZSM-5 zeolite synthesis), the holding temperature and time, and the
initial pressure were investigated. 1t was found that without TPABr only zeolite P could be
synthesized at S5i0x/A1,03 mole ratios of 2.8-200. In order to synthesize ZSM-5 zeolite, sodium
sibicate solution was added fo adjust the SiQ,/Al,0, mole ratio in raw ash. The yield of ZSM-5
zeolite was as high as 59 wt.% when following conditions were used: Si0»/Al;05 mole ratio, 40; the
holding temperature, 210 °C; the holding time, 4 h and the initial pressure, 4 bar. The catalytic
performance for COp hydrogenation reaction of the ZSM-5 zeolite was preliminary tested and
compared with that of commercial one. [t was observed that there was no siguificant difference in the
catalytic performance between these two catalysts.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Fly ash; ZSM-5 zeolite; Rice husk ash; CO, kydrogenation

L. Introduction

In Thailand, low quality lignite is found predominantly. Approximately 74% of coal
produced are supplied to power station as energy source. The major problem in coal-fired
power generation is that the plenty of solid waste so-called fly ash (of about 30% of raw

* Corresponding author. Tel.ffax: +662-579-2083.
E-mail address: fengmte@ku.ac.th (M. Chareonpanich).
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coal) is produced {1]. Previously, almost all the fly ash was disposed by landfill, which
became increasingly expensive and caused an environmental problem. Therefore, fly ash
utilization was considered by many investigators. Fly ash can be mainly used as building
materials according to its pozzolanic properties [2-4]. However, due to the fluctuation of
demand, the altemative utilization of fly ash as the raw materal for zeolite synthesis was
focused.

The synthesis of zeolites from fly ash can be classified into direct and non-direct
synthesis. For the direct synthesis [5~13), fly ash was hydrothermally treated with an
alkaline solution. At the temperature lower than 100 °C, zeolites P, X and Na—-P| were
obtained with 2-4 M NaOH solution while hydroxy sodalite and zeolite ¥ were obtained
with 4--10 M NaOH solution. At the temperature higher than 120 °C, zeolite Na—Pl,
hydroxy sodalite and analcime were obtained with 4—10 M NaOH solution.

For the non-ditect synthesis [14,15], silica and alumina were firstly extracted from fly
ash with hot alkaline solution and this resulted in the mixture of silicate and sluminate
extracts. These extracts were used as the starting material for faujasite synthesis at as low a
temperature as 60—90 °C and at a synthesis period of 2-5 days.

In this work, the direct synthesis of ZSM-5 zeolite using the Mae-Moh lignite fly ash as
the main raw material was focused. However, the SiQ,/Al, O3 mole ratio in the raw fly ash
is too low to synthesize ZSM-5 zeolite (8i0,/Al;05 mole ratio=2.8). In order to obtain the
approprate Si0Qy/Al,O; mole ratio, the sodium silicate solution was added to adjust the
mole ratio of raw fly ash. From the econemic point of view, the sodium silicate solution
prepared from rice husk ash was used instead of the commercial ones because there is an
abundant supply of rice husk in Thailand. The factors affecting the ZSM-5 zeolite yield,
i.e., $105/Al,0; mole ratio, the presence of tetrapropyl ammonium bromide, temperature
and initial pressure were investigated. In all cases, the most suitable condition that gave the
maximum yield of ZSM-3 zeclite was focused.

2. Experimental
2.1. Raw feed and reagents

Lignite fly ash obtained from the Mae-Moh eifectric power station, Thailand, was
ground and sieved to the diameter of lower than 0.074 mum. The sample was dried at 1035
°C for | h and kept in the desiccator before use. Chemical compositions of fly ash were
examined by X-ray Fluorescence Spectroscopy (XRF: Philips, PW 1400}). Physical
characteristics were analyzed by X-ray Diffraction Spectroscopy (XRD: Philips, PW
1830/40, Cu-w radiation) and BET surface area analysis (Quantachrome, NOVA 1200).

Sodium silicate solution (Na,;3;07: 4 wt.% NaOH; 27 wt.% §i0,) was used to adjust the
Si04/Al;Q; rado of fly ash mixture. First, rice husk was treated with | M HCl for 2.5 h. The
treated rice husk was washed thoroughly with distilied water, dried at 120 °C and pyrelyzed
in oxygen atmosphere at 600 °C for 1 h. The residual ash with about 99.6 wt.% silica was
dissolved in NaOH solution to obtain a desired compaosition of sodium silicate sofution.

Tetrapropyl ammonium bromide (TPABr; C;;HagBiN) of 98% purity from Fluka
Chemicals was used as a structure-directing substance for ZSM-5 zeolite preparation.
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2.2. Synthesis of ZSM-5 zeolite from lignite fly ash

Batch experiments were carried out to determine effects of the $i0,/A1,0,; mole ratio,
the presence of TPABI, the temperature and the initial pressure on the yield of crystalline
ZSM-5 zeolite, The characteristics of products were determined by XRD and Scanning
Electron Microscopy (SEM: Jeol, JSM-5600 LV). The yield of ZSM-5 zcolite was
obtained by converting the peak intensity of ZSM-5 2eolite from XRD analysis to weight
of zeolite using of standard curved. The product yield was reported as wt.% of pure ZSM-
5 zeolite in the solid product.

2.2.1. Effect of SiOy41,0; mole ratio and the presence of TPABr

In this series of experiments, 3 g of lignite fly ash was mixed with 50 ¢m® of 0.001 M
NaOH solution and variable amounts of sodium silicate solution. The average Si0,/Al;C;
mole ratio in raw fly ash was about 2.8 (data from XRF). Subsequently, the SiOx/Al,0;4
mole ratios were adjusted to 20, 40, 60, 80, 100 and 200 by adding the sodium silicate
solution into the fly ash mixture. The TPABr (0.37 g, 20 mol% of alumina in fly ash) was
added to the mixture, The 0.5 M H,30, solution was used to adjust the pH of the mixture
(fixed at 11+£0.2). With fast synthesis process, the mixture was placed in the autoclave,
pressurized at 3 bar by usiog nitrogen gas (99.99% purity) and then heated up from room
temperature to 210 °C within 2 h. During this period, the pressure in the autoclave was
autogeneously increased. The temperature was kept constant here for 2 h. By using this
process, ZSM-5 zeolite can be synthesized in 4 h. The crude product was then separated
from the solution, washed thoroughly with distilled water and dried in the oven at 110 °C
for 2.5 h before analysis.

The experimental conditions in Sections 2.2.2 and 2.2.3 were the same as that of
Section 2.2.1 unless otherwise indicated.

2.2.2. Effect of temperature

The effect of reaction temperature was examined using the same experimental con-
ditions as those of Section 2.2.1 except the temperature and the hoiding time. The mixture
was heated up from room temperature to 150, 180 and 210 °C with the heating rate of 1.5
°C/min and held there for 2 h. For the study of the effect of the holding time, the synthesis
temperature was fixed at 210 °C and the holding time was varied from 0 to 4.0 h.

2.2.3. Effect of initial pressure

The optimum Si0,/Al,0; mole ratio and temperature determined in Sections 2.2.1 and
2.2.2 were used, and the initial pressures were varied from 1 to 6 bar. The detail of all
experimental conditions is shown in Table 1.

2.3, Catalytic performance of ZSM-5 zeolite from fly ash

The catalytic performance of ZSM-5 zeolite synthesized from fly ash was examined in
the hydrogenation reaction of carbon dioxide. The expenment was conducted in a catalytic
packed bed reactor, made of SUS-316 (id. 7.6 mm). The reactor was 500 mm long,
equipped with an infrared furnace. The ZSM-5 zeolite product (powder, 59 wt.% purity)



1626 M. Chareonpanich et al. / Fuel Processing Technology 85 (2004) 1623-1634

Table 1
Details of experimental conditions
Series of experiment” Si0yALO, Holding Holding Inital
mole ratio® temperature period pressure
cor @ (bar)

Effect of Si0x/AL0; 2.8, 20, 49, 60, 210 2 3

mole ratio (2.2.1) 80, 100, 200
Effect of holding A 150, 1840, 210 2 3

tmperature (2.2.2) :
Effeet of holding A B 0,1,2,3, 4 3

period (2.2.2)
Effect of injtial A B C 1,2,3,4,5,6

pressure (2.2.3)

* In all experiment; 3 g of fly ash, 50 cm’ of 0.001 M NaOH sotution and the heating rate of 1.5 *Clmin were

used

b A 8, and C were optimmm synthesis conditions obtained from experimental Sections 2.2.1 and 2.2.2,
respectively.

was packed in the isothermal zone of the reactor (bed length, 4 cm). The reactor was first
flushed with N, (purity>99%) and heated to teaction temperatures (200-500 °C).
Reactant gases (CO, and H;) were ailowed to flow at 50 ml (NTP)Y/min and the GHSV
was approximately 16 h™', The mole ratio of CO, to H, was 1:3 and the operating
pressure was fixed at 5 bar. The amounts of CO,, CO and all hydrocarbon products were
quantitatively analyzed using gas chromatography (Hewlett Packard 5890 series II)
equipped with TCD and FID detectors and Porapack Q columns. The experiment was
repeated three to five times in each condition.

3. Results and discussion

3.1. Chemical compositions of fly ash

The chemical compositions of fly ash analyzed by XRF are shown in Table 2, in which
8i0,, Aly0;, Fey0; and Ca0Q are the major components. The X-ray diffraction pattern in

Table 2 )

The chemical composition of fly ash analyzed by XRF

Composition Amount {wt.%)
$i0; 39.60
AlLCy, . 24.25
Fe,(y 12.60
Cal 10.66
MgO 2.80
Na;O t.29
TiQ, 0.49
Py0s 0.16

Others 8.t5
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Fig. | revealed the major solid compositions in the fly ash was amorphous in rature. The
BET surface area of fly ash was § m*/g.

3.2. Synthesis of Z5M-5 zeolite from lignite fly ash

3.2.1. Effect of SiO/A1,0; mole ratio and the presence of TPABr

Without addition of sodium silicate solution, the Si0,/Al;(3 mole ratio in fly ash is
2.8. In order to obtain Si0,/AL 0, mole ratios of 20, 40, 60, 80, 100 and 200, lignite fly
ash was mixed with 27.4, 59.1, 90.9, 122.6, 154.4 and 313.2 cm® of sodium silicate
solution, respectively. To dissolve the silica and alumina in fly ash, NaOH solution was
added to the mixture while the pH of the mixture was confrolled at 11+0.2. It was
found that without TPABr, at the SiO/Al;0; mole ratios of 2.8-200, only zeolite P
could be synthesized. The XRD pattemn of the zeolite P and amorphous solid products
are shown in Fig. 2.

The effects of Si0/Al;0; mole ratio (in the range of 2.8-200) and the presence of
TPABr on the yield of Z8M-5 zeolite were investigated. The yields of ZSM-5 zeolite
obtained from XRD patterns are shown in Fig. 3. The results reveal that without sodium
silicate solution, the ZSM-5 zeclite could not be synthesized. It is clear that the SiGy/
Al,QO; mole ratio of 2.8 is not suitable for ZSM-5 zeolite synthesis. At the SiOx/Al,0,
mole ratio of 20~ 100, ZSM-5 zeolite can be synthesized. The maximum yield of 43 wt.%
was found at the Si0,/AL;O, mole ratio of 40.

The SEM photographs of the zeolitic products of various Si0,/Al,0; mole ratios are
shown in Fig. 4. The obtained ZSM-5 zeolite is mainly cubic crystals, accompanying with
some flake-like structure, As the SiQ5/Al,05 mole ratio increases from 20 to 40, the cubic
crystals of Z8SM-5 zeolite are increased in size from 5 to 8 pm. However, the opposite
trend was observed when the Si02/Al; 03 mole ratio is higher than 40, The smallest size of
about | pm was found at the Si0,/Al,O4 mole ratio of 100.

From this study, it was noticed that the fast synthesis process without TPABY, even if
Si0»/AL O3 mole ratio was varied, could not produce ZSM-5 zeolite from lignite fly ash.

250 1
. 200 -
o
@ 150
A
E 100
A
50 4 3
(N . B
1 1 Kl 0 [] [ 1 1
10 20 30 40 50

20 (degree, CuKa)

Fig. 1. XRD pattemn of Mae-Moch lignite (ly ash.
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Fig. 2. XRD patterns of zeolitic products obtained from synthesis experiments without the presence of TPABr at
8i0/Al; 04 mole ratios of (a) 20, (b) 40, {c} 69, (d) 80, and (¢) 00 (4, Zeolite P; Initia) pressure: 3 bar, holding
tempecature: 210 °C, holding period: 2 h).

In additien, irrespective of the Si0/Al;O; mole ratio, the addition of TPABr of
approximately 20 mol% of alamina in fly ash still could not promote the ZSM-5 zeolite

formation.
Since the maximum yield of the ZSM-5 zeolite was obtained at a SiO-/AL0; mole ratio

of 40, this mole ratic was then used in the following experiments.
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Fig. 3. Yields of ZSM-5 zeolite obtained from various 5i0,/AlL0, mole ratios with TPABr (Initial pressure: 3 bar,
helding temperature: 210 *C, holding period: 2 b).
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Fig. 4. SEM photographs of treated products obtained from SiO2/Al; Gy mole ratios of (a) 20, {b) 40, (c) 60, (d)
80, (¢ 100, and (f) 200 with TPABr (a—e=ZSM-5 zeolite, F=amorphous product; Inital pressure: 3 bar, holding
temperature: 210 °C, holding period: 2 h).

3.2.2. Effect of temperature

The yiclds of the ZSM-5 zeolite obtained at temperatures ranging from 150 to 240 °C
are shown in Fig. 5 and the SEM photographs of the products at 150 and 180 °C are
shown in Fig. 6. At the temperature of 150 °C, the unknown amorphous solids of irregular
shape and crystalline were found. It was noticed that the ZSM-5 zeohte could not be
produced under this low temperature. The XRD pattern of the product obtained at 180 °C
is shown in Fig. 7, which revealed that ZSM-5 zeolite (16 wt.%) and zeolite P were
formed. At 210 °C, only ZSM-5 zeolite was found (43 wi.%). In accordance with the XRD
result, the SEM photograph of the product at 180 °C indicates the presence of the cubic
crystals of ZSM-5 zeolite and the needle-like crystals of zeolite P, while only the cubic
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Fig. 5. Yiclds of ZSM-5 zeolitc obtained from varicus holding temperatures {Si02/A1;0y mole ratio: 40, initial
pressure: 3 bar, holding period: 2 h).

Figz. 6. SEM photographs of wreatzd products obtained from synthesis at holding temperatwres of (a) 150 °C, (b)
180 °C, and (¢} 210 °C (SiOxAl;0; mole ratio: 40, initial pressure: 3 bar, holding peried: 2 h).
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Fig. 7. XRD pattem of zeolitic products obtained from synthesis temperature of 180 “C (O=ZSM-5 zeolite,
A=Zeolite P) (Si0,/Al03 mole ratio: 40, initial pressure: 3 bar, holding period: 2 h).

crystals of the ZSM-5 zeolite were found at 210 °C. The reason is that the formation of
metastable phases of zeolites depend on temperature, and then the most stable phase will
continue 10 grow and be detected finally [16]. Not only the temperature, but the holding
time and the initial pressure also play an important role on the formation of the specific
metastabie phase of zeolite.

For the study on the effect of the holding time, the synthesis temperature was fixed at
210°C and the holding time was varied at 0, 1, 2, 3 and 4 h. The yields of the product
crystals shown in Fig. 8 notify that the longer the holding time, the greater the yield of
Z38M-3 crystalline zeolite. As the holding time increased, the atkaline solution could more
thoroughly dissoive silica and alumina from the fly ash. These silica and alumina in the
alkaline solution are the sources of precursors for ZSM-$ zeolite formation and growth.

50
s
E 40 +
d
Q
=
o 30 A
v 20_'
=
7]
3]
].0 T T L L
0 \ 2 3 4 5
Holding peried (h)

Fig. 8. Yields of ZSM-5 zeolite obtained from vatious holdiag periods (SiOx/Al;O0, mole ratio: 40, initiat
pressure: 3 bar, holding tempercature: 210 °C).
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Therefore, the longer holding time used (in this study, 4 h) the higher vield of ZSM-5
zeolite could be obtained.

3.2.3. Effect of initial pressure

The effect of the initial pressure of inert gas on the yield of ZSM-5 zeolite was
determined in the range of 1-6 bar. The yields of the ZSM-5 zeolite obtained at various
initial pressures are shown in Fig. 9. It should be noted that all the XRD patterns of the
products confirm the existence of only ZSM-5 zeolite. The ZSM-5 zeolite yields are
gradually increased with the increase of initial pressure up to 4 bar (13 wt.% at | bar and
43 wt.% at 4 bar) and then decreased (31 wt.% at 5 bar and 26 wt.% at 6 bar). The initial
pressure has a sigoificant effect on the ZSM-5 zeolite synthesis. This is because the
synthesis process takes place at high temperature under steam saturation condition. The
increase of the initial pressure thermodynamically enhances the solubility of silica and
alumina in fly ash in the alkaline solution and consequently the rate of formation of the
ZSM-5 zeolite. However, at the initial pressure above 4 bar, the yield of ZSM-5 zeolite
tends to decrease. This may be due to the competitive formation of different metastable
phases of zeolite during the crystalline formation stage, which resulted in the formation of
different phases of zeolite [16].

3.3. Hydrogenation of carbon dioxide over ZSM-5 zeolite from fly ash

The catalytic performance of ZSM-35 zeolite synthesized here was preliminary tested
and compared with a commercial ZSM-5 zeolite (Si0,/Al,0; ratio, 40; surface area, 670
m?/g). The average results are shown in Table 3. With both catalysts, CO, conversions are
gradually increased with the increase of reaction temperature (from 2-3 mol% at 200 °C
to 2830 mol% at 500 °C). In order to investigate the effect of thermal reaction, the
reaction was tested under the same operating condition with an inert sand bed. It was

0
60
50 o
40 -
ZOJ

20 -

ZSM-5 zeolite yield (wi%)

Initial pressure (bar)

Fig. 9. Yields of ZSM-3 zeolite obtained from various initial pressures (SiOxfAL;0; male ratio: 40, holding
temperature: 210 °C, holding period: 4 h).
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Table 3
Product distribution ebtained from the reaction of CO; and H; over commerciat ZSM-5 zeolite ard ZSM-$ zeolite
synthesized from fly ash and rice husk ash (in mol%)

Temperature Commetcisl ZSM-35 zeolite Synthesized ZSM-5 zeolite

Q) co, Product distribution co, Product distribution
conversion o CH, C2-C3 conversion co CH. 2-C3

204 2 & 87 7 3 7 83 10

L)) 16 5 83 12 15 17 73 11

400 18 5 84 il 24 10 71 19

560 28 10 78 12 30 17 64 19

found that the conversion of CQ; over the sand bed at 500 °C was lower than 5 % and
methane was the major product.

The CO, conversion of the synthesized ZSM-5 zeolite and the commercial one were
comparable. The products were mainly CO, methane and ethane. However, higher yields
of C2-C3 were obtained with the synthesized ZSM-5 zeolite. At 500 °C, the C2-C3/CH,
ratios were 0.3 with the synthesized ZSM-$§ zeolite and 0.15 with the commercial one. It
was suggested that metal oxide impurities remained in the synthesized ZSM-5 zeolite seem
10 have a little effect on the catalytic hydrogenation reaction.

4. Conclusions

The altemnative utilization of Mae-Moh lignite fly ash and rice husk ash as raw materials
for ZSM-5 zeolite synthesis is feasible. The effects of $10,/A1,0; mole ratio, the presence
of TPABr, temperature and initial pressure on the yield of ZSM-5 zeolite have been
investigated using the fast synthesis process (about 2—6 h). Without the addition of sodium
silicate solution, ZSM-5 zeolite could not be synthesized. With the presence of TPABr,
ZSM-5 zeolite could be synthesized in a range of the $i0,/Al,05 mole ratio of 20-100. At
a holding temperature of lower than 210 °C, several types of zeolites were produced. The
maximum yield of ZSM-5 zeolite, 59 wt.%, was obtained at a Si0,/Al;0; mole ratio of
40, synthesis tempecature of 210 °C, holding time of 4 h and initial pressure of 4 bar.

The catalytic performance of ZSM-5 zeolite synthesized from fly ash in the hydroge-
nation of CQ, is remarkable. The conversion of CO, was 30 mol% at 500 °C and the
products were carbon monoxide, methane, ethane and propane. With ZSM-5 zeolite
synthesized from fly ash, higher yield of C2-C3 was produced when compared with the
commercial one.
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Abstract

We repert absolute partial cross sections for the formation of selected positive
and negative ions resulting from electron interactions with uracil. Absolute
calibration of the measwred partial cross sections for the formation of the
three most intense positive ions, the parent CgHN,0O7 ion and the C3H;NO*
and OCN* fragment ions, was achieved by normalization of the total single
uracil ionization cross section (obtained as the sum of all measured partiai
single ionization cross sections) to a calculated cross_section based oa the
seri-classical Deutsch-Mirk formalism at 100 eV. Subsequently, we used the
OCN* cross section in conjunction with the known sensitivity ratio for positive
and negative ion detection in our apparatus (obtained from the well-known cross
sections for SF; and SF; formation from SFg) to determine the dissociative
attachment cross section for OCN™ formation from uracil. This cross section
was found to be roughly an order of magnitude smaller, about S x 1072 m? at
6.5 eV, compared to our previously reported preliminary value. We attribute
this discrepancy 1o the difficult determination of the uracil target density in
the earlier work. Using a reliably calculated cross section for normalization
purposes avoids this complication,
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1. Intreduction

Recently, electron interactions with biologically important molecules such as amino acids and
nucieotides, in particular (dissociative) electron atachment studies, have gained prominence
following the pioneering work of Sanche and co-workers [1]. Electron scattering experiments
with complex biomolecules in the gas phase are challenging because of the difficulties in the
preparation of wellcharacterized pure gas targets of these motecules and the difficulties in the
subsequent quantitative determination of the targetdensities. The RNA base uracil (see figure 1
for a schematic molecular structure diagram) and various halo-uracil compounds as well as
DNA bases such as thymine, cytosine, adenine, various halo-uracil compounds and simple
organic acids such as formic and acetic acid and several amino acids (glycine, deoxyribose)
have been studied successfully in gas-phase electron scattering experiments (2-17). Very
recently {2], our group measured the first absolute electron attachment cross sections for the
RNA base uracil (C;HyN;0,) and reported peak values ranging from 1 to 30 x 10~ m? for four
fragment anions, CN~, OCN~, CsHNO™ and CH3N;05, at electron energies below 10 eV.
The importance of anion formation via dissociative electron attachment in these molecules
stems from the fact that it is the only mechanism that can cause bond cleavage at very low
electron energies, which are typical for (nearly) thermalized secondary electrons produced
by the interaction of high-energy radiation with the complex environments surounding and
constitwting living cells. However, it hvas also beea pointed oue [10, 15, 18] that positive ion
formation induced by electron impact on uracil and halo-uracil compounds is an important
fragmentation mechanism for these molecules, particularly for low electron energies just above
the ionization threshold.

In this paper, we report the first absolute partial and total cross sections for the electron-
impact ionization of uracil. Absolute cross sections were obtained by normalizing the total
single ionization cross section of uracil (at an electron energy of 100 eV) to a calculated
total single ionization cross section using the semi-classical Deutsch—Mirk (M) formalism
19, 20]. The DM formalism has been shown to yield teliable total single ionization cross
sections (with an accuracy ranging between 5% and 20%) for a large number of molecules,
tncluding complex molecules (19, 21-23). On the basis of the absolute calibration process for
positive ions in conjunction with a sensitivity ratio measurement for posttive-to-negative ion
formation in our apparatus, we also revise our earlier absolute cross section for dissociative
attachment to uracil [2] downward by about an order of magnitude. We attribute this
discrepancy to difficulties in the accurate target number density determination in the earlier
experiment.

2. Experimental procedure and cross section normalization

The current experiments were carried out in our well-characterized double-focusing two-
sector field mass spectrometer of reversed geometry described in numerous eartier publications
(see, e.g., {24-26]), to which we refer the reader for further experimental details. Figure 2
shows a mass spectrum of positive ions produced by 120 eV electrons on uracil. The
most intense peak at a mass-to-charge (m/z) ratio of 112 comesponds to the parent uracil
CsHaN,O3 ion (m/z = 112 Thomson). Two other groups of peaks are seen around the
two most abundant fragment ions, CyHiNO* (m/z = 69 Thomson), with adjacent weaker
peaks comresponding to the loss of additional H atoms, and OCN* (m/z = 42 Thomson).
The additional weaker peaks around m/z; = 40 comrespond to ions with two carbon atoms,
one nitrogen or oxygen atom and from 03 hydrogen atoms. We recorded relative partial
ionization cross sections for the three most intense mass-selected ions in the mass spectrum
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Figure 1. Schematic stucwre diagram of the uracl C4HN;O9 molecule,
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Figure 2. Mass spectrum of positive ions formed by 120 &V electron impact on uracil. The most
intense peaks correspond ta the parent C4HyNO3 ion and two fragment ions C3H;NO” and OCN™.

shown in figure 2 for electron energies from threshold to 1000 eV. The sum of all parial
ionization cross sections for the formation of singly charged product ions yields the relative
total single uracil ionization cross section. We note that we did not find jon signals of
appreciable intensity that correspond to the formation of doubly (or more highly) charged
ions, so that the total single uracil jonization cross section is essentiatly identical to the tota
ionization cross section of this molecule. The relative total single uracil ionization cross
section was put on an absolute scale by normalizing the experimentally determined cross
section to a calculated total single uracil ionization cross section using the DM formalism
at 100 eV, 15.7 x 1072 m% The DM formalism applied to molecules has been shown to
yield reliable absolute total ionization cross sections with an accuracy between 5% and 20%
for a large number of molecules, including complex molecules such as the silicon-organic
compounds tetramethylsilane (TMS), hexamethyldisiloxane (HMDSO) and tetraethoxysilane
(TEOS) {19, 21-23]. The only category of motecular targets for which the DM formula shows
poor agreement with the experimental data is for fluorine-containing radicals such as CF,
and NF, (x = 1-3) [27]. A detailed comparison between calculated DM cross sections and
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measured data for more than 40 species has shown that the reliability of the DM calculation
depends critically on the accuracy of the quantum chemical representation of the molecular
orbitals i terms of the atoraic orbitals of the constituent atoms [19]. The accuracy of the DM
method is difficult to assess in general as its errors have different sources. For the ionization
energies, accurate gquantum chemical values can be derived. Concerning the atomic orbital
populations, however, this is not possible in the same way. There is no unique definition of
dividing up the molecular orbitals into atomic contributions, since in the limit of an infinite
basis set even the basis set of a single atom can describe the wavefunction of the whole
molecule. While smaller basis sets might even provide more reasonable relative atomic
orbital charge contributions than bigger ones, they suffer from the poor quality of the overall
wavefunction. This ditemma, which is sometimes found in the quantum chemical calculation
of other properties as well, can be partially overcome by using more sophisticated schemes
of charge partitioning etc, but the coefficients g and r in the DM formula are still derived
from isolated atoms and cannot easily be improved upon without abandoning the general
scheme. In light of these arguments, an empirical statement conceming the accuracy of the
DM method seems to be most appropriate. The large number of molecules, where comparisons
between experimental and cross sections calculated with the DM formula have been made,
shows that the errors for molecules of not more than about 20 atoms are not larger than 20%
{often significantly smaller) and comparable to the errors reported for the experimental cross
sections.

The cross-calibration between the formation of positive and negative ions from the same
parent molecule was first described in our earlier paper on the electron impact ionization of
Ceo [28, 29]. Biefly, the method uses the well-known absolute cross sections for formation
of SF; and SF{ ions from SFg by electron impact and determines, under exactly identical
experimenta! conditions, the ratio of $F; ions to SF; ions detected in our apparatus in an
effort to determine the ratio of detection efficiencies for, respectively, negative and positive
jons. This ratio in conjunction with the absolute value of the partial ionization cross section
for formation of a particular positive ion then determines the absolute dissociative attachment
cross section for formation of the corvesponding negative ion for a gas under study. In the
present case of uracil, we found that electrons incident on this molecule produce both positive
OCIN* and negative OCN~ fragment ions and we used these ions for the cross-calibration.

The uncertainties of the absolute ionization cross sections reported here are in the range of
21-22% for positive ions and about 26% in the case of the attachment cross sections. In the case
of the positive ions, we combine the uncertainty in the measurement of the relative cross section
curves of 5% (which takes into account the statistical uncertainty and systematic uncertainties
due to all fluctuations of the experimental parameters such as gas density, electron beam
current, etc) in quadrature with a conservative estimate of a 20% uncertainty in the calculated
DM cross section. For the negative ions, we add to this uncertainty in quadrature the 15%
uncertainty in the SF; to SF; cross section ratio [29).

3. Results and discussion

Figure 3 shows the experimentally determined total single uracil tonization cross section from
threshold to 1000 eV in comparison with the calculated DM cross section. The experimental
data were normalized to the calculation at 100 eV. Both cross sections exhibit the typical
shape with 2 maximum (of about 16 x 1072 m?) at an energy slightly below 100 eV and
a gradual decline towards higher impact energies. The agreement is very good over the
entire range of impact energies. The two curves are essentially identical in the low-energy
regime from threshold up to about 150 eV. At higher impact energies above about 200 eV, the
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Figure 5. Absolute partial cross sections for dissociative electron attachment to uracil asa function
of electron encrgy. (U-H)~ refers to the CyH3N>05 ion.

targest peak value of about 4.4 x 10-2 m? (at about 100 V) whereas the two fragment ions
have cross sections that peak around 2.2 x 1072 m? at a slightly higher impact energy. It
is quite noteworthy for a complex molecule such as uracil that the largest partial ionization
cross section is the ane for parent ion formation. Many complex molecules do not have stable
parent ions and their ionization is dominated by dissociative ionization channels [19, 21-23].

Lastly, figure 5 shows four absolute partial cross sections for dissociative electron
artachment to uracil leading to, respectively, C4H3N>0;5 , C3HaNO™, OCN™ and CN ™ ions asa
function of electron energy after cross-calibration to the absolute OCN* ionization cross section
using the relative cross sections given in [2]. (We note that the labels of the two curves
corresponding to the C3H;NO™ and OCN ™ negative ions were interchanged; figure 4 in this
paper shows the correct labelling.) In all four cases, the absolute cross sections are about an
order of magnitude lower compared to those repotied earlier [2). We attribute the discrepancy
between the present absolute calibration of the dissociative attachment cross sections and
our earlier measurement to difficulties in the determination of the target number density
in the earlier experiments. In the present work, the normalization to a reliable calculated
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fonization cross section in conjunction with the positive-negative ion cross-calibration avoids
the potentiai error associated with the target number density determination.

4. Conclusions

We report absclute partial cross sections for the fonmation of selected positive and negative
tons resulting from electron interactions with uracil. Because of the difficulties associated
with the preparation of well-characterized gas targets of essentially all biologically important
molecules and the absolute determination of the gas target density, we obtained the absolute
cross sections in our study by normalizing the total single ionization cross section of uracil
(at an electron energy of 100 V) to a calculated total single jonization cross section using
the semi-classical Deutsch—Mirk formalism [19, 20]. The DM formalism has been shown
ta yield reliable total single ionization cross sections (with an accuracy ranging between 5%
and 20%) for a large number of molecules, including complex molecules [19, 21-23). On
the basis of the absolute calibration process for positive ions in conjunction with a sensitivity
ratio measurement for positive-to-negative ion formation in our apparatus, we subsequently
revised our earlier absolute cross section for dissociative attachment to uracil [2] downward
by about an order of magnitude.
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ABSTRACT: The structures of alkali-exchanged faujasite (X-FAU, X = Li* or Na™*

ion) and ZSM-5 (Li-Z3M-5) zeolites and their interactions with ethylene have been St
investigated by means of quantum cluster and embedded cluster approaches at the -
B3LYP/6-31G (d, p) level of theary. Inclusion of the Madelung potential from the zeolite

framework has a significant effect on the structure and interaction enetgies of the

o . adsorption complexes and Jeads to differentiation of different types of zeolites (ZSM-5
froe Yo and FAU} that cannot be drawn from a typical quantum cluster model,

T, : H,SI00\)AKOH),06iH,. The Li-ZSM-5 zeolite is predicted to have a higher Lewis

; . acidity and thus higher ethylene adsorption energy than the Li-FAU zeolites (164 vs.

e 14.4 keal/mol), in good agreement with the known acidity trend of these twa zeolites.
T On the other hand, the cluster models give virtually the same adsorption energies for
both zeolite complexes (8.9 vs. 9.1 keal/mol). For the larger cation-exchanged Na-FAU
complex, the adsorption: energy (11.6 keal/mol) is predicted to be lower than that of
Li-FAU zeolites, which corapares well with the experimental estimate of about 9.6 keal/
P mol for ethylene adsorption on a less addic Na-X zeolite.  © 2003 Wiley Periodicals, Inc.
A Int | Quanturn Chem 94: 333-340, 2003

Key words: Z5M-5 zeolite; faujasite zeolite; DFT study; ethylene adsorption;
embedded cluster :
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ticular interest in this area of active research i3 the

'Introduction

eolites are of prime importance as catalysts for

¥ i many industrial processes, due mainly to their
shape selectivity and acid sites [1-9]. Cation-ex-
«changed zeolites have been found to be potential
catalysts for hydrocarbon reactions [10-19). Of par-

Correspendence to: |. Limtrakul; e-mail: £5¢ijri@ku.ac.th

[nternational Journal of Quantum Chemistry, Vol 94, 333-340 (2003}

© 2003 Wiley Periodicals, Inc.

alkene adsorption on alkali-exchanged zeolite,
which is the foundation of severai industrially im-
portant reactions, namely, acomatization of olefins
{18), formation of ethylbenzene and styrene [19],
and the production of xylene [20].

The importance of metal-exchanged zeolites sug-
gests that a better understanding of the structure
and mechanistic properties at the molecular level of
the catalyst is certainly required {21]. A review of
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quantum chemical calculations applied to zeolites

and their interaction with unsaturated hydrocarbon
has been recently reported [22]. All early works of
adsorption of C,H, on bare zeolite clusters were

limited to small model fragments that are not spe-

cific to a particular zeclite but represent a generic

fetrahedral subunit in an unconstrained environ-
Jtent [22-26). It is known that small zeolitic clusters
Thay inadequately reflect adsorption complexes at
the active site and the cluster environment may
enhance binding energy and, hence, more accu-

rately predict the structures of reaction intermedi-

ates, transition states, and products [5, 27].

. To include the effects of the zeolite framework
6n adsorption of C;H, in zeolites, a periodic elec-
trostatic structure method can be utilized [28-31]).

This corresponds to the high loading case and is

often computationally expensive for most zeolites

due to their refatively large unit cells.

Alternatively, the embedded cluster approach 3,

9] provides a more practical methodology with lit-
tle additional computational cost when compared

"' the bare cluster calculation. To the best of our
kitowledge, no theoretical work regarding the met-

al-exchanged zeolite-ethylene complex has been

gf'i_rried out so far.

““In this study, we examine the effects of cations

and the zeolitic framework on the adsorption prop-
érties of ethylene in alkali-exchanged faujasite and

Z5M-5 using the embedded cluster methodology.

“‘Methods

~! Zeolites have elementary building units of tetra-
fedral SiO, and AlC, commonly called T atoms. A
3-D framework of faujasite-type zeolite is built on
24-T cubo-vctahedral sodalite cages linked via their
Six-membered rings forming large cavities called
supercages [Fig. 1(a)]. On the other hand, the
Z5M-5 zeolite framework is built on connected pen-
tasil units forming straight and sinusoidal pore sys-
fems [Fig. 1(b})].

i We employed the clusters illustrated in Figures
2-4 as the models of interaction of unsaturated
hydrocarbon on alkali-metal-exchanged zcolites.
The models H SiO{X)AI(OH}),OS5iH,, where X = Li
and Na, will hereafter be referred tv as [Li-FAU],
[Na-FAU], and [1i-ZSM-5], and their complexes,
H,SiO(X)ANOID,081H, /[C,H, |, will be referred to
as [Li-FAU)/[C,H,], [Na-FAU}/[CaH,], and [Li-
ZSM-5]/[C5Hy]. The bare quantum clusters are spe-
cifically modeled according to crystallopraphic

)

FIGURE 1. Presentation of zeolite structure, {a} Struc-
ture of faujasite showing the supercage. (b) Structure of
Z5M-5 viewed from the straight direction. [Color figure

can be viewed in the online issue, which is avaitable at

www.interscience wiley.com.)

structures of active sites in faujasite [31] and Z5M-5
[32] zeolites. In these models, the dangling bonds of
the Si atoms are terminated by H atoms and the
Si—H bends are aligned with the corresponding
S5—0O bonds of the structures of zeclites, respec-
tively. The naked alkali~cation/C,H, adducts, Li*/
[C,H,] and Na* /[C,H,), are also included for com-
parison with the effect of the negative zeolite
oxygen framework surrounding the alkali cations.

In the embedded cluster model {cf. Tig. 5), the
static Madelung potential due to atoms outside of
the quantum cluster is represented by charges lo-
cated at the zeolite lattice sites. Charges close to the

334
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FIGURE 2. Li-FAU zeolite structures and their interac-
tion with ethylene optimized at B3LYP/6-31G(d, p) us-
ing embedding and cluster calculations (values in pa-
rentheses); bond distances in pm. {8) Li~FAU. {b) Li-
FAW/C,H,. [Color figure can be viewed in the online
issue, which is available at www.interscience.wilay,
com.]

quantum cluster are treated explicitly, while the
Madelung potential from the remaining charges
from an infinite lattice is represented by a set of
surface charges that were derived from the surface
charge representation of external embedded poten-
tial (SCREEP} methad. More details on our method
can be found elsewhere [5, 9]. For faujasite, the total
Madelung potential is represented by 288 explicit
charges and 960 surface charges, whereas for
Z5M-5 the potential is represented by 360 explicit
charges and 240 surface charges. With this small
number of point charges, the additional computa-
fiohal cost is often less than 5% when compared to
bare cluster calculations.

«v Geometry optimizations were carried out af the
B3LYP level using the 6-31C (d, p) basis with the
Gaussian 98 program [33]. The computations were
carried out on PC clusters at the KU Computing
Center and a DEC alpha station 250 workstation at

Gt
b

the Laboratory for Computaticnal and Applied
Chemistry at Kasetsart University and a cluster of
16M RISC/6000 workstations at the Henry Eyring
Center far Theoretical Chemistry, University of
Utah. .-

Results and Discussion
HMETAL-EXCHANGED FAUJASITE (X-FAU)

Li-Zeolite {LI-FAU)

Cluster and embedded cluster models for alkali--
metal-exchanged zeolites are shown in Figures

2266 #77 -
S w2283
2134 i pisg)

2780 2758
[284.4] [281.4]

H
.

&}

FIGURE 3. Na-FAU zeolile structures and their inter-
action with ethylene optimized at B3LYP/6-31G(d, p}
using embedding and cluster calculations {values in
parentheses); bond distances in pm. {a) Na-FAU. (b}
Na-FAU/C,H,. [Color figure can be viewed in the onlina
issue, which is available at www.interscience.wiley.
com.]
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FIGURE 4. Li-ZSM-5 zeoiite siructures and their in-
feraction with ethylene optimized at the B3LYP/6-
I1Glo, p) level using embedding and cluster calcula-
lons (values in parenthesas); bond distances in pm. (a}
Li-Z3M-5. {b) Li~ZSM-5/C,H,. [Color figure can be
viewed in the online issue, which is available at
www.interscience wiley.com.]

2(a)-4(a). Selected optimized geomelric parameters
and atomic charges for bare quantum cluster and
embedded cluster models are documented in Ta-
bles i and {[. Vor the Li-FAU zeolite {sec Fig. 2(a)],
the alkali-metal cation does not bind with a partic-
ular bridging oxygen atom in the [AlO;] but is
symmetrically bidentated to O1 and Q2 of [ALQ,]
tetrahedron, in agreement with the previcusly re-
ported ESR experiment [34]. The interaction of the
cationic metal with the zeolite framework leads to
substantial perturbation of the active acidic site. In
articular, we found that the A= distances were
elongated by 2.3 pm, but by only 0.9 pm for the
AI—O’.Z anid Al—O1 distances, respectively, while
the Si—O bonds were shortened by 3.6 and 4.0 pm
for the Si- O1 and 5i—02 bonds, respectively, but

there was no significant change for the O1—Al—0?
angle. A reciprocal effect is that the zeolite frame-
work reduces the Li charge. The charge on Li7
cation was reduced to 0.53, and 0.63 a.u. for the bare
cluster and the embedded models, respectively.
The increase of charges on Li cation is clearly ob-
served by the changes of charges on Al and Si
atoms of the Li-FAU complexes as compared to the
corresponding charges of their anionic framework
(cf. Table O}, The Madelung potential was found to
have a significant effect on the structure of Li-ex-
changed FAU. In particular, it elongates the Li—Al
by 10.7 pm. The extent of Li---C distances in-
creased with the embedded model (Li-- -O1 = 185.1
pm vs. 191.4 pm and Li- - -02 = 183.9 pm vs. 1904
pm). This indicates that the Madelung field weak-
ens the attachment of the Li cation to the zeolite
framework, and thus reduces the strength of the
complexes, which is reflected by lower complex-
ation energy (—135.92 kcal/mol) of Li{l) and ze-
olitic anion than those obtained from the bace quan-
tum cluster (~160.78 kcal/mol).

Expliclt Charges
Surtace Charges

FIGURE 5. SCREEP embedded cluster model. [Color
figure can be viewed in the online issue, which is avali-
able at www.interscience.wiley.com.]
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TABLE |

‘B3LYP/6-31Gid, p)-optimized geometric parameters of the Li-ZSM-5, LI-FAU, and Na—FAU zeclites systems.
[Li-ZSM-8] [L-FAU] [Na—FAUL
Parameters Bare Embedded Bare Embedded Bare Embeadded
Ke—Al 2537 266.9 249.8 260.5 288.3 301.2
Xr*—01 182.0 190.5 185.1 19t1.4 218.4 226.6
X —Q2 180.5 187.8 183.9 190.4 216.9 2253
Q1-X*-02 88.4 83.5 92.2 88.6 76.8 73.6
A-Ct 176.8 1785 180.2 181.1 179.3 180.4
A—02 1771 178.3 180.8 183.1 180.0 182.3
O1-Al-02 911 89.9 94.8 94.2 97.6 96.5
502 1684.3 160.7 166.7 162.7 165.1 161.3
S—01 164.1 160.0 166.6 183.0 164.8 161.5
qx” 052 0.63 0.53 0.63 0.67 0.73

"' Baond langths are in pm and bond angles in degrees.

-

Na-Zeolite (Na—FAU)

1 A similar trend has been observed for the Na-
FAU complex [see Fig. 3(a}] (cf. Tables I and II).
The charges on the Na* cation within the zeolite
models are 0.67 and Q.73 for cluster and embed-
ded cluster modets, respectively. The Na- - -O dis-
tances are elongated with the embedded model
MNa---O1 = 2184 pm vs. 2266 pm and
Ka---02 = 216.% pm vs. 2253 pm). The calcu-
fdted Na- - -Al distance of the embedded model is
12.9 pm larger than that of the bare cluster, indi-
éi,ting that the embedding environment weakens
e attachment of the metal cation to the zeolite

amework. Regarding the energetics of the Na-
AU complexes, the complexation energy of
the Na cation to the zeolitic framework leads
to change in the geometric structures (the

TABLE It

O1—Al—02 bond angles and X+—Al distances,
the distance between the cation and the Al atom
of zeolite framework, are increased with.theiin-
creasing cationic size). These are, as expected,
smaller than those for the Li-FAU complex (cf:
Table IT). The complexation energies of the morio-
valent ions Li* and Na™ that are bound to a
zeolitic framework are —135.92 (Li-FAU} and
—118.19 {Na-FAU) kcal/mol at the embedded
cluster models, following the conventional elec-
frostatic trend. We found that the extended strue-
ture decreases the complexation energy by 24.86
kcal/mol in the Li-FAU and by 17.43 kcal/mol in
the Na-FAU zeolites. This implies that the com-
plexation energy of alkali cation bound to FAU
zeolites cannot be obtained accurately by smail
bare quantum cluster models.

Atomic charges of LI-FAU and Na-FAU complexes.

e Bare cluster Embedded cluster
Atoms Isolated Li-FAU Na-FAU Isolated Li-FAU Na-FAL
Sit 0.67 0.74 0.74 1.34 1.23 1.23
Si2 0.69 0.73 0.73 1.27 1.25 T 123
o1 -0.66 -0.79 -0.76 ~0.61 ~-0.75 -0.72
o2 -0.67 -0.79 -0.77 -0.61 -0.75 ~0.73
Al 0.80 0.99 0.89 0.76 0.90 0.83
Cation 1.00 0.53 0.67 1.00 0.63 0.73
Complexation energy

—~160.78 ~135.62 — —-135.42 -118.18

¥ {keal/mol) —

‘I i
i

W

.
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FABLE Il

‘B3LYP/6-31G(d, p}-optimized geometric parameters of the complex of ethylene with naked Li*,
Li~Z5SM-5, Li-FAU, naked Na* and Na—FAU zeolites.

) U*/C,H, U-ZSM-5/C,H, Li-FAU/C,H, Na*/C,H, Na-FAU/C,H,
‘Parameters Naked Bare Embedded Sare Embedded Naked Bare Embedded
c=C? 134.5 133.8 134.3 133.8 1341 134.3 133.7 134.0
X*—C1 2383 2450 2452 248.9 242.9 2722 284.4 278.0
X—C2 238.5 248.5 242.5 2447 2425 272.2 281.4 275.8
X—{C=C)® 2287 236.5 233.1 237.6 233.3 263.8 274.9 268.6
Ab—X* — 256.2 269.5 252.9 263.6 — 2902 303.6
Xr—01 — 184.5 194.6 187.3 194.6 — 219.9 228.0

X —02 — 1825 190.8 187.2 193.8 —_ 219.0 228.6
01-X*-02 — 87.0 g2.2 90.5 86.9 — 76.0 72.7
A—O1 — 176.3 177.8 179.7 180.5 — 179.0 180.0
A—O2 — 176.7 177.7 180.2 182.5 — 179.6 181.9
03-Al-02 - 91.4 80.4 953 94.8 — 97.8 96.7
o1 — 163.5 159.3 166.1 162.5 — 164.5 161.2
02 - 163.9 160.3 166.1 161.8 — 164.8 160.8
gx* 0.69 0.30 0.36 0.32 0.36 0.77 0.52 Q.54

T
& Bond lengths are in pm and bond angles In degrees.

L

. INTERACTION OF METAL-EXCHANGED
- FAUJASITE (X-FAU) WITH ETHYLENE

M

Interaction of Li-Zeolite (Li—FAU) with
Ethylene

., Cluster and embedded cluster models for the
adsorption of ethylene on alkali metal-exchanged
zeolites are illustrated in Figures 2(b)-4(b). Selected
geometric paratneters of the adduct complexes are
listed in Table III. Adsorption energies have been
évaluated by employing different models and are
given in Table IV.

“"For the Li-FAU/CH, zeclite [see Fig. 2(b)], the
Gptimized Li- - -C,H, distances between Li cation to
the midpoint of the C==C bond are found to be
7333 and 237.6 pm, and the corresponding energies
are 14.35 and 9.08 kcal/mol with basis set superpo-

ks

-~

TABLE IV

-4 The calculated B3LYP/6-31G(d, p) of C=C bond distance in the gas phase Is 133.0 pm,
® The distances between Li cation to the midpoint of the C=C bond.

sition error (BSSE) correction for the embedded
cluster and quantum cluster, respectively. It is in-
teresting to compare the adsorption of C;H, on
Li-PAU zeolite with the case where the zeolite
framework is absent, i.e, in the naked Li-C,H,
system. As expected, C,H, binds more strongly by
a factor of 2 to the Li* cation (23.15 kcal/mol) than
in the Li-PAU zeolite in the binding energy. The
simple naked Li-CyH,; model obviously overesti-
mates the interaction of CH, in a real Li-ex-
changed-FAU system due to the large electrostatic
field generated by the naked Li cation. The bare
cluster model causes a large reducton of the posi-
tive charge of the Li cation and, thus, possibly
underestimates the interaction of C,H, with the
Li-exchanged-FAU system. The embedding envi-
ronment improves the results of the bare cluster

Calculated adsorption energies {kcal/mol) of C,H, on naked Li*, Na*, bare quantum cluster, and embedded
cluster model of Li-ZSM-5, Li-FAU, and Na-FAU zeolites.

L/ Na/
CoHa L~Z5M-5/G,H, L-FAU/C,H, [ Na-FAU/C,H,
Naked Bare Embedded Bare Embedded Naked Bare Embeadded
AE -2483  -1155  -~18.98 ~11.58 -16.87 ~17.76  -9.42 -13.76
Afpsse  ~2315  -894  —16.41 ~9.08 ~14.35 ~15.97  -7.35 ~11.63°
VOL. 94, NO: 6
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model. One can see that the adsorption energy of
ihe embedded cluster model lies between those of
the bare gquantum cluster model and the simple
naked Li/C,H, system.

“Xinteraction of Na-Zeollte (Na-FAU) with
" Ethylene

" For the cluster model [see Fig. 3(b)], the adsorp-
ton energy of Na-FAU/CH, complexes is calcu-
lated to be 7.35 kcal/mol lower than that of the
Li-FAU/C,H, complex (9.08 kcal/mol); this may
be attributed to its large cationic size (relative to
L1 ), which causes its interactions to be weaker
than that of the Li complex. We found that the
Madelung potential increases the adsorption en-
érgy by 527 kcal/mol in the Li-FAU and by 4.28
kcal/mol in the Na~-FAU zeolites. With the inclu-
sion of BSSE correction and the effects of the Made-
lung potential, we predict that the Li-FAUL/CH,
&omplex is more stable by about 2.72 kcal/mol
c0mpared to the Na-FAU/C,H, complex. The ad-
sorption energy is predicted to be 11.63 kcal/mol
f?:)r the embedded cluster model of the Na-FAU/

C,H,, which compares well with the experimental
value of 9.6 kcal/mol for the less acidic Na-X zeo-
lite complex [35]. The lower adsorption energy in
Na-X zeolite, which is an aluminum-rich faujasite
z;eohte with an Si/Al ratio in a range of 1-15,
corresponds to the lower acid strength of the Na-X
é{:eohte because the acid strength of zeclite de-
creases as the alumainum content increases.

L :

. Effect of the Zeolite Framcwork on the
- Adsorption Propertles of Ethylene

“ Another point of interest is the comparison of the
fesults obfained using both cluster and embedded
cluster models for exploring the different types of
Zeolites (faujasite and ZSM-5). Faujasite is consid-
éfed a large-pore-size zeolite with a pore diameter
of 74 pm and spacious supercages with a diameter
Qf 130 pm, while ZSM-5 is a middle-pore-size zeo-
ftte with a pore diameter of about 50 pm. Although
the two types of zeolites have different crystal
Structures (see Fig. 1), the cluster models give vir-
(ually the same adsorption energies (9.08 vs. 8.94
Kcal/mol) for both Li-FAU/C,H, [cf. Fig. 2(b)] and
Li-ZSM-5/C,H, [cf. Fig. 4(b)] complexes as listed in
Table IV.

“"We found that inclusion of the Madelung poten-
hal increases the adsorption energy by 7.47 and 5.27
keal/mo! for the Li-Z5M-5 and Li-FAU zeolites,

respectively. With the inclusion of BSSE correction
and the effects of the Madelung potential, the Li-
ZSM-5/C,H,; complex is more stable by about 2.06
kecal/meol as compared to the Li-FAU/C,H, com-
plex. Thus, the Madelung potential was found to
reveal that adsorption properties of zeolite do not
depend only on the acidic site center but also on the
framework structure where the acidic site is lo-
cated.

Conclusion

The structures of alkali-exchanged faujasite (X~
FAU, X = Li*, or Na* ion) and ZSM-5 (Li-ZSM-5)
zeolites and their interaction with ethylene have
been investigated by means of both the quantum
Jduster and embedded cluster approaches at the
B3LYP/6-31G (d, p) level of theory. The effects of
the Madelung potential were found to be impor-
tant The bare quantum cluster is too small to ac-
count for the extended structure and, therefore,
yields almost the same binding energies {(8.94 wvs.
9.08 kcal/mol) for both Li-ZSM-5/C,H, and Li-
FAU/CH, complexes. On the other hand, the
binding energy derived from the embedded model
of Li-ZSM-5/C,H, is calculated to be 16.41 kcal/
mol, which is larger than that obtained from the
Li-FAU complex (14.35 keal/mol}, indicating that
the metal-exchanged ZSM-5 is more acidic than the
metal-exchanged FAU zeolites and leads to a better
agreement with the experimental observation. The
ion {(X)- - -Al distance increases with the increase in
ionic radii. The predicted adsorption energy for
Na-FAU/C,H, (1163 kcal/mol) is comparable
with the experimental estimate of about 9.6 kcal/
mol for ethylene adsorbed on Na-X zeolite. The
results obtained in the present study suggest that
the embedded cluster approach yields a more ac-
curate and practical model than the bare quantum
cluster for exploring the zeolite framework and cat-
alytic properties.
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Abstract

The performance of the ONTOM (Qur-own-N-layered Iniegrated molecular Orbital + molecular Mechanics) approach udilizing 10 com-
binations of two-layer ONIOM2 schemes has been tested for various sizes of faujasite clusters containing up w 84T tetrahedral atoms and
the complexes they form with ethylene, benzene, and ethylbenzene molecules. Interaction energics of the adsorbates with a 3T bare quantum
cluster are cajculated to be —8.14, ~7.48, and —7.76 kcal/mol at B3LYP/6-31G(d.p} level of theory, respectively. The long-range effects
of the extended structure of zeolite were found to differentiate the stability of adsorption complexes that cannot be drawa from the typical
3T quanturn cluster. The interaction energies of ethylene, benzene, and ethylbenzene molecules on the more realistic cluster, 84T, usiog
ONIOM2{B3LYP/6-31 1 ++G(d,pY UFF) scheme are predicted o be —8.75, —15.17, and ~21.08 kcal/mol, respectively, which compare
well with the experimental estimates of —9.1, —15.3, and —19.6 kcal /mol, respectively. This finding clearty demonstrates that the interac-
tion between adsorbate and actdic zeolites does not depend only on the Bransted group center but also on the lattice framework surrounding
the adsorption site. The results obtained in this study suggest that the ONIOM approach, when carefully calibrated, is a computationally
efficient and accurate method for studying adsorption of aromatics on zeolites.

@ 2003 Elsevier Inc. All nights reserved.

Keywords: Zeolite; Faujasite; ONIOM: QM/MM; Adsorption; Benzene; Ethylbenzene

1. Introduction veloping altemative catalyst systerns that are more environ-
mentally friendly. Nowadays the conventional AICl3-based
processes have been progressively substituted with zeolite-
based processes.

Zeolites are widely used in the petroleum and chemical
industries as solid catalysts for 2 number of commercially
important hydrocarbon reactions due to their outstanding
properties, i.e., Brgnsted and Lewis acid sites, size-shape se-
lectivity, and thermal stability {3]. Using proton- and metal-
zeolites as the catalysts can increase the percentage vield of
the required products and thus reduce the preduction cost
significantly. Zeolites have been used as effective catalysts
in converting many hydrocarbon materials to value-added
products. The adsorptions of ethylene, benzene, and ethyl-
benzene on zeolites, which are the elementary steps of the
catalytic processes, have been studied experimentaliy by us-
ing FTIR [4-7] and NMR [8.9]. The adsorption energy of
ethylene on the acidic H-Y zeolite was determined to be
" Comesponding author ~9.1 kcal/mol {6]. The differential enthalpies of adsorp-

E-mail address: fscijrl @kwac.h (1. Limtrakul). tion of benzene and benzene derivatives on H-Y zeolite were

Ethylene, benzene, and their derivatives, includiag ethyl-
benzeae and styrene, are among the most important chem-
icals in the chemical industry. Ethylbenzene is, commer-
ciaily, the largest volume derivatives of benzene. Over 90%
of the world’s production of ethylbenzene is used o the
manufacture of styrene, which is one of the most impor-
tant industrial monomers. Other applications are paint sol-
vents and pharmaceuticals [1]. The interaction between eth-
ylene and benzene to ethylbenzene and the conversion of
ethylbenzene to styrene are important industrial processes.
The conventionzl processes of benzene alkylation are usu-
ally catalyzed by AICls. This catalyst causes a number of
problems concerning handling, safety, corrosion, and waste
disposal [2). An immense endeavor has been put into de-

0021-951% — see front matter @ 2003 Elsevier Inc. All nghts reserved.
doi: 10.1016/3002)-9517{03)00213-6
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found to increase in the following order: benzene < ethyl-
benzene <« 1,4-diethylbenzene ~ 1,3-diethylbenzene {10].

Numerous theoretical models, including the periodic cal-
culations, have been proposed to study the crystalline zeo-
lite {11-19]. Nevertheless, zeolites that have a high impact
in industrial processes usually possess hundreds of atoms per
unit cell. This makes the use of sophisticated methods, such
as periodic ab initic calculations, computationally too ex-
pensive and even impractical sometimes when very large ze-
olites are concemed. Therefore, the electronic properties of
zeolites are usvally modeled with quantum chemical meth-
ods for relatively small clusters where only the most impor-
tant part of zeolites is focused [16-19]). With such limited
models, the effect of the framework which can significantly
change the structure and energetics of the system, is not
taken into account. The recent development of hybrid meth-
ods, such as embedded cluster or combined quantum me-
chanics/molecular mechanics (QM/MM) methods [13,14,
20-25], as well as the more general ONIOM method has
brought a larger system within reach of obtaining accurate
results [26,27].

Up to date, the ONIOM method is applied to the study of
extended systems, for example, chemical reactions on sur-
face {28--33], and in enzymes [34]. However, there are no
reports of the ONIOM method on H-FAU zeolites interacted
with aromatic hydrocarbons.

In this study, we present the results of using the ONIOM
model to represent the complicated structure of zeolites and
to study the adsorption of ethylene, benzene, and ethylben-
zene, which is the first important step for a more compre-
hensive study of alkylation reaction. Since the Brgusted acid
site is considered as the active site for the alkylation of ben-
zene {35-38] (although the adsorbates can be adsorbed at
other sites), we limit the investigation to adsorption at the
Brgnsted acid site. We are focusing on the systemns of fauja-
site (H-FAU), which are of high importance tn many indus-
trial reactions. The faujasite’s unit cell of 576 atoms limits
the use of periodic calculation, thus we use the ONIOM
method to madel the active site of H-FAU, the Brgnsted acid
site. The adsorption of ethylene, benzene, and ethylbenzene
on the H-FAU has been investigated, and the rational choice
of the levels of calculations for the ONIOM scheme has been
examined. The results are compared to experimental data to
find efficient combinations to satisfactorily reproduce the ad-
sorption energies of H-FAU zeolites. This should provide us
with a better understanding of the role of H-FAU in catalyz-
ing the process of producing ethylbenzene.

2, Method

The cluster models were taken from the lattice structure
of faujasite zeolite [39]. The 3T ciuster H3SiOAI{QH), O(H)
SiH; (Fig. 1) is considered as the smallest unit required to
represent the active site of zeclite. One of the silicon atoms
in faujasite zeolites is substituted by an zluminum atom, and

a proton is added to one of the oxygen atoms bonded di-
rectly to the aluminum atom. There are four distinct bridging
configurations; the resulting structures will be called Q1-H,
according to the usual convention for the oxygen atoms in
famasite [39,40). The Si-H bonds are fixed along the Si-O
bonds of the faujasite framework [39]. The effect from the
framework structure of zeolite cannot be totally neglected
if more accurate results are required. Thus, the larger clus-
ters were proposed for representing the system of protonated
fanjasite (H-FAU). The 20T model, iMustrated in Fig. 2, is
the 12-membered-ring window connecting two supercages
of faujasite, including eight more tetrahedral atoms at the
base next to the Al atom. The largest 84T cluster, including
twO supercages, acts as a nanoscopic reaction vessel (Fig. 3)
where the adsorbates can be trapped inside.

Due to the limitation of computational resources and time
consumption, the active region is treated more accurately
with the ab initio method, while interaction in the rest of the
model is approximated by a less accurate method.

According to the two-layer ONIOM approach, the cal-
culation of energies can be siraplified by treating the active
region {i.c., the active Brgnsted acidic site of a zeolite cat-
alyst) with a high-level quantum mechanical (ab initio or
density functional) approach, and the extended framework
environment with a less expensive level, the HF, semiem-
pirical, and molecular mechanics force fields methods. The
total energy of the whole system can be expressed within the
framework of the ONIOM methodology developed by Mo-
rokuma and co-workers,

Eomons = EL5Y + (E5i — £,

where the superscript Real means the whole system and the
superscript Cluster means the active region, which would be
treated with the higher level of calculation. Subscripts High
and Low mean high- and low-level methodologies used in
the ONIOM calculation. In this study, the high-level region
is treated by the Hartree—Fock and the density functional
theory with the hybrid functional B3LYP. The remainder
is treated by molecular mechanics force fieids (UFF}) [41],
semiempirical or the Hartree-Fock methods.

The accuracy of the QM/MM method, particularly the
ONIOM method, depends significantly on the choice of the
level of calculations for high- and low-level regions. Pro-
gressing through various types of quantum mechanics, semi-
empirical, and molecular mechanics methods, the experi-
mental adsorption energy of the benzene/zeolite system can
be used to validate the choice of methods. Using the BILYP
method for treating the quantum cluster, we varied the meth-
ods for the low-level region from the molecular mechanics
force fields (UFF), semiempirical, over o the Hartree—Fock
methods. Using the experimental observation as a bench-
mark, we found that the UFF method provides reasonable
values corresponding to the experimental prediction. This
is due to the explicit consideration of van der Waals con-
tribution, which is the dominaat contribution in adsorption-
desorption in zeolites [42—47]. Therefore, the UFF method



322 5. Kasuriya et al. / Journal of Catalysis 219 (2003) 3120-328

is the practical choice for the low-level methodology when
the high-level region is treated by the B3LYP/6-31G{d.p)
method.

All calculations have been performed by using Gaus-
51an98 cade [48]. The basis set for the Hartree—Fock calcula-
tions is 3-21G, while the basis set 6-31G{d,p) is utilized for
the B3LYP calculations. During the structure optimization,
only the active site region, [=SIO(H)AI(0)08Si=], and the
adsorbate arc allowed to relax.

In order o obtain more reliable interaction energies, basis
sels superposition error (BSSE) corrections were also taken
into account. In addition, the comumon practice of running a
higher level single-point energy calculation at the geometry
generated by use of a cheaper method is as effective as per-
forming all calculations at the higher level of theory. Thus,
using the optimized geometries produced by the BaLYP/6-
31G(d,p), we carried out the single-point energy calculations
at the B3LYP/6-311++G(d.p) level.

3. Results and discussion

For the purpose of clarity, we separate the discussion
below into two sections. In one seclion we compare the
ONIOM results with experimental results. In the ather sec-
tion we focus mainly on the effects of the extended frame-
work on the structural and energetic information of the inter-
action of ethylene, benzene, and ethylbenzene with H-FAU
zeolites.

3.1. Comparison of ONIOM results with experimental
results

Different two-layer ONIOM?2 integrated schemes were
performed on the ethylene, benzene, and ethytbenzene in-
teraction with the different cluster models, as itlustrated in
Figs. 1-3. The faujasite zeolites were modeled by three dif-
ferent aluminosilicate clusters containing up o 84T tetrahe-
drally coordinated tetravalent atoms. Tables | and 2 list some

Fig. 1. Presentation of models of faujasite and interacting with adsorbates: {2) full 3T cluster model interacting with ethylene: (b) full 3T cluster modcl
inleracung with benzene; and (c) full 3T cluster model interacting with ethylbenzenc.

Fig 2. Presentation of models of favjasite and interacting with adsorbates: {2) ONIOM?2 luyer models of 20T cluster interacting with cthylene: (b) ONIOM2
layer models of 20T chuster interacting with benzene: and () ONIOM2 layee models of 20T cluster interacting with ethylbenzene. Atoms belonging 10 the

high-level regions are drawn as spheres.
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Fig 3. Presentation of models of faujasite and interacting with adsorbaies: (2} ONIOM2 layer models of 84T cluster nieracting with cthyleng; (b) ONIOM?2
layer models of 84T cluster interaciing with benzene; and () ONIOM2 layer models of 847 cluster inleracung with ¢thylbenzene. Atoms belonging 1o the

tugh-level regions are drawn as spheros,
sclected structuse parameters derived at 3T and 20T quan-
tum ¢lusters and the different two-layer ONIOM?Z integrated
schemes.

To assess the sensitivity of the active site structure
with varying covirouments, we optimized the active siic,

[=SIOHYAKOY»0S81=2], for all the clusters, while the re-’

maining atoms were kept fixed at the crystallograpbic posi-
tions. By comparing the suucture between the full quantum
cluster model of 3T and 20T models, it is seen that the
cluster size environment has a little effect on the struc-
ture of the active site. The exicnded framework has the

effect of lengthening the O [-H bond distance {Brgnsted acid
site) by 0.3 pm (full HF) and 0.2 pm (fuil B3LYP). [n the
ONIOM?2 schemes, specifically B3LYP/6-31G(d,p): HF/3-
21G and B3LYP/6-31{d,p):UFF, the Ol-}I bond distances
are increased by 0.5 and 0.1 pm, respectively. thus enhanc-
ing the acidity of the Brgnsted acid site.

Turther support for the reliability of the active site sub-
unit, [=SIOH)AL(Q)208i=], by our calculatians is given
from NMR swdies. Klinowski and co-workers have es-
timated the internuclear distance between the aluminum
and the proton nuclei in a Brgasted acid site, r{Al---H),
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Fig. 3. Continued.

Table §

Seructural parameiers of faujasite oblained at full HFA-21G and various two-layer ONIOM2 schemes (bond distances in prm and bond angies in degrees)
Parameiers a 0T B4T

Eull HF Full HF HE:MNDO HF:AMI HF:PM3 HF:UFF HF:.UFF

Ol-H 96.2 97.2 96.9 97.0 96.8 96.8 96.8
al-01 184.2 185.6 183.0 181.2 185.8 180.5 i80.5
Si-01 1709 170.1 171.3 167.5 172.1 [69.4 169.4
LAI-O1-8i 127.4 129.4 126.9 124.1 125.5 126.0 i26.0
Al-H 23158 2396 2315 230.3 235.4 230.2 230.3

The HF is Hatree-Fock with 3-210 basis set.

Table 2

Structural parameters of faujasite obtained at fuil B3LYP/6-31G{d,p) and various ONIOM2 schemes (bond distances in pm and bond angles in degrees)
Parameters 3T 20T 84T

Full B3LYP Full B3LYP B3LYP:HF B3LYP:MNDO BILYP.AMI BILYP:PM3 BILYP:UFT B3ILYP:UFF

Q1-H 9.7 96.9 97.2 96.8 56.8 9.7 26.8 96.8
Al-0O1 191.6 191.4 193.7 190.1 191.1 1938 186 0 186 0
5i-0t 170.9 170.4 168.2 1705 166.0 170.8 168.6 168.6
LAI-O1-5i 126.7 §28.4 129.0 126.0 1226 1239 1256 125.5
Al-H 246.0 250.8 2543 243 4 246 249.6 240.0 2402

‘The BALYP is density functionat theory with 6-31G(d,p) basis set: HF 15 Hactree~Fock with 3-21G basis sl

of faujasite [49] to be 238.0 + 4 pm, whereas our com-
puted (Al --H) distance of 20T cluster 15 evaluated to be
240.0 pm at BALYP/6-31G{d.p). It is noted that the com-
puted r(Al---H) distances are underestimated in the cases
of HE/3-21G combining with the semiempirical and moiec-
ular mechanics force fields (HF/3-21G:MNDO (231.5 pm),
HE/3-21G:AML (230.3 pm), HE/3-21G:PM3 (235.6 pm),
and HF/3-21G:UFE (230.2 pm)]. In comparison with the
experimental data, the computed r(Al---H) distances us-
ing the ONIOM2 scheme are well represented generally

by the B3LYP/6-31G(d,p). bul not by the HF/3-21G which
gives the r{Al---H) too small distances, specifically at
the HF/3-21G:UFF (230.2 pm) vs B3LYP/6-31G(d,p):UFF
(240.0 pm). The largest model of 84T at the B3LYP/G-
31G(d.p):UFF shows structure parameters cousistent with
those of the 20T model. This suggests that B3LYP should
be employed for a high-level model. Since the ONIOM2
(B3LYP:UFF) method gives a good structural representa-
tion of the Brgnsted acid site and the UFF force field is also
a theoretically appropriate method for representing the ef-
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Table 3

Structure parameters for adsorbate/zeolite cluster complexes, where adsorbates are ethylene, benzene, and ethylbenzene

Methods Parameters T 20T

Ethylene Benzens Ethylbenzene Ethylene Benzene Ethylbenzene

HF O1-H 917 91.5 97.6 98.9 98.1 98.4
Al-O1 1834 182.9 182.8 184.2 184.3 184.0
Si-01 171.0 1711 171.0 169.1 16%.5 169.4
LAMOI-Si 127.5 1217 122.7 129.5 129.3 127.6
C1-H 226.3 20.6 2122 2154 244.0 220.8
C2-H 226.5 1248 225.8 2274 2520 250.6
C=C 1321 1389 138.9 1324 1338 139.5
qH 0.51 0.53 .54 0.53 0353 (.54
qOL{H) -1.01 ~1.01 ~1.01 -1.03 -1.02 -1.02
q02 -0 -1.i0 —1.10 ~[.i2 -.£2 -1.12

BILYP Ol1-H 98.5 98.0 93.2 99.3 98.4 97.9
Al-O1 189.9 18%.8 189.7 189.1 139.6 189.9
5i-01 170.0 170.1 170.1 169.0 169.9 170.6
£AI-O1-5i 126.2 126.5 126.4 1282 1277 127.5
Cl-H 218.6 214 2177 2108 218.0 2628
C2-H 219.4 24.2 224.8 2171 2558 2737
c=C 133.7 1401 140.0 133.8 140.2 140.5
gH 0.36 0.38 0.38 0.37 038 0.38
qOI(H) -0.66 —0.66 ~0.66 —0.67 —0.66 -0.66
qO2 -0.71 0.7 -0 —0.68 —~0.68 -0.69

The zeolite clusiers are 3T, 207 {bond distances in pm and bond angles in degrees). The BILYP is density functional theory with 6-31G(d,p) basis set: HF is

Hatree—Fock with 3-21G basis set.

fect of extended framework for this purpose (as discussed
above) only the ONIOM models with the UFF force field
will be discussed in detail hereafter.

3.2. Interactions of ethylene, benzene, and ethylbenzene
with faujasite zeolites

Some structural parameters of the adsorption complexes
calcutated at finite clusters and at different ONIOM models
(HE:UFF and B3LYP:UFF) are tabulated in Tables 3 and 4,
respectively. Table 3 presents the comparison between the
3T and 20T cluster models of the adsorption complexes, in-
dicating that adsorption does not significantly perturb struc-
tures of the adsorbed molecules or the zeolites due to the
weak interactions between the hydrocarbons and the zeolite.
Increasing cluster size has only a small effect on the structure
of the active site, but significantly affects the orientation of
the adsorbed molecules. For the small cluster models, the ad-
sorbed molecules are Pi-bonded to the active site with almost
equal bond distances between the two double-bond carbons
and the Brgnsted proton. For the 20T cluster models, in-
teractions with the extended framework cause the adsorbed
molecules to move farther from the acid proton and lose the
symmetrical bidentated structures.

Table 4 shows structure parameters of the adsorption
complexes calculated with the ONIOM?2 method using 20T
and 84T models showing that structures of the acid site are
not affected by the increase of cluster sizes by enlarging the
UFF outer layer. Similar to what was observed with the full
quantum calcufations at 20T, the adsorpticn does not sig-
nificantly change the structures of the adsorbed molecules.
Upon the adsorption of hydrocarbon on the acid site, the

changes in Mulliken charges on acidic proton and bridging
oxygen are minute. Increasing the quantum cluster size from
3T to 20T does not have any effect on the Mulliken charges
on the acidic proten and its nearby oxygen atom {¢f. Ta-
ble 3). The same results are also observed for the ONIOM
models (cf. Table 4), This suggests that the distribution of
electron in the active region is not sensitive 1o the size of the
cluster. However, significant changes in the orientation of
the adsorbed molecules compared to the full quantum cal-
culations of 20T models at B3LYP are observed, With the
84T ONIOM model at BIYLP:UFE, the adsorbed ethylene
is moved slightly farther from the acid site and symmetri-
catly bidentated to the Brgnsted proton, while the adsorbed
benzene and ethylbenzene are moved significantty closer to
the zeolitic proton, possibly due to the confinement effect of
the pore structure represented by the UFF force field.

The adsorption energy is one of the most valuable data
obtained from experimental observation which can be used
to validate the theoretical data. The adsorption energies of
ethylene, benzene, and ethylbenzene on H-FAU zeolites cal-
culated from different models, as discussed above, and also
those from the ONIOM models using the semiempirical and
molecular mechanics force fields for the outer layer are pre-
sented in Table 5.

Using the 3T cluster model, the DFT methods predict
the adsorption energies of ethylene, benzene, and ethylbea-
zene to be —8.14, ~7.48, and —~7.76 kcai/mol, respectively.
This is in contradiction with the experimental results. The
adsorption energy of ethylene on the acidic H-FAU zeo-
lite was determined to be —9.1 kcal/mol [6). The adsorp-
tion energies of benzene and ethylhenzene on H-FAU ze-
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Takle 4

Structure parameters for adsorbate/zeolite cluster complexes, where adsorbaies are ethylene, benzene, and ethylbenzene

Methods Paramelers 20T 84T

Ethylene Benzene Ethylbenzene Ethylene Benzene Ethytbenzens

HF.UFF O1-H 41.7 973 97.5 979 97.3 97.5
Al-O1 179.7 179.7 179.4 179.6 1794 179.4
5i-01 168.7 168.9 168.8 168.7 1689 168.9
£Al-01-8i 126.2 126.4 126.3 126.2 126.5 126.4
Cl-H 2189 225.8 2207 2234 2225 226.0
C2-H 236.0 2283 2398 2247 267.4 2357
c=C 132.2 135.0 138.8 132.2 138.7 138.9
qH .52 0.53 0.54 0.52 0.53 0.54
qO1(H) ~1.02 -1.01 -1.02 -1.03 -1.01 —-1.02
qQ2 -1.11 =1.11 -1.11 —-1.11 —-1.11 —1.11

BILYP:UFF Ol-H 98.9 982 98.3 98.9 93.0 98.1
Al-01 184.3 185.1 184.6 184.4 i84.9 184.6
Si-01 167.5 168.2 [68.1 167.6 168.4 168.1
L Al-D1-5 125.3 124.9 [25.0 §25.3 124.9 125.2
Cl-H 2146 217.3 215.4 214.5 219.1 297
C2-H 214.7 239.7 236.1 2152 259.4 2316
c=C 1332 140.3 140.0 1338 140.1 140.0
qH 0.37 0.38 039 0.37 0.38 0.38
qOI(H) —0.64 —0.63 -0.63 -0.64 —-0.63 -0.63
q02 -0 -0.69 ~0.69 =0.71 -0.70 -0.70

The zeolite clusters are 20T, 84T (bond distances in pm and bond angles in degrees). The BILYP is density functional theory with 6-31G(d,p) basis set; HF is

Rarree-Fock with 3-21G basis set.

Table 5
Binding energy of ethylene, benzene, and ethylbenzene on the Braasted proton of favjasite zeolites (binding energy in keal/mol}
Methods/models kiy 20T 84T

Ethylene  Benzene  Ethylbenzene Ethylene  Benzene  Ethylbenzene  Ethylene  Benzene  Ethylbenzene
BILYP/6-31G{d.p) -8§.14 -7.48 =276 —10.93* —14.282 —15.90° - - -
BILYP/G-31G{d,p):UFF - - - —10.78 —-14.94 -18.35 ~11.49 —17.15 —~22.99
BSLYPJ‘G-JIG(d,p}-l-BSSEd —-1.61 —6.54 -6.69 —10.25 —-1393 —17.30 —10.96 —16.15 -21.94
B3LY'PIG-311++G{d.p)h -5.39 =535 -578 -3.03 —-12.23 —16.40 —8.75 -15.17 -21.08
HF/3-21G -8.37 -%.49 —9.88 -10.90 —-13.156 -17.23 .- - -
HF/3-21G:UFF - - - —10.48 —16.76 -19.73 —11.43 —18.33 -24.09
HFR-21G+BSSEY -7.85 -8.42 —-3.29 —10.05 ~15.74 —18.50 -10.91 ~[7.21 -22.34
HF/6-311++G(d p)r* -3.28 ~3.47 -39 ~6.21 —-10.51 —-11.74 -6.54 -13.69 -19.65
B3ILYPr6-31G(d,p):HE3-21G - - - —10.98 -11.40 —-12,00 - - -
BILYP/6-31G{d.p):MNDO - - - —6.99 -3.37 -3.23 - - -
B3LYP/6-31G{d,p):AMI - - - -7.67 —4.4% —4.99 - - -
B3ILYP/6-31G{d p):PM3 ~ - - -5.41 —1.95 -1.13 - - -
HFA-21G:MNDQ - ~ - -7.10 —5.67 —5.65 - - -
HF/3-21G:AMI - - ~ =134 —6.50 -7.25 - - -
HF/3-21G:PM3 - - - -5.63 —-4.31 —4.12 - - -

Experimental adsorption energies of ethylene on H-FAU is —9.1 keal /mal, taken from Ref. [6}. Experimental adsorption energies of benzene and ethylbenzene
on H-FAU are —15.3! and —19.6 keal fmool, respeciively, laken from Ref [10].

3 Mixed basis sets of 6-31G(d.p) and 3-21G.

b [ndicates single-point energy at indicated level of theory on the optimized B3LYP/6-31G(d,p): UFF structure.
© Indicates single-poini energy at indicated level of theory on optimized HF/3-21G: UFF struciure.

9 Basis se1 superposilion error correcied.

olites were experimentally measured to be —15.3 £ | and
—19.6 + 1 keal/mol, respectively, indicating that the en-
thalpy of adsorption (A Hags) of benzene is less than that
of ethylbenzene [10].

Increasing the cluster size from 3T to 20T clusters, the
calculated adsorption energies (A Eag;) of ethylene, ben-
zene, and ethytbenzene interacted with zeolites are well
differentiated (Table 5). Tests on the 20T clusters show

that the ONIOM?2 schemes, only the ONIOM2(B3LYP/6-
31G{d.p):UFF) but not other ONIOM2 schemes, can be
compared favorably with the full HF and B3LYP levels
of theory. Using semiempirical methods, i.e., AM1, PM3,
and MNDO for the ¢uter layer, the wrong trend of A E g4,
is observed as compared to the experimental data. The
ONIOM2 model can substantially reduce the computa-
tional expense. For example, the single-poiat calculation
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of the 20T/ethytene complex on an SGI machine (Origin
200) requires about 5 min (computational time) for the
ONIOM2(B3LYP:UFF) method whereas, the full quantum
cluster requires more than 50 min. This again confirms that
the cost-effective ONIOM2 strategy should be utilized to
obtain an accurate description of the system.

Increasing the cluster size from 20T up to the more re-
alistic model, 84T, by enlarging the outer layer, the differ-
ences between each adsorption energy are pronounced. The
adsorption energies of ethylene, benzene, and ethylbenzene
calculated from the 84T cluster using ONIOM?2 (B3LYP/6-
31G{d,p):UFF) are calculated to be —11.49, —17.15, and
—22.99 kcal/mol, respectively. These interaction energies
are somewhat overestimated as compared to the experimen-
tal results. Including the basis set correction by single-point
calculations at the higher basis set, 6-3114++G{d,p), the cor-
responding interaction energies are predicted to be of —8.75,
—15.17, and --21.08 kcal/mol. The BSSE corrections were
also performed and gave similar results as the single-point
calculations at the high basis set (see Table 5}. These results
are in good agreement with the experiment [6,10]. However,
one may question if the energy could change if the model
becomes bigger and bigger. To ensure the convergence of
the ONIOM model, the structure optimization of a larger
model of 336T with ethylbenzene has been carried out at
the HF:UFF level of calculation. The adsorption energy of
—-24.60 kcal/mol from the 336T model is almost identical
to the 24.09 keal/mol from the 84T model at the same level
of calculation, indicating that the use of the 84T ONIOM
mode! is practical ard increasing the model size would not
have any profound effect on the energetics of the system.

Tt is noted that the choices of the methods using the high-
and low-tevels in the ONIOM scheme and also the sizes of
the inner and outer regioas are arbitrary. The size of the in-
ner region employed in this study (3T cluster) is sufficient
to represent the acid propesty of zeolites while small enough
to guarantee that the van der Waals interactions between the
hydrocarbon and the zeolite are well accounted for by the
UFF force field, which is better than the DFT for this pur-
pose [45-47). Using the larger inner region, which may re-
quire the use of the MP2 level of theory in place of DFT, will
be advantageous in searching for the transition state leading
from ethylene and benzene to ethylbenzene. This challeng-
ing reaction is being actively pursued. From the structure
and adsorption energy point of views, the B3LYP combin-
ing the UFF force fields method as a lower level is consid-
ered 1o be one of the best combinations for the ONIOM?2
scheme, This efficient scheme provides a cost-effective com-
putational strategy for treating the effects of a large extended
framework structure.

4. Conclusions

The adsorption of ethylene, benzene, and ethylbenzene
¢+ on H-FAU zeolites has been nvestigated with three dif-

ferent cluster sizes and methods comprising various two-
level ONIOM2 schemes. The bare 3T B3LYP/6-31G(d,p)
quantum cluster approach predicts the ethylene/H-FAU,
benzene/H-FAU, and ethylbenzene/H-FAU complexes to
have the binding energies of —8.14, —7.48, and —7.76 kcal/
mol, respectively. The effect of the zeolite framework is
modeled on the ONIOM2 method. We found that the ex-
tended framework significantly enhances their adsorption
energy of adsorbates to the zeolites. In particular, the fi-
nal predicted adsorption energies of —8.75, —15.17, and
—21.08 kcal /mol, for the ethylene/H-FAU, benzene/H-FALJ,
and ethylbenzene/H-FAU complexes were calcuiated by the
ONIOM2(B3LYP/6-3114+G(d,p):UFF) scheme. This effi-
cient scheme performs superbly when compared with the ex-
perimental estimates of 9.1, —15.3, and —19.6 kcal/mol,
respectively. The results obtained in the present study sug-
gest that the ONIOM approach yields a more accurate and
practical model in studying the adsorption of unsaturated
hydrocarbons on zeolites.
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Abstract

The density functional theory (B3LYP/6-31G(d,p)) and our-own-N-layered integrated molecular orbital + molecular
mechanics (ONIOM) approach utilizing two-layer ONIOM schemes (B3LYP/6-31G(d,p): UFF) have been employed to
"investigate the structures of alkali-exchanged faujasite (FAU) and ZSM-3 zeolites, and their interactions with ethylene and
beazene. Inclusion of the extended zeolite framework has an effect on the structure and energetics of the adsorption complexes
and leads to differentiation of different types of zeolites (ZSM-5 and FAU), which cannot be drawn from typical small quan-
tum clusters. The ONIOM binding energies of the Li-ZSM-5 and Li-FAU zeolites that are bound to an ethylene are —16.94
and —14.27 keal/mol, respectively, and to a benzene are ~28.78 and —19.46 kcal/mol, respectively, which agrees favorably
with the known adsorption trend of these two zeolites. On the other hand, the quantum cluster models yield virtually the
same binding energies for both zeolites/CyHy complexes (—12.25 kecal/mol versus —12.91 keal/mol) and even yield an un-
reasonable trend of adsorption energies for zeolites/C4Hg complexes (—11.91, —15.75 kcal/mol, for Li-ZSM-5 and Li-FAU,
respectively). Por the larger cation-exchanged Na-ZSM-5/C3Hy and Na-FAU/C;H,y complexes, the calculated interaction
energies (—15.67 keal/mol versus —11.83 keal/mol) are predicted to be lower than those of smaller Li-zeolites following the
conventional electrostatic trend. With the inclusion of basis set correction and the effects of the extended framewark included
in the ONIOM model, the interaction energy for the Na-FAU/CaHy complex is predicted to be —8.65 keal/mol, which can be
compared favorably with the experimental data (8.8-9.6 kcal/mol) for ethylene adsorption on a Ma-Y zeolite.
© 2003 Elsevier B.V. All rights reserved.

Keywords: ZSM-5 zeolite; Faujasite zectite; DFT-swdy; Ethylene adsorption; ONIOM

1. Introduction

Zeolites are of prime importance as catalysts for
many industrial processes, due mainly to their shape-
selectivity and acid sites [1-9]. Cation-exchanged
zeolites have been found to be potential catalysts for
hydrocarbon reaction [10-19]. Of particular inter-

* Comresponding awhor. Tel.: +66-2-9428900x323;
fax: $-60-2-9428900x324.
E-mail address: fscijri@ku.ac.th (I. Limtrakut).

est, in this area of active research, is the unsaturated
aliphatic and aromatic hydrocarbon adsorption on
alkali-exchanged zeolite that is the foundation of sev-
eral industrially important reactions, namely, arom-
atization of olefins [18), formation of ethylbenzene
and styrene [19], and the production of xylene [20].
The importance of metal-exchanged zeolites sug-
gests that a better understanding of structure and
mechanistic properties at the molecular level of the
catalyst is certainly required {21]. A review of quan-
tum chemical calculations applied to zeolites and their

0926-860X/$ - see front matter @ 2003 Elsevier B.V. All rights rescrved.
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interaction with unsaturated aliphatic and aromatic
hydrocarbons has been recently reported {22-26]. All
early works of adsorption of CaHy [22-26] and CgHs
{27] on bare zeolite clusters were limited to the small
model fragments that are not specific to a particular
zeolite, but represent a generic tetrahedral subunit in
an unconstrained environment [22-26,28-30]. It is
known that small zeolitic clusters may inadequately
reflect adsorption complexes at the active site and
the cluster environment may enhance binding energy,
and hence, more accurately predict the structures of
reaction intermediates, transition states and products
(31-41].

Numerous theoretical models, including the peri-
odic calculations, have been proposed to study the
crystalline zeolite [1-9,23-26,32-42). Nevertheless,
zeolites that have a high impact in industrial processes
usually possess hundreds of atoms per unit cell. This
makes the use of sophisticated methods, such as
periodic ab initio calculations, computationally too
expensive and impractical. Therefore, the electronic
properties of zeolites are usually modeled with quan-
tum chemical methods for relatively small clusters,
where oaly the most important part of zeolites is fo-
cused [1-9]. With such limited models, the effect of
the framework which may change the structure and
energetic of the system is not taken into account.
The recent development of hybrid methods, such as
embedded cluster or combined quantum mechan-
ics/molecular mechanics (QM/MM) methods [31-40],
as well as the more general our-own-N-layered in-
tegrated molecular orbital + molecular mechanics
(ONIOM) method has brought a larger system within
reach of obtaining accurate results [43,44)].

Up to the present time, the ONIOM method is ap-
ptied to the study of extended systems, for example,
chemical reactions on surface {45—48], and in enzymes
{49]. However, there are no reports of the ONIOM
method on alkali-exchanged zeolites interacted with
unsaturated aliphatic and aromatic hydrocarbons.

In this study, we are focusing on the systems of
Z5M-5 and faujasite (FAU), which are of high impor-
tance in many industrial reactions. The zeolites’ unit
cell of many atoms (FAU: 576 atoms and ZSM-5:
288 atomns) limits the use of periodic calculation, but
we are able 1o use the ONIOM method to model the
active site of these alkali-exchanged zeolites. The ad-
sorption of ethylene on alkali-exchanged zeolites has

been investigated, and the rational choice of the lev-
els of calculations for the ONIOM scheme have been
examined. The results are compared to experimental
data to find efficient combinations to satisfactorily re-
produce the adsorption energies of alkali-exchanged
zeolites. This should provide us with a better under-
standing of the role of alkali-exchanged zeolites for
hydrocarbon reactions.

2. Methods

Two different strategies have been employed to
model the alkali-exchanged zeolites. First, two quan-
tum clusters (B3LYP/6-31G(d,p)) of 10T-ZSM-5, and
12T-FAU models are modeled to represent the active
sites of ZSM-5 and FAU zeolites, whilst the second
strategy employs the ONIOM2 (B3LYP/6-31G{(d,p):
UFF) approach for the more realistic models of
46T-ZSM-5 and B4T-FAU.

The cluster models of ZSM-5 and FAU were
obtained from their crystal lattice structures of
H-ZSM-5 and FAU zeolites, respectively {50,51]. The
10T-ZSM-5 cluster is the 10-membered-ring window
representing the zigzag gateway of the ZSM-5 zeo-
lite that is large encugh to allow the probe molecule
to move freely (Figs. 3a, 4a and 6a). The 12T-FAU
cluster is the 12-membered-ting window connecting
two supercages of FAU zeolite (Figs. [a, 2a and 5a).

The effect from the extended framework structure
of zeolite cannot be totally neglected if more accu-
rate resuits are required. Thus, realistic clusters were
proposed for representing the systems of H-ZSM-5
and FAU using the ONIOM scheme. However, due
to the limitation of computational resources and time
consumption, only the active region is treated more
accurately with the ab initio method, while interac-
tion in the rest of the model is approximated by a
less accurate method. As for ZSM-5 zeolite, the 46T
cluster, covering the 10T active region and three dif-
ferent channel structures {channe! intersection, the
straight channel, and the zigzag channel)—where the
reaction normally takes place—is selected (Figs. 3b,
4b and 6b). Regarding FAU, the 84T model con-
taining the active region of the 12T membered-ring
surtounded by two supercages, where the adsorbates
can be trapped inside, is chosen (Figs. lb, 2b and
5b). These selected models for the ZSM-5 and FAU



K Bobuatong, J. Limtrakul/ Applied Catalysis A: General 253 (2003) 4964 5t

Fig. 1. Optimized structures of CyHy interacted with Li-FAU zeolite. (a) 12T bare quantum cluster modet of the Li-FAU/CyHy complex.
(b) 84T ONIOM model of the Li-FAU/CHy complex. Aloms beleonging to the 12T quantum cluster drawn as spheres.
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Fig. 2. Optimized structures of Cally interacted with Na-FAU zeolite. (a) 12T barc quantum cluster model of the Na-FAU/C1Hg complex.
(b) 84T ONIOM model of the Na-FAU/CyHy complex. Atoms belonging to the 12T quantum clusler drawn as spheres.
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Fig. ). Oplimized structures of CaH; interacted with Li-ZSM-5 zeolite. (a) 10T quantum cluster of the Li-ZSM-5/CyHy complex. (by 46T
ONIOM model of the Li-ZSM-3/C;Hy complex. Atoms belonging to the 10T quantum cluster drawn as spheres.
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Hig. 4. Optimized strucwures of Cilly interacted with Na-ZSM-5 zeotite. (a)} 10T bare quantum cluster model of the Na-ZSM-5/CaHx
complex. (b) 46T ONIOM model of the Na-Z8M-5/C;Hy complex. Atoms belonging 10 the 10T quantum clusier drawn as spheres.
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Fig. 5. Optimized stuclures of CgHy interacted with Li-FAU zeolite. (a) 12T bare quantum cluster medel of the Li-FAU/CgHg compiex.
(h) 84T ONIOM medel of the Li-FAU/CgH; complex. Atoms belonging to the 2T quantum cluster drawn as spheres.
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zeolites are considered to be large enough to cover all
the important framework effects acting on both the
active site and on the adsorbates.

According to the two-layer ONIOM approach, the
calcuiation of energies can be simplified by treating
the active region (i.e. the active Brgnsted acidic site of
a zeolite catalyst), with a high-level quantum mechan-
ical (ab initic or density functional) approach and the
extended framework environment with a less expen-
sive level, HF and molecular mechanics force fields.
The total energy of the whole system can be expressed
within the framework of the ONIOM methodology de-
veloped by Morokuma and co-workers

Real fuster 1
Eontom2 = Efgy + (Eﬁigi. — Eppsen

where the superscript Real means the whole system
and the superscript Cluster means the active region,
which would be treated with the higher level of cal-
culation. Subscripts High and Low mean high- and
low-level methodologies used in the ONIOM calcu-
lation. In this study, the high-level region is treated
with the density functional theory with the hybrid
functional B3LYP. The rest is treated by molecular
mechanics force field (UFF).

The accuracy of the QM/MM methods, particu-
larly the ONIOM method, depends significantly on
the choices of the level of calculations for high- and
low-level regions. Going through various types of
quantum mechanics and molecular mechanics meth-
ods, the experimental adsorption energy of the hydro-
carbon/zeolite system can be used to validate the
choice of methods. Using the B3LYP method for
treating the quantum cluster, we varied the methods
for the low-level region from the molecular force field
(UFF) to the Hartree-Fock method. Using the experi-
mental observation as a benchmark, we found that the
molecular mechanics force field, particularly the UFF,
methed provide reasonable values corresponding to
the experimental prediction (—15.17 kcal/mol versus
—15.30kcal/mol are adsorption encrgies for ben-
zene adsorption on protonated FALJ observed at the
ONIOM?2 (B3LYP/6-31G(d,p): UFF, BSSE corrected)
and experimental data, respectively) [48]. This is due
to the fact that the UFF force field considers van der
Waals interactions explicitly {52,53). Therefore, it can
reasonably account for van der Waals interactions,
which have been reported to have significant contri-
butions to adsorption—desorption of probe molecules

in zeolites [54-59]. While the Hartree-Fock method,
which cannot describe accurately van der Waals con-
tributions, poorly estimates the adsorption energy. This
suggests that the UFF force field method is the pra-
ctical choice for the low-level methodology when the
high-level region is treated by the DFI/B3LYP
method.

All calculations have been performed by using the
Gaussian98 code [60]. During the structure optimiza-
tion, only the 3T portion of the active site region
[=SiIOH)AL(O);08i=], and the adsorbate are allowed
to relax while the rest is fixed at the crystallographic
coordinates [50,51]. In calculations of the interaction
energy, AE between two systems (A, B} based on
the molecular orbital method, the value of AE is de-
termined as the difference between subsystem energy
Eap and the sum of the subsystem energies (E5, ER)

AE (kcal/mol) = (Eaxp — Ea — EB)

where E,y is the subsytem energy and E, £p are the
isolated energies of subsystems A and B, respectively.
In order to obtain more relizble interaction ener-
gies, basis sets superposition error (BSSE) corrections
were also taken into account. In addition, the com-
mon practice of running a higher-level single-point
energy calculation at the geometry generated by use
of a cheaper method is as effective as performing all
calculations at the higher level of theory [61]. Thus,
using the optimized geometries produced by the
B3LYP/6-31G{d,p}), we carried out the single-point
energy calculations and BSSE corrections at the
B3LYP/6-3114++G(d,p) level.

3. Results and discussion
3.1, Structure of Li- and Na-zeolites

Bare quantum cluster and ONIOM models for al-
kali metal-exchanged zeolites are shown in Figs. 1-6.
Selected, optimized geometrical structures for the
bare quantum cluster and ONIOM models are doc-
umented in Table [. For the Li-exchanged zeolites,
the alkali-metal cation does not bind with a pactic-
ular bridging oxygen atom in the [AlO4]7, but is
symmetrically bidentated to O1 and O2 of [AlO4]™
tetrahedron. The symmetric binding between the
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(L)

Fig. 6. Optimized structures of CqHg ineracted with Li-Z5M-5 zeolite. (a) 10T quantum cluster of the Li-ZSM-5/CgHg complex. (b) 46T
ONICM model of the Li-ZSM-5/CgH,, complex. Atoms belonging to the 10T quantum cluster drawn as spheres.

alkali-metal and [A}Q4]™ has been confirmed by an included in the ONIOM model was found to have a
ESR experiment |62]. The interaction of the cationic small effect on the structure of Li-exchanged zeolites.
metal with the zeolite framework leads to perturba- In the ONIOM model, Lit—-Ql, Lit-02, Al-O1 and
tion of the active acidic site. The extended structure Al-0O2 bond lengths decrease slightly. On the other
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Table 1

Optimized geometrical parameters for Li-ZSM-5, Na-ZSM-5, Li-FAU, and Na-FAU zeolites using bare quantura cluster (BILYP/6-31G{d.p))

and for ONIOM models (BILYP/6-31G(d,p). UFF) (boad lengths are in pm and bond angles arg in °)

Parameters Li-Z5M-5 Na-Z5M-5 Li-FAU Na-FAU
IOT clusier 10T ONIOM 10T cluster  LOT ONIOM 12T cluster 12T ONIOM 12T cluster (2T ONIOM

Xt-Al 255.2 256.6 2942 296.1 2522 253.0 291.1 2525
X*-01 184.1 183.5 219 2186 186.5 1859 220.9 2199
X+-02 182.1 181.0 2164 215.9 186.9 185.5 219.8 2192
Al-Ot 174.3 173.2 173.2 1723 180.0 177.4 179.0 176.7
Al-02 174.5 174.0 173.5 173.0 1792 178.5 178.3 177.6
5i-01 161.6 1595 160.1 138.3 164.9 163.1 163.4 161.7
S5i-02 161.5 161.0 160.1 159.6 164.3 164.0 162.6 1622
01-A1-02 91.3 89.8 936 915 95.3 94.3 97.9 96.6
O1-X*-02 85.8 B4.5 70.9 69.4 0.6 893 75.4 74.1

hand, it elongates the Li-Al distance by 1.4, and
0.8 pm for Li-ZSM-5 and Li-FAU, respectively. There
is a slight decrease in the O1-Li*—02 and 01-A1-02
bond angles as compared to the bare quantum
model.

Regarding the structure of Na-zeolites, a similar
trend has been observed (see Table 1). It is noted
that the Na-Al distance is significantly longer than
the Li~Al distance, in accordance to the cationic
size trend (Lit: 66.0pm, Na*: 99.0pm), e.g. for
metal-ZSM-5, the Li--Al distance is 255.2 pm whereas
the Na-Al distance is 294.2pm. It was also found
that the Na-Al distance is slightly elongated with
the ONIOM mode! (from 294.2 to 296.1 pm for the
Na-ZSM-5). Despite the small magnitude, the increas-
ing of metal-Al distance with the ONIOM maodel

Table 2

suggests that the long-range electrostatic interaction
weakened the attachment of the alkali cations to the
zeolite framework.

One can expect that adsorption of probe molecules
on the Li- and Na-exchanged zeolites will be affected
by the presence of the long-range interaction of the
framework, and this will be discussed in the following
text.

3.2. The interaction of Li-zeolite (Li-FAU) and
Na-zeolite (Na-FAU) with ethylene

Bare quantum cluster and ONIOM models for the
adsorption of ethylene on alkali metal-exchanged
zeolites are illustrated in Figs. 1 and 2. Selected ge-
ometrical parameters of the adduct complexes are

Optimized geometrical parameters for Li-FAU/CoHy, and Na-FAU/C;Ha zeolites using bare quantum cluster models (B3LYP/4-31G(d p)}

and for ONTOM models (B3LYP/6-31G(d,p): UFF) (bond lengths are in pm and bord angles are in °)

Parameters Naked Li/CyH, Naked Na/C:Hs Li-FAUSC; H, Na-PAU/CaHy
12T cluster 12T ONIOM 12T cluster 12T ONIOM

XAl - - 255.0 255.5 293.1 297.8
X+-Cl 238.5 g7 245.3 243.8 2799 281.5
Xr-c2 2385 3107 2443 2446 281.5 280.6
X+r-0l - - 188.83 188.4 2229 2224
X+-02 - - 1940.1 |88.2 2220 221.5
Al-O1 - - 179.5 177.0 178.7 176.4
Al-O2 - - 178.7 178.1 178.G 171.2
Si-01 - - 164.4 162.6 1634 16L.3
Si-Qz - — 163.8 163.5 162.2 162.0
01-Al-02 - - 95.7 94.8 982 96.9
01-X+-02 - - 89.0 7.9 Td.6 732




K. Bobuwong, J. Limirakud /Applied Catalysis A: General 253 {2003) 49-64 59

documented in Table 2 and the corresponding adsorp-
tion energies in Table 5.

The ethylene molecule weakly interacts with the
metal jon forming w-adsorption complex with almost
symmetrical distances between X+—Cl and X*-C2
(X* = Li* or Nat). In all models, the structures
of Lewis acid sites and the cthylene molecule are
little perturbed upon the adsorption. It was observed
that the metal-Al distances are slightly lengthened
when employing the ONIOM models {(e.g. from 255.0
to 255.5pm for the Li-FAU/CHy and from 293.1
to 297.8 pm for Na-FAU/C,H,), indicating that the
crystal framework embedding in the ONIOM model
weakens the attachment of the alkali cations, thus
enhancing the acidity of the complexes, which is re-
flected by higher interaction energy than that obtained
from the bare quantum cluster.

It is interesting to compare the adsorption of CoHy
on Li-FAU zeolite with the case where the zeolite
framework is absent, i.e. in the naked Li/CoH, system.
As anticipated, the CoHy binds much more strongly to
the Lit cation (—24.83 kcal/mol} than in those of the
Li-FAU zeolite. The simple, naked Lit/CyHy model
obviously overestimated the interaction of CHy in
a real Li-exchanged zeolite system due to the large
electrostatic field generated by the naked Lit cation.
The extended environment embedded in the ONIOM
scheme improves the results of the bare cluster model.
Omne can see that the adsorption energy of the ONIOM
cluster model (—14.27 kcal/mol) lies between those of

Table 3

the bare quantum cluster model (—12.91 kcal/mol) and
the simple, naked L/CaHy system (—24.83 keal/mol).

As for the Na-FAU, the adsorption of the ethy-
lene molecule on the Na-FAU is significantly weaker
than on the Li-FAU. The comesponding binding en-
ergies are —12.91, and —10.43 kcal/mol for Li-FAU
and Na-FAU, respectively, following the conven-
tional electrostatic trend. We found that the extended
structure increases the adsorption energy by 1.36 keal/
mol in the Li-ZSM-5 and by 1.40kcal/mol in the
Na-ZSM-5 zeolites. After comection with BSSE or
single-point calculation at high basis set, the ad-
sorption energy of ethylene on Na-FAU predicted
by the ONIOM method (8.65, 8.97kcal/mol for
single-point and BSSE corrections, respectively) is
in excellent agreement with the experimental value
{8.8-9.6 kcal/mol), whereas, the cluster model gives
significantly lower values (7.18, 7.64kcal/mol for
single-point and BSSE corrections, respectively).
This implies that the binding energy of alkali-ZSM-5
bound to CaHy can be obtained more accurately by
the ONIOM models than small bare quantum cluster
models.

3.3. The interaction of Li-zeolite (Li-FAU) with
benzene

The C-C and C-H bond lengths were ascertained
experimentally to be 139.7 and 108.4 pm, respectively.
The BILYP/6-31G(d,p) level of theory predicted the

Optimized geometrical parameters for Li-ZSM-5/CgHg, and Li-FAU/CgHg zeolites using bare quantum cluster models (BILYP/6-31G(d.p))
and for ONTOM models (B3LYP/6-31G(d,p): UFF) (bond lengths are in pm and bond angles are in °)

Parameters Naked Li/CsHs Li-Z8M-5/C¢Hsg Li-FAUCsHs
10T cluster 10T ONIOM 12T cluster 12T ONIOM

Lit-Al - 255.0 255.8 259.0 259.9
Cl1-C2 140.6 139.9 140.0 140.1 140.0
Li*=Cs 234.8 269.3 273.0 261.4 263.1
Lit-C2 234.8 246.5 2447 261.7 261.0
Li*-Ot - 191.3 188.4 192.6 192.8
Li*-02 - 188.5 187.8 195.3 192.9
AL-O1 - 173.5 172.1 178.3 176.6
AL-02 - 173.8 173.5 (79.0 177.6
Si-01 - 160.9 158.7 163.8 162.2
$i-02 - 161.0 160.1 163.5 £63.2
01-A1-02 - 92.0 9.2 96.0 95.1
O1-Li*-02 -~ 82.2 0.3 86.4 85.4
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bond lengths of 139.6 and 108.6pm which are in
excellent agreement with the experimental observa-
tion. The benzene molecule adsorbs on the lithium
cation via ar-interaction with almost equal distances
of Lit-Cl and Li*—C2 (sec¢ Table 3). Benzene ad-
sorption results in a slight elongation of the C-C
bonds as compared (o the isolated molecule (the C-C
bond increases by, at most, 1 pm for the naked Li
model). However, no significant change is observed
in the lengths of the C-H bonds. Our calculated
adsorption energy from the bare cluster models is es-
timated to be —15.75 kcal/mol at B3LYP/6-31G(d,p)
level which is significantly less than the adsorption
energy of benzene obtained from the ONIOM model
(—19.46 kcal/mol). After correction with single-point
calculations at 2 higher basis set, the predicted ad-
sorption energies are —10.99 and —14.69 keal/mol
for the cluster and ONIOM models, respectively.
The adsorption energy predicted by the ONIOM
model is reasonably close to the experimental es-
timate of —16kcal/mol [63]. The large deviation
observed in the cluster model is due to the fact that
the cluster model neglects long-ranged interactions
of the extended framework, which is important for
adsorption—desorption in zeolites [63,64].

3.4. The effect of the zeolite framework on the
adsorption properties of ethylene and benzene

Another remarkable point of interest is the compar-
ison of the results obtained using both bare quantum

Table 4
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and ONTOM models for exploring the different types
of zeolites (FAU and ZSM-5).

Structural parameters of adsorption complexes of
ethylene in ZSM-5 are tabulated in Table 4. Similar
to adsorption in FAU zeolites, the ethylene molecule
forms a weak r-adsorption complex with the alkali
ion (Figs. 3 and 4) and the adsorption does not sig-
nificantly perturb structures of the zeolite or the ad-
sorbed molecule. As listed in Table 5, bare guan-
tum models, Li-ZSM-5/C,Hy and Li-FAU/CyHy com-
plexes have virtually the same adsorption energies
(—12.25 kcal/motl versus —12.91 kcal/mol). We found
that the inclusion of extended structure increases the
binding energies by 4.69 and 1.36 kcat/mol for the
Li-ZSM-5 and Li-FAU zeolites, respectively. For the
Na-exchanged zeolite complexes, in the bare quantum
cluster models, the interaction energy of Na-FAU/C;-
Hyj is 1.37 kcal/mol which is unreasonably more stable
than the Na-ZSM-5/C2Hy complexes. However, when
extended structures are included, the reverse trend is
obtained which is in accordance with the acidity trend
that the ZSM-5 zeolite is more acidic than the FAU ze-
olite and adsorption of non-polar molecules in ZSM-5
zeolite is stronger than in FAU zeolite {65]. The inter-
action energies are evaluated tobe —15.67and —11.83
kcal/mol for the Na-ZSM-5 and Na-FAU complexes,
respectively. These interaction energies are somewhat
overestimated as compared to experimental results.
Including of the basis set correction by single-point
calculations at the higher basis set, ¢-31141-G(d.p},
the corresponding interaction energies are predicted to

Optimized geometrical parameters for Li-ZSM-5/CyH,, and Na-ZSM-5/CHy zeolites using bare quantum cluster (B3LYP/6-31G(d,p)) and
for ONIOM scheme (B3LYP/6-31G(d.p): UFF) (bond lengths arz in pm and bond angles are in “}

Parameters Naked LiACzH, Naked Na/CaHy Li-ZSM-5/CaHy Na-ZSM-5/C3H,
10T cluster 10T ONIOM 10T cluster 10T ONIOM

X*-al - - 257.6 260.4 295.0 299.8
X+-Cl 238.5 310.7 245.5 252.0 280.2 2833
xX*+-C2 2385 3107 248.1 2509 268.0 285.2
X+-01 - - 186.2 186.2 2206 221.1
Xt-02 - 184.5 183.1 215.5 216.7
Al-0Ol - 173.9 172.8 173.0 (72.1
Al-Q2 - 174.1 173.7 173.1 172.8
Si-01 - - 161.0 159.0 159.8 158.0
§i-02 - - 161.2 1607 159.6 159.3
Ol1-AR02 - - 91.7 90.0 93.8 9.7
01-Xt-02 - - 84.7 831 70.9 68.9
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be of —12.18 and —8.65 kcal/mol, respectively. The
BSSE corrections were also performed and gave
similar results (—12.58 and —8.97 kcal/mol} as the
single-point calculations with higher basis sets (see
Table 5). The latter values closely agree with the re-
sults with the experimental value of 8.8-9.6 kcal/mol
for the Na-Y zeolites complex [66].

A more pronounced effect of the zeolite frame-
work is observed in adsorption of benzene. The 10T
ring of ZSM-5 zeolite is apparently too constricted
for the benzene molecule to form a m-interaction
with the alkali ion. The benzene molecule is moved
toward the intersection of the pore channels, which
is more spacious (see Fig. 6). The quantum clus-
ter predicts a wrong trend of adsorption energy of
benzene in which Li-FAU/benzene is more stable
and Li-ZSM-5/benzene by 3.84kcal/mol. Inclusion
of the extended framework also results in a correct
trend of adsorption energies, i.e. —19.46 kcal/mol for
Li-FAU/benzene complex and —28.78 keal/mol for
Li-ZSM-5/benzene complex. The resulis suggest that
a large extended zeolite framework is needed for ac-
curate representation of the different types of ZSM-5
and FAU zeolites, which cannot be drawn from the
typical bare quantumn cluster.

The difference in interaction energies of ethylene
and benzene in the alkaline metal-exchanged ZSM-5
and FAU zeolites may be due to the combination of
the acidity and confinement effects of the zeolites.
Due to the smaller pore size of ZSM-5 than that
of FAU zeolite, the confinement effect (mainly van
der Waals interactions) is stronger in ZSM-5 zeolite.
Since the van der Waals interactions dominate the
adsorption of non-polar molecules, the adsorption en-
ergies of ethylene and benzene in ZSM-5 are higher
than for FAU zeolite.

In the ONTOM2 (B3LYP: UFF) method, the acidity
of zeolite is sufficiently accounted for by the 10T clus-
ter of active region treated by density functional theory
(B3LYP} and van der Waals interactions is reasonably
described by the UFF force field {67]. Therefore, the
ONIOM?2 scheme proposed here can provide a better
estimate of adsorption energies than the typical quan-
tum cluster calculations. It is noted that the higher
level of theories such as the MP2 method can better
account for van der Waals interactions, but it would re-
quire much higher computational time to perform the
calculation.

Thus, the studies of the zeolite framework structure
revealed that adsorption properties of zeolite do nat
depend only on the acidic site center, but also on the
framework structure where the acidic site is located.

4. Conclusion

The structures of alkali-exchanged FAU and ZSM-3
zeolites and their interaction with ethylene and ben-
zene have been investigated by means of both the
quantum cluster and the ONIOM approaches at
the B3ILYP/6-31G(d,p} level of theory. It is shown
that whereas the bare B3LYP/6-31G(d,p) quantum
cluster cannot accurately describe characteristics
of two structurally distinctive zeolites (ZSM-5 and
FALD, the ONIOM?2 (B3LYP: UFF) method can do
much better and can differentiate the stability of
adsorption complexes. The ONIOM2 adsorption en-
ergies of ethylene complexes, Li-ZSM-5/CyH, and
Li-FAU/CoH, complexes are predicted to be ~16.94
and —14.27 kecal/mol, respectively. The ion (X)-Al
distance increases with the increase in ionic radii.
With the inclusion of basis set correction at B3LYP/6-
3114+4G{d,p)//B3LYP/6-31G(d,p) level and the ef-
fects of the extended framework included in the
ONIOM model, the energy for Na-FAU/C;Hy is pre-
dicted to be —8.65 kcal/mol, which is comparable with
the experimental estimate of about 8.8-9.6 kcal/mol
for ethylene adsorbed on the Na-Y zeolite. With
regards to unsaturated aromatic hydrocarbon, the
ONIOM?2 adsorption energies of benzene complexes,
Li-ZSM-5/benzene and Li-FAU/benzene complexes
are evaluated to be —21.29 and —14.69 kcal/mol, re-
spectively. The results obtained in the present study
suggest that the ONIOM approach yields a more
accurate and practical model than the bare quantum
cluster for exploring the zeolite framework and the
catalytic properties.
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Abstract

Dissociative electron attachment (DEA} to acetic acid in the energy range between about O and 13 ¢V generates as
much as nine different fragment ions. The dominant products are CH;COO~ and CH,Q; which appear from two
closely spaced low energy resonances peaking at 0.75 and 1.5 eV. In view of our ab initio calculation we assign these
states as single particle shape resonances associated with the first and second virtual MO, respectively. The electronic
and geometrical structure of CH,O; remains under question, the thermodynamics of the associated DEA reaction,

however, predict an excepticnally high stability of this anien.

© 2003 Published by Elsevier B.V.

1. Introduction

Acetic acid (CH,COOH) is, after formic acid
(HCOOH), the second simplest organic acid. In a
previous Letter [1], we reported on electron at-
tachment to formic acid as part of an ongoing
programme to study the effect of the interaction of
low energy electrons with biologically relevant
molecules under isolated conditions. Besides its
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fundamental interest, the motivation for such in-
vestigations is directly related to processes in the
interstellar medium and to elementary steps in
biological material, e.g. in the molecular descrip-
tion of the primary events relevant in radiation
damage. Formic acid has recently been identified
as being present in the interstellar medium (ISM)
[2,3] and it has therefore been suggested that it
may be a key compound in the formation of more
complex organic molecules in the ISM. On the
other hand organic acids are components of bio-
melecules and hence serve as model systems for
the properties of larger and more complex amino
acids, or proteins, e.g., their behaviour during ex-
posure to high energy radiation. It is well estab-
fished that the interaction of ionizing radiation
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with matter generates electrons as the most
abundant secondary species. It has recently been
demonstrated that these ballistic electrons (3-20
eV) can efficiently induce single and double strand
breaks in supercoiled DNA [4].

Electron attachment to the previcusly studied
formic acid generated the three fragment ions
HCOO™, O™ and OH". By far the most abundant
species was HCOO™ which is formed by ejection of
2 neutral hydrogen atom from the transient parent
anion which itself is gencrated upon resonant
electron attachment in the vicipity of 1.3 eV. As
will be demonstrated in this study electron at-
tachment to acetic acid generates a variety of as
much as nine different negative ions as a result of
dissaciative electron attachment {(DEA) in the en-
ergy range from about 0 to 13 eV. In the literature
we find one single beam study on thermal electron
attachment to acetic acid [5]. In this early paper
the observation of a weak signal due to a long
lived metastable parent anion with a lifetime of
330 s was reported. While we could not measure a
signal due to an undissociated anion, the previous
observation may be related to the considerably
higher pressure used in this early experiment.

2. Experimental

The electron attachment spectrometer used here
consists of a molecular beam system, a high reso-
lution trochoidal electron monochromator (TEM}
and a quadrupole mass filter with a pulse counting
system for analysing and detecting the icnic
products. The substantiaily modified TEM has
recently been described in detail [6,7). The anions
produced by the electron attachment processes are
extracted by a weak electric field into a quadrupole
mass filter where they are mass analysed and then
detected. After crossing the collision region the
remaining electrons are collected and the electron
current is monitored online during the experiment
using a pico-ampéremeter.

Since acetic acid is a celatively weak electron
scavenger {see below) the instrument was operated
at an energy resolution of 120 meV as a reasonable
compromise between ion intensity and energy
resolution. The energy is calibrated by recording

Cl~ from CCl; as well known standard for the
electron energy.

Samples of 98% pure acetic acid were obtained
from Sigma-Aldrich, Wien, Austria and used
without further purification After proper mixing
of the saturated vapour of the liquid sample of
CH;COOH with vapour of CCly (used for energy
and cross-section calibration} and Ar as buffer gas
(ratio 36:0:43) the mixture was expanded into the
attachment region resulting in a background
pressure of about 10~% mbar as measured by the
gauge at one of the flanges. The entire apparatus
was kept at a constant temperature of about 55 °C.

Absolute calibration of the presently measured
partial DEA cross-sections (anion yields vs elec-
tron energy) was carried out by measuring the
ratic of the anion current for the production of
CH;CO0O" from CHyCOOQOH at the peak value of
the 1.5 eV resonance and the anion current for the
production of Cl- from CCls at the peak value of
the 0.8 eV resonance. Taking the ratios for the gas
mixture prior to expaasion (and assuming similar
ratios in the ion source) and the well known cross-
section for the production of Cl- from CClys
(5% 1072 m? at 0.8 eV [8,9]) we can estimate the
total DEA cross-section.

3. Results and discussion

Figs. | and 2 present the energy dependences of
the partial cross-section for DEA of the nine dif-
ferent fragment ions. The intensity is given in ar-
bitrary units but comparable between the different
fragments. From the procedure described above
the absolute cross-section for the most abundant
ion, CH,;COOQ, is estimated as 6 x 1072 m? at the
peak with an accuracy within one order of mag-
nitude. This number indicates that the DEA cross-
section i3 considerably below the geometrical
cross-section of the molecule and acetic acid can,
as formic acid, be considered as a weak electron
scavenger.

We were not able to detect any signal due to an
undissociated anion as reported in the early beam
experiment [5] which was performed at an appre-
ciably higher pressure (10~* mbar) in comparison
to the present experiment. This weak signal was
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interpreted as a nuclear excited Feshbach reso-
nance {nowadays called vibrational Feshbach reso-
nance, VFR). It is possible that secondary collisions

(which are operative to some degree at that pres-
sure) can transform the transitory anion into a
configuration where it becomes stable or metasta-
ble towards autodetachment (see discussion below
and Fig. 3).

Fig. 1 shows that acetic acid exhibits two
prominent, energetically overlapping features at
low energy (peaking at 0.75 and 1.5 ¢V). These
resonances are associated with the formation of
CH;C0O0~, CH;0; and HCOO~. All other frag-
ments {Fig. 2) appear from a comparably broader
and resonant-like structure in the energy range
between @ and 11 ¢V. Only the O~ channel is ad-
ditionally visible within a very weak resonance in
the electron energy range 5-6 eV.

We assign the two low energy features due to
two different electronic states of the transient an-
ion representing one particle shape resonances with
the extra electron occupying the first (LUMO)
and the second virtual orbital (LUMO+1), re-
spectively (see Section 3.3). The negative ion
states at higher energy can be considered as core
excited resonances, i.e., transient anions with the
extra electron bound to an electronically excited
state of the meutral. The features in the energy
range 9-11 eV are then associated to Rydberg
excitations while that in the range 5-6 eV (only
visible at the O~ channel) is correlated to the
first electropically excited state of neutral acetic
acid [10].

V(R) [eV]
M
45 1
Vi2)
3 -+
1.5+ \3\5 CH,CO00 " +H
l\ﬂ\
e
0 +
V(1)

W

R(CH,CO0-H)

Fig. 3. Schemalic polential energy diagram illustrating
CH, Q00" formation. V(1) and ¥{2) describe the potential
curves associated with the shape resonances located at .75 and
1.5 eV, respectively (see the text).
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3.1. DEA reactions via the low energy resonances

The most intense fragments are CH,COO~ and
{CH,0,)~ with the first predominantly observed
via the 1.5 eV feature while (CH,QO;)™ nearly ex-
clusively appears from the low energy state located
at 0.75 eV. In addition, a comparatively weak
signal due to HCOO™ is seen in the vicinity of
1.5 eV. These ions are formed via the following
DEA reactions:

¢~ + CH,COOH —~ CH,COO™ + H (1)
e” + CH;,;COOH — (CH,0,)” + CH; )
e” + CH,;COOH — HCOO™ + CH; (3)

Process (1) represents a direct cleavage of the
CH;COO—H bond in the transient anion with the
negative charge remaining on the large fragment.
In contrast to that, the low energy process (2) is
due to a rather complex reaction involving hy-
drogen transfer in the precursor ion and cleavage
of the C—~C bond. Process (3) is associated with
the C—C bond rupture followed by rearrangement
(hydrogen transfer) in the nepative fragment into
the stable configuration HCOO~. Both CH,CQ0"
and HCOO- ar¢ closed shell anions with the
electron delocalized on the COQ group. (CH,0;)~
can be considered as a negative ion which is
isomeric to formic acid (HCOOH) as neutral
counterpart. Formic acid, however, cannot bind an
additional electron [1] and we must hence assume
that HCOOH and (CH;0;) possess very different
geometries.

3.1.1. CH;CO0-

From experimental and theoretical investiga-
ticns of the gas phase ion chemistry [11] the heats
of formation of the compounds involved in reac-
tion (1) are available: AH(CH;COOH) = -432 kJ
mol™', and AFY(CH;COO~} = -505 kJ mol~! with
an uncertainty in the range of 15 kJ mol~'. With
the well established number AHMH)=218 kJ
mol™' {13] we arrive at AH(1) = 1.50 £ 0.3 eV for
the thermodynamic threshold (reaction enthalpy)
of process (1) at room temperature. This is in good
agreement with an earlier value (AHS(1) = 1.38
eV) obtained from gas phase acid equilibria [12].

Further quantities directly related to the above
numbers are the bond dissociation ecnergy
D{CH;CO0—H)=4.77 ¢V and electron affinity
EA(CH,;CO0)=3.39 ¢V [11,12].

Fig. | indicates that the closed shell anion
CH,COQ~ appears appreciably below the pre-
dicted threshold which cannot be explained by the
finite resolution of the electron beam. In this
context it should aiso be noted that CH,COO™ is
not the only anion with the stoichiometric
composition C,H;0;. Gas phase ion chemistry
studies report compounds with the structure
CH,=C{OH)O~, HCO,;CH; and CH,0CO" {13].
These anions, however, are by -2 ¢V less stable
with respect to CH;COO~. We must thercfore
conclude that the only ion energetically accessible
within the second resonance is CH;COO".

We then assign the comparatively weak
CH,COQ~ contribution from the low energy res-
onance (i.e., below the threshold) to transitions
from vibrationally excited states of the neutral.
Such ket band transitions are ubiquitous in DEA at
low electron energies. They can be very pro-
nouaced due to the reciprocal energy dependence
of the electron capture process [14-17]. Although
the molecules were at room temperature in the
course of the present experiments and heance the
vibrational levels are only weakly populated, these
activated molecules can substantially contribute to
the DEA ion signal.

These hot band transitions were usually ob-
served in exothermic DEA reactions subjected to
an activation barrier and procecding along one
electronic state, repulsive in the Franck—Condon
region. In the present case the situation differs
since we have an endothermic process and two
different transition states accessible at low energy.
Fig. 3 iliustrates a possible scenario in the ap-
proximation of two-dimensional potential curves,
Transitions from the v =0 level of the neutral to
the upper state (¥;(2)) are responsible for the
dominant CH;CQO™ contribution at 1.5 eV while
the corresponding transitions to the lower state
(V{1}) are entirely below the dissociation thresh-
old. Only transitions from vibrationally excited
states provide transitions to (K{l}) above the
dissociation exit, however, al [lower electron
energies.
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3.4.2. (CH,0;)"

The appearance of a fragment iom with the
composition (CH,0;)" (reaction (2}} is surprising
considering the thermodynamic background. This
ton cannot possess the structure of formic acid as
its negative ion only exists as scaltering state
(negative ion resonance) [L). The heat of formation
of (CH;0,)" can be calculated using the presently
ohserved appearance energy AE(CH,0;)” and
using the relation

AE(CH,0,)" = AH2(2) + £, (4)

where E* is the total excess energy imparted to the
fragments at the appearance energy and AHS(2) is
the reaction enthalpy of (2) which itself can be
expressed as

AHY(2) = AHF(CH2) + AH(CH;0;)”
— AH!(CH,COOCH). (5)

Taking AE(CH;0;)"=03%0.1 eV from the
present experiment, AHP(CH,) =368 kJ mol~' [13]
and AHP(CH,COOH) from above we arrive at
AHNCH,0,)” £ 79030 kJ mol™' where the
equality stands for the case when reaction (2)
would proceed without ecxcess energy (at the
appearance energy). This number indicates a
remarkable stability of (CH;0;)™: if we take the
heat of formation for neutral formic acid
(AHR(HCOOH) = -379 kJ mol™!) it immediately
follows that the energy of anmion (CH,0,)" is by
more than 3 eV below the neutral counterpart
HCOOQH. To our knowledge an anion of that
composition has not been observed and its geo-
metric and electronic structure remains under
question, For the neutral counterpart two com-
pounds are known, formic acid and dioxirane
(CH,0;). At that point we note that current ex-
periments by our laboratory revealed that
(CH;0,)" is also major product from DEA to
propionic acid (CH,CH,COOH) [1§].

1L3 HCOO-

One can assusne that the thermodynamics of
reaction (3) is comparable to that of HCOO~
formation from formic acid: the O—H bond
dissociation energy should be approximately
equal in both compounds and the C—C bond

strength is close to that of C—H. In formic acid,
the thermodynamic threshold was at 1.374+0.23
eV II].

3.2. DEA reactions via the core excited resonances

Fig. 3 collects all further product ions observed
in the energy range up to [3 eV. They usually
appear far above the thermodynamic limit and
hence the neutral channel will usually consists of
more than one particle. We shall discuss these re-
actions only briefly.

321 CH,COO~
The lowest dissociation channel is

™ + CH;COOH — CH,C00™ + H, (6)

With the heat of formation for the radical anion,
AHY(CH,COO™)=-286 kJ mol™* [13), the reac-
tion eathalpy becomes AHS(6) = 1.5 eV. This
demonstrates that the excess energy of reaction
(1) is more than 7.5 eV. The question whether the
neutral channel consists of Hy or H+H depends
on the way how this excess energy is distributed
between the fragments. Just to illustrate the
complexity in assigning dissociation channels:
There is a further compound of that stoichiome-
try, ethapedial (CHOCHO) having a positive
electron affinity. With the available data [13] the
threshold energy to generate this ion via (6) is
near 1.6 eV.

322 OH", O

For OH" we can assume an energetic threshold
which is very close to that estimated in formic acid
(3.48 eV [1]). While OH" can be formed by a
simple bond rupture Q- arises from a more com-
plex process

e~ + CH;COOH — CH,COH 4- O~ (7)

with acetaldehyde the energetically favourable
neutral channel. With AHP(CH;COH)=-171 kJ
mol~! and AHY(O™)=108 kJ mol™' [13] we get
with AHP(7) = 3.8 eV and hence the appearance
energy (=4 eV) is not far from the cnergy
threshold.
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3.23 CHj
The reaction

¢~ + CH,COOH — HCOOH + CHj (8)

is complementary to (2) with respect to the nega-
tive charge. With the heats of formation from
above and EA(CIH;) =0.65 eV {13], the reaction
enthalpy becomes AHJ(8) = 2.8 eV which again
demonstrates that the neutral channel cannot
consist of formic acid, but of dissociation
products.

3.24 HCCO-, CCO~
These two ions can arise from the following
reactions:

e~ + CH:COOH — HCCO™ + H,0 +H (9)

¢~ + CH;COOH — CCO™ + H,0 + H, (10)

HCCO™ has the structure "HC=CO [13], with the
value AHN{HCOO )=-57 k] mol™' we obtain
AHR(9) = 3.6 eV. Accordingly, for the reaction
enthalpy of process (10) (taking AHP(CCO™)=
~160+ 30 kY mol~" [13]) we get exactly the same
valuc AHR(9) = 3.6 ¢V.

3.3. Ab initio calculations

We have carried out ab initio caiculations in
order to get some information on the character
and energy of the lowest unoccupied molecular
orbitals involved in DEA at low electron energies.
The molecular geometry was optimized from MP2
calculations with the 6-31G* [19,20] basis set. The
encrgics of the first virtual orbitals were then cal-
culated via Koopman's theorem [21] from Har-
treg- Fock calculations with the D-95V basis set
[22]. With the same basis set we have also calcu-
lated the vertical attachiment encrgics (VAES) via
the outer-valence Green's Funaction method
[23,24].

We note that in our recent work on formic acid
[1} we have reported similar calculations that were,
however, obtained with the aug-cc-pvTZ basis sel
{25]. In the meantime it has been brought to our
attention [26,27] that such larger basis sets, espe-
cially ones that include diffuse functions, lead to
artificially lowered wvertical attachment energies

(VALs) [28,29] and orbitals that are 100 extended.
In contrast, the D-95V basis sets, ¢.g., often gives
good results for transient negative ion states
[26~28], provided that scaling of the orbital energics

LUMO
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-3 -2 -3 0 4 2 3
X

3 LUMO +1

2

1
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2

B 2 A 0 1 .

Fig. 4. LUMO and LUMO + | of acetic acid as calculated with
the D-95V basis set. The isosurfaces are drawn at values of
=002 a.u (light grids) and +0.02 a.u. (denser grids). The
backbone of the molccule resides in the x—y plane with the
carboxylic carbon atom at the origin. In the plots, the methy)
group is on the lefi side. [t can be seen that the LUMO has a
node in the symmetry plane of the molecule while LUMO+ )
has its largest densities i the molecular plane.
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is performed. Scaling laws of the form VAE =
ae — b, where ¢ is the energy of the virtual orbital
calculated from Koopman's theorem and a, b
constant factors {(a < 1, b < 2) have been used
[27,28].

Fig. 4 shows a plot of the lowest unoccupied
MO (LUMO) and second virtual MO
(LUMO + 1) in acetic acid calculated at the ge-
ometry of the neutral. The LUMO has some C—C
antibonding nature and is extended to the CH,
group while LUMO has large coefficients at the
COOH group. We identify electron attachment
into the LUMOQ with the resonance at 0.75 ¢V and
attachment to LUMO + 1 with the resonance at
1.5 ¢V. The C—C antibending nature of the
LUMO explains that CH,0; is predominantly
formed via the low energy state. This low energy
state was not observed in the experiment on formic
acid. According to the present calculations it is
supported by the additional CH, group in acetic
acid.

The calculated VAEs from Koopman’s theorem
are 4.16 and 6.11 eV for the first and second virtual
MO, respectively. The corresponding values with
the D-95V basis set via the Green's function
method are 3.30 and 5.34 eV. Adjustment to the
experimentai values is obtained by the scaling re-
lation VAE = 0.385¢ — 0.852.
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The magnetizabilities of three ring-structured molecules, [8)-cyclacene, [8]-BN-cyclacene, and {8]-collarene, were
subsequently calculated at the BILYP/6-31G™® level with the CSGT gauge-origin treatment. The magnetizability of [8)-
cyclacene shows a large diamagnetic nature in the direction parallel to the ring cylindrical axis, while the value of (R]-
BN-cyclacene is nearly isotropic, and that of {8]-collarene is slightly more diamagnetic in the perpendicular direction
than in the paraliel direction. A large diamagnetic magnetizability in the parallel divection of [8]-cyclacene arises from
the current flow around the ring circumference. The magnetic environment in the ring channel of these three molecules
was investigated by calculating the nuclear shielding tensor of the *He atom when the atom moves through the ring
channel. The GIAQ nuclear shielding tensor changes significantly toward a prolate shape in [B]-cyclacene, but becomes
a slightly oblate shape in [8]-BN-cyclacene and (8])-collarene. The changes correlate well with the magnetizabilities of

the ring-structured molecules.

Cyclacenes are ring-structured molectles which consist of
several benzene units forming a closed loop. It can sometimes
be thought of as basic cylindrical carbon units of a zigzag
nanotube.”™ Although a successful synthetic attempt of mono-
meric cyclacene has not yet been reported, there are a number
of theoretical investigations of these molecules, particularly &
study of the refationship between the electronic structure and
the aromaticity as a function of its ring size."™ Tiirker calcu-
lated the HOMO-LUMO encrgy gap aof a series of Hiickel and
Mobius cyclacene with various ring sizes at the semiempirical
MNDQ level.! As the ring size increases, the author found a
decrease in the energy gap of the Mabius type while it is nearly
constant in the Hiickel type. Chai and Kim calculated the iso-
tropic magnetic susceptibilities, the proton chemical shifts, and
the energy gaps of the cyclacene ring as a function of the num-
ber of fused benzene rings.” The authors abserved an odd-
even effect in most properties considered; this was discussed
in terms of the aromaticily of two trannulens units.}  Houk
et al. re-investigated the singlet-triplet energy gap and the
structural parameters of cyclacene.*

1t is well known that the benzene ring has 2 large degree of
clectron delocalization.® It is, therefore, interesting to investi-
gate the elecron delocalization i a system constructed from
benzene subunits, such as cyclacenc. In cyclacenc (see
Fig. (), there are two distinguished directions for {he ¢leciron
delocalization: around the ring circumference and in the per-
pendicular direction. A difference in the degree of electron de-
tocalization between two directions implies a large anisotropic

magnetizability, hence yielding an interesting anisotropic mag-
netic environment inside the ring channel.

In this work, we calculated the magoetizability of cyclacene
and investigated its effect on a nuclear shielding tensor of a
3He atom when the atom moves through the ring channel.
The YHe atom is used as a probe atom to study the magnetic
field along the ring channel of cyclacene since it interacts
weakly with cyclacene. Therefore, it does not signilicantly
perturb the investigated molecule. Biihl et al. calculaled ihe
chemical shifts of an encapsulated 'He atown in fullerene and
fullerene derivatives.® The authors deduced the degrec of aro-
maticity of Cg and Cyp fullerenes from this shielding
information. Schleyer et al. later generalized the method of us-
ing an inert atont to probe the magnetic enviroument ol 4 small
ring system: the nucleus-independent chemical shift (NICS) i<
defined as the negative of the absolute magnetic shielding ar
some selected point in space, for exampie, at the ring
center.”® The NICS was used by Schleyer and co-workers
as an aromaticity /antiaromaticity indicator.”™® It was pointed
out, however, by Aihara that the NICS is the measuremeat
of the diatropicity/paratropicity character which correlates
with aromaticity/antiaromaticity only in certain case.”

ln addition to cyciacene, BN-cyclacene, and collarenie were
atso included in our studies. BN-cyclacene is isoelectronic 1o
cyclacene with B-N bonds replacing all C-C bonds {sce
Fig. 1). Collarene is a ring structure consisting of benzene ring
units connected together by CHy-linkages {see Fig. {). Be-
cause of the limitation in computational resources, only com-

Pubtished on the web August 15, 2003; DOI 10.1246/besj 76.1537
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[8)<cyclacene

Magnetizabilitics of Ring-Structured Molacules

|8])-collarene

[8]-BN-cyclacene

Fig. 1. The ring-:?lruclured m.o!ecules considered in this work: [8]-cyclacene, [8]-BN-cyclacene, and {8]-callarene. For |8]-BN-
cyclacene, the nitrogen end is pointed toward the negative z direction. The distances between the hydregen atoms a¢ both ends
are 9.41, 9.40, and 9.47 bohr for [8)-cyclacene, 18]-BN-cyclacene, and |8}-collarene respectively.

pounds with eight six-membered ring enits (rz = 8), which are

large enough to accommodate *He atom inside their channels,
were constdered.

Computational Methods

The structures of {8]-cyclacene, [8]-BN-cyclacene, and [8]-
callarene were oplimized at the semiempirical AM] level us-
ing the GAMESS program.'® The structare of [8)-cyclacene
oblained at this level agrees favorably with the literature val-
ucs calculated using the Density Functional Theory (DFT.24
Thus. the AM! optimized siructurcs are adequately sufficient
for our investipations and were used throughout this sudy.
The vertical energy paps between (he lowest singlet and triplet
stales were Calculated within the unrestricted Hartree-Fock
(UHF) and DFT/6-31G* with the B3LYP fonctional
(BILYP/6-31G*) frameworks. The magnetizabilities of all
molecules were computed at the BALYP/6-31G* level with
the continuous set of gauge transformation {CSGT) method
to overcome the gauge-origin dependent problem. The CSGT
was chiosen because it is the best method for the magaetizabil-
ity corrently implemented in the Gaussian 98 program.

The *He atom was then posilioned along the ring cylindrical
axis {z axis in Fig. ). The interaction energy {A£), the nucle-
ar shielding constant (0 = (g + 207, )/3). and the nuclear
shielding anisotropy (Ag = oy —o ), where the paraite! di-
reclion is along the ring cylindrical axis, were then calculated
as a function of the distance R between the *He atom and the
center of mass of a ning-structured molecule. The B3LYP/6-
3IG* with the gauge-independent atomic orbitals (GIAQ)
method was used for the shielding 1ensor calculations. We
note that although the DFT is the most economical way to in-
clude the electron correlation, the functionals currently used
sigch as the B3LYP functional are not the current-density {unc-
tional and, hence, do not necessarily yield the magnetic prop-
erties belter than those obtained from conventional ab initio
correlated methods, such as the GIAG/MPZ method.!' How-
ever, the DFT is the method of choice in our case due 10 the
large system size considered.  All ab initio calculations were
perfarmed using the Gaussian 98 progran, 2

Results and Discussion

The vertical singlet-riplet encrgy gaps of all compounds

Table |. The Vertical Encrgy Gaps between the Lowest
Singlet and Triplet States of [§)-Cyclacene, {8]-BN-Cycla-
cene, and {8)-Collarene at the AM I Optimized Structuge.
The 6-31G™ Basis Set is Used in the Calculations

UHF/KI mol™_ UBILYP/kimol~
{8)-Cyclacene -224.5 93
{8)-BN-cyclacene 9233 562.7
{§]-Collarene 553.0 38R0

Table 2. The Magnetizabilities of [8]-Cyclacene, |8)-BN-
Cyclacene. and [8)-Collarene. For the Purpose of Com-
parison, the Magnelic Anisotropy is Defined as Ay =
Xy =~ X, where the Parallel Direction is along the Ring
Cylindrical Axis. The Method of Calcvlation is he
B3LYP/6-31G™ with the CSGT Gauge-origin Trcatment

X./cas  Xyfegs  Xicgs A x/ops
(8)-Cyclacene —274 —837 462 —563
{8]-BN-cyclacene -167 174  -189 23
18]-Collarene =274 — 145 =23 129

are tabutated in Table |. The UHF cnergy gap of (8]-cycla-
cene {—224.5 kJ/mol) indicates that at a given struclure the
triplet state is more siable than the singlet state. However,
the UB3LYP result (9.3 kJ/wiol) leads to an tnverse conciu-
sion, i.e. the singlet state is slightly more stable than the triplet
state. Our result se-emphasizes the imiportance of the electron
correlation in this type of molecule® Intesesting magnetic
propenties of the cyclacene moleeule are thought to originate
from this low-lying triplet state.® For (8)-BN-cyclacene and
(8)-collarene, both UHF and UB3LYP predict a singlet grouad
state with a lesser energy gap from the UB3LYP than (rom the
UHF.

Coasidering the magnelizabilities of these three molecules
(see Table 2), it is clear that [§]-cyciacene has a large negative
magsnetizability in the parailel direction 1o the cylindrical axis
(X)) As will be shown later, this is due to an electron lelo-
calization around the ring circumference. The magretizainlity
in the perpendicular direction () is. however, equal o that
of [Bl-collarene. QOur ¥ of {§]-cyclacene {462 cgs) conpares
well with the value of —469 cgs repanted previously by Chos
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and Kim:? the difference is most likely duc 1o the use of a
shightly dilfcrent geometry used.

The perpendicular component of the magactizability of [8]-
collarenc is more negative than the parallel component, which
is in an opposite trend to [8]-cyclacene. In other words, [B]-
collarene is more diamagnetic in the pempendicular disection
than in the parallet direction. The magnetizabilities in the per-
pendicular component of {8]-collarene and (8]-cyclacene
should be arributed 10 the & electron detocalization in benzene
subunits; this is supporied by the fact that they have the same
numerical value in our calculalion. Since the [8]-collarene
consists of four benzene units linked ogether by CHy linkages,
one would expect that 1t electrons do not delocalize easily be-
tween each benzene unit, hence leading 1o a less negative y, of
[8]-collarcne. The difference between Xy of [8]-cyclacene and
[8}cotlarene should provide an indication of an enhanced
magnetizability due to an eleciron delocalization around the
ring circomference in the [8]-cyclacene, The [8]-BN-cycla-
ceug, in contrass, shows a small and rather isotropic magnetiz-
ability with A ¥ of only 23 cgs. This secms to imply that there

Bull. Chewm, Soc Jpn, 76, No. 8 (2003) 1539

is ro favorable delocalization in both directians.  1n other
wards, the electron is more localized in the [8]-BN-cyclacene
system thao in the other two systems. This agrees with the fact
that the triplet—singles cnergy gap is largest in the [8]-BN-cy-
clacene.

An enhanced diamagnetic magnetizability in the paralled di-
rection of [8]-cyclacene in comparison to those of other two
molecules can be confirmed by examining the cucrent density
plot in the plane passing through the middle of the ring perpen-
dicular 10 the axis direction (the xy plane in Fig. 1). Figures
2(a)-2(c) show the current density of [8}-cyclacene. [B}-BN.
cyclacene, and [8)-collarene, respectively. The current flow
in this plane leads 10 a magnelic hield in the axis direction,
which is anti-parallel to the applied external magnetic field.
A large diamagnelic magnetizability in the paralle] dircciion
of [8]-cyclacene should have an origin from the complele cur-
rent flow around the ring circumference, which can be ob-
served in Fig. 2{a). This feature is missing in the cases of
[8]-BN-cyclacene and [8]-collareve, which have a much less
X; (see Figs. 2(b), 2(c)); boih plots show only a localized cur-

{n} 8-cyclacens

{¢) 8-BN-cyclaceas

Fig. 2. The current density plots in the plane perpendicular to the cylindrica! axis at the middle of the ring-structured molecule
The current density is represented by an arrow at a given point. The contour plot of the current density magnitude is also shown
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{8-cyclocene X
|8]-BN-cyclacona +
|Blcollarana X

AL mol™?
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Fig. 3. The interaction energy AE between the He atom
and the ring-structured molecule as the *He atom moves
thraugh the ring channel along the ring cylindrical axis.
The intermolecular distance R is measured from the *He
aiom to the center of mass of the ring-structured
molecule. All lines joining calculated values were inter-
polated using the cubic spline method. The BALYP/6-
31G” method was used in the calculations.

rent fow in the subunits.

* Considering the insertion of *He into a ring-structured mole-
cule, the interaction energies {AE) between *He and each three
ring-structured molecutes as a function of intermolecular dis-
tance (R) are displayed in Fig. 3. We considered this term
qualitatively, since it is known that the DFT method with the
BILYP (unciienal does not describe the van der Waals inter-
action well.'"? The inseraction energy is positive but small, less
than 6 kJ/mol, in al! cases. There is a local minimum at the
ceater of the ring channel for all systems considered. Al-
though the interaction energy is positive, it is so small that
the thermal energy would overcome the positive potential bar-
rier making il pessible for the *He atom to move through the
channel. The iateraction energy curve of the *He-~[8]-BN-
cyctacene complex is nol symmetrical; (he barrer is smaller
if the *He atom enters the ring channel through the nitrogen
end (negalive R). The insenion process becomes much more
favorable when a neatrat 1He atom is replaced by a small-sized
cation. such as Li‘."

The *He nuclear shielding constant and the shielding aaiso-
tropy as a function of the internolecular distance in all com-
plexes are represented in Fig. 4. The shielding constant of
e (see Fig. 4(a)) increases when a YHe atom moves inside
the ring channel; the 3He--[8]-cyclacene complex has the larg-
est change, approximately 50%, while the *He-[8]-BN-cycla-
cene complex has the smallest change. The *He shieldiag con-
stant is maximuwin at the center of the ring channel (R = 0) in
the [8]-cyctacene and [8]-collarene systems, whereas the max-
imum 15 shifted toward the boron-end in the {§]-BN-cyclacene.
The shiclding anisatropy. &0 = oy — 7, (see Fig. 4(b)) in-
creases when *He enlers the ring channel of [§)-cyclacene,
but decreases in the other two cases. In other words, the
shielding tensor of *He becomes prolate when the atom moves
inside the [8)-cyclacene channel, while it becomes oblate when
lhe atom moves inside the channel of the other two dng-struc-
lured molecules. The shielding tensor changes inside three
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Fig. 4. The *He shielding constant (& = {0} +27,)/3)
and the *He auclear shielding anisolropy (Ag =
oy — T 1) where the parallel direction is alang the ring cy-
lindrical axis, ax the atom maoves through the ring channel
along the ring cylindrical axis. For a free atom, &(He} is
59.8 ppm. The BALYP/6-31G* with the GIAQ gauge-ori-
gin lreatmenl was used in the calculation,

rng-chaanels correlate well with the magnesizability tensor
of the ring-structured molecules (see Table 2).  Inside the
channel of [8}-cyclacene, the shielding anisotropy varies slow-
Jy with the distance. Both the shiclding constant and the
shilding anisotropy returmn to the free-atom value when 'He
moves further out of the ring channel.

Conclusion

The magnetizabilities of [8]-cyclacene, [8]-BN-cyclacene
and [8]-collarcnc arc reporied. A large difference in the paral-
lct component of the magnetizabitity of [8)-cyclucene and of
[8)-collarene indicates an eahanced cleelron delocalization
around the ning circumference. This is evidently supported
by the current density plot in the plane perpendicutar to 1he
ring cylindrical axis. The perpendicular component of the
magnelizability of [8)-collarenc is more niegative than the par-
aliel component; this shoold arise inainly lrom the m-cleciron
delacalization within the benzene subunits. The [R]-BN-cycla-
cene has a small and nearly isotropic magaetizability, suggest-
ing an clectron localization in this system. The differem nature
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of the magnetizabilities of the three ring-structured molecules
fcads to different behaviors of the magnetic field in the ring
channel, as probed by the 3He atom. A large increase in the
isowropic and anisotropic parts of the *He shielding tensor,
when the atom moves through the ring channel of [8]-cycla-
cene, indicates & anisotropic magnetic environment due to cur-
rent flow around the ring circumaference of the {8)-cyclacene
system. The changes of the *He shielding tensor in the three
complexes correlate well with the nwgnetizabilities of the cor-
responding ring-structured molecules.
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ABSTRACT: The calculation of the electrostatic potential resulting from an infinite
or extended array of charges in the interior of a region of interest is a frequent task in
computational chemistry. In case of a periodic potential this can, for example, be done
by Ewald sumunation or by multipole methods. An important alternative are those
methods where arrays of auxiliary point charges are optimized with respect to charge
and/or position to reproduce the original electrostatic potential. In the literature .
different variations are reported. We corpare the performance of some of these with
respect to their ability to reproduce the original potential and the computational effort
required. Between (1) surface charges determined by the conductor-boundary condition,
(2) optimized surface charges, and {3) surface charges floating on the surface we find
that {2} offers good quality with small computational costs involved.  ® 2003 Wiley

Pericdicals, Inc. Int § Quantum Chem 96: 17-22, 2004

Key words: electrostatic potential; Ewald potential; peint charges; Madelung

potential; partial charges

Introduction

l n melecular modeling it is often useful to be
able to represent the electrostatic potential from
a large or infinite number of ions or polar molecules
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by a finite set of point charges. Such an approach is
in particular suitabie when the actual chemical sys-
tem studied is periodic and the computational
method to be employed, for example some high-
level electronic structure method, is only imple-
mented for finite systems or is too costly to apply to
large systems. Another application is local defects
in 2n otherwise periodic system; The destruction of
the symmetry may call for an alternative treatment
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of the long-range electrostatic effects. Also in classic
molecular dynamics simulations can such a long-
range treatment in terms of a finite set of point
charges be required. For example, if a simulated
tiquid is in contact with a solid (e.g., "liquids in
confined spaces”} it is often useful to describe the
electrostatic potential of the solid in this way.

For a pericdic system (either a true crystal or a
periodic simufation cell) the electrostatic potential
can be calculated by the Ewald summation tech-
nique [1}. An important alternative are those meth-
ods where arrays of auxiliary point charges are
optimized with respect to charge and/or position to
reproduce the original electrostatic potential. In the
literature various methods are reported [2-4]. In
this article, we compare the performance of some of
these methods with respect to their ability to repro-
duce the original potential and with respect to the
computational effort required to obtain the auxil-
tary point charge arrays.

Method

SYSTEMS

Most of the results presented in this article refer
to a system consisting of a 10 X 10 X 10 point
charge array, with alternative +1 and —1 charges, 2
A apart. The electrostatic potential from the entire
system was calculated at all points of a dense grid
within a spherical “test region” centered at the or-
igin and with a radius of 1 A. These potential values
were compared with the potential values derived
by the three sets of model charges discussed in this
article (from the SCREEP method, a “least-squares
charge-fitting” method and a “least-squares float-
ing-charge fitting” method). Such a spherical test
region in general deviates in size and shape from
the embedded region one would typically choose in
a practical computational example of interest (such
as the envelope of the sum of van der Waals atomns
for an embedded supermolecule). The results pre-
sented in this article are, however, applicable also
to such cases.

Also, two “realistic” fests system were investi-
gated. They consisted of a central cluster of five
water molecules. [n the first test system, this cluster
was surrounded by 100 point-charge water mole-
cules (SPC model, O: —0.83 ¢, H: +0.415 #) and the
sotvation energy of the five-water cluster was cal-
culated at the Hartree—Fock (HF)/3-21G level ag the
energy of the total system minus the self-energy of

the 300 point charges. In the second test system, the
water cluster was embedded in 459 water mole-
cules (corresponding to a box with a side length of
25 A) and the solvation energy was determined at
the HF leve! with the 6-311G* basis set. For each of
these two systems, the solvation energy was com-
pared with the solvation energies computed with
the three modet point-charge methods.

Calculation of Embedding Charges

SURFACE CHARGES DETERMINED BY THE
CONDUCTOR-BOUNDARY CONDITION

The conductor-boundary condition has a well-
known physical background: Because there exists
ne electric field inside a metallic conductor, any
such field outside the conductor will be compen-
sated by an (induced) charge density at the surface
of the conductor. This means that (even if it is not
generated by induction, in the case of nonmetallic
conductors) a 2-D charge distribution an the surface
of an arbitrary volume can exactly cancel—or re-
produce—any electric field inside this volume. The
external field can, for example, be generated by a
finite or infinite 3-D distribution of point charges.
The basic equation is

o) .
V) = J; IrTrTldzt . (1)

V(1) is the external potential, r is a point inside the
volume, o{r’) is the charge density on the surface,
and r’ is a point on the surface. This equation can be
written in matrix form [9] if the surface S is dis-
cretized into small surface elements with the
charges in their centers:

V-A-gq=0 (2}

V is a vector containing the values of the extemal
potential at the (centers of) n surface elements, q is
the vector of the charges of the surface elements
and A is a matrix describing the sucface. According
to [5], the diagonal terms of this matrix are given by

where 5, is the size of the surface element j and the
off-diagonal terms are simply the reciprocal dis-
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FIGURE 1. Surfaces created by triangulating a
sphere: (a) “globe™; (b} “triangulated polyhedron.” For
better visualization, each triangle has been reduced by
50%. See text for explanations.

tances between (the centers of) two surface ele-
ments:

Ay = - o™ (4)

Equation (2) can be solved directly by matrix divi-
sion of V by A but other methods like Gauss elim-
ination are often numerically more efficient. This
way of employing the conductor-boundary condi-
tion was proposed by Stefanovich and Truong [3]
and called “surface charge representation of elec-
trostatic embedding potential” (SCREEP). Surface
charges determined in this way have, for example,
been applied in studies of some important catalytic
properties of zeolites [6, 7].

For the calculation of the (initial} positions of the
surface charges, we used two ways of triangulation:
In the first method these positions were taken to be
the intersections of circles of longitude and circles
of altitude and a further charge is placed at the
middle of cach rectangular patch (i.e., not on the
poles where the patches are riangles). This allows
for an easy control of the desired number of surface
charges but they are not equidistant on the surface.
In the second method the faces of a regular dodeca-
hedron were triangutated and then the new trian-
gles again, up to the desired level. That method
allows for nearly equidistant positions on the
sphere. However, because the depth of (riangula-
tion is the only parameter, the number of surface
charges can be varied only in increasingly large
steps. Figure 1 shows the triangulated spheres. The
first method was used for the results presented in
this article.

SURFACE CHARGES DETERMINED BY
FITTING

Awdliary charges {not necessarily situated on a
surface) that reproduce a given electrostatic poten-
tial can also be derived by fitting. Due to Coulomb's
law the electrostatic potential is, at any point in
space, proportional to the magnitude of the gener-
ating charges. Therefore, ondy a system of equations
that are linear in the charges must be solved when
minimizing the deviation A* between the external
potential V and the fitted potential between the
external potential V" in the least-square sense:

A= [[[ (V — V™2 dxdydz. (5)

aavity
In matrix notation, the equation
q-R=V (6)

is solved to obtain q in the least-square sense. g is a
vector containing the magnitudes of the auxiliary
charges, R is a matrix whose elements are 1/l’ur the
reciprocal distances between g and a vector of test
points inside the volume, and V is the external
electrostatic potential at these test points. In the
present work all the fitted point charges reside on
the spherical surface. A similar approach, although
with the point charges placed in a region around
the central cluster, was introduced by Almldf et al.
(2] and has, for example, since been applied in
embedded-cluster simulations of crystalline hy-
drates [8, 9].

FITTED CHARGES FLOATING ON THE
SURFACE

If the positions of the charges are allowed to be
optimized as well, the fitting equations become
nonlinear and have to be solved iteratively. This is
computationally more demanding than if only the
magnitudes of the charges are variable, but it is
interesting to find out how much qualily can be
gained by the additional degrees of freedom. Here,
we used a Marquart-Levenberg algorithm to deter-
mine all parameters simultaneously. We restricted
the charges to the surface of the sphere by optimiz-
ing their positions in polar coordinates and project-
ing out the distance to the center of the sphere from
the gradient of the least-square deviation. For arbi-

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 19



DUNGSRIKAEW ET AL

TABLE |
Deviation hetween the reference poteatial and the potential from auxiliary charge arrays (In Volt) as calculated
by the three methods for different numbers of surface charges.

Conductor-boundary Fleating, optimized

No. of surface condition Optimized charges charges

charges AV s AV, AV, AV, AV, e AV,
24 0.155408 1.671769 0.133363 1.295595 0007414 0.067692
60 0.063992 0.690267 0.007715 0.063390 0.000058 0.000466
112 0.053577 0.737572 0.001651 0.012386 0.000027 0.00025¢
180 0.021238 0.272141 0.000187 0.001414 0.000002 0.000088
240 Q.003767 0.050634 0.000004 0.000039 0.000002 0.000016
420 0.020834 0.29689%4 0.000059 (0.000519 0.000006 0.000049
760 0.017824 0255184 0.000037 0.000289 0.000026 0.000223
960 0.000329 0.004114 0.000038 0.000315 0.000028 0.000264

trary surfaces, the same result can be achieved by
optimizing via Lagrange parameters or simply by
including a suitably chosen penalty function in the
expression to be minimized.

Resulls and Discussion

10 x 10 x 10 POINT CHARGE SYSTEM

Table ] and Figure 2 show the deviation between
the original and the reproduced electrostatic poten-
tial for the three methods outlined above as a func-
tion of the number of surface elements (surface
charges) used in the cajculation. Two measures
AV . and AV, were used and calculated accord-
ing fo

1 N
AV e = % 2 [Vir) - VelrdP (7)
k=1

M

1
AV =35 21V - Vilrdl. (8)

k=1

Equation {7) gives as the standard error the quan-
tity minimized in the fitting process while (8} is the
average deviation. The SCREEP-derived potential
always gives the largest deviation and this devia-
tion decreases less quickly with the number of sur-
face charges than for the cother two methods. Al-
ready the optimization by linear regression shows
considerably better results than the SCREEP

method. These two methods require about the
same, rather low, computational effort.

For the SCREEP method, q in Eq. {2) is obtained
as the solution of a system of # linear equations for
the n charges of the surface elements. The second
method, the linear fitting, is a standard regression
calculation: For each of the m test positions inside
the sphere the square of the deviation is given by an
expression containing the » fiting parameters. Der-
ivation of the total sum with respect to these pa-
rameters leads to # expressions that must be zero at
the error minimum and this system of equations is,
as well, solved via Gaussian elimination. The val-
ues for the third method are obtained when the
charges, in addition to optimizing their values, are
allowed to relocate themselves {“float”} on the sur-
face. It can be seen that the deviations are again
considerably reduced, the improvement being
roughly equivalent to doubling the number of suz-
face charges for the second method. The iterative
algorithm used in this case is about two orders of
magnitude slower than the linear fitting if allowed
to converge, but most of the improvement already
occurs in the first 5-10 cycles. Therefore, this
method is not impractical but offers only a real
advantage in situations where only a small number
of auxiliary charges can be incorporated (as might
be the case in some embedded cluster/quanium
chemical calculakion).

The somewhat increased error in the case of the
SCREEP method for 420 surface charges compared
to 240 is a numerical artifact due to the nonoptimal
placement of the surface charges and the finite
number of test charges.

VQOL. 96, NO. 1
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FIGURE 2. Root mean square deviations for the
SCREEP method {diamonds, solid line), the fitted sur-
face charges (squares, broken line), and the fully opti-
mized surface charges (triangles, broken—dotted fing)
from the reference potential as a function of the num-
ber of surface charges.

The factor 1.07 used for deriving the diagonal ma-
trix elements in Eq. (3) is somewhat empirical. We
calculated the deviation between the SCREEP poten-
ial and the true potential as a function of this factor.
As seen from Figure 3, a value of 1.06 performs
slightly better than the original value. However, this
might depend also on details of the potential and of
the surface and was not investigated further.

WATER CLUSTER EMBEDDED IN 300 POINT
CHARGES

For our second test case, a quantum chemical
calculation of a hydrated 5-water supermoiecule
(atomic coordinates given in Table II), the 100 SPC
water molecules,* represented by point charges,
gave a hydration energy of —2.71 kcal/mol. The

electrical field from these 300 external point charges
was then approximated by 144 point charges,
placed on a spherical surface with a distance of at
least 1 A to each atom of the supermolecule inside.
The SCREEP method gave a hydration energy of
—2.92 kcal/mol, the least-squares fit gave —2.66
keal/mol, and the complete optimization resulted
in a hydration energy of —2.70 kcal/mol. Those
calculations were performed at the HF/3-21G level.
The same trand as in test case 1, although less
dramatic, can therefore be seen in this quantum
chemical application. It so happens that, in this
example, the number of charges to describe the
potential is only reduced by a factor of 2, but our
conclusion would hold for an arbitrarily large num-
ber of original charges: To reach the same accuracy
of about 0.2 kcal/mol, 144 surface charges are suf-
ficient.

WATER CLUSTER EMBEDDED IN 1377
POINT CHARGES

For this last test case, the same hydrated 5-wa-
ter supermolecule was surrounded by the point
charges of 459 SPC water molecules {taken from a
simulation box with a side length of 25 A). A
solvation energy of —0.649 kcal/mol was ob-

08—

0.7¢ ©

0 6{ ©
g | ° o
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5] © o
0.4 o o)
E O

0.3} O
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0.1 : .

1 1.05 1.1
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FIGURE 3. Quality {(=deviation from the original po-
tential) for the SCREEP method as a functlon of the
factor in Eq. {3}).

*The coordinates of the various point chacge arrays are avail-
able upon request (michael.probst@uibk.ac.at).
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TABLE Il
Atomic coordinates in the five-water cluster.
0 H H
X ¥ z x ¥y z X ¥ z

1 -0.649 -1.678 -1.041 -0.591 -1.382 -0.133 -0.384 --0.918 —1.559
2 —-1.287 —0.442 1.400 -1.878 0.309 1.368 -1.865 -1,1938 1.493
3 -1.549 1.132 -1.541% -1.889 0.555 -0.863 -0.909 1.678 -1.085
4 1.3186 ~0.047 -2.956 1.899 0.689 -2.767 1.872 -0.821 —2.874
5 1.150 0.200 2.956 0.288 0.074 2,560 1.474 1.014 2.570

tained at the 6-311G* level. We calculated the
solvation energy for the SCREEP and the least-
square-fitting methods as a function of the num-
ber of point charges. The full optimization was
only performed for 84 point charges. Figure 4
shows the solvation energies. It can be seen that
for an intermediate number of point charges the
least-square-fitting performs again better; for
more charges both methods perform similarly.
The ezror for the full optimization with 84 point
charges is approximately half of those obtained
with the two other methods.

Conclusions

Qur investigation shows that a standard linear
optimization of an array of auxiliary charges

02 T
k-
D4
B
H
»
g 06
N . iyt
< o8 g
a
af J
] 50 100 150
Kunber of sufade charges

FIGURE 4. Solvation energy for the SCREEP method
{solid ling) and for the fitted surface charges {oroken
ling) for the system with 459 point-charge water mole-
cules. Cross marker: Value for 84 fully optimized sur-
face charges.

yields a closer agreement to an original electro- .
static potential than the conductor-boundary con-
dition method. The merits of the conductor-
boundary condition method therefore is its
simplicity as well as the proof that it is sufficient
to consider surface charges instead of {complicated)
3-D arrays of charges. Espedally when only a small
number of charges are used, optimization of their
positions improves the agreement further but it will
depend on the problem under consideration if the
increased computational expense is justified. The first
two methods require virtually zero CPU time.
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Abstract

Low energy electron attachment cross sections for acetonitrile (CH;CN) are reported in the energy range from about
0 up to 10 eV determined with an energy resolufion of 140 meV. Electron attachment is shown to be a purely disso-
ciative process with the production of the five anionic fragments: CH,CN-, CHCN~, CCN~, CN- and CHj observed
in two energy regions, the first between | and 4 ¢V, the second in excess of 6 eV. Quantumn chemical and trajectory
calcufations have been carried out to complement the experimental results.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Acetonitrile CH,CN (also known as cyanome-
thane or methyl cyanide) is an important atmo-
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spheric and astrophysical molecule. In the
terrestrial atmosphere acetonitrile has recently
been shown to be a useful gaseous tracer of bio-
mass burning [1] since simuftaneous CO and ace-
tonitrile measurements may be used to characterize
the ratio of biomass burning to fossil fuel com-
bustion — a key issue for current global warming
studies. Acetonitrile is also an important molecular
species observed in gas clouds of the interstellar
medium [2] where it is believed to be synthesized by
heterogencous chemistry on interstellar dust
grains. Acetonitrile is therefore recognized as a
fundamental building block of the amino acids and
thus an important precursor molecule in the study
of the origins of life [3]. Hence it is important to
study those mechanisms by which acetonitrile may
be dissociated through the intcractions with pho-
tons {4}, electrons [5] and surfaces [6).

To date there appear to have been only a few
studies of electron attachment to this molecule,

0009-2614/8 - see front matter © 2003 Elsevier B.V. All rights reserved.
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we are only aware of the early work of Tsuda
et al. [7] and Stockdale et al. [8] in a study of a
series of molecules containing methyl groups.
Tsuda et al. {7] reported for three different elec-
tron energies (80, 40 and 9.5 eV) using a standard
experimental set-up (with no means to reduce the
electron energy distribution from the hot rhenium
filament) relative anion abundances, at the energy
of 9.5 ¢V which is of interest in the present study
they observed only the presence of CN~. Stock-
dale et al. [8] using a RPD e¢lectron gun (with an
energy resolution of about 500 meV) in conjunc-
tion with a time of flight mass spectrometer
reported relative attachment efficiency curves in
the energy range from about O to 30 eV for the
CH,CN- and the CN- ions. The position of the
CH,CN~ peak at 4 eV i5 in agreement with an
earfier observation and a mass 41 peak at the
same energy can be accounted for in terms of the
expected abundance of CH>CN~ containing one
BC atom. Stockdale et al. also show that the mass
41 signai observed in the region above about 8 eV
is to freat to be accounted for in terms of
CH,CN- containing one *C atom and arrive at
the conclusion that in this energy regime also the
parent anion is betng produced. A more com-
prehensive study of halogenic-nitrile compounds
using a crossed beam arrangement with an energy
resolution of 200 meV was reported by Heni and
Ilenberger [9] including relative attachment effi-
ciency curves for acetonitrile up to 16 eV for five
anions CH,CN-, CN~, CHCN-, C;N~ and CHj.
The work in [9] showed that anions formed in
electron impact with acetonitrile have virtually ne
kinetic energy (<0.1 eV) and may therefore be
detected with high efficiency with modest extrac-
tion fields. This fact should make it possible (sec
below) to obtain measures for the absolute anion
formation c¢ross sections without kinetic energy
discrimination.

In this Letter we report a comprehensive study
of the dissociation patterns of acetonitrile by low
energy electrons (up to 10 eV) using a high reso-
lution crossed beam apparatus. The first absolute
cross sections are reported and mechanisms for the
formation of electron scattering resonances are
discussed for CH,CN~, CN~, CHCN-, C;N~ and
CHj7 fragment ions, In agreement with the work of

Illenberger and co-workess [9] the negative parent
ion, CH,CN ™, has not been detected under the low
pressure crossed beam conditions and in the en-
ergy range studied.

2. Experimental

The current experiments have been performed
using a high resolution trochoidal electron mono-
chromator (TEMY in tandem with a quadrupole
mass filter and channeltron secondary electron
multiplier for ion analysis and detection, The
TEM has been described 1n detail in earlier pub-
lications [10,11] and recent modifications to im-
prove the energy resolution at high impact energies
are discussed in [12,13]. With the improved
monochromator an energy resolution of about
30 meV independent of incident electron energy
can be obtained however, due to the low cross
sections of some fragmentation processes, larger
electron currents, 45 nA {and hence lower resolu-
tions, 140 meV) were used in some of the present
experiments, The electron beam was crossed at
right angles with an effusive gas beam emanating
from an orifice 20 um in diameter.

In the present studies gaseous samples of ace-
tonitrile were prepared from liquid samples sup-
plied by Sigma Aldrich with a quoted purity in
excess of 99%. Acetonitrile has a vapour pressure
of 99 mbar at room temperature (20 °C) thus, after
some freezefthaw distillation to remove any dis-
solved gases in the liquid sample, pure vapour
samples were mixed with CCly in a mixing ratio of
10:1. CI~ production from electron impact of CCl,
shows s-wave dissociative electron attachment
(DEA; a strong resonance at zero electron energy)
and therefore may be used to calibrate the electron
energy scale in our experiment [14]. Pressures of
the two admixtures were recorded on an absolute
capacitance pressure gauge. The pressure in the
experimental chamber was limited to a range from
1.0 to 2.0 x 1075 mbar to ensure that there were
only negligible intermolecular collisions and hence
reduce the probability of secondary molecular in-
teractions occurring.

As mentioned above, the anions formed by
electron impact with acetonitrile have a kinetic
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energy of less than 0.1 ¢V and may thercfore be
detected with high efficiency using modest extrac-
tion fields, such that it should be possible to
measure absolute anion formation cross sections.
Therefore only a modest symmetric extraction field
(applying at maximum £1 V) was used in the in-
teraction region to collect the anionic fragments
and draw them into the quadrupole optics. The
intensity of the anionic yields from acetonitrile was
measured as a function of incident electron energy
and compared with the Cl™ yield from CCl; under
the same experimentai conditions (taking into ac-
count the pressure ratios). The production cross
section of CI~ from CCl, exhibits a second reso-
nance at 0.8 eV the magnitude of which has been
accurately determined to be 5 x 1072 m? [15,16]
and may therefore be used to derive a measure for
the cross section for the formation of each of the
fragment anjons produced by low energy electron
impact of acetonitrile. In the present experiment
we assumed constant fransmission efficiency for
each anion through the quadrupole optics and that
the counting efficiency of the ion detector is mass
independent.

3. Results and discussion

Electron attachment is shown toc be in the
present case a purely dissociative process with the
production of the five anionic fragments CH,CN ™,
CHCN-, CCN~-, CN™ and CHj (see Fig. ). It is
interesting to note that Hashemi and Illenberger
reported the formation of the parent CH;CN ™ as a
result of resonant attachment of free electrons to
acetonttrile clusters [17]. This result is also- in line
with a study of the collisions between rare gas at-
oms in highly excited Rydberg states giving evi-
dence for the existence of stable CHyCN~ parent
anions [8]), this (1e., the reaction sequence
CH,CN* + CH3;CN — CH,CN ™) has also been in-
voked as a likely explanation for the observation of
the CH;CN~ parent anion by Stockdale et al. [§] by
electron impact above an energy of about 8 eV, As
discussed by illenberger and co-workers [9] the
production in the case of the parent anion can be
rationalized via the production of a dipole bound
state where the extra electron is extremely weakly

a000f ~
CH,CN-
2000}

0

. CHCN-

th
=]

=]

CCN-

-
o

=]

Cross section (10'26 m?)

)
(=]
o
Z |

50

0 1 2 3 4 5 6 7 8 9 10
Electron energy (eV)

Fig. 1. Dissociative electron attachment cross sections for an-
ions produced by clectron impact on acetonitrile,

bound in the field of the CH;CN dipole. In the
cluster case it seems that the cluster coupled bound
state tends to stabilize this anion, allowing for the
accommodation of an extra electron. In the case of
the monomer however Heni and Illenberger [9]
proposed a DEA process that is common to all
nitriles namely electron capture into a ng, molec-
ular orbital followed by a o bond cleavage.

3.1. Dissociative electron attachment at energies
<jeV

The energetics of a DEA process to a molecule
M can be described as

AE(M-X)~ = D((M-X)-X) — EA(M-X) + AE
(1

where AE is the appearance energy for the frag-
ment anion (M-X)~, D the bond dissociation en-
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ergy, EA the electron affinity for the fragment
{M-X) and AE the excess energy of the process.

The most intense fragment ion formed in DEA
of acetonitrile is CH,CN~ formed from the frag-
mentation of the parent anion by the loss of a
single hydrogen atom. Assuming that the electron
affinity EA(CH,CN™) = 1.560 £0.006 eV [18] and
the bond dissociation energy D{(H-CH,CN) ~4 eV
[19], an appearance energy AE(CH,CN~/
CH;CN) = 2.44 0.2 eV is predicted which is in
good agreement with the experimental value of
2.35+0.1 eV. The maximum cross section for
production of CH,CN- is =4 x 1072 m? at 3.2 eV.

An identical appearance energy and cross sec-
tion profile is observed in the yield of CHCN-
formed by the abstraction of an H; molecule from
the parent anion albeit with a cross section value
two orders of magnitude lower than for CH,CN-.

The cross section profiles for CH,CN- and
CHCN"™ are characteristic of those arising from
the capture of the incident electron into the un-
gccupied molecular orbital of the target to form
a temporary mnegative ion (TNI). Assuming
EA(CHCN) = 0.8+ 04 eV [9), AE(CHCN") =
2D[(H-CH,CN)] - D(H-H) - EA(CHCN} {19,20],
the threshold for the AE of CHCN~- is estimated
to be 2.3+0.6 eV which is in relatively good
agreement with the value of 2.9 £ 0.1 eV obtained
from our experiment.

Calculations have shown that the highest oc-
cupied molecular orbital (HOMQ) of radical an-
ions of the nitriles is n* antibonding with virtually
all the additional charge localized at the CN
group, leading to a reduction in the C=N bond
dissociation energy [9]. The formation of CN-™ is
therefore associated with energy transfer from the
C=N bond to the CH;-CN bond. Dissociation
into CN- and CH; radicals in their electronic
ground state is symmetry forbidden (this is only
true as fong as no distortions are occurring} and
can only occur through pre-dissociation of the
parent anion, thus the cross section for formation
of CN~ is small at low energies peaking at
~4 x 107% m? at 1.8 eV with an appearance energy
of 1.10£0.1 eV. Assuming the H;C-CN bound
dissociation encrgy is 5.3640.03 eV [19] and the
electron affinity of the cyano radical is 3.82 eV [21],
the threshold for the appearance energy of CN-

becomes 1.54 £0.03 eV, close to the experimen-
tally observed value of 1.0+ 0.1 eV. In the work
reported for acetonitrile by Illeaberger and co-
workers [9], the low energy resonance for CN-
seems to be slightly energy shifted compared with
the present experimental data showing an ap-
pearance energy of about 2.7 eV, in contrast the
data by Stockdale et al. [8] supports the present
appearance cuergy. It is interesting to note that we
have observed similar low energy patterns for CN~
production in other CN containing compounds
such as CH;NQ, [22]. It is however possible that
such yields may arise from the excitation of vib-
rationally excited CH,CN and future studies of
anion vield as a function of temperature of the
target are planned.

3.2. Dissociative electron attachment at energies
>6 eV

At higher impact encrgies several anion frag-
ments are observed, including the first yield of the
bare backbone CCN~. The formation of CCN~
requires the largest number of bonds in the parent
to be broken, all three C-H bonds having to be
severed, Consequently, there is a high appearance
energy for CCN™, around 7.8 ¢V. In contrast to
the observation of the CCN™ ion at these high
energies there is no evidence for the formation of
the simplest dissociation product CH,CN-.

The profiles of CHCN -, CCN-, CN~ and CHy
cross sections above 6 eV suggest that these frag-
ment ions may arise from a series of overlapping
resonances. The data of lllenberger and co-work-~
ers [9] suggests (in accordance with the present
data) that the high energy yield of CHCN™ and
CCN~ is a composite of two resonance features
peaking at 8.3 and at 1} eV. The production
mechanism for the CHCN™ anion could proceed
through an excited state of the TNI and may be
associated with the formation of two separated
hydrogen atoms (multi-fragmentation) rather than
with the formation of a hydrogen molecule. The
similarity of the cross section profiles of CHCN~
and CCN™ at these higher energies suggest that
simple H abstraction from CHCN™ may occur and
that these two processes share common parent
TNIs.
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The complementary molecule-ion pair CN™ +
CH; or CN+CH; arises from cleavage of the
central C-C bond. The appearance energy of CHj
is obtained as 5.28 £0.03 eV since the methyl
radical CH; possesses an electron affinity of 0.08
¢V {23]. Both ion yields therefore have about the
same appearance energy, 6.2 and 5.8 eV respec-
tively, and peak at about the same position of
7 eV. The CN~ vield resonance is composed of
three overlapping peaks, one at about 7 ¢V, one at
about 8 eV, and one centred about 9.2 ¢V. For the
two higher resonances a multi-fragmentation pat-
tern with formation of CH, and H is probable since
there is no corresponding peak in the CHjy yield.

3.3. Quantum chemical and trajectory calculations

In order to get information on the electronic
structure and especially about the higher-lying
molecular orbitals of acetonitrile that might be
involved in the formation of the TNI (see also a
useful reference in this context discussing tempo-
rary anion states in this and related molecules [24]
based on electron transmission spectroscopy lo-
cating the n° resonance at 2.84 eV), we have cal-
culated the vertical electron affinities by means of a
outer-valence Greens’ function method [25,26] (a
more accurate alternative to Koopmans’ theorem)
together with the D-95 V basis set {27). It is known
{28-30] that only such medium-sized basis sets re-
produce semi-quantitatively the energies of tran-
sient negative ion states. Normally it is found that
the first attachment energy is overemphasized by
such calculations but that the differences within
the first few attachment energies are qualitatively
correct, Trends between similar molecules are well
reproduced, as is discussed in detail in [30]. All
calculations were performed with the GAaussian
98 and 03 set of programs {31] and the corre-
sponding results are given in Table 1. One sees that
the medium-sized basis set indeed avoids the con-
tinuum of unbound electron states. All EAs are
negative, indicating that there is no thermody-
namically stable anion state.

We further tried to obtain qualitative insight
into the fragmentation processes by performing a
limited set of trajectory calculations, In these cal-
culations, the CH,CN molecule was described

Table i
Calculated vertical electron affinities (see text) for altachment
inte the LUMO and the five ncxt higher orbitals of CH,CN

Orbital Energy {eV)
LUMO, 13 -4.81
14 -6.00
15 ~6.30
16, 17 ~8.50
18 -8.24

quantum chemically by the B3LYP [32] density
functional and the 6-31G* [33] basis sct and the
dynamics was generated by the atom centred den-
sity matrix propagation (ADMP) method [34,35].
An encounter between one CH,CN molecule
and one electron was then simulated in the fol-
lowing way: (a) The electron was attached to the
LUMO of CH3;CN in the equilibrium geometry of
the neutral molecule. (b) Boltzmann-distributed
velocities were assigned to the atoms of the
CH,CN~ anioa with a total kinetic energy equiv-
alent to the energy of the incoming efectron (1 ¢V
corresponds to a temperature of 1938 K). The in-
dividual velocity components were created by ap-
propriate scaling of random numbers. (¢} This
process was repeated and five trajectories cach for
kipetic energies of 0, 1, 2, 4, § and 10 eV were
calculated. (d) Each trajectory was propagated for
about 500 time-steps of 0.1 fs each. This trajectory
calculation differs from the experimental situation
mostly in the respect that the kinetic energy of the
¢electron is thermally distributed over the molecule
whereas in reality it will excite only certain vibra-
tional modes that might lead to dissociation before
an equilibration takes place. Further, five trajec-
tories of 50 fs each obviously do not allow good-
quality statistical sampling but it must be kept in
mind that the computational expense of the ab-
initio molecular dynamics calculations is still very
high, even with the modest 6-31G* basis set.
Despite these limitations, it is interesting to
compare the simulated decomposition and the ex-
perimentally observed fragments since the former
ones represent the limiting case of the anion in
thermal equilibrium. An analysis of the individual
trajectories revealed the following pattern: The ab-
straction of hydrogen is always the first step and
takes place very quickly within the first femtosec-
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ond, sometimes even at energies <1 eV. At slightly
larger energy, it is likely reaction is that a second
hydrogen is lost as well but in some cases this H later
recombines again with the CHCN fragment. The
breaking of the C—C bond is much slower and oc-
curs only at higher energies. We observed it first in
one of the trajectories at 8 eV after about 30 f§
elapsed time.

Therefore, despite of the thermalized anion, the
fragmentation pattern agrees qualitatively with the
expetimental findings. This should be not unex-
pected for a small molecule where energy fluctua-
tions after a few vibrational cycles lead to local
concentrations of the kinetic energy.

4. Conclusions

In the present stedy DEA to acetonitrile has been
investigated from about 0 to 10 V. Intensity ratios
of the product ions: CH,CN-, CHCN-, CCN~,
CN- and CHyare 2000:35:7:50:1, these have been
converted to absolute cross sections by comparison
with the known standard cross section for the pro-
duction of CI™ from CCly. With the exception of
CH,CN- all anion cross sections are quite small. In
fact, CH; exhibits the smallest cross section ever
measured with this instrument, 200 barn,

It is clear that DEA occurs via accommodation
of an extra efectron into a g, character orbital.
The most enecrgetically favourable channel,
CHj; + CN™ is the result of a transition to the low-
lying excited states having repulsive adiabatic po-
teatial surfaces crossing with the electronic ground
state above the dissociation limit leading to pre-
dissociation of the bond. The result is a low CN~
cross section at ~2 eV and an inter- and intra-
meolecular energy transfer (or re-distribution) with
virtually no kinetic energy release.
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dplicability and reliability of the two-layer ONIOM? (Qur-own-N-layered lntegrated molecular Orbital + melecular
i%s) approaches have been carried out on different aluminosilicate clusters representing H-ZSM-5 zeolitic catalysts

containing up o 46 Leirahedrally coordinated tetravalent atoms and their interaction with ¢thylene. When carefully calibrated,
by using the experimental observation, the ONIOM2(B3LYP/6-3 114+ G(d,p):HF/3-21G) schieme, in which an inner part of
the system containing the active site is tealed at the B3LYP/6-3 |1+ 4G{d.p) level, and the rest—using the HF/3-21(—has
been found to provide reliable information for calculating the effects of the extended zeolite framework on the structural and
energetic properties of the C;H/H-ZSM-5 system. The predicted adsorption energy for this ONIOM2 scheme is

—9.14 kcal/mol, which corresponds well with the experimental estimate of — 9 keal/mol

@ 2003 Elsevier Science B.V. All nights reserved.
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1. Introduction

Nowadays, ZSM-5 zeolite is one of the impon-
ant nanostructured catalysts for many industrial
processes owing o ils unique characteristics, i.e.
shape~! and size-selectivity, active sites, thermal
stability ;and ion-exchange [1]. The adsorption and
subseguent teactions of hydrocarbons on zeolites
have been carried out for 2 number of experimental
{2--5]-and theoretical methods {6-12). Of particu-
lar interest in this area of active rescarch is the
alkene ‘adsorption on zeolites that is the foundation

’ ‘("élr'n:.s;mnding author Tel: +66-2-942-8900x323; fax: +66-2-
942-8900x324
Eunatl address: fseijri@ku.acth (J. Limtrakuf),

of several industrially important reactions, namety,
the polymerization and hydrocarbon cracking pro-
cesses {9,10].

The adsorption of ethylene on zeolites has been
studied experimentally by using Fourier transform IR
spectrascopy (FTIR) [13], proton and carbon-13
solid-state NMR spectroscopy [14,15]. The observed
shifts in the spectral peaks provide information on the
strength of the interaction between the Brgnsted acid
sitc and ethylene. Theoretical studics using accurate
quantum mechanical methods can provide, in addition
to the energetic properties, details on the adsorption
structure, For the purpose of this study, we focus
mainly on the adsorption of ethylene on zeolites as a
starting point for a more comprehensive siudy
on hydrocarbon cracking and ethylene cpoxidation

Q022-2860/034% - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/50022-2860(03)001 54-6
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reactions in zeolites. There have been several previous

theoretical studies on the adsorption of ethylene on
zeolites using both ab initic [6- 1] and semiempirical
{12] electronic structure methods. Al of these studies,
however, used the cluster models representing a
gbncnc tetrahedral sub-unit in an uncoastrained
env:ronmcnt and thus cannot make any reference on
(1; 'ﬁ'ects of the zeolite framework. The predicted
rption energy of ethylene (—4 to —7 keal/mol)
16—,--1‘1,] so far is noticeably smaller compared to the
cxpcnmemaj adsorption energy of ecthylene on the
ac;dsc H-Y zeolite {(— 9 kcal/mol) [5]. Such deviation

' mdlcalcs that the fong range clectrostatic of the

extended framework could be an important factor in
stap;in,zmg the adsorption complex. This raises the
need for a better understanding of the effects of

.extended framework in the adsorption of vasatrated
hydrocarbons. To accurately include the effects of the

.extended zeolite framework on the adsorption proper-
tied; 'o‘ﬂb can employ the periodic electronic structure
inethidds such as the periodic dessity functional theory
methidotogy. However, due to the large compu-
tational “demand, such calculations are limited to
fathieisinail unit-cell zeolites that often are not used in
theactual industrial processes. Combined quantum

méchatiical and molecular mechanical (QM/MM)
- iéthidds- have been proven to be powerful tools for

ttehtment of large molecular systems [16-29]. This
einbedded methodology provides a cost effective
comipytational strategy for including the effects of
cxttndéd structure.

_+Oné-such method is the original *ONIOM (Qur-

ouwtilN:layered Integrated molecular Orbital +
molecilar Mechanics)' approach, which has been
developed by Morokuma and co-workers {30 -36] and
exténdéd to the regime of large chemical and
biolagical systems. To date, this method is mostly
applied to large biomolecules, organometallic com-
pléxes: To our knowledge, no theoretical work on
gnsaturated hydrocarbon interacted with zeolite has
bééit reported by using the ONIOM methodelogy. In
this “$tidy, the applicability and reliability of the
ONION method will be tested to investigate the effect
Jt-'thekzeolitic framework structure on adsorption
propérties. The various two-level ONIOM2 schemes
dré gptithized to find an efficient scheme by usiog the
éxperimental data as a benchmark.

W. Panjan, J. Limtrakul / Journal of Molecular Stracture 534 (2003) 3545

2. Method

Two different strategies have been employed to
mode! the H-ZSM-5. First, different aluminosilicate
clusters are modeled to represent the active sites,
whilst the second strategy employs the ONIOM?2
approach. The cluster models were obtained from
the lattice structure of H-ZSM-5 zeolite [37]. The
3T closter HiSiO(H)AI(OH),0SiH; (Fig. 1)
considered as the smallest unit that is required to
represent the active site of zeolite. The effect from
the framework structure of zeolite cannat be totally
neglected if more accurate results are required.
Thus, the larger clusters were proposed for repre-
senting the system of H-ZSM-5. The six cluster
structures of increasing size considered in this
work were: 3T:AIS;O4Hg, 10T:AlSisOoH,,,
14TJMSE13016H27, ls'r:AlSil';Ozszg, m:AlSig';r.
Ouotlyy, 46T:AlSiys OgaHyo. These cluster models
are shown in Figs. 1-6. The labels on the models
refer to the number of tetrahedrally coordinated
atoms, T atoms, that is 8i and Al atoms in each
modet. All of the models have C|, symmetry with
the maximum Si:Al ratio of 45:1, coresponding
approximately to a zeolite composition with 2 Al
atoms per unit cell. Model 18T has small rings of
4T, 5T and 6T atoms and a karger ring of 10T atoms
(see Fig. 4). The 10T atom ring encloses an entrance

Fig. |. Presentation of cthylens interaction with the model of the H-
ZSM-5 zeolite cluster, 3T ALSiDH,.
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Fig. 2. Presentation of ethylent interaction with the model of the H-ZSM-3 zeolite cluster, 10T:ALSiH0 2 . (a) The model is viewed from the
zigrag dircetion, while figore (b) is viewed from the direction of the straight chagnel. Atoms belonging to the active region drown as sphere.

{2

Fig. 3. Presciaiion ol ethyleae inseraction with the mode] of tie H-75M-5 zeolite cluster, 14T:AISj130,¢Hzy. (2) The model is viewed from the
zigzag dircction, while figure (b} s viewed frem the directiun of the suaight chanpe). Atoms belonging to the active region drown as sphere.
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CY ()

..(/
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Fig. 4, Preseqtation of ethylenc interaction with the model of the H-ZSM-5 zeolile cluster, 1BT:AlSi;032Hzs. () The model is viewed from the
zigzag direction, while figure (b} is viewsd from the direction of the straight channel. Atoms belonging to the 2ctive region drowa as sphere.

of the sinusoidal channel into the straight channel at created for this study is 46T, which is considered to
the channel intersection. Model 28T is built from be large enough to cover all important framework
18T by the addition of a second 10T atom ring on effect acts on both the active site and the adsorbate.
the sinusoidal channel. Finally, the largest model Due to the limitation of computational resources and

(©)

tig. 5. Preseatation of ethylene imteraction with the model of the H-ZSM-5 zeolite cluster, 28T:A1Si37050H ;5. {3) The model i3 vicwed lrom the
7igzag dursction, while figure (b} is viewed from the direction of the steaight channel. Atoms belonging to the active region drown as spherc.
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Fig: 6. Presentation of ethylens interaction with the roodel of the H-Z5M-5 zeolite cluster, 46T:AlSi,sO06yHag. (a) The model is viewed from the
Zigzag direction, white figure (b) is viewed from the direction of the straight channel. Atoms belonging to the setive region drown as sphere.

time consumption, the active region is treated more
accurately with the ab initio method, while inter-
action in the rest of the model is approximated by a
less accurate method.

According to the two-layer ONIOM approach, the
calculation of energies can be simplified by treating
the active region (i.e. the active Briasted acidic site
of a zeolite catalyst) with a high-level quantum
mechanical (ab initio or density functional) approach
and the extended framework environment with a less
expensive level, HF and molecular mechanics force
fietd. The total energy of the whole system can be
expressed within the framework of the ONIOM
methodology developed by Morckuma and co-
workers
Eomome = Epad 4+ ™ = ECou)
iwhere the superscript Real means the whole system
and the superscript Cluster means the active region,
which .would be treated with the higher fevel of
calculation. Subscripts High and Low mean high- and
low-level methodologies used in the ONIOM caicu-
latione. {n this study, the high-level region is treaied
with, Hartree - Fock or density functional theory with
the hybrid functional B3LYP. The rest is treated by
molecular mechanics force field (UFF) or the
Hartree~Fock method.

PN N

The accuracy of the QM/MM method, particu-
larly the ONIOM method, depends significantly on
the choices of the level of calculations for high-
and low-level regions. Going through various types
of gquantum mechanics and molecular mechanics
methods, the experimental adsocption energy of the
ethylene/zeclite system can be used to validate the
choice of methods. Using the B3LYP method for
treating the quantum cluster, we varied the methods
for low-level region from the molecufar mechanics
force field (UFF) to the Hartree-Fock method.
Using the experimental observation as a bench-
mark, we found that the molecular mechanics force
field, particularly the UFF, and HF methods
provide reasonable values corresponding to the
experimental prediction. This suggests that the UFF
force field and HF methods are the practical
choices for the low-level methodology when the
high-level region is treated by the DFT/B3LYP
method.

All calculations have beer performed by using
GAUSSTAN9S code [38]. The basis set for the Hartree -
Fock calculations is 3-21G, while the basis set 6-
31G(d,p) is utilized for the B3LYP calculations. The
basis set error is approximated by a single point
calculation at the higher basis set, 6-311+ +G{d,p).
During the structure optimization, only the active site



-region, =SIO(HYAL(0);08i=, and the adsorbate are

allowed to relax.

3, Results and discussion

For the purpose of clarity, we separate the

. discussion below into two sections. In one section

_we compare the cluster models and ONIOM results

. with experimental results. In the other section we

- fogus mainly on the effects of extended framework on
,structural and energetic information of the interaction

. of ethylene with H-ZSM-$ zeolite.

i

- 3.3:Comparison of cluster models and ONIOM

“résulls with experimental results

__ Different two-tayer ONIOM?2 integrated schemes
(B3LY¥P/6-31 14+ G{d,p):HF/3-21G, BILYP/6-
FLO{&p):HF/3-21G, B3LYP/6-31G(d,p}:UFF, and
HF/3-21G:UFF) were performed on six structures of
ethylene/H-ZSM-5 adsorption complexes, as shown
in Kigs, i -6. The H-ZSM-35 zeolites were modeled by

W. Panjan, /. Limtrakul / fournal of Molecular Structure 854 (2003) 3545

six different aluminosilicate clusters containing up to
46 tetrahedrally coordinated tetravalent atoms.

Three H-ZSM-5 zeolite containing 3, 10 up to 14
tetrahedrally coordinated tetravalent atoms clusters
calculated at the full HF/3-21G and B3LYP/6-
31G(d.p) levels of theory are documented in Table 1
and Tables 2—4 list some selected structure par-
ameters derived at different two-layer ONIOM2
integrated schemes mentioned earlier.

Cluster results. The comparison of the geometry
of the smaller zeolitic cluster (see Table 1) between
the full BILYP/6-31G(d,p) and the full HF/3-2I1G
results agrees with 1pm for Si-0 and QO1-H,
while the weaker Al-O bond lengths agree with
2-7pm, depending on cluster size models. The
Si1-O1-Al and Si2-Q2-Al parameters are in
good agreement with HF. The more flexible Si2-
02-Al angle is well represented by B3LYP but not
by HF, the latter giving an angle 9° larger than the
former. This suggests that B3LYP stould be
employed for a high-level model. It is also seen
that the Ol—-H bond lengths are increased as the
size of the clusters are increased from 3T to 14T
for both methods. The Al-O and Si-O bonds of

Table 1
};E;‘Zic and B3LYP/6-31G(d.p) optimized geometrical parameters computed for 3T/CyHy, LOT/C,H, and 14T/C,H, systems (bond lengths o

Hoarta T 10T 14T

puaatbond angles in degree)
Parpmeters  HE3-21G B3LYP/6-31G(d.p)
37 107 (47

Isolated Complex Isolated Complex

Isqlated Complex Isalated Cermplex

[solated Complex Isolatcd Complex

Ol-H 97.4 976 97.2 98.3 9.3
AlzO¢ . 179.0 1784 1766 1762 176.4
$i1-0) 1696  169.2 167.0  166.7 166.0
Al-0O2 1674 1616 1653 1652 164.9
Siz-02 1628 1626 1567 1592 159.8
LSilR0L-A) 1324 1324 1221 1314 131.2
£5i2-02-A1 1310 1318 1324 1340 134.3
AR 2218 2270 2259 2292 2168
ClL-H" - 237 - 2307 -
CrR - - 230.2 - 242.9 -
C=CH T - 321 - 1322 -
et - 223 -~ 2275 -
ZHl

w €

98.6 96.8 98.4 9.0 98.6 971 990
175.8 186.6 L85.4 1842 1833 183.0 182.0
L65.6 16%.3 {68.7 167.3 166.9 166.8 166.3
i64.7 1696  169.8 188.1 168.0 1675 6735
159.2 1626 1621 160.4 159.7 160.6 1599
1306 134.3 1334 1343 132.7 133.5 132.1
1360 1225 1239 1229 124.8 124.7 1262
2229 2328 2385 2346 2383 2343 2381
226.1 - 2246 - 2330 - 2272
239.1 - 2232 - 2319 - 264
i32.2 - 1337 - 1327 - 133.7
223.1 - 2137 - 2226 - 216.7

-2 The caleslated HFf3-21G and B3LYP/6-310(d,p) gas phase C=C bond distances are 131.5 aad 133.0 pm. respectively.

-* Bond distance of protonic zeotite with the mid point of the C=C band
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The ONIOM2UBILYP/4-31 G(d,p)HF/3-21G) optimized geometrical parameters of the H-ZSM.5 and H-ZSM-5/C,Hy adsorption complex
{bend lengths in pin and bond angles in degree)

Parameters Model

1T 4T 18T 28T 46T

Isolated Complex  Isolated  Complex Isolated  Complex  Isolated  Complex Isolated Complex
O1-H 4 972 99.2 97.3 994 97.0 100.1 97.4 100.3 97.6 LoL.1
AlZOL1 183.7 182.6 1828 181.6 181.7 180.4 180.9 1793 181.0 179.5
Si—0t 166.1 165.7 164.9 164.5 163 4 163.0 163.4 162.6 163.2 162.5
Al-02 167.4 167.3 167.0 166.9 166.5 166.3 166.1 166.1 165.9 165.8
§i2.02 159.2 158.5 159.5 158.6 159.6 158.6 158.1 157.1 156.7 155.8
£5il-01-A) 1339 1321 132.6 131.1 1328 130.4 131.2 120.2 131.6 {3090
£8i2-(2-Al 1234 125.8 125.4 128.1 126.4 1293 1269 1296 127.8 130.4
AL . 218.8 240.5 2392 241.0 2390 240.1 238.7 2409 238.1 2203
Cl-H. * - 2226 - 218 - 212.8 - 2157 - 1083

- 243.5 - 2365 - 2313 - 207.7 - 229.3

- 133.7 - 1338 -~ 133.9 - 134.8 - 3.0

b - 2235 - 217.4 - 213.0 - 2014 - W85

1wy w

BT

2. The.calcnlated B3LYP/6-31G(d,p) gas phase C=C bond distance is 133.0 pr.
-P- Bond-distance of protonic zeolite with the mid poinit of the C=C bond.

L TTAT I

Table 3

The ONTOM(BILYP/AE-31G(d,p): UFF) oplimized geometrical parameters of the H-ZSM-5 and H-ZSM-5/C;H, adsorption complex {bond

lengths in pm and bond angles in degree)

vy

Model
s 107 14T 187 28T 46T
D Isalated  Complex  [solated  Complex  [solated  Coraplex  Isolated  Complex  fsolated  Commplex
LHEEIEY b
oLt 970 983 oL 982 970 980 920 98l 971 980
Al _oj 182.9 181.7 185.7 184.1 188.4 186.6 185.4 184.0 184.1 182.8
§i1-01 169.2 168.7 168.9 168.3 168.1 167.7 168.3 167.2 167.5 167.2
Al-02 166.7 166.7 1660 166.0 . 165.6 L65.5 165.7 165.4 1658 165.9
$i2-02. 162.3 161.8 1621 161.5 161.7 1601 160.8 160.2 159.8 159.3
£Sil-01-Al 1399 139.0 139.1 1383 139.6 138.6 139.2 1373 139.2 1383
L8i2-02-Al 1257 127.6 1247 1265 123.7 125.7 120.5 1227 120.3 (218
Al~H - - 2240 228.7 2269 2317 228.8 2317 226.3 2317 223.9 2286
Ci-H- - 234.2 - 2315 - 2315.6 - 2382 - 2428
C2= i - 2344 ~ 234.1 - 236.0 - 238.4 - 2430
Cc=C*- - 1336 - 1336 - 133.6 - 1316 - 1336
ol - 224.5 - 224 1 - 226.1 - 2287 - 2334
ZH-H
C

S pm s a%

. * The galcutated BILYP/S-31G{d.p) gas phase C=C bopd distance is 133.0 pm.
® Bond distance of protonic zeolite with the mid point of the C=C bond.

S et
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Table 4
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_ The ONIOM2(HF/3-21G:UFF} oplimized geometrical parameters of the H-ZSM-5 and H-Z5M-5/C,H, adsorption complex (bord lengths in

pm and bond angles in degree)

Parametsrs Model
10T 14T 18T 28T 46T
I 1splated Complex Isolated  Complex Isolated  Complex Isolated  Complex [solated  Complex

LOL-H.. . 972 978 972 971 912 97.7 973 917 97.4 916
CAI-DL - 1762 175.6 1774 176.8 178. 1774 176.8 176.2 1760 175.5
~8ik<01 - 169.6 169.2 169.3 1683 168.6 168.2 168.7 168.3 1679 167.6
Al-02 165.0 165.2 164.4 164.6 164.2 164.4 164.7 164.9 165.0 165.1
$i2-02 t62.5 162.3 162.1 1520 1619 161.7 161.2 161.0 160.4 1602
ALSIIZ01~AL 1363 1363 135.4 1354 135.0 135.0 135.3 1353 1354 1355
T LSIZL02-AY 1340 135.1 134.1 135.0 134.0 1350 130.3 131.1 129.4 1300
Al-H 2180 215 219.0 2228 2187 2229 2171 221.3 2146 2i8.8
CLH - 2377 - 2375 - 2423 - 246.2 - 2487
(o X - 2350 - 233.7 - 235.5 - 238.6 - 243.6
c=c™ - 132.1 - 132.1 - 132.0 - 132.0 - 1320
Lo - 226.9 - 2262 " 229.6 - 2333 - 237.1

ZH-

C

PN

<

A The calculated HFr3-21G gas phase C=C bond distance is 131.5 pm.
—*"Bmd ﬂJslancc of protonic zeolite with the mid poiot of the C=C bood.

the bndgmg hydroxyl groups are evaluated as being
too long in 3T clusters as compared to the 14T
_cluster model for both levels of theory. It is noted
-that the O —H bond lengths calculated at the HF/3-
2_'T'G“]leve1 are longer than that of the B3LYP/6-
FLG{d.p) as expected, which can be reflected by
the . corresponding higher adsocption energies
(=735 vs. —8.98 kcal/mol, cf. Table 3).

- ONIOM results. To assess the sensitivity of the
active $ite structure with varying enviropments, we
optimized the active site, =SiO(H)AN(0),05i=, for all
thé clusters, the remaining atoms were kept fixed at
ihe crystallographic positions. The hydrogen atoms at
the_terminal position are fixed. By comparing the
suuct&re between the full BILYP/6-31G(d,p) quan-
tum ciusu:r models and those ONTOM?2 schemes, it is

seel; that the cluster environment imposed in the .

ONIOM2 scheme has small effect on the structure of
the active site in the ONIOM2 schemes, specifically
BALYP/6-31G(d,py:HF/3-21G (cf. Table 2), the
exterided framework has the effect of lengthening
the &l-H bond distance (Bridnsted acid site) by
0.4-gin, and thus enhancing the acidity of the
Br&nsted acid site.

Further support for the reliability of the active site
subunit, =Si1-0OH-Al=, by our calcutations is given
from NMR studies. Klinowski et al. have estimated
the interouclear distance between alumioum and
proton nuclei in a Bridnsted acid site, r(Al---H), of
H-Faujasite [39] and H-ZSM-5 [40] to be 238.0 = 4
and 248.0 = 4 pm, respectively, whereas our com-
puted r(Al- - -H) distances of the mast realistic modei
of 46T cluster are 238.1, 223.9, and 214.6 pm for the
BILYP/G-31G{d,p): HF/3-21G, BILYP/6-31G(d,p): UFF,
HF3-21G.UFF, respectively, As can be seen from the
experimental data, the computed r{Al- - -H) distance in
the ONIOM?2 is well represented by the B3LYP/6-
31G(d,p):HF/3-21G scheme, but not by the two
schemes: B3LYP/6-31G(d,p):UFF, HE/3-21G.UFF,
these schemes giving the r{Al --H) distance {4.2
and 23.5 smaller than the B3LYP/6-31G(d,p): HE/3-
21G scheme. This again suggests that BALYP should
be employed for a high-level model. Therefore, in
order to keep this article short, we wilt discuss mainly
the more accurate ONIOMZ results. However, the
structural parameters of the other ONIOM?2 schemes:
(B3LYP/6-31G(d.p):UFF, and HF/3-21G:UFF) are
documented in Tables 3 and 4.
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Table § -

The interaction encrgy (keal/rol) of ethylene malecule with differsnt aluminosilicate clusters representin gH-ZSM-5 zeolites containing up ta
48T cluster model
‘Method Modzl
T 14T 18T 28T 46T

Fdll HF/3-21G ~6.66 ~8.33 -898 - - -
Rl BILYP/6-31G(d.p) ~6.57 ~6.34 -735 - - -
ONTOMAHEA21G:UFF) - - 10.76 - 10.84 - 10.68 - 14.40 - 14.46
ONIOM2@3L YP/6-31G{d.p): UFF} - - 1008 ~10.22 -9495 -14.28 ~14.18
0NTOM2IB3LYP!6—3 1G{d,p):HF/3-21G) - -8.24 ~8.02 -9.83 —11.0¢ ~11.67

v -5.95 -6.67 —-740 - 8.60 ~9.14

omowfz(nsr.ms.al L+ +G(d,p):HF3-21G) -

332 Thé interaction of ethylene with H-ZSM-5 zeolite

- Eluster results. The changes in the structural
p%mmetcrs of the C,H, and 3T cluster model of
zeolite upon complexation are small. However, the
chan,ges are in accordance with Gutmana’s rules [41],
;.3 lengthening of the O1 ~H (96.8 vs. 98.4 pm) and
G=Cibonds (1330 vs. 133.7 pm) and shortening of
ﬂ:;e_S'HU and Al-0 bonds. Our calculated ethylene
adsorptlon energy from the bare 3T cluster models is
estimated to be —4.25 keal/mol at B3LYP/6-
3T+ +G{d,p) level, which is in the lower end of
the reﬂ:cted range from —4 to — 7 kcal/mol from
p@ ng theoretical studies [9-11). In this case, cne
¢dn, gxpect the extended structure included in the
ONIQM modet would enhance the binding energy of
ethiylengron zeolites. Variation of the calculated
AdsOrption energies, AE, are at about 2,32 kcal/mol
at’the full HF/3-21G and about 0.78 keal/mol at the
fall BALYP/6-31G(d,p) level of theory. It is observed
that the A for the 14T cluster model obtained with 6-
31G(d.p) basis set is 2.35 keal/mol larger than that
dédvedowith the 6-311+ +.G(d,p). Such a difference,
about 30% of AE, is not negligibte. In order to obtain a
more reliable AE, single point calculation using a
larged. basis set, BALYP/6-311++G(d,p) has to be
cialuated at the B3LYP/6-31G(d,p) structure.
UONTOM results. Increasing the cluster size from
thebate. 3T quantum cluster to 46T in the
ORMIOM2  integrated  scheme, B3LYP/6-
31G(d,p):HE3-21G, shortens the adsorption dis-
tagcei(ie. the distance between the Brgnsted proton
and,the, ‘mid-point of the C=C bond) by about
52pm, «while it elongates the C=C slightly and
G

O1-H bond distance by about 0.3 and 2.7 pm,
respectively. Similar findings are also obtained
from the less accurate ONIOM2Z results (see Tables
2-4).

Regarding smaller clusters, the use of the HF
method for the low level overestimates the adsorp-
tion energy by about [.40 and 1.67 kecal/mol for the
10T and 14T, respectively, which is relative to the
corresponding full B3LYP/6-31G(d,p) level of theory.
Similar trends are also observed for the UFF when
used as a low-level theory. The adsorption energy is
found to depend on the cluster employed, suggesting
that structural differences beyond the active sites may
play an important role in determining adsorption
energies due to the long-range electrostatic effects.

As for the results of the ONIOM?2 scheme, in going
from the bare 3T quantum cluster model up to the
more realistic 46T cluster model, we found that the
extended framework of zeolite has a large effect on
the adsorption energetics. Specifically, it decreases
the adsorption energy of ethylene on H-ZSM-5
by —7.61kcal/mol (3T cluster resuir at full
B3LYP/6-31G(d,p) level vs. 46T cluster result at
ONIOM2(B3ILYP/6-31G{d,p):UFF) level). When the
HF/3-24G is employed instead of UFF—molecular
mechanics force field—method for the low
level, it decreases the adsorption energy by —-
5.10 kcalimol (3T cluster result at full B3LYP/6-
31G(d.p) level vs. 46T cluster result at ONIOM2(-
B3LYP/6-31G(d,p):HF/3-21G) level) for the
[C;H)/H-Z5M-5 system. Finally, in order to obtain
a more reliable AE, single point calculation using a
larger basis set, BILYP/G-3114 4 G(d,p), was
evaluated at the B3LYP/6-31G(d,p) structure,



‘which yields the adsorption energy complex of
—9.1d kca/mol. Our predicted value for the
{CHa)/H-Z5M-5 system 15 in excellent agreement
with the experimental estimate of -9 kcal/mol
obtained by Cant and Hall [5}.

4. qu;_clusion

. _.The adsorption of ethylene on H-ZSM-5 zeolites
. has beep. investigated with six differcot cluster sizes
.-and.methods comprising various two-level ONIOM2
: ,*‘»_Q_lgf);\)pﬂs: BILYP/6-311+ 4 G(d,p):HF/3-21G,
~B3LYR/6-31G(d p):HF/3-21G, B3LYP/6-
31G(d.p)y:UFF, and HF/3-21G:UFF. The bare 3T
quahtum . cluster approach predicts the {CH,)/H-
iZSMS complexes to have the binding energies of
—4.25 keal/mol. The effect of the zeolite framework
igimogéled by the ONIOM2 method. We found that
the; extended framework significantly enhances the
-agdsorption energy of ethylene to the zeolites. In
pagticutar, the final predicted adsorption energy of
=.9.14 kcal/mo} for the {C;H;)VH-ZSM-5 complexes
was calculated by the ONIOMZ(B3ILYP/6-
311+ +G(d,p):HF/3-21G) method. This efficient
scheme performns superbly as compared with the
Expeifinental estimate of —9 keal/mol. The results
obtained in the present study suggest that the ONIOM
apptéach yields a more accurate and practical model
i studying adsorption of unsaturated hydrocarbons
ari-zéolites.
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{WOM (Qur-own-N-layer Inteprated molecular Orbital + molecular Mechanics) approach utilizing two-layer

, and ONIOM2(HF/3-21:UFF)—have been used to investigate adserption properties of benzene in zeolites.

%% . schemes-—ONIOM2AMP2/6-31G(d,p):HF/3-21}, ONIOMZ(BILYP/6-31G(d,p):HF/3-21), ONIOM2(B3LYP/5-

€ site lm.s been modeled with different cluster sizes up to 46 tetrahedra. Our results predict that benzene is favorably
.-fecawd uﬂhc intersection of straight and sinusoidal channels, which is supported by the recent power neutron and synchrotron

Xaray._d:lfmctmn techaiques. The predicted adsorption energy for the ONIOM2(MP2/6-31G(d,p):HF/3-2{) scheme is

7 13.75 keal/mol, which corresponds well with the experimental estimate of — 14.0 keal/mol.

.© 3003 Elsevier B.V. All rights reserved.

Kcy}m ! 'IEI-ZSM-S zealite; Cur-own-N-layer [ntegeated molezular Qrbital; Synchrotron X-ray diffraction

L. Intfoduction
- ch;lites are crystalline solids having an ‘open’
gorous intemnal surface whose framework is built by
8104 and A}Q4 tetrahedra comnected via oxygen
_Biidges. The dimensions of the pores and channels
a&hfof;qhe order of a nanometer (1 nm = 10 A). In
somt;bcgsps, the channels of the internal surface form
integseations that is considerably larger than their
Shtidels: For example, the diameter of the roughly
dyimt{neél pores and channels of zeolnes having the
m‘wﬁblogy as ZSM-S are about 5 A (cf. Fig. 1},
bu ‘131;3 H:ameter of the roughly spherica] intersection

» Cér‘r'eﬁponding amhor Tel.: +66-2-942-8900Gx323; fax: +66-2-

942-8800x324."
.. Eemail address: §scijl@ku.ac.ih (J. Limurakul}.

is about 9 A which act as nanoscopic catalytic
reaciors.

Al the present time, ZSM-5 zeolite is one of the
important nanostructured catalysts for moderm petro-
chemical and hydrocatbon processing owing to its
unigue characteristics, 1.¢. shape- and size-selectivity,
active sites, thermal stability and jon-exchanged [1].
The adsorption and subsequent reactions of hydro-
carbons on zeolites have been carried out for a number
of experimental [2-13] and theoretical methods
£14~20]. Of particular interest in this area of active
research is the aromatic hydrocarbon adsorption on
zeolites that is the foundation of several industrially
important reactions, namely, the processing of BTX
(benzene, toluene, xylene); e.g. toluene disproportio-
nation, adsorptive separation of the xylene isomers
and benzene alkylation {6]. The adsorpton of benzene

d166-1286f03f$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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Hié’: { :""I;‘i-ie structure of H-ZSM-5 showing three different channel soucerres: channel interaction, the straight channel, and the zigzag channels.

The farge circle (Inset) represents an intersection chanoel-—modeled by the 46T cluster—serving as a nagoscopic reacior whete the benzene
..malecule is favorably adsorbed. The inset 1s viewed from the top view of the straight channel direction as indicated by the eye’s sign.

- in zeplites has been studied experimentally by using
Fouties Transform Raman spectroscopy [7], *Si and
2{.-l NMR spectroscopy [8-11], power peutron and
synchrotron X-ray diffraction {12] and calorimetric
studies [13]. Although this system has been examined
ugidg several techniques, the exact structures of
‘benezene/H-ZSM-5 complexes are still unsolved
since there is no single-crystal XRD data available
‘to daté. Ooe of the questions remaining unsolved is
the cantroversy of the location of benzene molecules
‘ipside’ the ZSM-S framework. *H NMR studies
[8211} indicated that at low loadings, the benzenc
rioleécules reside in the midsection of the straight
‘chiannels, while the power XRD result [12], on the
gther hand, indicated the benzene first adsorbed in the
gmgon channel. A sorption kinetic study [21]
_ingicated that the initial adsorption of benzene occurs
‘inthe:straight channels and at the channel intersec-
tions, untif the loading level reaches four molecules
peounit;cell. Very recently the FT-Raman technique
mdicated that at low loadings all of the guest
melecuies reside at the intersection of the zeolitic
framewerk 7).

sk heoretical studies using accurate quantum mech-
anical gnethods can provide, in addition to the
efiergetic properties, details on the adsorption struc-
tyj..For the purpose of this study, we focus maialy on
PR T
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the adsorption of benzene on zeolites as a starting
point for a more comprehensive study on the reaction
of industrial alkylation aromatic hydrocarbons and
benzene derivatives in zeolites, There have been
several previous theoretical studies on the adsorption
of benzene in zeolites using ab initic electronic
structure methods {1417}, All of these studies,
however, used the small cluster models and thus the
effects of the zeolite framework are not takea into
account. The predicted adsorption energy of benzene
{—4 to — 6 kcal/mol) {14] so far is noticeably lower
compared to the experimental adsorption energy of
benzene on the acidic H-Y zeohte (- 14 kcalfmol)
[22]. Such deviation indicates that the long-range
interactions of the extended framewark counld be an
important factor in stabilizing the adsorption com-
plex. This raises the need for a better understanding of
the effects of the extended framework in the
adsorption of aromatic hydrocarbons.

To accurately include the effects of the extended
zeolite framework on the adsorption properties, ane
can employ the pericdic electronic structure methods
such as the periodic density functional theory
methodology. However, due to the large compu-
tational demand, such calculations are limnited to
rather small unit-cell zeolites that often are nol used in
the actual industrial processes. Combined quantum



meéﬁa.ﬁica] and molecular mechanical {(QM/MM)
methods have been proven to be powerful tools for
treatment of large molecular systems [23-36). This
erribeddcd meethodology provides a cost effective
com!putanona.l strategy for including the effects of
extende:d structure.

One such method is the original ‘Our-own-N-layer
Intcgmcd molecular Qrbital 4+ molecular Mechanics
(ONIOM)’ approach, which has been developed by

orokuma and co-workers [37-43] and extended (o
the Tegime of large chemical and biological systems.
'ljp ;date, -this method is applied mostly to large
bl? oiecules, organometallic complexes. To our
knou:!cdge no theoretical work on aromatic hydro-
csflfbns interacted with zeolite has been reported by
u‘éhmgsthe ONICM methodology. In this study, the
app '_abxht}' and reliability of the ONIOM method
wm pegesied to investigate the effect of the zeolitic
fra.inéwork structure on adsorption properties. The
vgﬂqgsnggao-lcvei ONIOM2 schemes are optimized to
fing: am-efficient scheme by using the experimental
dasaas.abenchmark.
vnpedds
TG
2:Msthod

Ose b
”,‘:I‘Mg“djfferenl strategies have been employed o
meﬂql ithe H-ZSM-5. First, different aluminosilicate
OJl-iSfﬁni are modeled to represent the active sites,
wpergasl,the second strategy employs the ONIOM?2
qpprgm;b The cluster models were obtained from the
Ia;m:g,ts{rucmre of H-ZSM-5 zeolite [44]. The 3T
qlmter. H3SIOA](0H)20{H)SIH3 which is considered
a§; [hq,smallest unit that is required to represent the
a_qqyg. sife of zeolite. The effect from the framework
s,u'uc;gm.ofzeome cannot be totally neplected if more
accp{ggc tesults are required. Thus, the larger
clgsgers were proposed for represenling the system
of HZSM-5. The five cluster structures of increasing
size qpnsndered in this work were: 3T:AlSi,O4Hy,
lgT MS!gO]an, HMT: A!SIISOIGHZ?; 18T: A]S!]jOn
Has, 46T AlSiys0esHgo. These cluster models are
111us;rated in Figs. 2—-6. The labels on the models refer
w the mumber of tetrahedrally coordinated atoms, T
atoms, that is Si and Al atoms in each model. Al of
the-mpdels have Cl symmetry with the maximum Sv/
A} ratig:of 45:1, corresponding approximately to a
zeolitg.composition with two Al atoms per unit ceil.

149

Fig. 2. Presentation of benzeoe interaction with the model of the H-
Z5M-5 zeolite eluster, 3T:ALS1,0,He.

The largest model created for this study is 46T, which
is considered to be large encugh to cover al) important
framework effect acts on both the active site and the
adsorbate. Fig. 1 shows the three different channel
structures of the H-ZSM-5: channe] intersection, the
straight channels, and the zigzag channeis. The
straight chanpels are near-circular, having dimensions
of 5.4 X 5.6 A, while the zigzag channels are elliptical
and have dimensions of 5.1 X 5.5 A. The intersection
channels, whose spatial dimensions are of about 9 A
which is modeled by the 46T cluster, where the
benzene molecule is favorably located is illustrated in
the inset. The inset is viewed from the top view of the
straight channe} direction.

Due to the limitation of computational resources
and time consumption, the active region is treated
more accurately with the ab initic method, while
interaction in the rest of the mode! is approximated by
a less accurate method.

According to the two-layer ONIOM approach, the
calculation of energies can be simplified by treating
the active region (i.e. the active Brgnsted acidic site of
a zeolite catalyst) with a high-level quantum mech-
anical (ab initio or density functional} approach and
the extended framework environment with a less
expensive level, the HF and roolecular mechanics
force fields. The total energy of the whole system can
be expressed within the framework of the ONIOM
methodotogy developed by Morokuma and co-
workers

Eomiomz = Elow + (B — ECom'™)
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93}'3. Presentation of L i ion with the model of the H-ZSM-5 zeolite cluster, 10T:A1Si50)2Ha,. (2) The model is viewed from the

A zigng;dl_ifection, while {b) is viewed from the direction of the straght channcl. Atoms belonging to the active region drawn as sphere.
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@ (b)

Fig. 4. Presentation of benzens interaction with the model of the H-Z5M-5 2¢olite cluster, 14T:Al51430,Hz. (2) The mode! is viewed from the
zigzag direction, while (b) is viewed from the dircction of the straight channel. Aloms belonging to the active region drawn as sphere.
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(a)

Fig. 5. Presentation of benzene interaction with the mode! of the H-ZSM-5 zeolite cluster, 18T:AlS4,302:Hys. (2) The model is viewed from the
zigzap direction, while (b} is viewed from the direction of the straight channel. Atoms belonging to the active region draws as sphere.

(a) (b}
Fig. 6. Presentation of benzene rateraction with the model of the H-ZSM-3 zeolite cluster, 46T:AlSis0¢Has. (a) The model is vicwed from the
zigzap direction, while (b} is viewed from the dircction of the straight charnel. Atoms belonging o the aclive repion drawn as sphere.
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where the superscript Real means the whole system
and the superscript Cluster means the active region,
which would be treated with the higher level of
calculation. Subscripts High and Low mean high- and
low- level methodologies used in the ONIOM
calculation. In this study, the high-level region is
treated by the Hartree—Fock and density functional
theory with the hybrid functional B3LYP. The rest is
treated by molecular mechanics force field (UFF) or
the Hartree—Fock method.

The accuracy of the QM/MM method, particularly
the ONIOM method, depends significantly on the
choices of the level of calculations for high- and low-
devel .regiops. Going through various types of
QM/MM metheds, the experimental adsorption
energy of the benzene/zeolite system can be used to

: validate the choice of methods. Using the B3LYP
methiod: for treating the quantum cluster, we varied the
methods for the low-level region from the molecular
fofce:field (UFF) to the Harree - Fock method, Using
thei ¢kperimental observation as a beachmark, we
foundithat the HF method provides reasonable values
coitesponding to the experimental prediction. This
suggests that the HF method is the practical choice for
thdlowilevel methodology when the high-level region
isdreated by the B3LYP/6-31G(d,p) method.
theAd} calculations have been performed by using
GAUSSIANIE code [45]. The basis set for the Hartree—
Fock:.ealculations is 3-21G, while the basis set
6-31Gid,p) is utilized for the B3LYP calculations. It
is:kntwen that DFT does not account for the dispersion
covaponent of the interactions, single point MP/6-
31G{d,p) calculations were carred out at the B3LYP
eptintized geometries to improve the energetic
infarmation between benezene and the zeolite frame-
work..During the structure optimization, enly the
activeilsite region [=SiOHALO),08i=], and the
adsorbate are allowed (o relax.

e

3‘ “Rd!-*ults and discussion

e ot

sk

F'o;:_ the purpose of clarity, we separate Lhe
3lscussmn below into two sections. In one section
wn:I cqmpare the ONIOM results with experimental
rcsults Lln the other section we focus mainly on the
effec(s of extended framework on structural

e T
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and energetic information of the interaction of
benzene with H-ZSM-5 zeolite.

3.1. Comparison of ONIOM results with experimental
results

Different two-layer ONIOM2 integrated schetnes
(B3LYP/6-31G(d.py:HF/3-21G, B3LYP/6-31G(d.p):
UFF, and HF/3-21G:UFF) were performed on four
structures of benzene/H-ZSM-5 adsorption com-
plexes, as illustrated in Figs. 3-6. The H-ZSM-5
zeolites were modeled by four different aluminosili-
cate clusters containing up to 46 tetrahedrally
coordinated tetravalent atoms. Tables 1-2 list some
selected structure parameters derived at full 3T
quantum <cluster and the different two-layer
ONIOM2 integrated schemes mentioned earlier.

To assess the sensitivity of the active site structure
with varying environments, we optimized the active
site, [SSIOHAI(O),OS8i=], for all the clusters, whilst
the remaining atoms were kept fixed at the crystal-
lographic positions. By comparing the structure
between the full BALYP/6-31G(d,p) quantum cluster
model of 3T and the ONIOM2 schemes, it is seen that
the cluster enviroment imposed in the ONIOM?2
scheme has small effect on the structure of the
active site. In the ONIOM2 scheme, specifically
B3LYP/6-31G(d,p):HF/3-21G (cf. Table 2), the
extended framework has the effect of lengthening the
01-H,, bond distance (Brgnsted acid site) by 0.4 pm,
and thus enhancing the acidity of the Brénsted acid site.

Table ]
HF/3-21G and B3LYP/6-31G{d,p) optimized geometrical par-
ameters of the CgHg/H-Z3M- 5 adsorplion cormplexes

Bond HFf3-21G BILYP/&-NG(d,p)
{pm} and angle
{degree)

Isolated Complex isotated  Complex
Si-0l1 169.6 1693 1623 169.1
Al-01 179.0 178.2 [86.5 185.4
Al-02 167.4 162.7 169.6 169.8
Ol-H,., 971 974 96.8 91.8
Si-01-at 132.4 132.7 1343 1336
Cl-Hyo - 2320 - 2320
C2- Hpo - 2294 - 230.0
C1-C2 138.5 1389 (394 140.1
Cl-Hi 1072 107.1 108.6 108.6
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Table 2

Structure parameters for the CyHeg/H-ZSM-5 adsorption complexes {located in the intersection) are obiained at various ONTOM2 Scheme

Medel - . Bond (pm} and HF/3-21G:UFF BILYP/6-31G{d,pyUFF B3ILYP/&-31G(d,pyHF/3-
. angle {degree} 219G

Isolated Complex Isolated Complex Isolated Complex

10T © Si-01 169.7 169.8 169.2 169.2 166.1 166.2

e Al-01 176.2 1758 1829 182.3 183.7 183.0

Al-02 165.0 165.1 166.7 166.6 1674 167.3

01-Heeo 97.2 9712 97.1 97.2 97.2 97.5

Si-01-A} 136.3 136.5 1399 1400 1340 133.3

Yol ClorHpe - 3116 - 3094 - 300.1

L. G2 Hi - 284.1 - 2903 - 3190

Ci-C2 138.5 1388 139.6 139.9 1396 140.1

Ci-H1 107.2 107.4 108.6 108.7 108.6 108.7

¥ S0l 1693 169.4 168.9 1689 164.9 164.9

B e 3| 177.4 177.0 185.6 184.8 182.8 1819

e Ao 164.4 164.4 166.0 165.8 167.0 L67.0

S O1-H,., 972 97.1 97.0 97.1 973 97.5

$i-01-4t 1353 1356 1392 1392 132.7 132.3

Cle- Hypo - 299.7 - 2974 - 305.1

€2 Hyeo - 273.0 - 2787 - 3222

Ci-C2 1383 138.9 139.6 140.0 139.6 140.0

C1-HI 107.2 107.4 1086 1087 108.6 108.7

$i-0} 168.6 168.7 168.1 1632 163.4 1635

Al-O1 178.1 1776 1884 1375 18t.6 1809

Al-Q2 164.3 164.2 165.6 165.2 1665 166.4

- 01-H,,, 972 97.2 97.0 97.1 973 97.8

Si-Ot-Al 135.0 135.2 £39.6 1395 £32.0 131.3

Cl - Hono - 307.} - 300.0 - 342.9

€2 Hyey - 2803 - 290.5 - 280.1

Cl-Cc2 1385 1389 139.6 140.0 1396 139.9

Cl-HI 1072 167.3 108.6 108.7 108.6 1086

46T = si-Ot 1670 168.1 167.5 1678 163.2 163.2

Al-Ol £75.9 175.6 184.1 1826 1810 180.2

Al-02 1648 165.0 165.8 165.6 165.9 £65.8

, Ol-H.o, . 97.4 97.3 97.0 97.2 976 98.3

2o . Si-O1-Al 1347 135.6 1393 138.5 1316 1309

- Cl-~-Hyo - 3280 - 3246 - 278.6

C2 - -Hgpo - 2965 - 379 - 295.9

c1-C2 138.5 138.9 139.6 140.9 1396 140.1

C1-Hi 1072 107.3 1086 108.7 108.6 1087

Further support for the reliability of the active site
sobunit, =51-OH-Al=, by our calculations is given
from NMR studies. Klinowski et al. have estimated
the internuclear distance between the aluminum and
proton nuclei in a Brgnsted acid site, r(Al-H), of H-
Fayjasite {46] and H-ZSM-5 (47]) 1o be 238.0 = 4
and 248.0 * 4 pm, respectively, whereas our

computed r{Al---H,,) distances of the most
realistic model of the 48T cluster are 238.1,
223.9, and 214.6 pm for the BILYP/6-31G(d,p):HF/
3-21G, B3LYP/6-31G(d,p):UFF, HF/3-21G:UFF,
respectively. As can be seen from the experimental
data, the computed r(Al---H,,) distance in the
ONIONZ is well represented by the B3LYP/
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“Table 3

The interaction energies (kcal/mot) for the CgHy/H-ZSM-5 sysiems are oblained at various ONIOM?2 methods

Model HF3-21G:UFF B3LYP/6-31G{d,p):UFF B3LYP/A&-31G{d,pyHF/3-21G
Zigzag [nterseclion Zigzag [ntersection Zigzag Intersection

10T -13.98% - 14.30 - 1150 -1047 =~ 6.20 -3.09

14T —14.37 - 14.68 -1193 ° -10.78 - 6.45 ~823

F: Ml -14.35 - 16.00 -11.9¢ -12.02 ~ 648 — 835

46T - ~22.46 - -171.27 - -10.61

6-3165(d,p):HF/3-21G scheme, but not by the two
“sehemes: B3LYP/6-31G{d,p):UFF, HF/3-21G:UFF,
“which - gives the r(Al---H,.) distance 14.2 and
1'23.5'pm smatler than the B3LYP/6-31G(d,p):HF/3-
. 21G:scheme. This again suggests that B3LYP should
: be, employed for a high-fevel model. Therefore, in
ordec to'keep this article short, we will discuss mainly
theé more sccurate ONIOM?2 sesults. However, the
structural parameters of the other ONIOM?2 schemes:
(BSLYP/6-3IG (d.p): UFF), and (HF/3-21G:UFF) are
dbcuirhented in Table 2.

Moeasd

3.2. The interaction of benzene with H-ZSM-5 zeoliie

:viThe calculation results of B3LYP/6-31G{(d,p) on -

frée benzene are documented in Table 1. The C-C
and C-H bond lengths were ascertained experimen-
fally_to_be 139.7 and 108.4 pm. respectively. The
B3LYP{6—3lG(d,p} level of theory predicted bond
tengl}lé ‘of 139.6 and 108.6 pm are virtually the same
ak 'tht expenmenlal observation.

“"As" for the bare 3T quantum cluster results, the
chaﬁéeé in the structural parameters of the benzene
‘ard bire 3T quantum cluster model of zeotite upon
Eomiplexation are small. However, the changes are in
Widordance with Guimann’s rules [48), i.e. a
fengthiening of the O1—H,,, (96.8 vs 98.4 pm) along
Ni&t'ﬁ'ﬁﬁhesponding shight decrease in the Si-O and

%110 Honds. Our calculated benzene adsorption
éﬂergy‘from the bare 3T cluster models is estimated
to be - 5.9%kcal/mol at B3LYP/6-31G(d,p) level,
whichiis at the higher end of the predicted range from
—4-to-— 6 kcal/mol from previous theoretical studies
[14)::The predicted 3T adsorption ¢nergy seo far is
naticeably less compared 1o the experimental adsorp-
tiop ©nergy of benzene on the acidic H~Y zeolite
{14 kcal/mol) [22}. Such deviation indicates that

.

long-range electrostatic interactions of the extended
framework could be an important factor in stabilizing
the adsorption complex. In this case, one can expect
that the surrounding lattice included in the ONIOM
model would enhance the binding energy.

One of the important findings regarding the
adsorption properties of benzene using the advantages
of ONIOM methodology is the probing of the location
of benzene inside the H-ZSM-5 framework. From
Table 3, one can see that the ONIOM?2 schemes
predict that benzene is favorably located in the
imtersection channel. It is clearly seen that enlarging
the size of the cluster from 10T up to the most realistic
model of 46T cluster, the benzene molecule is
favorably observed in the intersection of straight and
sinusoidal channels. This finding is supported by the
neutron and X-ray diffraction measurement [12].

We now focus mainly on the adsorption properties
of benzene located in the intersection channel.
Increasing the cluster size from the 10T up to 46T
in the ONIOM2 integrated scheme, specifically, for
46T at B3LYP/6-3{G(d,p):HF/3-21G level of theory,
shortens the adsorption distance (i.e. the distance
between the Begnsted proton and C1 and C2 of the
C1=C2 bond) by about 21.5 and 23.0 pm, while it
elongates the O1-H,,, bond distance slightly by
about 0.8 pm as compared to the smaller EOT
ONIOM2 scheme (see Table 2). We found that the
0,-H,, distances are increased as the cluster sizes
are increased. Similar findings are observed in the
results taken from the less accurate ONIOM2
schemes, (HFE/6-31G(d,p):UFF, and B3LYP/6-
31G(d.p):UFF) (see Table 2).

Variation of the calculated adsorption emecrgies
from the smaller 10T to the more reliable 46T
cluster model, AE, are about $.16, 6.8(¢, and
2.52 keal/mol for the ONIOMZ(HF/3-21G:UFF),
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ONJOM2(B3ILYP/6-31G(d,p):UFF), and ONIOM2(-
B3LYP/8-31G(4,p):HF/3-21G) levels of theory,
respectively. The adsorption enmergy is found to
depend on the cluster size employed, suggesting that
extended structure beyond the active sites may play an
impértant role in determining adsorption energies due
10 the-long range electrostatic effects.

" Comparing the B3LYP/6-31G(d,p):HF/3-21G and
B3LYP/6-31G(d,p):UFF methods, the latter scheme
ovéréstimates the adsorption energy by about 2.38,
2.5%,"3.67 and 6.66 kcalmol for 10T, 14T, [8T, and
46T; respectively, relative 1o the former scheme. This
is:dueimainly to the use of UFF-molecular mechanics
force:fields for the low-level region.

- As for-the results of the ONIOM2 scheme, in going
from..the. bare 3T quantum cluster model up to the
maore realistic 46T cluster model, we found that the
extended framework of zeolite has a large effect on
the adsorption energetics. Specifically, it decreases
noticeably the adsorption energy of benzene on H-
Z5MSpby — 11.28 keal/mo?} (3T cluster resuit at full
BALYR/6-31G(d.p) level, — 5.99 kcal/mol, vs the 46T
cluster; cesult at ONIOM2(B3LYP/6-31G(d,p):UFF)
levghim 17.27 kealimol). When the HF/3-21G is
¢employed instead of the UFF-molecular
meghanics force field-method for the low level, ie.
ONIOMR(BILYP/6-31G(d,p):HF/3-21G) schemes, it
decreases.the adsorption energy by —4.62 keal/mol
(o1, 77%..0f the full B3LYP/6-31G(d,p) of the 3T
madel) for the [CeHgyH-ZSM-5 system.

A6 dsknown that DFT does not account for
the:dispersion component of the interactions, single
point ME2/6-31G(d,p) calculations for the high-level
active; region were carried out at the B3LYP
opliznized geornetries to improve the energetic
information between benzene and the zeclite frame-
wark, -This yields the adsorption enrergy
complex. of — 13.75 keal/mol at ONIOM2(MP2/6-
31G(3,pxHF/3-21G). OQur predicted value for the
(GeHePH-ZSM-5 system is in excellent agreement
with (he, experimental estimate of — 14.0 kcal/mol
obtained by Coker et al. [22].

4. Canglusions
...The. adsorption of benzene on H-ZSM-5 zeolites
has been investigated with four different cluster sizes

PR

and methods comprising various two-level ONIOM2
schemes: B3LYP/6-31G{d.p}.HF/3-21G, B3LYP/6-
31G(d,p):UFF, and HF/3-21G:UFF. The bare 3T
quantum cluster approach predicts the [CHglH-
ZSM-5 complexes to have the binding energies of
= 5.99 kcal/mol. The effect of the zeclite framework
is modeled on the ONIOM2 method. We found that
the extended framework significantly enhances the
adsorption epergy of benezene to the zeolites. In
particular, the final predicted adsorption energy of
— 13.75 kcal/mol for the {CgHg/H-ZSM-5 complexes
was calculated by the ONIOM2(MP2/6-
31G(d,p):HF/3-21G) scheme. This efficient scheme
performs superbly as compared with the experimental
estimate of — 14.0 keal/mol. The results obtained in
the present study suggest that the ONIOM approach
yields a more accurate and practical model in studying
adsorption of unsaturated hydrocarbons on zeolites.
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ABSTRACT

The quantum cluster, ONIOM and cmbedded ONIOM models have been used to investigate adsorption
properties of carbonyls in H-ZSM-5 zeolites. The active sitc has been modeled with realistic cluster sizes up to 46
tetrahedra, The predicted adsorption energies of ZSM-5/carbonyls complexes for the embedded ONIOM2(MP2/6-
311G(d,pyUFF) scheme are -119.0 and -139.0 k)/mol for acetaldehyde and acetone, respectively, the latter value
compared well with the experimental estimated of 130 + 4 kJ/mol, whereas the conventional quantum cluster yields
an underestimate valve of —68.2 kJ/mol. The results obtained in this study suggest that the new embedded ONTOM
scheme provides a more accorate method of studying the interaction of carbonyls with zeolites.

INTRODUCTION

Aldo} condensation of acetone and acetaldehyde is an important reaction in organic synthesis because it leads to
€-C bond formation, This reaction can be catalyzed by acid and base catalysts such as NaOH, H,80, etc. However,
these comrosive catalysts cause a number of problems concerning handling, safety, corrosion, and waste disposal.
Therefore, the conventional liquid-acid catalysts are progressively replaced by heterogeneous catalysts. Many types
of catalysts have been used for this reaction such as various oxides [1-3] and various zeolites [4-14]). The zeolite |
catalysts also offer the advantage of high selectivity toward the desired product due to the shape selective
properties of their microcrystalline pore structures. Several types of zeolites have been reported to have high
activity for aldo]l condensation such as H-ZSM-5, HY, HX, etc. (refs) Numerous experiments have focused on
investigating the interaction of 2cetaldehyde and acetone on H-ZSMS zeolite by using different techniques such as
NMR [15), FT-IR [16]), “C-NMR [7-8, 14, 17-18], etc. From experimental data, it is indicated that the
stoichiometric of adsorption of acetaldehyde and acetone on H-ZSMS zeolite is 1:1 adsorption complex. The
adsorption complex is in the form of a hydrogen-bonded complex which is the interaction between the carbonyl
group and the Bronsted acid site of zeolite. Sepa et al [17] found that the heat of adsorption energy of acetone on
H-ZSM35 zeolite is 130 + 4 kJ/mol.

There have been several theoretical studies on the adsorption of acetone in zeolite using quantum cluster
calculations [16-17, 19]. These studies provided useful information on the mechanism and energetic properties of
the reaction. However, none of these studies included the effects of the zeolite framework and, as a result, the
predicted adsorption energies of acetone on H-ZSM-5 in a range of -55 to -64 kJ/mol were significantly lower than
the experimental adsorption’ energy of acetone on the acidic H-ZSM-5 zeolite (-130 + 4 kJ/mol). Such a large
deviation indicates an important effect of the extended framework in stabilizing the adsorption complex. To
accurately include the eifects of the extended zeolite framework on the catalytic properties, one can employ the
petiodic electronic structure methods such as the periodic density functional theory methedology. However, due to
the large enit cells of typical zeolites, such calculations are often computationally unfeasible. The hybrid methods,
such as the embedded cluster or combined quantum mechanics/molecular mechanics (QM/MM) methods, as well
as the more general ONIOM (Our-own-N-layer Integrated molecular Qrbital + molecular Mechanics) provide a
cost effective computational strategy for including the effects of the zeolite framework [20-23].

In this study, the interactions between carbonyl compounds, acetaldehyde and acetone, with differeat models of
H-ZSM35 have been studied with the aims of investigating; a} the effects of the zeolite framework on the interaction
between carbony] compounds with H-ZSMS zeolite; b) efficient schemes of the ONIOM method. The models
consist of an inner layer of active region, modeled by a small cluster using the density functional theory to account
for interactions of the adsorbates with the acid site of zeolite, and a large outer layer of the zeolite framework,
represented by a molecular mechanics force field, to account for the van der Waals interactons arising from ~
confinement of the pore structure. Due to the large dipole moments of the adsorbates, the long-range electrostatic
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interactions are expected 1o contribule significantly to the adsorption process. Therefore, the electrostatic effect of
the whole zeolite erystal Jattice is additionally included using an electronic embedded method. This is the first time
that the ONIOM method and long-range interacting method are being used in combination and, thus, we call it
“embedded ONIOM.”

Figure 1. Schematic diagram of embedded ONTOM method: periodic structure of ZSM-5 framework {a).was subdivided into

three pans: the innermosi is the QM region (b); the next layer is UFF part {€) and the outermost is a sct of point charges (d);
complete model of embedded ONIOM (e).

METHODS

Three different models have been employed to model the H-ZSMS zeolite and their complexes with the
adsorbed carbonyl compounds. First, bare cluster models, 3T and 10T (Figures 2-3), were laken from the crystal
structure of ZSM-5 lattice [24] to model the ZSM-5 system by using B3LYP/6-31G(d,p) level of theory for
calculation. Second, a larger cluster of the 46T model were proposed for representing the system of H-ZSM5
treated by using the ONIOM (B3LYP/6-31G(d,p): UFF) approach. In the ONIOM2 (B3LYP/
6-31G(d,p): UFF) scheme, the active Brensted acid site of the zeolite is treated quanmm chemicaily at the
B3LYP/6-31G(d,p) and MP2/6-311G(d,p) level of theory, and the other extended framework, up 1o 46T, is treated
al the UFF.

In order to take into account the long-range interactions of the zeolite lattice beyond the 46T, the third model,
called “embedded ONIOM2”, calculations of the zeolite framework are developed. The embedded ONIOM2
models consist of three layers. The center layer is a ten-tetrahedral {10T) quantum chemical cluster. The next fayer
is the UFF force figlds. The outermost layer of the model is a set of optimized point charges located 10 model the
remaining Madelung potential from the extended zeolite crystal. Accuracy of the mecihod for modeling the
adsorption process has been compared to the experimental observation [17].

All ¢alculations have been performed by using the Gaussian98 code [23]. The basis set 6-31G(d,p) is utilized for
the B3LYP calculations. 1t is known that DFT does not account for the dispersion component of the interactions.
Single point MP2/6-311G(d,p) calculations for the high-level active region were carried out at the BILYP
optimized geometrics to improve the energetic mformation between benzene and the zeolite framework. During the
structurc oplimization, only the active site region [SSiOHAN(0),08i=], and the adsorbate are allowed 1o relax.
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RESULTS AND DISCUSSION

Comparisons of quantum cluster with ONIOM meodels

Al cluster models of H-ZSM-3 of zeolite are iflustrated in Figures 2-5 and their corresponding selected
structure parameters are tabolated in Tables 1-2. Three different aluminosilicate clusters containing up to 46
tetrahedrally coordinated tetravalent atoms modeled the H-ZSM-$ zeolites. The more realistic 46T model covers

the cavity at the intersection of the straight channel, and the zigzag channels, where the adsorbate is favorably
adsorbed, .

Table 1. Optimized geometries of the isolated model and adsorption complex of acetaldehyde on H-ZSMS5 zeolite. (Bond
kengths are in pm and angles in degrees)

Parameters Meihod
3T HT 46T
Isolated Complex Isolated Complex solated Complex

§il-0l 1693 168.0 167.3 165.7 165.8 164.1
Ol-Al 186.5 1834 184.1 180.8 185.5 180.8
Al-Q2 169.6 1106 168.1 168.9 1669 167.5
02-8i2 1656 161.7 160.4 159.3 158.4 1573
01-H1 96.8 101.4 97.0 103.0 97.1 1027
Al-tli 2329 420 2346 2408 23038 2395
HI-03 - 158.4 - 1523 - 1516
03-C1 - 122.7 - 1223 - 122.7
C1-H2 - 110.1 - 1100 - 110.0
H2-02 . 219 - 236.7 - 2384
Z8il1-01-Al 1343 132.1 1342 131.7 1356 1333
ZAL-02.8i2 12,5 125.2 1229 126.1 113.9 122.0
ZAMOL-HL 1062 1132 1092 1133 1052 1123
ZO1-H1-03 - 1710 - 1763 - £73.1

To assess the sensitivity of the active site structurc with varying environments, we optimized the active site,
[SSIODAY0),08i=), for all the clusters, whilst the remaining atoms were kept fixed at the crystallographic
positions. By comparing the structure between the full quantum cluster model of 3T and 10T models, it is seen that
the cluster size environment has a little effect on the structure of the active site. The extended framework has the
effect of lengthening the Of-H bond distance (Broosted acid site) by 0.2 pm (full BILYP). In the ONIOM2
schemes, specifically B3LYP/6-31(d,p):UFF, the O1-H bond distances are increased by 0.3 pm, thus enhancing the
acidity of the Brensted acid site. While the other bond distances of the active site region such as Al-O, 8i-C (to Ot
and O2) are affected by the increasing cluster size as shown in Tables 1-2.

The interactions of acetone and acetaldehyde with the H-ZSMS5 zeolite

The structure of acetone and acetaldehyde adsorbed on different models of H-ZSMS zeolite are shown in
Figures 2a-4a. Acctaldehyde is adsorbed on the Br@nsted acid site by forming a strong hydrogen bonding
interaction between the carbonyl oxygen (03), acidic proton (HI), and a weak hydrogen bonding interaction
between the aldehyde hydrogen (H3) and the adjacent framework oxygen (O2) of the zeolite. Increasing the cluster
sizes increases the interactions between the acetaldehyde and the zeolite as evidenced by the decrease of the HI-O2
bond distance from 158.4 to 1523 and to 151.6 pm concumently with the increase of the acidic OI-HI bond
distance from 96.8-97.1 pm for isolated acidic O1-H1 to 101.4, 103.0, and {027 pm as the cluster size is
progressively increased. On the other hand, acetone is adsorbed by forming only one strong hydrogen bonding
interaction between the carbony] oxygen and the acidic proton. Increasing the cluster size has a more subtle effect
on the adsorbed acctone.
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Figure 2. The interaction of carbonyts with the 3T bare cluster modet of H-ZSM-5 zeclite: (a) acetaldehyde; (b) acetone.

Due to the increase in steric interactions between the methyl groups of the acetone and the zeolite framework as
the cluster size increases, the adsorbed acetone is moved toward the intersection cavity, where it can be further
stabilized. In all cases, the structure of the zeolite struchure was not significantly changed by the adsorption of the

adsorbates.

Table 2. Optimized geometrics of the iselated model and their adsorption complexes of accione or H-ZSMS3 zeolite (Bond
lengths are in pm and angles in degrees).

Parameters Method
3T 10T /46T
Isolated Complex Isolated Complex Isolated Complex

$il-01 169.3 167.8 167.3 165.4 165.8 164.5
Ol-Al 186.5 1833 184.1 180.3 1855 [80.9
AO2 169.6 170.4 168.1 163 4 166.9 166.9
02-8i2 1656 1616 1604 159.0 158.4 1571
Ol1-H1 96.8 102.1 970 1044 97.1 102.9
Al-H1 2329 243.1 2346 238.7 2308 2339
H1-03 - 1547 - 1479 - 154.4
03-Cl1 - 1232 - 123.4 - 1232
12 - 150.5 - 150.3 - 150.6
H2-02 - 2247 - 2683 - 2823
Z8i1-01-Al 343 132.0 1342 1320 1356 1332
£LAYO2-8i2 1225 125.5 i22.9 126.5 1139 122.1
ZAL-O1-H1 1062 1138 109.2 112 1052 107.8
Z01-H1-03 - 1737 - 1730 - 1696

The adsorption energy is one of the most valuable data obtained from experimental observation which can be

and acetaldehyde on
H-ZSM-5 zeolite calculated from different models, as discussed above, and also those from the ONIOM models

used to validate the theoretical data. The adsorption energies of acetone

using the molecular mechanics force fields for the outer layer are documented in Table 3.



1586 Studies in Surface Science and Catalysis 154 (2004) 1582-1582

Figure 3. Presentation of carbonyl compounds interacted with the 10T bare cluster mode! of H-ZSM-5 zeolite: (a)
acetuldehyde; (b) acetone.

Using the 3T cluster model, the DFT methods predict the adsorption energies of acetaldehyde and acetons to be
-66.7 and -68.2 XJ/mol, respectively. These energy values are significantly lower than those of the experimental .
resufts. The adsorption energy of acetone on the acidic H-ZSM-5 zeolite was determined to be -13¢ kJ/mol {17]).
Increasing the cluster size from 37T to 10T clusters, the calculated adsorption energies (AE.,) of acetaldehyde and
acetone interacted with zeolites is still well below the observation value, but somewhat differentiable (Table 3).

Table 3. Comparison of the adsorption energy, AE,, (in k/mol) along the sdsorption of acetaldchyde and acetone on H-ZSMS
zeolite in different models and methods.

Methods/models T 10T 46T

- Acetaldehyde  Acetone Acetaldehyde Acetone Acetaldehyde Acctone
B3ILYP/E-31G(d,p) -66.7 632 -61.7 ETH] - -
B3LYP/6-31G{d,p):UFF - - - - -83.0 -90.6
B3LYP/6-31G{d,p); UFF+charges® - - - - -103.3* -125.6"
MP2/6-311G(d,p)UFF+charges” - - - - -109.0® -139.0°

Experimental adsorption encrgy of acetone on H-ZSMS zeolile is 130 2 4 kJ/mol from Ref [17]
* Set of point charges surmounding the 46T model
* Indicates single-point cnergy at indicated level of theory on the optimized BILYP/6-31G(d,p):UFF structure

Increasing the cluster size from 10T up to the more realistic model, 46T, by enlarging the outer layer, the
differences between each adsorption energy are proncunced. The adsorption energics of acetaldehyde and acetone
calculated from the 46T cluster using ONIOM2 (B3LYP/6-31(d,p):UFF) are calculated to be —83.0 and —90.6
kJ/mol, respectively. These interaction energies are stilt underestimated as compared to the experimental results.
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Figure 4. Preseniation of acetaldehyde interacted with the 46T ONIOM model of H-ZSM-5 zeolite: viewed from the zigrag
chanee] (a) and the straight channel (b).

Figure 5. Presentation of acetong interaction with the 46T ONIOM model of H-ZSM-5 zeolite: viewed from the zigzag channel
(a} end the straight channel (b).

It is known that DFT does not account for the dispersion component of the interactions. Single point MP2/6-
311G(d,p) calculations for the highdevel active region were carried out at the B3LYfbyplimized geometries to
improve the energetic information between benzene and the zeolite framework, And in order to take iato account
the long range interactions of the zeolite lattice beyond the 46T, the “embedded ONIOM2” calculations of the
zeolite framework is employed. This yields the adsorption energies of -119.0 and -139.0 kI/mol for acestaldehyde
and acetone, respectively. Our predicted value for the latter system is in excellent agreement with the experimental
estimate of -130 £ 4 kJ/mol obtained by Sepa et al. [17], indicating that the MP2 combining the UFF force fields
method as 2 lower level is considered to be one of the best combinations for the ONIOM2 scheme. This efficient

scherhe provides a cost effective computational strategy for treating the cffects of a [arge extended framework
structure. :

CONCLUSIONS

The adsorption of acetaldehyde and acetone on H-ZSM35 zeolite has been investigated with three different
cluster sizes and methods. The bare cluster models, 3T and 10T, (B3LYP/6-31G(d,p} quantum cluster approach
predicts to have the adsorption energies of -66.7 (3T) vs. -68.2 (10T) KJ/mol for acetaldehyde/H-ZSMS5 and -68.2
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(3T} vs. -71.1 (10T) kd/mot for acetone/H-ZSM5. The effect of zeolite framework is modeled on the ONIOM2 and
c-ONIOM method. We found that the extended framework significantly enhances their adsorption energy of
adsorbate molecules to the zeolite. The most accurate model, embedded ONJOM predicts the adsorption energy to
be -119.0 and -139.0 k3/mol for acetaldehyde and acetone, respectively. The calculated adsorption of acetone/H-
Z3M5 complex using the ¢-ONIOM approach is in good apreement with the experimental data. The results
obtained in this study indicate that the embedded ONIOM approach yields 2 more accurate model for studying
adsorption properties on periodic systems.
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ABSTRACT

The ONIOM (Cur-own-N-layered Integrated molecular Orbital + molecutar Mechanics) approach atilizing two-
layer ONIOM2 schemes — ONIOM2(MP2/6-31G(d,p):HF/3-21G), ONIOMZ(BILYP/6-31G(d,p):HF/3-21G),
ONIOM2(B3LYP/6-31G(d,p):UFF), and ONIOM2{HF/3-21G:UFF) - have been used to investigate adsorption
propestics of aromatics in favjasite zeolites (H-FAU). The active site has been modeled with realistic clusters sizes

.up to B4 tetrahedra The predicted adsorption energy of H-FAUfoluene complexes for the ONIOM2(BILYP/6-
311-++G{d,p).UFF) scheme is —81.34 kJ/mo), which is in line with the experimental values of —53.5 and —85.3
kl/mol for H-FAU/Mbenzene and H-FAL/ethylbenzene, respectively. Where the conventional 3T quantum cluster
yiclds an underestimated value of -32.52 ki/mol. This finding clearly demonstrases that acidity does not depend
only on the Bremsted group center but also on the lattice framework swrounding the Bronsted site. The results

obtained in this study suggest that the ONIOM?2 approach yiclds a more accurate for studying the adsorption of
aromatics on zeolites,

INTRODUCTION

Zeolites are widcly vsed in petroleum and chemical industries as solid catalysts for a number of commercially
tmportant reactions due Lo their outstanding propertics, i.c., Bronsted and Lewis acid sites, size-shape selectivity.
Nowadays the many conventional acid-catalyzed processes have been progressively substituted with zeolite-based
processes for the advantages of handling, safety, and environmental benign. Electrophilic aromatic substitution is
one of the mast industrially important processes that can be efficiently catalyzed by many zeolite catalysts, e.g.,
FAU, ZSM-35, beta [1). For the alkylation of toluene with methanol catalyzed by zeolites, a variety of important
petrochemical products can be obiained. The product selectivity is poverned by many factors, such as the intrinsic
reaction rate and steric constraint imposed by specific pore size and adsorption-desorption and diffusion of
reactants. and products. Therefore details of molecular interactions are needed to fully understand the reaction
mechanism and product selectivity.

Since it is known that a significant fraction of encrgetics of aromatics in zeolites is derived from van der Waals
interactions with the constricted zeolite pores, the effect of the extended zeolite frasmework is essential in accurately
investigating interactions of aromatics in zeolites. Numerous theoretical models have been proposed to study the
crystalline zeolite [2-3). Nevertheless, zeolites that have a high impact in indusirial processes usually possess
hundreds of atoms per unit cell. This makes the use of sophisticated methods, soch as periodic ab initio
calculations, compuiztionally too expensive and even impractical sometimes when very large zeolites are
concemned. The recent development of hybrid methods, such as the embedded cluster or the combined quantum
mechanics/molecular mechanics (QM/MM) methods, as well as the more general ONIOM (Qur-own-N-layered
Entegrated molocular Orbital + molecutar Mechanics) methad has brought a larger system within reach of obtaining
accurate results. Up to date, the ONIOM method is applied to the study of extended systems, for example, chemicaf
reactions on surface [4-12], and in enzymes [13].

In this report, we present the results of using the ONIOM model to repiesent the complicated structure of
zeolites and to study the adsorption of benzene, and toluene, which is the first important step for a more
comprehensive study of alkylation reaction. We are focusing on the systems of favjasite (H-FAU), which are of
high importance in many industriat reactions. The faujasite’s unit cell of 576 atoms limits the wse of periodic
calculation, thus we manage 1o use the ONIOM method 1o model the active site of H-FAU, the Bronsted acid site.
The rational choice of the levels of calculations for the ONIOM scheme has been examined. The results are




1518 Studies in Surface Science and Catalysis 154 (2004) 18171822

compared o experimental dala to find efficient combinations to satisfactorily reproduce the adsorption cnergics of
H-FAU zcolite. This should provide us with a better understanding of the role of H-FAU in the process of
catalyzing reactions of aromatic hydrocarbons.

METHOD

Two different strategics have been omployed 10 model the faujasite. First, the 3T  cluster
HiSiOANOHRO(H)SiHx (see Figure 1a) which i considered as the smallest uait that is required 1o represent the
active site of zeolite. The cluster models were obtained from the tattice structure of faujasite zeolite [14]. The effect
frem the framework structure of zeolite cannol be totafly neglected if more aceurate resulis are required. The more
rcalistic cluster model created for this study is 84T {sce Figure 1b) which includes two supercages Lthat can act as a
nanoscopic reaction vessel.

The accuracy of the QMMM method, particularly the ONIOM method, depends significantly on the choice of
the level of calculations for high- and low-level regions [15]. Using the B3LYP method for treating the quantum
cluster, we varied the methods for the low-level region from the molecular mechanics force fields (UFF),
semiempirical, over to the Hartree-Fock methods. Using the experimental observation as & benchmark; we found
that the UFF method provides reasonable values corresponding to the experimental prediction {7-10]. This is duc to
the explicit consideration of van der Waals contribution, which is the dominant contribulion in adsorption-
desorption in zeolites [16-21]. Therefore, the UFF method is the practical choice for the low-fevel methodology
when the high-level region is treated by the B3LYP/6-31G{d,p) method. All calculations have been performed by
using the Gaussian93 code [22]. The basis set 6-31G(d,p) is utilized for the B3LYP calculations. During the
structure oplimization, oaly the active site region {SSIO{H)AI(0)208i=), and the adsorbate are allowed to relax. In
order to obmain more reliable interaction cnergics, a single-point energy calculation at the ONIOM2(B3ILYP/§-
I +HG(d,p)BILYPH-3 1 G(d,p):UFF) level of theory and  basis sets superposilion crror (BSSE) corrections were
also taken into account

@ ®

Figure I: Presentation of ¢lustler used 10 mode) the faujasite zeolite: {a) fult 3T clusier medel; (b) ONIOM2 medel.
The dacker atoms in cluster 84T are trcated a1 the highes Jevel ia the ONIOM?2 approach.

RESULTS AND DISCUSSION

Structlures of faujasite zeolite models

The faujasite zeolites were modeled by two different aluminosilicale clusters containing 3T and 84T
teteahedraliy coordinaled tetravalent atoms (see Figures 2-3). Table 1 lsts some sclecied siructural parametess
derived at 3T quantum clusters and the ONIOM?2 integrated schemes. By comparing the structure berween the 3T
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quantum cluster and the §4T ONIOM2 models, it is scen that the cluster size environment has little effect on the
structure of the active site. The extended framework slightly lengthens the O1-H bond distance (Bransted acid site)
from 96.7 pm in the 3T model to 96.8 pm in the 84T mode), The bond distance between the aluminum and the
proton nuclei in 2 Bronsted acid site, n(Al~H), of faujasite was computed to be 246.0 pm and 240.2 pmn for the 3T
cluster and 84T ONIOM2 models, respectively compared well with the experimental measurement value of 238.0 £
4 pm reported in a literature [23). Since the ONIOM2(BILYP.UFF) methed gives a good structural representation
of the Brensted acid site and the UFF force ficld is also a theoretically appropriate method for representing the
cffect of extended framework for this purpose (as discussed above) only the ONIOM models with the UFF force
ficld will be discussed in detail hereafier.

(2} ®)

Flgure 2: Presentation af models of faujasite and interacting with adsorbates: (a) full 3T cluster model interacting with
penzene; (b} full 3T clusier model interacting with toluene.

Table 1: Structural parameters of faujasite obtained at full HF/3-21G, full B3LYP/6-310(d,p) and various two-layer ONIOM2
schemes (bond distanees in pm and bond angles in degrecs).

Parameters ar 24T

Full HF Full BALYP HF.UFF B3LYP.UFF
Q1-H 96.8 96.7 96.8 96.8
Al-O1 184.2 191.7 180.5 186.0
Si1-0} 1719 170.9 16%.4 168.6
Al-H 2335 245.0 230.3 240.2
ZAVO1-50) 127.4 126.7 126.0 i25.5

The HF is Hatree-Fock with 3-21G basis set.
The B3LYP is density funclional theory with 6-31G{(d,p) basis set.
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Figure 3: Presemation of models of faujasite and inleracting with adsorbates: (2) ONIOM2 layer models of 84T cluster
inleracting with benzene; and (b} ONIOM?2 layer models of 84T clusler interacting wilh toluene. Atoms belonging 10 the high-
level regions are drawn as spheres.

Interactions of foluene with faujasite zeolites

Some structural parameters of the adsorption complexes calculated at finite clusters and a1 different ONIOM
models (HF:UFF and B31LYP:UFF) are tabulated in Table 2. Table 2 presents the comparison between the 3T and
84T clusier models of the adsorption complexes indicating that adsorption does not significantly perturh structures
of the adsorbed molecules or the zeolites due to the weak interactions between the hydrocarbons and the zeolile.
Increasing of cluster size fias only a small effect on the structure of the active site, but significantly affects the
orientation of the adsorbed motecules. For the small cluster models, the adsorbed molecules are Pi-bonded to the
active site with aimost equal bond distances between the two double-bond carbons and the Brensied proton. For the
84T cluster models, interactions with the extended framework cause the adsorbed molecules to move farther from
the acid proton and lose the symmetrical bidentated structures.

Table 2: Structurl parameters for adsorbate/zeolite clusier complexes, where adsorbates are benzene, and foluene.

Methods Parameters T 84T
Benzene Tolugne Benzene Toluene

HF 01-H 915 975 97.3 97.2
Al-O1 1829 182.8 179.4 197.4
Si1-01 1711 171.0 168.9 168.9
Cl1-H 220.8 218.3 222.5 2260
C2-H ; 2243 225.1 267.4 270.5
C=C 138.9 135.0 138.7 1389
£A3-01-5il 127.7 1277 §26.5 126.4

BiLYP O1-H 98.0 982 98.0 98.2
Al 185.8 189.7 1849 184.5
Sil-0 171.0 17001 168.4 167.9
Cl1-H 2214 218.0 2191 289.8
£2-H 224.1 2248 259.4 2116
{=C 140.1 140.G 140,17 140.0
Za01-5811 1265 126 5 124.9 125.1

The zeolite clusiers are 3T, 84T (bond distances in pm and bond angles in degrees) The BILYP is density funciicnal theory
with 6-31G{d,p) basis set; HF is Hatree—-Fock with 3-21 G basis set.
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The adsorption energics of benzene and ethylbenzene on H-Y zeolite were expertmental measured ta be —58.5
and —85.3 kJ/mol, respectively. Although the adsorption energy of tolucne in faujasite zeolite is not available, it is
cxpected o be between the values of the benzene and ethylbenzene adsorption. In the 3T cluster model, the DFT
calculations predict the adsorption energics of benzene and toluene to be —31.21 and -32.52 KJ/mol, respectively
which are considcrably lower than the experimental measurements. Morcover, the small cluster calculations
incomrectly predict comparable interaction encrgics of the zeolite with benzene and toluene molecules mistakenty
indicating no shape selectivity between these two molecules. The erroneous results are due 1o the fact that the
quantum cluster calculations omit the effect of the zeolite crysial structure.

In the more realistic 84T ONIOM2 model, the adsorption energics of benzene and toluene are calculated to be —
71.69 and -88.66 kl/mol, respectively. These interaction cnergies are somewhat overestimated as compared to the
experimental results. Afler including the basis set correction by single point calculations at the higher basis set, é-
311++G(d,p), the corresponding interaction encrgics arc computed to be of -63.41 and -81.34 kMlmol. The BSSE

corrections were dlso performed and gave similar results as the single point calculations at the high basis set (sec
Table 3),

1t is noted that the choices of the methods using the high- and low-levels in the ONIOM scheme and also the
sizes of the inncr and outer regions are arbitrary, The size of the inner region employed in this study (3T cluster) is
sufficient to represent the acid property of zeolites whilst small enough to guarantee that the van der Waals
interactions between the hydrocarbon and the zeolite are well accounted for by the UFF force ficld, which is better
than the DFT for this purpose [19-21]. From the structure and adsorption energy point of views, the BILYP
combining the UFF force fields method as a lower level is considered to be one of the best combinations for the
ONIOM2 scheme. This efficient scheme provides a cost effective computational strategy for treating the effects of
@ jarge extended framework structure.

‘Tabie 3: Binding energy of benzene, and toluene on the Brensted proton of faujasite zeolites (binding energy in kl/mol)

Methods/Modaks T 24T

Benzene Toluene Benzene Toluzne
HFNB-21G -19.67 -41.07 - -
B3LYP/6-31G{d.p) -31.27 23252 - -
HFR3-21G:UFF - - -76.62 91,96
B3LYP/6-31G(d.pxUFF - . -71.69 -88.66
BiILYP/6-31G(d,p).UFF+BSSE * - - £67.51 -78.75
BILYP/6-3 | |++G(d,p). UFF* - - ~63.41 -81.34
MP2/6-311+G(d, py UFF - - . -106.00
MP2/6-3t | —+G{d,p) UFF+BSSE" - - - -89.54

Adsorption energies of benzene and ethylbenzene on H-FAU zeoliles are experimentally observed to be —58.5
and - 85.3 kbfmol, respectively [24,25].

! Basis se1 superposition emor comecied.

* ndicates single-point energy with B3LYF#6-3114-+G{d,p)/B3LYP/6-31G(d.p)

‘Indicates single-point energy with MP2/6-3114+G{d pW/B3LYP/4-31G(d,p)

CONCLUSIONS

The extended framework significantly cahances the adsorption energy of toluene to the zeolites. With the
ONIOM2(B3ILYP/6-311++G(d,py.UFF) scheme, the adsorption energy of -81.34 ki/mol for the H-FAUholuene
complexes was predicted. The results oblained in the present study suggest that the ONIOM approach yields 2 more
accurate and practical model in studying adsorption of aromatics on zeolites.
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ABSTRACT

The quantim cluster ard ONIOM methods have been used to investigate interactions between adsorbed nitrous
oxide and methane on the active iron center in Fe-ZSM-5, prior 10 its catalytic oxidation to methanol. A model of
mononuclear fron complex 8s an active sitc of the highly dispersed state of Fe-ZSM-5 was adopted in cluster
models of 5T quantum cluster and 46T ONIOM2. The exiended crystal framework included in the ONIOM model
significantly ephances the interactions of both adsorbates with the active site. The adsorption energy of N;O on Fe-
ZSM-5 calculated by the ST quantum cluster is only ~41.2 kJ/mol, whereas, the 46T ONIOM modei gives the
adsorption energy of —-57.3 K/mol, which is comparable to the experimental estimate of -67 kl/mol. Afer
cofrection with single point calculation at MP2/6-31G**;UFF/B3LYP/6-31G**.UFF, the adsorption cnergy is
calculated 1o be 66.9 kl/mol, which is apparently identical to the experimental estimate, The ONIOM2 model also
predicts the adsorption energy of =30.5 ki/mol for the [CH4)/Fe-ZSM-5 complexes. These results demonstrate that
the adsorption properties of Fe-ZSM-5 depend significantly on the specific environment of the zoolite crystal lattice.

INTRODUCTION

The intracrystalline nanostructured pore network of zeolites has an astonishing ability to stabilize small metat
complexes teading to extraordinary catalytic activities. Small iron complexes in ZSM-5 (Fe-ZSM-5), for example,
have remarkable redox behaviours [I-5] and recently have been received great sattention. The Fe-ZSM-5 can
catalyze selective reduction of NOx and selective hydroxylation of various organic compounds using nitrous oxide
as an oxidant An example of catalytic activity of Fe~-ZSM-5 that is of the high industrial interest is the selective
oxidation of benzene to phenol. However, the most fascinating catalytic activity of Fe-ZSM-5 is that it can
selectively oxidize methane to methanol at room temperature.

The highly sctive and selective catalytic site in the Fe-ZSM-5 is commonly known as an ¢-site whose structure,
though, having been exiensively studied [6-10), is still not clearly understood. An interesting point to note is that
the Fe-ZSM-5 has some characteristics in common with the enzyme methane monocoxygenase (MMO), found in
methanotropic bacteria whose active site comtains binuclear iron cluster [11,12]. The active iron atoms in Fe-ZSM-
5 are found to be highly dispersed in the zeolite matrix and could be in the form of isofated ions, or dinuclear
complexes, or small aggregate of iron atoms [10-14]. According 1o Mdssbauer studies, iron atoms at the a-site are
in a divalent state (Fe'™) and afier the decomposition of nitrous oxide, the iron atoms are changed to a irivalent state
(Fe»). With the knowledge gained from experimental studics, quantum chemical models of the a-site structures
have been proposed in literatures [15-17]. However, those quantum chemical studies did not include the effects of
the zeolite framework which is known to have significant effects on structures and energetics of guest molecules in
zeolite structurss [18-20).

We herein report the resuhts of our theoretical study on interactions of pitrous oxide and methanc with Fe-ZSM-
5 using a DFT method with the aims of investigating the effects of the cxtended zeolitic framework on the structure -
and Function of the Fe-ZSM-5 complex. This is the first case we know of where the explicit zeolite environment is
included in calcuiations for this zeolite catalyst.
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METHODS

Structures of cluster models werse taken from the crystal structure of a ZSM-5 lattice with one aluminium atom
substituted with a silicon atom at the T12 position and the negative charge of the cluster was balanced by cither
FeQ" or FeO;' ion to form the active cenure. In this study, the Fe-ZSM-5 stucture was represented by a 5T
quantm cluster (Fig. 1a, 1<) and a 46T ONIOM2 model [21,22] (Fig 1b, 1d). In the ONIOM2 model the 5T active
centre is treated quantum chemically at the B3LYP/-31G(d,p) level of theory, and the rest of the extended
framework, up to 46T, is treated at the UFF.

All calcufations have been performed by using the Gaussian98 code [23]. The basis set 6-31G(d,p} is wtilized for
the BILYP calculations. During the structure optimization, only the portion of the active site region and the
adsorbate are allowed 1o refax. In order to obtain more reliable interaction encrgies, the single-point energy’
calculations at the ONIOM2-46T(MP2/6-31G* . UFF/B3LYP/6-31G**:UFF) level were carried out.

{c) . {d)

Figure 1 N:0/FcQ-Z5M-5 and CHU/FeQ:-ZSM-35 clusters, atoms belonging to the active region drawn as sphere, {a)
5T cluster of N;0/FeQ-ZSM-5, (b) 46T ONIOM model of N;O/FeO-ZSM-5, (¢) 3T cluster of CHY/FeQ,-ZSM-5, (d)
46T ONIOM model of CH/Fe(,-Z5M-5.
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RESULTS AND DISCUSSION

It has been found that with low iron content in Fe-ZSM-5, iron atoms arg highly dispersed in the zeolite pores
and present primasily in a form of isolated mononuclear iron oxide ion at the ion-exchange sites of the Z5M-5 [24).
Therefore, the a-site can be modeled as a divalent mononuclear Fe(IYO*/ZSM-5" and afier N0 decomposition, the
a-oxygen loaded active site can be modeled as Fe(HNO, /ZSM-5 [15]. In this work, two cluster sizes, ST and 46T, .
were used to represent the Fe-Z5M-5 zeolite. In the 45T ONIOM2 model, the extended structure was included to
cover the cavity at the intersection of the straight and zigzag channels where adsorbates arc favorably adsorbed.

Structures of the a-site [Fe(INO*/ZSM-57) }

At the active site, an iron ion (FeQ") is coordinated by the two bridging oxygen stoms in zeolite which act as
Lewis bases via the lormation of bidentate interactions (Fig la, 1b). These interactions are found to be
approximately symmetric, with almost equal Fe-O2 and Fe-(3 bond lengths about 202 pm (Table 1). The iron
atom is bound more tightly to its covalent oxygen ligand (O1) with a bond distance of about 164 pm. The Fe-Ol
bond is aligned with the planc of the 10T windows of the zigzag pore channel. Increasing the cluster sizes canses
the FeO+ 1o move fanther from the zeolite framework and the distance Fe-Al was increased from 2813 pm o 287.1
pm and the Fe-O! bond distance was also slightly increased from 163.9 pm to 164.4 pm.

Structures of the a-oxygen loaded site [Fe(IINO; /ZSM-5]

Selected structure parameters of Fe(IINO,'/ZSM-5 model and its adsorption complex with methane
are tabulated in Table 2. In the o-oxygen loaded active site, the bond distances between the iron atom and
the two oxygen aloms are virtuatly the same (Fe-O1= 166.6 pm amd Fe-02 = 166.7 pm). However, the a-
oxygen (O2) is pointed toward the free space in the intersection cavity and, therefore, it is more accessible
by adserbates (Fig ¢, 1d).

Table 1. Optimized geometries of isolated model and adsorption complex of nitrous oxide oa FeO-ZSM-5 zeolite.

STBILYP/H-31G(d,p) 46 T(BILYP/6-31G{d.p).UFF)
[solated Complex Isolated Complex

Fe-(O1 165.1 166.4 649 1662
Fe-0O2 - 230.1 - %5
Fe-03 2027 203.4 2027 2039
Fe-O4 201.2 2007 201.7 203.0
Fe-Al 282.5 2828 2831 2813
Fe-M1 - 3034 - 3057
Fe-N2 - 3048 - 398.8
N1-02 - 120.6 - 1200
Ni-N2 - 1129 - 112.5

N-Oof N 0=119.2 pm
N-N of 8,0 = 113.4 pm

Adsorption of nitrous oxide on the a-site

1t is known that a nitrous oxide molecule can be adsorbed on the FeO+ site via either the nitrogen-end o the
oxygen-end of the molecule. In this study, we, however, only look at the case wheee adsorption takes place via the
oxygen-end of the NyO molecule, since we are interested in stadying interactions of NoO with the a-site (FeQ") that
icads to the formation of Lthe a-oxygen loaded site (FeQy'). The N;O molecule adsorbs on the active site by having
its oxygen atom pointing to the iron center and the nitrogen end pointing to the free space in the intersection cavity.
In the 5T cluster calculation, the N-O bond distance is stightly increased from 1192 to 120.6 pm while the N-N
bond distance is contracted from 113.4 1o 112.9 pm (see Table 1). Inclusion of the extended framework structure
significantly enhances interactions between the adsorbed nitrous oxide and the active site, The adsorption energy is
markedly increased from 41.2 kJ/mol to 57.3 kJ/mol, which is very close 1o an experimental estimate of 67 ki/mol
[21]. After correction with single point energy calculations at the high level of theory and the high basis set,
MP2/6-31G* “:UFF/BILYP/6-31G**:UFF, the adsorption cnergy is calculated to be 66.9 kMmol, which is
apparcntly identical to the experimental estimate (see Table 3). The result indicates that the extended framework
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included by the UFF force field s sufficient to comect the absence of the framework effect in the DFT cluster
calculation and, therefore, makes it possible to calculate accurate adsorption encrgy by using the ONIOM model.

Table 2. Optimized geometnies of isolated model and adsorption complex of methane on Fe(2-Z5M-5 zeolite.

ST(BILYP/#-31G{d,p)) 46T(B3LYP/6-31G(d,p)UFF)
Isolated Complex Isolated Complex

Fe-0O1 166.7 166.7 166.6 166.6
Fe-02 166.6 166.6 . 166.5 166.5
Fe-O3 197.% 1915 198.0 198.2
Fe-0O4 197.5 1987 197.8 199.1
O1-02 2281 2274 2382 7.0
Fe-Al 2815 214 279.8 2787
Fe-C - M7 - 3426
Fe-H1 - 338.1 - 3378
Fe-H2 - 282.1 - 2811
Fe-H3 - 57k - 35711
Fe-H4 - 444,1 - 443.7
02-H1 - 2953 - 294.8
02-H2 - 3281 . - 3277
02-H3 - 318 - 312
Q2-H4 - 444.0 - 44316
C-Ht - 1091 - 091
C-H2 - 109.5 - 109.7
CH3 . 109.1 - 10%.1
C-H4 - 109.2 - 1062

C-H of CH,=109.2 pm

Adsorption of methane on the a-oxygen loaded site

Methane adsorbs on the a-oxygen loaded site by having one hydrogen atom (H1) pointing toward the iron atom
and another hydrogen atom (H2) peinting toward the g-oxygen atom (02). In the 5T quantum cluster, the distance
between Fe-H1 is evaluated 10 be 282.1 pm and that of 02-HI is 2953 pmt. The weak interactions between the
adsorbed methane and the active site do not significantly disturb the structure of the active site. On the other hand,
the adsorbed methane molecule is partially activated by the adsorption as the C-H2 bond distance is slightly
clongated from 109.2 to 109.5 pm. Including the extended framework increases interactions between adsorbed
methane and the active center. The adsorption encrgy is increased from 155 k}Mmol to 27.2 kJ/mol and adsorbed
methane is getting closer to the active iron site as reflected by decreasing in distance between Fe-CC and Fe-H2 and
O2-H1 (see Table 2) and elso the increase of the C-H2 bond distance of the methane molecule from 109.5 10 109.7
pm, After correction with the single point energy calculations, the adsorption energy of methane on the active iron
site in ZSM-5 is predicted to be -30.5 kJ/mol (scc Table 3)

Table 3. The adsorption cnergies (kJ/mol) for the N;G/FeQ-Z5M-5 and CH/FeO-Z5M-5 systems

Method Adsorption energies {(kJ/mol)}
N;O/FeO-Z8M-5 CHy/FeQ-Z8M-5
Full STBILYP/6-31G{d.p)) 412 -15.5
ONIOM2-46T(B3LYP/6-31G{d p). UFF) -57.3 =272
OMNIOM246T(MP2/6-31G(d.p): UFF# B3LYP/6-21G{(d.p). UFF) -56.9 -30.5
_ Experiment 66.9 -
CONCLUSIONS

The extended framework significantly enhances the adsorption energy of methane to the zeolites. With the
ONIOM2(BILYP/6-3 I G{d,g):UFF) scheme, the adsorption energy of N0 on Fe-ZSM-5 was accurately calculated
to be —66.9 kl/mol, the adsorption energy of —30.5 ki/mol for the JCH/Fe-ZSM-5 complexcs was predicted. From
the structure and adsorplion cnergy point of vicws, the B3LYP or MP2 combining with the UFF force fields
method as & lower kevel is considered to be one of the best combinations for the ONIOM2 scheme. This efficient
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scheme provides a cost effective computational stategy for treating the effects of a large cxiended framework
structure. The results obtained in the present study suggest that the ONIOM approach yields & more accurate and
practical model in stdying adsorption of hydrocarbons on zeolites and also in smdying the mechanisms of
oxidation of methanc to methanol using N,0 as oxidant. This challenging reaction is being actively pursued.
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Theoretical Study of Modes of Adsorption of Water Dimer on H-ZSM-5 and H-Faujasite

Modes of adsorption of water dimer on H-ZSM-5 and H-Faujasite (H-FAU) zeolites have been investigated
by a quantum erabedded cluster approach, using the hybrid BILYP density functional theory. The results
indicate that there are rwo possible adsorption pathways, namely the stepwise process where only one water
binds strongly to the (—0)\-Al~O{H) tetrahedral unit while the other weakly binds to the zeolite framework
and the conceried process where both water molecules form a large ring of hydrogen-bonding network with
the Brensted proton and an oxygen framework. With inclusion of the effects of the Madelung potential from
the extended zeolite framework, for adsorption on H-ZSM-5 zeolite, both the neuvtral and ion-pair complexes
exist with adsorption energies of —15.13 and —14.73 kcal/mel, respectively. For adsorption on the H-FAU,
only the jon-pair complex exists with the adsorption energy of —14.63 keal/mol. OQur results indicate that
adsorption properties depend not only on the acidity of the Brensted acidic site but also on the topology of
the zeclite framework, such as on the spatial confinement effects which lead to very different adsorption
structures for the ion-pair comnplexes in H-ZSM-5 and H-FAU, even thongh their adsorption energies are
quite similar. Our calculated vibrationat spectra for these ion-pair complexes support previous experimental
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Introduction

Zeolite Brensied acid sites have been known to catalyze many
industrially important processes such as hydrocarbea conver-
sions and production of fine chemicals. Prolonation of substrate
melecules by Bramsted protons has been suggested, and in fact
is well-accepted as the initisl step of these processes. For this
reason, undersianding whether substrate motecules are proto-
nated upon adsorption on a Brensted acid silc is of great
fundamental and technological importance. However, adsorption
of a weak base such as waler presents a challenge for
experimental identification of its mode of adserption. Two
possible siructures have been suggested when H;O is adsorbed
at the Bremsted acid site: a hydrogen-bonded or a protonated
complex. The preferred equilibrium structure has been a heavily
debated issue. There are challenges in both experimental and
iheoretical investigations making the task of resolving this
controversial issue more difficult.'~!?

Adsorption of an isolated waier molecule on 2 Bransted acidic
site has been well-accepied and confirmed 1o form 2 neutraj
hydrogen-bonded complex. The remaining controversial issue
is the number of water molecules needed 10 stabilize the
protonated species. In previous experimental tesults, mostly
obtained by IR spectroscopy, Jentys et al? reported that
protonation was observed by further adsorption of H;0 to the
1:]1 hydrogen-bonded structure on H-ZSM-5 to form dimeric
HsO+* and polymeric HsOptn{H:0}, species. in another TR
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chemistry.utah.ede (Thanh N. Truong) and fscijrif@ku.ac.ah (Jumras
Lintrakuvl}.

* University of Lhah.

! Kasetsan University.

10.1021/jp45021k CCC: £30.25

study, Kondo et ak.!* also indicated that the IR spectra of the
dimeric Hs0a* species were clearly observed. In yet a different
IR study, Zecchina and co-workers suggested 1hat H*{H,0),
ionic species are formed at a high dosage of two or more water
maolecules per site.' However, Jobic ct al.!>% using the Inelastic
Meutron Scattering technique 1o also study adsorption of water
at different concentrations in H-ZSM-5 did not observe the
formation of hydroxonium ions. These studies pointed out the
difficulty in interpreting the experimental spectra, particularly
at higher loading levels, due to the possibility of interferences
from the channel walls, the coexisience of both lhe hydrogen-
bonded and protonated species in equilibrium condition, and
the multiple possible structures of a species for a given cluster
size,

Theoretical results obtained by Zygmuat et al.'? using a 5T
{(five tetrahedral sites) cluster model found that the neutral
complex is more stabie than the jon-pair structure by 2.9 kcal/
mol; this finding is consistent with those of Gale et al.,'® Bell
et al.,'"® and Limtrakul et al.'>2? On the other hand, the resulis
obtained by Krossner et al.?! using exacily the same ST model
as Zygmunt at a different level of theory (BP for the former
versus the B3LYP for the latter) found the ion-pair complex is
more stable by about 3.6 keal/mol. These studies agree that both
neutral hydrogen bonded and ion-pair complexes exisi. How-
ever, the predicted adsorption structures and their relative
stabilities vary greatly. The differences counld be due to several
different sources such as differences in the level of theory and
the physical mode) of the zeolite active site used. It is nteresting
10 point out that the effects of the Madelung potential from the
extended zeolite structure were not included in any of these
stodics. Such effects have been known (o stabilize the ien-pair
complexes??23 and thus, onc would expect they play a significant
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Adsorption of Water Dimer on Zeolites

role in determining the adsorption siructures of water dimer on
zeolites. Furthermore, the most recent theoreticat study done
by Zygmunt el 21.'? concluded that the 3T and 5T cluster models
used so far are not adequate for studying adsorption of water
dimer due 1o the possibility for water dimer o interact with the
“capped” hydrogen atoms.

The importance of a fundamenial understanding of factors
thal can affect the mode of adsorption, the lack of conclusive
evidence in experimental data, and the shortcomings of previous
theoretical studies have motivated us to perform a more
systematic theoretical investigation on the adsorplion of water
dimer on zeolites. In particular, in this study, in addition io
taking into account the effects of electron correlation, of large
basis set, and of the zero-peint energy motions, the effccts of
the long-range Madelung potential from (he extended zeolite
framework are also included in the determinations of both
adsorption structures and the relative stability of the two forms
of adsorption complexes by using an embedded cluster model.
With such a model, it allows theorelical investigation on the
effects of different zeolile structures on the adsorplion properties.
Particularly, we considered the adsorption on H-ZSM-5 and
H-FAU zeolites. ZSM-5 has the channcl cross section of 5.6
A, whereas FAU has a 7.4 A cross section. How the differences
in the ZSM-5 and FAU zeohite structures affect the adsomtion
mode is a question that has not been addressed previously. Qur
resulis zlso indicated that formation of the water dimer complex
adsorbed on a Bronsted acid site can originate from two separate
pathways, which yield two different adsorption structures. In
one pathway, the dimer adsorption complex is formed by
adsorbing one water molecule at a time on the adsorption site
in a stepwise process. In this case, the first water molecule binds
to the O3-Al-O(H} tetrahedral unit more strongly while the
second water molecule binds 10 the first water molecule and
the zeolite framework. In the other pathway, the dimer adsorp-
tion complex is formed by adsorption of waier dimer on the
adsorption site in a concerled process. In this case, both water
molecules form a Jarger ring with the Brensted acid site and a
nearby oxygen of the zeolite framework. Addressing Lhe
question of how these pathways manifest in the mode of
adsorption of water dimer on zeolite s also part of this study.
Funhermore, compansons between the calewlated and expeni-
mendal IR spectra allow verifications on the experimental
suggested fingerprints for the jon-pair complex species.

Computational Details

In this study, to avoid wnphysical inleractions between
adsorbates and capped hydrogen atoms, quantum clusters
consisting of seven tetrahedrally coordinated atoms (Si, Al) from
the ceystal structures™ were selccted to represent the Brensted
acidic sites of these zeolites which are parts of the 12-membered
ring of FAU or the 10-membered ring of Z3M-3 zeolites. These
rings are al the inlersections of the channels and are accessible
to the adsorbates. Hydrogen aloms were used to cap the dangling
bonds. These capped hydrogen aloms are localed along the
direction of corresponding Si—O bonds. The resulting 7T
chusiess, SisAlOH 5, have a total of 34 atoms. For ZSM-§
zeolite, the Ti2 site was selected to represent the active site
beeawse il was found 10 be among the most stable sites for Al
substitution,?*2¢ and this site provides sufficient space and can
be accessed easily by small adsorbates. Most previous theoreticat
works have alse chosen the T12 site as the Al substitution sile
for ZSM-5 zeolite, For FAU, all of the T siles (Al or Si
tetrahedral sites) are equivalent by symmetry.

In the embedded cluster models, the 7T clusters are embedded
in an array of point charges that represent the static Madclung

S Phys. Chem. B, Vol 109, No. 27, 2005 13343

Madelung potentizl from periodic framewark is represented by two
sets of point charges, i.e,, surface charges and explicit charges.

potential due 10 atoms outside the quantum cluster. Qur previous
study?’ indicated that the embedded 7T cluster model would
be sufficient for studying adsorplion of molecules with binding
energies less than 40 kcal/mol; that is the case here as discussed
below, Using the Surface Charge Representation of External
Embedded Potential (SCREEP) method developed by Stefanov-
icl and Truong,® the Madelung potential owing to the extended
zeolite structure is represented by two sets of poini charpes.
For atoms located within the unit cell of the quantum cluster,
they are represenied explicitly by point charges located at the
laitice positions. The magnitudes of these point charges are taken
from periodic population analyses of zcolite syslems, To
minimize the intcraction that occors between the quantum
mecharical terminating hydrogen atoms and the neighboring
point charges, the first layer of explicit point charges nearest to
the quantum cluster were removed and these charges are
redistributed among the second shell (the next layer} explicit
point charges, Specifically, the charges on the second shell are
fited to reproduce the original potentiai in the active cenler
due to both the first and second shells. The Madelung poteatial
from the remaining charges of an infinite lattice is represented
by a set of surface charges that were derived from the SCREEP
method (see Figure 1). More details oa this methed can be found
elsewhere. 2 For H-FAU (see Figure 2), the total Madelong
potential is represenied by 441 explicit charges and 1311 surface
charges, whereas for the H-ZSM-5 (sec Figure 3), 564 explicit
charges and 978 surface charges are employed. Note that pure
8i0; FAU and Z5M-5 crystal structures were vsed in calculating
the static Madelung potential therefore Si/Al ratio effects are
not included in this study.

The hybrid B3LYP density functional theory was used in this
study. In all structural determinations, geometries of the 3T
cluster surrounding Lhe active site (Si-O1H-AL-Q2-5i) and of
the water dimer are fully optimized while the remaining part
of the 7T quantum cluster is fixed tn their lattice positions. For
these calculations, a mixed basis set was used. In particular,
the 6-31G(d,p) basis set was used for all atoms in the small 3T
cluster comtaining (he active center and the water dimer
mentioned above, whereas the 3-21G basis set was used for
the remaining atoms of the Jarger 7T cluster. Single-point
B3LYP calculations at a larger basis sel were also done,
Similarly, a mixed-basis sel was used in this case where the
larger 6-311-+G(3d1,2p) basis set was used for the smaller 3T
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Figure 3. The 7T embedded clusier model for H-Z5M-5.

cluster and the walter dimer instead of the 6-31G{d,p) one. Note
thal the 6-311-+G(3df.2p) basis set used in the G2 theory for
the effects of large basis sct was also used previously by
Zymrnunt et al. for studying the samne sysiem, but with a smaller
cluister. Normal-mode analyses using the embedded cluster
model were also carried oul to venify the nature of the adsorbed
complexes and their IR spectra. All ealculations were done with
the GAUSSIAN 98 program.™!

Results

In this study, we focus only on the possible modes of
adsorption of water dimer on two different zeelites, namely FAU
and Z8M-5. Previous theoretical studies have reported two
differem ways for calculating the “adsorption energy™ of waley
dimer, specifically:

AL = E(complex) — E{free zeolite) — F{water), (1)

s

AL

wels

= L(complex) — E(free zeolite) — nF{water) (2)

In eq 17" the adsorption encrgy is referenced (o the energy
of the infinite separation of water dimer and zeolite, whereas

Jungsultiwong ¢l al.

n'eq 2% it is referenced to the energy of infinite separation of
zeolite and lwo 1solaled waler molecules. The latter is closer 10
the definition of the lormation energy of water dimer on rzealite.
In this study. we used eq 1 lor caleulating adsorption cnergics.
Te compare with the resulis that came from the use of eq 2, the
binding energy of water dimer, Ey(i1,0) = E(water),
nE(water), should be added. The binding energy of water dimer
calculaled at the BILYP/6-311++G(3dM2pWBILYP/6-31G-
(d,p) levet 15 3.23 keal/mol.

There are two possible modes of adsorption of water dimer
on zeolites, namely the nextral and ion-pair complexes, denoted
as NC and 1P complexes, respectively, in this study, The NC
complex is wherce water dimer is stabilized by forming hydropen
bords with Lhe Brensled acid site and the framework oxygen
atom. In the ]P complex, the Brensted acidic prolon Imnsfemed
1o the water dimer 10 form an HsO:* hydronium ion, which is
slabilized by forming strong hydrogen bonds with the depro-
tonated zeolite framework. Both such complexes can coexist
and be slabifized by the zeolite framework. If so. there would
be a transition slale connecting these two stable siructures.
Zygmunt c1 al.'? found that such a transition stalc has a rather
low barrier and thus one can expect thal these lwo complexes,
it both exisled, would be in rapid thermal equilibrium. For this
reason, in this study, we only focus on the stable adsorplion
structures. Our results indicate that there are two possible
adsorption pathways for each adsorption mode. One pathway
leads 1o the adsorption structure that has onc waler molecule
of the dimer forming two strong hydrogen bonds 1o the (—0);-
Al-OH tetrabedral unit to yield a 6-membered ring structure
similar to that of the adsomplion of a single waler molecule,
while the other water molecule does nol have any direcl
interaction with the (—0);-A10H tetrahedral unit, but binds to
ihe other waler and (he zeolite framework. This water dimer
adsorption complex can be thoughl 1o be formed by a stepwise
adsorption process, i.¢., adsorption of a single water molecule
al a lime on the adsorplion site. The other pathway yields the
adsorption siructure that has both water molecules forming a
larger ring where one of the two water molecules makes only
one hydrogen bond to the acidic proton while the other water
molecule forms a hydrogen bond with the oxygen atom of the
neatby letrahedral unit of the cross section, This complex can
be thought to be formed by a concenied adserption process off
waler dimer on the adsorption site. These adsorption struclures
are somewhat different from those reported by Krossner and
Sauert! and Zygmunt et at,,'7 where both waler molecules fonn
hydrogen bonds with only oxygen aloms of the (- O);-Al-O(H)
ietrahedral unit. This is because the cluster model used in these
studies has only these four oxygen atems of the (~0)-Al-0¢11)
ictrahedral unit for forming hydrogen bonds wilh the waler
dimer, thus it would not be able to predict the adsorbed
structures found here. kn addition, in the aciual ZSM-5 and FAD
zeolite framework, two of the oxygen atoms of the {(—0);-Al-
O(H) tetrahedral unit thal are nol on the zeolile cross sgclion
(the two OH groups in Figures 2 and 3) have their lone pairs
pointing away and thus would not make a strong hydrogen bond
with the water dimer. Such adsorption structure may still exisi
al a weaker binding energy; however, accurale determination
of ils structure would require larger quantum clusters than those
used in this study and thus is beyond our current compuling
capability. Note that under experimental conditions, conversion
between these possible adsorption complexes is possible due
10 thermal [Mucivations, Further discussion on these sirinctures
is given below. 1t is important to point out that singe we
employed both the cluster and embedded cluster models and
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Figure 4. Siructure of the neutral complex of the {H:0)/H-ZSM-5
sysiem oplimized at the B3ILYP/6-31G(d,p} level, using the clusier
model {bond dissances are in A).

Flgure 5. Swucture of the neutral complex of the (H,0n/H-Z5M-5
system optimized ai the BILYP/6-31G(d.p) fevel, using the embedded
cluster model (bond distances are in A).

the latter model is more accurate, thus, results from the cluster
model are ondy used (0 Hlusirate the importance of the Madelung
field effects. To make comparisons with experimental observa-
tions, results from the embedded cluster model are used.

Adsorption "of Water Dimer on H-ZSM-5. Optimized
adsorption siructures of water dimer on H-ZSM-5 are shown
in Figure 4, using the clusler model, and Figures 5 and 6, using
the embedded cluster model. Setected bond distances are also
given in the figures. Additional selected optimized geometrical
patameters and calculated adsorption energies are histed in
Tables t and 2, respectively.

To include the effect of the large basis set, our calcuiated
adsorption energies are carried oul al BALYP/6-311-+G(3df -
2pW B3ILYP/6-31G{d,p). The cluster maodel predicts adsorption
of water dimer on H-Z3M-5 in only the NC forra with the zero-
point encrgy (ZPE} corrected adsorption energy of —14.57 kcal/
mol, whereas the embedded cluster model predicts both forms,
NC and 1P, existing in nearly equal populelion with the ZPE-
corrected adsorption energies of —15.13 and —14.73 kcal/mol,
respectively. Since results from previous cluster models do not
include the effects of the zeolile crystal framework, they can
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Figure 6. Structure of the ion-pair complex of the {:0)/H-Z8h-5
system optimized a1 the BILYP/6-31G({d,p) level, using the embedded
cluster model (bond distances are in A).

TABLE |: Selected Optimized Geometrical Parameters
(bond tengths in A and angles in deg) and Adsorptien
Evergles (keal/mol per water molecule) for Water Dimer
Adsorption on ZSM-5, Using Both the Cluster and
Embedded Cluster Models

cluster embedded cluster
MNC NC 14
{Figure 4) {Figure 5} (Figure )

0;—Hz 1.10 O—-Hz 1.16 1.49
Q- - -Hz 1.37 Oy-- -Hz 1.27 1.04
0g- - -Hy 1.80 04—H, 1.03 1.18
O;—H, 0.98 Os- - -H, 1.4% 1.22
0u—Hz 0.99 Os—H; 0.98 1.40
Os- - -Hz 1.86 Oz---H; .83 1.65
O—H, 0.97 05—8i 1.68 1.70
Os---H; 236 Sir=0» 1.65 [.65
Cs- - -Hs 2.10 Oy~ Al 1.65 1.65
Oy—Al 1.78 Ch—Al 1.70 1.67
0;—Al 1.70 ZLO1AI): 106.4 108.6
£201AKD 937 ZAI0:54; $32.5 1328
ZH 0241 i13.7 £0:81,0; 902 89.3
L0H Oz 138.9 ZSiH04H; 111.0 107.1
ZHzOyH, 91.0 LOyH04 167.4 16858
L HzZ 162.3 ZH0:H; 1EH1LD 114.6
LOHOs 150.8 ZOsH; Gy 1779 t77.4
ZHy0sH, 93.3 ZH,OsHz 1155 1§2.3
£ H;0, 158.8 ZLOHz20, 173.8 167.6
L0540 166.8 £ HzOWAD 1144 1128
HzO A0 7.6 HzOiAlD; 269 26.7
O : A0, 1.0 H,C:510, =326 -293
HiO: A0, 6.2 QD AIG, ElIR] 333
Hz040:A1 -1206 O:0830: —308 -29.6
OsO0uG:AL =1333 0:0,0,0; -—18.2 -21.39
040004 44 8 H QAL =364 -373
HayO0s04 00 ~280 H:0,;:Al 830 R0
He050,0, -129.0 H,0:0:8i, —#232 -121.0
ads energy (£54)

6-31G(d,p) ~16.09 ~15.7% -15.75

&3V i+G{df2p) —14.57 —-15.12 -14.73

be compared to our resulis for either H-Z5M-5 or H-FAU, and
thus we defer such defailed comparisons on the energetics to
the discussion section below. We only make comparisens on
the adsorption structures where appropriate.

1L is interesting to note that the preferred adsorption structures
are quite different from both the cluster and embedded models.
The optimized siructure of the adsorbed neutral waler dimer
cemplex with use of the clusicr model is shown in Figure 4. In
this structure, ong water molecule binds strongly (o the {(—Oh-
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TABLE 2: Selected Optimized Geemetrical Paramelers
{(bond Iengths in A and angles in deg) and Calculated
Adsorption Energy (kcal/mol per waler molecule) for
Adsorption of Water Dimer on Faujasite, Using Both the
Ciluster and Embedded Cluster Models

cluster model embedded clasier
14 NC g
(Figure 7) {Figure 8) (Figure 9)

Oy---Hz 132 0;-Hz 1.10 1.38
O --Hy 1.81 03---Hy 213 1.91
Oy—Hz L. 0,---Hz 141 1.07
0;-H, 1.30 Os- - -H, t.58 1.45
O-H; 1.00 i—Al {84 1.85
Oy - -l 1.67 0O,—Al 173 1.79
O~ 097 O,-51p .63 1.56
O5---H; 2,16 LA, 98.3 94.6
0)~Al 1.81 LAIOS1 130.2 128.0
Op— Al 1.77 £0:5i;04 1012 103.6
LA 98.3 £5i20nH; 106.3 103.2
ZAICH, 108.3 £03H,05 169.3 166.4
Z0:H(H 137.5 ZH30H) 109.3 116.8
ZHi0O5Hz 99.0 £0:H, 0 177 175.%
£0Hz0, 165.5 ZH,04Hz 114.9 110.7
ZOHOy 164.4 £Q.HzO, 177.2 1739
LH, M, 1162 ZHzChAl 175 108.8
£0H0s 162.9 HzOyAND, -20 ~39.2
Hz0 Al 18.4 O0AL0. —1.7 =396
Hy A0, —-24 H,0,0,A1  -9.8 66.5
0 00A10, 16.1 H:0,00A1  ~131.3 ~50.0
Hz0:00A1 —~138.8 H;O\8i0:; 1810 14.3
00040 -38.6 Ha0:0554; ~-~173.0 —181.7
0,0;04H; -49.7  G0.0A1  —11.2 64.2
Ha3:Oh0) 739 005005 18.0 14.0
ads energy {E.)

£6-31G(d,p) —-11.35 -~13.82 -17.65

6311+G(AdE2p)f  —8.46 —-11.64 ~14.63

Al-O{H) tetrahedral unis by forming two hydrogen bonds Hi- - -
02 and Hz- - -04 with the bond distances of 1.80 and 1.37 A,
respectively, while the other binds to the first water with the
hydrogen bond distance of 1.86 A, and has some altractions
from its hydrogen atom with the zeolite framework oxygen
aloms O3 and 06 with distances larger than 2.10 A. A similar
NC structure was found by Krossner and Sauer with the
corresponding hydrogen bonds (similar to H1- - -02 and Hz- - -
O4) of the first water to be 1.92 and 1.37 A, respectively.
However, using a 3T cluster, Zygmunt el al.*? found this
adsorption configuration pretonated, but when they repeated the
study vsing a larger clustier model, a different adsorption
structure was oblained, as discussed below. This above-
mentioned structure indicates that the adsorbed complex is
formed by the stepwise adsorption process. With the 7T cluster
model, we were not able 1o find the structure corresponding to
the other concerted adsorplion pathway. However, using the
same ST cluster model, Zygmunt et al.'? and Krossner and
Sauer?! found edsorption structures that corresponded Lo the
concerted pathway where both water molecules bind to the
zeofite framework 1o form a large ring coafiguration. However,
their ST cluster model consists of four ;810 groups tetrahe-
drally coordinated 1o the centered Al atom, thus waler molecules
are restricied to form hydrogen bonds with only four O atoms
surrounding the Al atom. Both studies found the 1P complex
exisls for adsorption of water dimer. The results oblained by
Zygmmuni el al.!” show the NC is 2.91 more stable than IP. Using
the same 5T cluster but with OH 1ermination groups, Rice et
al."? found only the NC complex, although having a different
adsorption structure where the 1wo water molecules also form
a single large ring with Lhe zeolile framework, but one is
hydrogen bonded 10 the OH termination group. Such hydrogen

Juagsulliwong el al.

bonding does not exist in the 5T model used by Zygmum ¢l
al.'” and Krossner and Sauer.?’ The differences in these resulls
indicate thal the 5T clusler model is not sufficient due o large
boundary effects. The 7T cluster model used in this study
atiempted to remove much of these effects so that there is no
restriction an the hydrogen-bond configuration of water dimer
wilh the Brensied acid site and zcolite framework.

When the Madulung potential is included, both NC {Figurc
5)and IP (Figure 6) are observed with similar struclures where
the two water molecules form a single large 7-membered ring-
like siructure (cownting only heavy atoms) with Lhe zeolite
framework. There are three hydrogen bonds in this adsorption
configuration in which the two water molecules form a hydrogen
bond between each other and each waler molecule forms one
hydrogen bond with the zeolite framework. This adsorption
configuration supperis the concerted adsorption pathway as seen
in previous studies by Zygmunt et al.,'” Krossner and Saucr,?!
and Rice et al."?

Taking 2 closer tock at the NC and IP adsorption structures
from the embedded cluster calculations as shown in Figures §
and 6, respeciively, we found that thesc structures are quite
simjlar lo the NC suucture obtained by Rice el al. For the NC
complex, the first hydrogen bond arises from the interaction of
the oxygen atom of one of the two water molecules and Lhe
acidic proton {Q4- - -Hz), which is calculated to be 1.27 A. This
value is comparable with 1.26 A from Rice et al.’s structure
but is noticeably shorter than the value of 1.49 A determined
by Zygmunt et al. The second hydrogen bond is formed betweon
two water molecuies, which are considered as the adsorbate—
adsorbate interaction, with the distance of 1.49 A. This is slightly
shorter than the value of 1.55 A from Rice et al., but is also
significantly shorter than the value of £.70 A from Zygmunt et
al. The third hydrogen bond is from the hydrogen atom of the
other water molecule, H3, and the oxygen O3 of the zeolite
framework with the distance of [.83 A. This value is slightly
longer than the value of 1.72 A from Rice et al.’s siructure and
is comparable with 1.78 A from Zygmunt el al.'s structure.
However, as mentioned earlier in Zygmunl ¢t al.’s structure,
the two water molecules are restricted to form hydrogen bonds
with four oxygen atoms bonded to the Al atom only (see Figure
1 in ref 17).

The [P adsorption complex has a similar overall structure
with the NC complex, ¢xcept that the Bransled prolon is
transferred to the water {specifically to the O4 atom in Figure
6). Consequeatly, it changes the hydrogen bond paltern and
distances. Parnticularty, the first hydrogen bond arises from the
interaction of the oxygen atorn Ot of ZSM-5 and the acidic
proton (Q1- - -Hz), which is calculated to be 1.49 A. This value
is more or less the same as the IP determined by Zygmum et
al. The water—waler hydrogen bond (O5- - -H1) distance of 1.22
A is significantly shorier than any previously caicutated values,
which are above 1.50 A. The remaining hydrogen bond between
the H3 hydrogen atom in the second water and the O3 atom of
zeolite framework is calculated to be 1,65 A. This is in the range
from 1.50 10 1.78 A of previously reported values. H is
interesiing 1o note that the protonated HsO: * jon has the angle
O4H105 of 177.4°, the H10S and H104 distances of 1,22 and
1.18 A, respectively, and the relative orientation of the two water
molecules (see Figure 6). This configuration is closer 1o the
configuration of H:C,* ion, where the proton is equally shared
between the two water molecules, than the HzO*- - -H,0O
configuration.

A number of experiments have been done with the FTIR
lechnique to characlerize and distinguish the TP waler~zeolile
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TABLE 3: Comparisons of Calculaied Adsorption Enerpies
of {H;0),/Zeolite with Previous Theorelical and
Experimental Resvlts
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TABLE 4: Czlculated Unscaled Vibrational Frequencies v
{cm™1) and Intensities 7 (KM/mol) for the NC and 1P
Complexes on H-ZSM-5

tevel of theory cluster maedet mode AE  ref neutral complex jon-pair complex
H-ZSM-5 mode v and (f) mude v and (f}

BILYP/ big'/f m clusier  NC ~14.57 b

BILYPrbigh T embedded NC  ~15.13 ) 4 3862 (50)  O4H2) 3849 (39

BILYPrbig# 7T embedded 1P —14.73 b H Jasym 3845 (776)  w(O5H4) 3824 (151)
BILYP/6-31G(dp) 5T clusier  NC  —118 23 HOsHY 384) (1862)  ¥(O5H3) 3179 (948)
BP/DZP (H, Si, A 5T (generic) cluster [P —14.28 24 Y(O5H3) 3552 (665)  (H104Hz)sym 2507 (1488)

TZP(Q) ' w(OHz) + wW04H) 2726 (1571)  &(H:0*) 1675 (417)

S(H104H2) 1722(251)  &{H.04 1760 (92)

B3LYP!§-3]-:-G[d.p) 5T cluster NC-1P (_2.8320" gz S(H305H4) 1669 (41) 3(H305H4) 1707 (224
Faf;a‘_:’;’e'm" : & {OHz) 1521 (87 O(H;O*}umb 1350 (420)

BILYPibig# 7T custer  NC ~11.64 & ﬁ:g:z; :;Tg Eggg;

BILYP/ big'// T closter 1P -846 b z

BILYPI'big'H T embedded 1P ~14.63 b . o .
BP/DZP (H,Si, Al) 5T (generic) clustes P 1478 24 hydroxyl group are assigned as in Figure 10. We first discuss

TZP () features of the HeQz" IP complex. Fhe calculated vibrational

“ Relative enczgy. * This work.

complexes from the neutral ones.?1433 However, interpretation
of IR spectra of water in zeolites with different loading levels
has been rather difficult and not without ambiguity. The reason
can be best ilustrated by Zecchina et al’s remark “all the
arguments developed so far for the basic IR speciroscopy of
the (OH- - -B) groups also hold for the (O™ - -* HB} species
and that a clear cul betwcen the two cases is not straightfor-
ward™.!* For adsorption of a single water molecule (correspond-
ing to 107%—10~* mbar of vapor pressure), both experimental
and theoretical studies strongly support the neuiral specics. Even
50, lhere are features on their 1R spectra, such as the broad
continuum band covering the 3000 to 1300 cm™' range and the
strong peak in the region of 1860~1650 e¢m™!, that cannot be
explained by existing arguments. For higher loading levels, i.e.,
(H,0), in H-Z8SM-5 zeolite with # > 1, although the interpreta-
tion of the experimental IR spectra is even more difficult, there
has been some consensus thal dimeric HsO;" species were
observed, thus our present tesuits are consistent with the
previcus IR results. In this study, we have further calculated
the IR spectra for the IP and ncutral water dimer complexes in
H-Z5M-5 using the embedded cluster mode), then compared
the resulls with the experimental spectra.

FTIR spectra for water in H-ZSM-5 under an equilibrium
pressure between 1073 to 10~2 mbar done by Jentys et al.* show
a strong increase in the four bands at 3695, 2885, 2457, and
1630 ¢cm™'. The authors supgested that these four bands are
characteristics of the hydroxonium HsO;* species adsorbed on
the negative charge Z5M-5 zeolite framework. In particular,
the band al 3695 cm™! is dug to the free OH group pointing
away from the zeolite framework; the two broad bands at 2885
and 2457 cm™! are of the O- - -H*-- -O part; and the band
around 1630 ¢m~! is due 16 deformation of the H3O compo-
nent. Zecchina et al.,'* on the other hand, suggested the two
main fingerprints for hydroxonium H*(H;C), species on IR
spectra of water in H-ZSM-5 zeolite are an adsorplion in the
18601650 cm ™’ range, accompanied by a parmer around 1455
cm™', in additien lo the broad “conlinuum™ band from 1300 to
3000 cm™! due to different H¥(H,0), species pointed out in
their earkier study.’ However, experimental spectra alone cannot
precisely determine the number of H20 molecules solvating the
acidic proton. Kondo e1 af. laler added ancther feature for the
dimeric HsO,* species that is the band at 3207 cm™.

The main features of our calculated IR spectra [or water dimer
adsorption in H-ZSM-§ zcolite for both the NC and 1P
complexes are listed in Table 4. The calculated freguencies were
not scaled. The characteristic vibrational modes of the bridged

frequencies at 3849 cm™! correspond to the ¥ OH) of the free
OH bond of the adsorbed HsQ»* {(see Figure 6), with the O4H2
is pointing away Fom the zeolite framework, which is in
reasonable agreement with experimental observation® at 3700
cm™'. The peaks at 3824 and 3172 cm™? are of the second H,O
maoiety, which are close (o the catculated frequency results of
3884 and 3275 cm™! obtained by Zygmunt et al.'? The former
is assigned 1o the w{O5H4) of the free OH group, The latter
belongs to the »(O5H3), the frequencies shift due to one
hydrogen alom being bonded to the zeolite framework {H3).
The lavier peak is in good agreement with the fingerprint at
3207 em™! suggested by Kondo et al.’> The caleulaled peaks at
1760 and 1675 em™! are assigned to be the bending mode of
the hydroxenium species, 8(Hy0™), which is comparable 1o the
frequency range of 1B60—1650 ¢m™!, the fingerprints of
pretonated H¥(H;0), species obtained by Zecchina et al,,™ and
are also consisient with the experimental observation band at
1630 cm™" by Jentys et al.* The frequency at 2507 cm™! belongs
to symmetric stretech modes, wW(HzO4H1), of the two hydrogen
bonds of the hydroxenium ion, O4Hz and Q4HI1, respectively
{see Figure 6), which is comparable to the peak of symmeiric
¥(H3O%) at 2911 em™' from Zygmunt et al. The 1350 cm~!
comesponds to the umbretla mode, the characieristic of the
protonated water ciusters, as poinled oul by Zecchina et al.

For the neutral water dimer complex, we found that the peak
at 2726 em™! belongs to the OH stretching mode of the acidic
site, Y{O1Hz), being very intense because it overtones with the
»(04H 1) mode {see Figure 5). This is in good agreement with
the experimental result of the ¥(OH- - -0) mode of group a at
2680 cm™! for a neutral complex of a single water adsorption
on H-ZSM-5 (see Scheme 6 in ref 14). The peak at 1472 em™!
assigned to the y(OH---0) mode is in agreement with the
frequency peak at 1415 em™ from Zygmount et al. The peak at
1521 cm™! is the §{Q1Hz), the bending mode of the acidic OH
group. The peaks at 1722 and 1669 ¢cm™! belong to S(HOH),
the bending mode of the first water and the second water,
respectively. The lower frequency peak is comparable 1o the
peak at 1684 cm™! cafculated by Zygmuni et al. Unfortunately,
we canno! make a direct comparison between our calculated
IR spectrums for the NC of waler dimer adsorption on H-ZSM-5
wilh that of Zecchina et al. since the latter was interpreted for
a single waler molecule adsorption. Cur result for the structure
of the nevtral dimer complex is quite different from those known
Tor the neutral monomer complex. 1721

Since our results suggesied both the neutral and 1P complexes
can exist in equilibrium in H-ZSM-5, we merge the IR features
of both complexes 50 as to predict fingerprints for these species.
Results from Table 4 confirmed the difficully m inlerpreting
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Figure 7. Structure of the ion-pair complex of the {H20)xH-Faujasile
system ophimized at the B3LYP/6-31G(d.p) Icvel, using the cluster
mode] (bond distances ore in A).

Figure 8. Structure of the neutzal complex of the {H:0)/H-Faujasiie
syslem oplimized at the BILYP/6-31G(d,p) level. using the cluster
mode] (bond distances are in A).

experimental IR spectra. Most bands for the water dimer in the
neutral and IP complex forms overlap with consideration of
broadening due 10 different possible configurations of these
species. There is one band peaking at 3179 em™! in the 1P
complex that appeared lo be the most distinet fingerprint for
the dimeric Hs0;" species, and this is in excellent agreement
with that suggested by Kondo et al. By examining the relative
iniensities, ovr resuits also support the adsorplion in the region
1865—1650 cm™' suggested by Zecchina et al. and Jentys el
al. as another fingerprint for the protonated H*(H,0), specics.

Adsorption of Water Dimer on H-FAL, Optimized adsorp-
tion structures of waler dimer on H-FAU are shown in Figures
7 and 8 wsing the cluster model, and Figure 9 using the
cmbedded cluster model. Selected bond distances are also given
in these figures. Additional sclected oplimized geometrical
parameters and calculated adsorption energies are listed in
Tables 2 and 3, respectively. The cluster model predicts that
both the NC and IP complexes exist with the NC being more
stable with the ZPE correcied adsorption energy of —11.64 keal/
mol as compared to that of —8.46 kcal/mo! for the [P complex.
However, when the Madelung field is included, onty the 1P
complex was found with the ZPE-corrected adsotplion energy
of —14.63 kcal/mol. This is very different when compared to
the resuits for adserption of water dimer on H-ZSMS5 zeclite,
where the cluster model predicts only the NC complex, while
the embedded cluster model yields both the NC and [P

Jungsuttiwong et al.

Figure 9. Structure of the jon-pair complex of the (H;0)/H-Fawasite
system oplimized at the BILYP/6-31G(d,p} deve), nsing the embedded
cluster model (bond distances arc in A).

Si Al “si\ /Al
? k(I) H '.-".Al .
H H s Si
wiH)y MM HOHY

Figure 10. The characteristic vibrational modes of the bridged hydroxyl
group.

complexes. It is interesting to note that although the cluster
models for both H-ZSM-5 and H-FAU have the same 7T siles,
they were cul out from the actual cross seclion of Lhe crystal
structures of these zeoliles, thus (hey have different 3D
structures. Therefore, we observed different resulis for adsorp-
tion on H-ZSM-5 and H-FAU zeolites, even using only the
cluster model. Previous studies'’?! used generic clusier models
to represent the Brensted acidic site and thus did not include
any effects of the crystal framework. Similar to the adsorption
on H-ZSM3, both the cluster and embedded chuster models
predict different results on the adserption structures.
Optimized adsorption structures for the P and NC complexes
with the 7T cluster model are shown in Figures 7 and 8,
respectively. Since we have already provided more detailed
compansons between the adsorption structures of water dimer
on H-ZSM-5 with results from previous gencric cluster models
in the previous subsection, it is more informative here to also
provide some discussion on the differences on adsorption
structures of water dimer on H-ZSM-5 and H-FAU zeolites.
The 1P adsorpiion structure from the cluster mode! (Figure
7) has the protonated form: the water molecule binds strongly
to the two oxygen atoms of the {—O)h-AL-OH fetrahedral unit
while the other water binds weakly to the zeolite framework.
This structure supports the stepwise adsorption pathway. In
particular, this complex has a total of four hydregen bonds. The
first two hydrogen bonds arise from interactions of the two Hz
and HI of the protonated water with O1 and 02 atoms of the
acidic site with bond distances of 1.32 and 1.81 A. respectively.
The other H of H;O*, namely H2, bonds to the 04 atom of the
second water with the bond length of 1.67 A. Finally, the fourth
hydrogen bond is between the H3 atom of the second water
and the O5 atom of extended zeolite, This struciure is simitar
10 the NC complex in H-ZSM-5 using the clusler model, except
in this case the water dimer is protonated. The more stable NC
complex from he ¢luster model, on the other hand, has the waler
dimer ferming two hydrogen bonds with the acidic site in a
single 7-member ring-like structure as mentioned earlier for the
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TABLE %: Comparisons between Caleulated Unscaled
Vibrational Frequegcies v (cm™') and Intensities / (KM/mol)
of the len-Pair Complexes in H-Faujasite and H-Z5M-5

ion-pair on Fau ion-pair on Z8M-5

mode v and {f) mode ¥ and {f)
wQ 4H2) 3782 (135) wO4H2) 3849 (8%
v HIOS5H4} sym 3662 (375 w{OSH4) 3824 (151)
¥(H305H4) asym 3889 (139 w{DSH3) 3179 (948)
wHzO4H 1) sym 2516 (1598) (HIQO4Hz) sym 2507 (1488)
»HzO4H 1) asym 2025 (3389 S(H.0%) 1675(417)
S(H305HA) + HH,0) 1627 (48) S(H10") 1760 (92}
S(HL0%) 2726 (1571) H{H305H4) 1707 (224)
HHi0%)umb 1391 (480} S{H;0*Yumb 1350 (420)

concerted adsorplion pathway. One hydrogen bond is between
the Brensied proton and the O4 alom of one of Lhe two water
molecules with the distance of 1.41 A and the other is between
the H3 atom of the other waler molecule with the O3 atom of
the zeolile framework with the distance of2.13 A. The hydrogen
bond between the nwo water molecules has the distance of 1.58
A. This structure is quite similar to that observed for adsorption
on H-ZSM-5 with the embedded cluster model (Figure 5), except
thal all hydrogen bonds in this case are noticcably longer by
0.09 10 0.18 A.

When the effect of lattice framawork is taken inlo account,
only Lthe protonated species (Figure 9} is observed with the ZPE-
comected adsorption energy of —14.63 kcal/mol. The stracture
is similar 10 those from the concerted adsorption pathway that
has three hydrogen bonds stabilizing the ionic species. The two
hydrogen bonds between the hydrogen atoms of the Hs0,%
species and the oxygen atoms of the zeolite [rarnework, namely
the Hz- - -Q1 and H3- - -03, have bond distances of 1.38 and
1.91 A, respectively. The hydrogen bond between the two water
molecules, H1- - -05, has the distance of 1.45 A. On closer look
al the structure of the protonated HsO,™ species, we find that
in addition 1o the H1- - O35 distance of 1.45 A, the O4H1, O4Hz,
and 04H2 bond distances of 1.05, 1.07, and 1.00 A, respectively,
and the angle Q4H105 of 175.7° indicale lhe prolonated
Hs0»" has the configuration of H;0%- - -H,0. This is very
different from that observed for the adsorption of water dimer
on H-ZSM-3 zeolites (Figure 6), which has the configuration
af HaO- - -H*- - -OH3, where the proton is shared between two
water molecuies. A possible explanation lor such differcnees
is given below in Lhe discussion section.

Since the experimental IR spectrum is not available for water
adsorption in H-Favjasite, in 1his subsection we present our
calculated 1R specira for the HsO»t IP complex using the
embedded cluster model and compare the reselts wilb those for
the water in the H-ZSM-5 zeolite system. Calculated observable
bands due to the water dimer component in the IP complex for
adsosption in both H-FAU and H-ZSM-5 are listed in Table 5.
Similarly, the calculated frequencies were not scaled. The
frequency of 3782 cm™' comesponds to the »(QO4H2) streich
mode of the frec OH group, which is lower than the 3849 em™!
frequency of H-ZSM-5 {sce Figure 9). This is due 1o the free
04H2 bond distance for the protonated species in H-FAU
being slightly longer.

The second waler in Hy0%---H;O in H-FAU can be
considered as an ouler water layer, which is quite different
compared to that of the HzO- - -H*. - -OH; complex in H-
ZSM-5 where it shares the prolon with the other water molecule.
Therefore, we were able to observe the clear H0 moiety in
the H-FAU channel: two Ol stretching frequencies in the
3200—3900 cm™!, one at 388% cm™' belonging to the anti-
symmetric QH stretch, »(H4Q5H3}, and the peak at 3662 em™!
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comesponding to the symmetric OH stretching mode, whereas
in H-ZSM-5 we obtain two separated OH stretching medes of
the second waler, pamely #(O5H4) and »(O5H3). I is inleresting
to note that we found there are both the symmetrc and anti-
symmelric OH stretching modes involving the two hydrogen-
bonded hydrogen atoms of the H;0 moiety, »(HzO4H 1), that
have a relatively high intensity at 256 and 2025 cm™', while
in H-ZSM-5 only the symmetric stretching mode, »(HzO4H1),
at 2507 cm™!, was observed. In addition, the umbrella mode,
which 15 a characteristic of the HyO% moiety, at 1391 cm™! is
in a higher region and more¢ intense than that of 1350 ¢cm™! in
H-Z8M-5 due 1o Lhe protonated species in H-FAU having more
characteristics of H3O% than that of H-ZSM-5.

Discussion

In our present study for adsorption of water dimer, we found
that both the neutral and jon-pair complexes can coexist in
H-ZSM-5 and only ion-pair complex is predicted in H-FAL
zeolites. Furthermore, we also found that these adsorption
complexes can be formed from two different pathways, namely
the siepwise and concerted adsarption pathways. The cluster
model predicts adsorption of water dimer on H-ZSM-5 resulling
only in the neutral complex. However, including the effects of
the zeolite lattice framework by using the embedded chuster
medel, we found that the jon-pair complexes are stable in both
the H-ZSM-5 and H-Faujasite systems from only the concertled
adsorption pathway. This indicaies that the Madelung potential
has the effect of stabilizing the prolonated species. However,
these protonated species have significantly different configura-
tions. The 1P for water dimer in H-ZSM-5 has the H:0- - -
H™Y- - -H;0 configuration where the proton is shaved between
the two water molecules, whereas the IP for water dimer in
H-FAU has the H;O%- - -H,0O configuralion where the proton
is agsociated with only one particular waler molecute, This is
due to the fact that ZSM-5 has the smaller 10-membered rng
pore size of 5.6 A as compared to the 12-membered ring pore
size of 7.4 A in FAU. To understand how the pore size affects
the adsorption structure of water dimer, Jet us examine the
potential surface of the isclated HsO»* system. ™3 The isolated
Hs0:* system has a double-well potential energry surface (PES)
with the H;0%---Hi0 configumation where the proton is
associated with one or the clher water molecules and is a stable
equilibtium structure while the HyO- - -H*- - Ol l; configuration
where the proton is equally shared between the two water
molecules is the transition state for proton transfer between these
two stable configurations. As the O—0O distance decreases, the
double-well PES is transformed into a single-well where the
transition state configuration-becomes the stable equilibrium
structure. Since the ZSM-$ zeolite has a noticeably smaller pore
size than that of FAU, it forces the two water molscules closer
together as indicated by the Q—0 distance of 2.40 A in the 1P
complex as compared lo thal of the 2.49 A in the 1P complex
FAU. Since the barrier for proton transfer in the dimer HsO>*
complex is only about 0.6 kcal/mol,!? the decrease in the O~0
bond distance by 0.09 A can lead to the PES of the HsCh*
moiety becoming a single-well, and thus the H;0-- -H*- - -
H:Q configuration is stabilized in ZSM-5 rather than a double-
welt as in the FALD. These results show (hat the spatial
confinement effects are rather important in understanding
adsorplion properties in zeolile.

The predicted adsorption energy of ion-pair complexes ai the
B3LYP/6-311+G(3df.2p) level of theory with inclusion of the
zero-point energy corrcctions is —14.73 keal/mol for H-ZSM-5
and — 14.63 kcal/mo) for H-Faujasitc, which are considered as
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more or less the same adsomption energies. The neuwiral waler
dimer complex only exists in the H-ZSM-5 zeolile wilh the
adsorption cnergy of —15.13 keal/nel. This can be compared
to the experimental adsorption energy of 8.2 keal/mo! per two
water molecules per cation obtained by Gorte el al.,2 which was
derived by measuring the equilibrium infrared spectra as a
function of vapor pressure and temperature. Since it has been
known that H-ZSM-5 is more acidic than H-FAU, one would
expect that protonation of water dimer is easier and adsorption
energy of water dimer in H-ZSM-5 would also be larger as
compared to those of the H-FAU zeolite. Our resalts indicate
that the adsomption properties depend not only on the acid
sirength of zeolites but also on the topoiogies of those zeofites.
MNote that in companson with previous Lheoretical studies as
listed in Table 3, Zygmunt et al. found that the neutral complex
is more stable compared 10 the protonated dimer complex by
2.9 kecat/moi while the barricr for the deprotonatien siep (lhe
reverse direclion) is very small. Krossner and Sauver found that
both NC and JP structures are minima on the potential energy
swface; the NC complex is less stable compared to the 1P
complex by 3.6 keal/mol. These two results are conflicling in
order of stabitities. Qur results indicate that, particetarly for the
H-ZSM.5 zeolite, both NC and IP arc present as local energy
minima on the polential energy surface with a small energy
differeace of 0.40 kcal/mol, thus they can be in thermal
cquilibrium and almost equal in population.

Comparisons between calculated IR spectra of the NC and
IP complexes on H-ZSM-5 zeolites suggest scveral distinct
bands for the protonated specics which are consistent with
experimenta) interpretations, namely the free OH stretch band
at 3179 cm™! and the band comresponding Lo the bending mode
of hydroxontum in the region 1675—1760 cm™'. These bands
do not exist for the protonated H;O%- - -H,0 species in H-FAU
due to the differences in the adsorption structure. It should be
noied that in the actual experimental condition of a given vapor
pressure, there can be a wide range of adsorbed water clusters
of different sizes existing. Even for clusters of the same size,
they can be very different in their structures duc to their relative
oricntations in the zeolite framework. For this reason, the
experimental IR spectra lend to have broad bands and are
difficult 10 interpret. Qur calculations here provide molecular-
level insights inlo the interpretalions of these spectra.

Conclusion

We have performed a systematic theoretical study on the
modes of adsorption of water diraer on H-Z8M-5 and H-FAU
zeolites using an embedded cluster approach with the hybrid
B3LY? density functional methed. Our results indicate that there
are two possible adsorption pathways: a stepwise and a
concerted adsorption process. The slepwise process involves
adsorplion of one water a1 a lime and results in a compiex where
the first water binds more strongly 1o the (—0);-Al-OH
tetrahedral unit making a 6-membered ring structure similar 1o
that of the adsorption of a single water molecule and Lhe second
water molecule does nol have any direct inlcraction with the
adsorption sile but binds to the other water and the zeolite
framework. The concerled adsorption pathway yields the
adsorption structure that has both waler molecules binding to
the adsorption site forming a single larger ring where one of
the two water moiecules makes only on¢ hydrogen bond to the
Brensted sile and the other water forms a hydrogen bond with
the oxygen atom of the nearby tetrahedra) unit. We found (hat
for adsorption on H-ZSM-3 zeotite, both the ncutral and ion-
pair complexes can exist with adsorption energies of —15.13
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and —14.73 keal/mel, respectively. The relatively small differ-
ence in the adsorplion energy indicates that both forms of
complexes can exist in experimental conditions that are almost
equal in population. For adsorption on the H-Faujasite, only
the jon-pair complex exists with the adsorption energy of —14.63
kealfmol. Our results indicate that adsosption properties depend
not only on the acidity of the Brensted acidic site but also on
the 1opology of the zeolite framework, such as on the spatial
confinement effects noted in this study. Such spatial confinement
effects have led to different structures for the ion-pair complexes
on H-ZSM-5 and H-FAU zeolites despite their adsorption
energies being quite similar. In particular, the smaller channel
cross section of the H-ZSM-5 zeolite resuils in the HsOat
species having the proton almost cqually shared between the
two water molecules Lhat resembles the transition state config-
vration HaQ- - -H*- - -1;0 on the isolated HiC»' polential
energy surface, whereas the larger channed cross section H-FAU
vields the icn-pair complex, where the proten is associated with
one particular water molecule, i.¢., H30™- - -H,0, The differ-
ences in these ion-pair complexes have led 1o distinct differences
in their [R spectra. Qur calculated IR spectra confirm several
fingerprinis for the ion-pair complexes on zeolites as suggested
in previous cxperimental 1R studies.
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The mechanism of the Beckmann rearrangement {BR) catalyzed by the ZSM-5 zeolite has been invesuigated
by both the quantum cluster and embedded cluster approaches at the B3LYP level of theory using the 6-31G-
{d,p) basis set. Single-point calculations were carried out at the MP2/6-311G{d,p) level of theory t¢ improve
enerpetic properties. The embedded cluster model suggests that the initial step of the Beckmann rearrangement
is not the O-protonated oxime but the N-protonated oxime. The energy barriers derived from the proton
shutile of the N-bound to the O-bound isomer are determined to be ~99 and ~40 klJ/mol for the embedded
cluster and guantumn cluster approaches, respectively. The difference in the activation energy is due mainly
10 the effect of the Madelung potential from the zeolite framework. The next step is the rearrangement step,
which is the transformation of the Q-protonated oxime to be an cnol-formed amide compound, formimidic
acid. The activation energy, at the rearrangement step, is calculated to be ~125 and ~270 k)/mol for the
embedded cluster and quantum cluster approaches, respectively. The final step is the tautomenzation step
which transforms the enol-form to the keto-form, formamide compound. The energy barrier for tautomerization
is calcutated to be 123 and 15] kJ/mol for the embedded cluster and quanmum cluster approaches. respectively.
These calculated resuits suggest that the rate-determining step of the vapor phase of the Beckmann

rearrangement on H-ZSM-5 is the rearrangement or tautomerization step.

1. Introduction

‘The Beckmann rearrangement'~8 is an irdustrially imporiant
reaction for the production of e-caprolactam, a raw material for
the production of Nylon-6, for which the market of consumption
was | million tons in 1998.7 Caprolactam is produced by the
Beckmann rearrangement of cyclehexanone oxime with oleum,
or concentrated sulfunic acid as a reaction medium. Although
this procedure is convenient from a chemical standpoint,
difficullies in manufacturing anticorrosion equipment and
eliminating a large amount of the ammonium sulfate formed
during the neulrslization process make the process environ-
mentally unacceptabie. However, using a helerogenecus catalyst
in this reaction, usually called the vapor phasc of the Beckmann
rearrangement, can circumvenl these problems. Zeolile proves
to be an excellent candidate®™%2 for taking over the catalytic
funciion; thus, their use has benefils not only from an economi-
cal point of view but alsc from an ecological point of view.

The Beckmann rearrangement of the oxime compound has
been widely investigated, especially on solid catalysts such as
H-ZSM-5 50 FA 112 B.ZSM-5, 2B eic. Fois et al.!? studied
the vapor phase of the Beckmann rearrangement in H-Faujasite,
H-ZSM-5, and silicalite-1 by using IR spectroscopy and found
that (a} both internal silanols and strong acid siles in weolite
can caialyze the Beckmann rearrangement of cyclohexanone
oxime, (b) a stable protonsied intermediate is formed on a sirong
acid site, and (c) the reaction al weak acid sites has a higher

* To whom comespondence should be addressed. E-mail: fscijri@ku.ac.th
{J.L.) or luong@chem.umah.edu {TN.T.).

t Kasetsart University.

* Universiry of Lhah,
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activation energy through a mechanism not involving a proto-
nated intermediate. Ichihashi el al.*® found ihat ZSM.5 was
highly active for the Beckmann rearrangement when it had an
S¥Al ratio of =500. Rhec et al % studied the Beckmann
rearrangement of cyclohexanonc oxime over an H-§ catalyst
using FT-IR spectroscopy. They suggesied that the initial siep
of the rearrangement involved the N-protonated complex of
oxime, not the O-protonated complex.

Several theoretical studies on the mechanism of the Beckmann
rearrangement in the gas phase have been reported.'?43-47
Nguyen et al,¥~* cmployed rather high levels of melecular
orbital theories to examine Lhe rearrangemenl of CH;—CH=
N--OH oxime catalyzed by a proton, as a model of the BR
under a strong acid condition. The Beckmann rearrangement
was found to consist of two sleps. The first step is 1,2-H-shift
which connects the N-protonated complex and the O-protonated
complex. The second step, denoted as the rcarrangement siep,
is the concerted migration of the alkyl group te the nitrogen
alom and climination of a water molecule to produce a nitnilium
cation. The first siep was found to be the rate-determining step.
Similar results were obtained by Feis et al. for the rearrangement
of protonated cyclohexanone oxime. The lauer study'? also
poinied out that, when a more realistic model for acidic condition
was used, namely, a HCI molecule instead of H*, a totally
different mechanism was found. In fact, structures along the
reaction coordinale were very different, and the rate-limiting
step is the rearrangement step instead. The authors also modeled
the BR calalyzed by siticalite by using a silanel molecule Hjy-
SiOH as a model. It was found Lhat silanol cannot protonate
the oxime; however, the rearrangement slep is similar te (hat
of the HCi—oximc complex and is also the rate-limiting siep.

© 2005 American Chemical Socicty
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A conclusion by the authors is that the BR ean follow different
mechanisms on zeolites depending on the acidity of the Brensted
acid proton and silanol active centers. To the best of our
knowledge, there has not been any theoretical study on the
mechanism of the BR in a real zeolitc framework. Such a study
would be fundamentally important in providing more insight
into the mechanism of the BR catalyzed by zeolites.

In this study, we performed a sysientatic theoretical investiga-
iton on the mechanism of the gas phase Beckmann rearrange-
meni in ZSM-5 zeolile. The formaldehyde oxime was chosen
as a model. Our objeclives are (1} lo understand the nature of
the adsorption of formaldehyde oxime on H-ZSM-5 (i.c., can
the Bransied proton proicnale the oxime, and if so, which form,
N-protonaled or O-protenated, would be more stable?}, (2) to
determine structures and energetic properties along the reaction
pathway for the rearrangement, and thus the rate-limiting step
of the rcaction, and (3} 10 investigatc the eflfects of the zeolite
framework, panicularly the effect of the Madelung potential,
on the mode of adsorption of oxime and the mechanism of the
BR process. To do so, we have employed both the bare cluster
and embedded cluster approaches within the density functional
theory.

2. Methods

Z8M-5 has 12 umique letrahedral (T) sites whese an aluminum
atom can substituie for the i atom in the framework to form a
Brensted acid site. In this study, the active site is assumed 10
be the T12 site since it was predicted to be among the most
stable Al substitution sites,**? and has been used 0 mode}
the active sile of ZSM-5 in many theoretical studies. 1n addition,
it is Jocated at the imtersection of the main and sinusoidal
channels, and thus, it is accessible 10 adsorbates. In our recent
study,?” we have tested model dependency on similar embedded
cluster models of the ZSM-5 zeolite and found that there are
two main faciors that can affect the accuracy of the results,
namely, the size of the QM cluster and the representation of
the Madelung potential. However, it is difficult 10 separate the
effects of these two factors. As the size of the QM cluster
increases, 11 includes the short-range electrostatic, repulsion—
dispersion, and polanization coniributions from lhe locai region
of the active site in its full quantusn mechanical treatment.
Therefore, in principle, the larger model would provide the more
accurate results, although the very large model would have
fimited use because of its compulational demand. We found
that the embedded OT cluster model, in which the quantum
0T cluster represents a complete 10-membered ring of the main
channel of ZSM-3, enclosing an active site and adsorbates, is
sufficient for studying adserption of molecules with binding
energies of tess than 60 kcal/mol; thus, it would be adequate
for the systems considered here. The hybtid density functional
theory BILYP level was used. Because of the size of the ¢luster,
we used a mixed basis set to represent the whole system. In
particular, the 6-31G(d,p} basis set was used for the aclive site
region [H;Si10AOH)R0(H)Si2H)) and the adsorbate while a
smaller 3-21G basis set was used for the remaining part of the
clusier. ln an aitempt to improve the energetic propertics, single-
poinl energy calculations were carmied out at the MP2 level of
theory using the 6-311G(d,p) basis set for the whole system.

To include the effects of the static Madelung potential from
the remaining infinite lattice of zeoiite (excluding the 10T
quantum clusier), we employed the embedded cluster model®®
known as the surface charge representation of cxlemal electro-
static potential (SCREEP) method proposed by Stefanovich and
Truong.**%® [n this model, such an external Madelung potential

Sirjaraensre et al.

Figure 1. Optimized structures of the 10T ciuster and embedded cluster
of H-Z8M-3 zeolite at the B3LYP/6-31G(d,p) level of theory {values
in parentheses are 1aken from the bare clusier),

can be represented by two sets of point charges. The potential
from the unit cells thatl are closest to the quantum clusler is
represented by point charges located at (he lattice sites, while
the remaining component is represented by a set of surface
charges determined from the SCREEP method. Previous studies
found the calculated adsorption propertics agree well with
experimenlal estimates,*®?? suggesting that thc SCREEP embed-
ded approach is a sufficiently accurate and practical model for
studying reaction mechanisms on zeolites.

In this work, in all geometrical optimizations, only the
capping hydrogen atoms are fixed 1o be along the lattice Si—O
bonds. Normal-mode analyses were performed to verily that
the optimized transiticn state does connect the intended reactant
and product. All caiculalions were performed vsing Gaussi-
an98.%! Calculations were done using compuler resources at the
Laboratory for Computational and Applied Chemistry {LCAC)
at Kasetsart University.

3. Results and Discussion

3.1. Bronsted Acidic Site. Selected optimized bond lengths
in the active site region are displayed in Figure 1. Values in
parentheses are from the bare cluster calculations. When the
results from the cluster and embedded cluster models are
compared, the Madelung potential has the effect of lengthening
the O1—HI bond distance {Brensted acid site) from 97.0 1o
97.7 pm and shortening the adjacent Al—O bond, which is in
accordance with Guimann's rules.’® In addition, the Mulliken
population on the HI atom is slightly increased from 0.38 (o
.41, indicating that the Brensted proton is more acidic due to
the Madelung potential effect. From our previous calculations
on smaller custers, we found that the struciure of the Brensted
sitc is not very sensitive to clusler size. However, in this study,
the LOT cluster is needed to accurately describe shorl-range
electrostatic, repulsion—dispersion, and polarization interactions
between the local region surrounding the active site and the
adsorbate.
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TABLE 1: Optimized Geomelries and Adsorption Energies,
AE,y, (kilojoules per mole), for N Complexes and O
Complexes in the Bare Clusters and Embedded Chuster at
the BILYP/6-31G(d,p) Level of Theory (distances in
picometers and angles in degrees)

0 complexes
10T 167

N complexes
10T 10T

parameter cluster  embedded  cluster  embedded
Q1-H1 1542 1771 101.2 139.6
N-HI 109.0 194.8 - -
N-0O1 262.0 279.2 - -
G5—-HI - - 1648 1081
05-01 - - 261.% 2457
02—~z 153.2 170.3 1732 189.8
H2-05 98.6 99.7 R4 99.2
02-05 254.0 268.1 2574 266.4
N—-05 134.) 134.6 140.8 1511
N-C 121.7 1275 1273 126.9
Z0t-H1-N 168.9 163.7 - -
LO2~H2-05 165.7 165.7 - -
ZO1-H1-035 - - 158.0 165.3
202-H2-05 - - 141.0 131.8
Z201-02-05-N 165.8 165.8 133.0 982
AL, —135 ~ 195 —86 =116
-138 -~ 202 —-103° ~125
—-114¢ ~ 176 -85 —113¢

# Obtined at the MP2#B3LYP level of theory. * Obtained at 1he
MPYE-ILLG{d,p)BILYP level of theory.

3.2. Adsorption Complexes of Formaldehyde Oxime. There
are two possible configurations of the adsorbed formaldehyde
oxime {CH,MOH) for interacting with the Brensted proton (H1}.
One is where H1 forms a hydrogen bond with the nitrogen atom
of the oxime in what is termed the N-bound configuratien, and
the other is one in which H1 forms a bydrogen bond with the
OH growp 1o form the O-bound configuration. The key issue is
whether the Brensted site is able to protonate the adsorbed
formaldehyde oxime.

Selected optimized geometrical paramelers and adsorplion
energics for the N-bound complex calculated using both the
bare and embedded cluster models are lisied in Table 1. For
simplicity in the discussion below, all energetic information is
determined at the MP2/6-311G(d,p)//B3LYP level of theory,
vnless otherwise specified. Selected bond lengths are also shown
in Figure 2a to facifitate the discussion. Both medels predict
that the N-bound complex is protonated, The adsorbed proto-
rated complex forms Iwo hydrogen bonds (O1--H1 and O2--
-H2) in a seven-membered ring configuration where the oximes
are nearly in the same plane with the 10T ring (the O1-02—
05—N dibedral angle is 166° sec also Figure 2a). The
adsorption energy is predicted 10 be ~176 kifmol from the
embedded cluster model. Note that it is much larger than the
value of ~114 kJ/mol from the bare cluster model This indicates
that the effects of the Madelung potential are significant. In
fact, the N-protonated oxime appears to be more ionic, as
indicated by the total Mulliken population on the proienated
[CH;NHOH]* subunit of 0.76 from the embedded cluster model
as compared to that of 0.67 from the bare cluster model. It is
interesting 10 note that the Madeiung potential further separates
the protonaled oxime moiety from the zeolite framework as the
O1-Hi and 02-H2 bond distances were clongaled by ~20
pm. This effect is similar to the solvation of an ion pair complex.
Similarly, the results for the O-bound complex are also shown
in Tabie 1 and Figure 2b. Here we observed even larger effects
of the Madelung potential from the zeolite framework. In fact,
it promotes protonation of the O-bound complex. This is evident
in the faci that only a molecuiar adsorbed staie was found using
the bare cluster model, whereas only the prolonated complex

J. Phys. Chem. B, Vol 109, No. 24, 2665 12101

Figure 2. Optimized adsorption complexes on the 10T cluster and
embedded cluster of H-ZSM-5 zeolite al the BALYP/6-31G{d,p) level
of theory: {(a) N-bound complexes and (b} O-bound complexes (values
in parentheses are taken from Ihe bare cluster).

was found using the embedded cluster model. The adsorbed
profonated O-bound complex aise forms two hydrogen bonds
with the two bridging oxygen aloms, 01 and O2, of ihe zeolite
framework, but in a six-membered ring configuration, where
the oxime fragment is almaos! perpendicular to the plane of the
10T ring (the O1-02—-05—N dihedral angle is 98°; see also
Figure 2b). The adsorplion energy of the protonated O-bound
complex is —113 kJ/mol. Despite the Madelung potertial
inducing changes in the adsorption mode of the O-bound
complex, it has a smaller increase in adsorplion energy (28 kJ/
maol) as compared 1o the value of 62 kj/mol observed for the
N-bound complex.

The protonated N-bound complex is much more stable than
the protonaled O-bound species by 63 kl/mel as determined
with the embedded model, which can be compared to the value
of 77 k¥/mol in the isolated protonated formaldehyde oxime
system. This result suggests that the initial structure of the
Beckmann rearrangement is the protonated N-bound oxime. This
finding is consistenl with experimental observations by Fois et
al.)? and Chung and Rhee ¢ The bare cluster model also
predicts the N-protonaled complex is more stable than the
O-bound complex but only by 29 kl/mol. This indicales Ihat
the Madclung potentizl has a larger degree of stabilization for
the N-bound complex. However, as peinted out in previcus
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TABLE 1. Qptimized Geometries and Adsorption Eperpies,
AE,s (kilojoules per mole), for the 1,2-H-Shift Transition
State in the 10T Bare Cluster and Embedded Cluster at the
BILYP/6-31G(d,p) Level of Theory {distances in picometers
and angles jn degrees)

Sirijaracnsre cl al.

TABLE 3: Optimized Geometries and Adsorption Energies,
AE,q, (kilojoules per mole), for the Rearrangement Step in
the 10T Bare Cluster and Embedded Cluster at the B3LYP/
6-31G(d,p) Level of Theory (distances in picometers and
angles in degrees)

parameter 10T cluster 10T embedded
ot=HI 98.2 100.3
N-H} 2206 193.4
O5—H]I 216.0 2026
03-01 108.4 298.8
N-OI 306.8 283.7
H2-03% 98.5 916
112~02 180.0 202.7
02-05 272.6 288.3
N—-035 140.5 143.0
N=C 127.3 127.3
£0I-H1-N 145.7 148.4
LO1-HI-035 156.1 160.0
£02—-H2-05 1552 t45.3
£01~-02-05-N 589 60.2
AL, =65 -67
—-84” ~§2r
—-74* =77

* Obtained at the MP2/BILYP level of theory. * Obtamed at the
MP2/6-311G{d.pWBILYP level of theory.

theoretical studies, the N-bound complex does not lead directly
to the Beckmann rearrangement. 1t must first transform to the
O-bound complex. The mecharism for such a process is
discussed below.

3.3. Mechanism of the Beckmann Rearrangement, The
mechapism of the Beckmann rearrangement of formaldehyde
oxime on H-ZSM-5 zeolite consists of three steps. The first
slep is the 1,2-H-shift, which is the transformation from the
N-bound configuration structure to the O-bound configuration
structure. The second slep is the rearrangement of the O-bound
oxime complex 10 the amide complex, in which a hydrogen
atom is transferred from the CHz group to the nitrogen atom
and a waler molecule is displaced. The next step is the water
binding to the carbon atom, and then transferring a hydrogen
atom 10 the NH group io form the intermediate product. The
tast step is lautomerizalion [rom the intermediate product to
the armide product. The general feature of the potential energy
surface for the first rwo steps 1s similar to the results obtained
by Nguyen ¢t al. for the protonated formaldehyde oxime system;
however, there are distinct differences as discussed below. The
schematic energy prefile reporied by Fois et al. also consists of
three steps. Unfortunately, no strucmral information along the
reaction path was reported, thus making more detailed com-
parisons difficuit.

For the first sicp, the 1,2-hydrogen shift, the optimized
structure of the wansition state is illustrated in Figure 3a, and
selected geometrical paramelers and refative energies with the
reference point being the infinnety scparated oxime and zeolite
are given in Table 2. The pature of the 1,2-H-shift for
isomerization between the N-protonated oxime and the O-
protonated oxime in ZSM-5 is very different when compared
10 that in the isolated proionated oxime syster. In the isolaled
protonated oxime System, as studied by Nguyen et al, the
transition state for the 12-H-shift has a rather Light struchire
where the active N—H and O—H bonds are less than 125 pm
in length, whereas the transition state in the ZSM-5 zeolite has
a rather Joose structure where these active bonds are Jonger than
193.4 p. In fact, at the transition state, the formaldehyde oxime
is not protonated by ZSM-5 since the O1—HI1 bond is only
~100.3 pm in length. Thus, the zeolite framework assists the
1,2-R-shift step by forming a neutral hydrogen bond complex

rearrangement formimic
transilion stare #cid complex
107 10T 10T 10T
parameter clusier  cmbedded  cluster  embedded

Ol1—-R1 193.6 2314 101.3 1136
0O5~H) 98.5 97.4 1575 129.7
02-142 176.4 205.4 196.6 209.3
O5-H2 99.3 97.6 98.5 $8.0
05-01 2156 3009 256.6 242.2
05-02 27022 9.0 26301 2691
N—-O3% 2179 2283 - -
N-02 400.0 4754 4281 427.4
N--H4 1179 1292 102.0 102.0
N-C 120.0 119.3 126.0 125.0
C—H3 1114 oS 109.3 108.9
C-H4 136.5 1283 - -
C-0s5 - - 136.4 139.7
LC-N-05 108.3 100.8 - -
LN~-C-05 - - 120.6 1179
ZLO1-HI-05 1390 136.0 164.6 163.9
£02-H2-035 156.1 148.4 1244 176
LN 187 26 —249 —-264

168 o -276* —289

185* 12% -260 -276

s Obtained at the MPZ/B3LYP level of theory. * Obtained at the
MP2/6-311G{d,p}/B3LYP level of theory.

rather than the ton pair complex, thus relieving most of the
structural consiraints scen in the tight transition state of the
isolated protonated case. Consequently, the barrier for this step
in ZSM-5 is only 9% kJ/mol from the embedded model as
compared to 225 kJ/mol in the isolated protonated system
reported by Nguyen et al. The bare cluster model predicts the
barrier for this step 10 be only 40 kJ/mol. This indicates that
the Madelung potential from the zeolite framework has a much
larger degree of stabilization of the N-bound protonate oxime
than a1 the transition stale.

The optimized geometry of the transition state for the
rearrangement siep is shown in Figure 3b, with selected
geometrical parameters and relative energies given in Table 3,
along with the information for the intermediate, HINCH-
OH---HZ complex. The optimized geomeiry of the adsorbed
formimidic acid complex is also given in Figure 3c. The
rearrangement step consists of a concerted 1,2-H-shift from the
CH; group to the nitregen atom accompanied by the release of
a water molecule from the cleavage of the N—O bond. The
trapsition state geometry qualitatively resembles that from the
previous study on the prolonated formaldehyde oxime. However,
quantitatively there are differences; namely, the transition stale
for the reaction m zeolite s closer to the product side than that
in the isolated system. In patticular, for the reaction in zeolite
the migraling hydrogen alom, H4, is at the midway poinl
between the C and N atoms {C—H4 and N—H4 bond distances
are 128.3 and 129.2 pm, respectively), whereas it is still much
closer to the reactant side for the isolated protonated oxime
system (C—H and N—H active bond distances are [19.2 and
142.4 pm, respectively). The breaking N—O bond is alse longer
for the reaction in zeolite (228.3 vs 205.6 pm). The calculated
barrier for this step is 125 kJ/mol from the embedded model,
which is almost 80 k¥/mo] higher than the previousty reported
value of 44 kJ/mol for the isolated protonated oxime system.
Companing resubis between the embedded and bare cluster
models, we found that the Madeiung potential noticeably shifts
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Figure 3. Optimized complexes on 10T H-ZSM-3 zeolite at the B3LYP/6-31G{d,p) level of theory: {a) 1,2-H-shifi tansition state complexes, {b}
Beckmann rearrangesnent transition state complexes, {c) formimidic acid complexes, {d) tanlomerization transition state complexes, and (e) formamide

complexes (values in parentheses are taken from the bare chuster).

the transition slate toward the primary product. The cffect of
the Madelung potential on the bamier height of this step,
however, is much stronger. In parlicular, it Jowers the activation
energy by 145 k)lmoi.

However, the final product of the Beckmann rearrangement
reaction of formaldehyde oxime is net forrmimidic acid
(HNCHOH), which is the primary product cblained from the
rearrangement step, bul formamide {H,NCHO). The firal step
is the 1avtomerizalion of the primary product, the formimidic

acid complex (HNCHOH-+-HZ complex), 10 the more stable
product, the formamide complex (HaNCHO-+-HZ complex), by
migrating the hydrogen atomn (H2) from the oxygen atom {05}
to the nitrogen atom (N). The optimization geometry of the
transition state for the tavtomerization step is shown in Figure
3d, 2nd selected peometrical parameters are given in Table 4.
The (ransferring proton {12} is at the midway poinl between
the 05 and N atoms (N—H2 and O2-H2 bend distances of
141.0 and 123.0 pm, respeclively), which kappens simulla-
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Figore 4. Energetic profile along the Beckmann reamangement pathway of fermaldehyde oxime adsorbed on 10T H-Z5M-5 zeolite at the MP2/
6-313G{d,p)y/BILYP level of theory. The energelic changes for the embedded cluster (selid ling) and the bare cluster {dotied line) complexes are

in kilojoules per mole.

TABLE 4: Optimized Geometries and Adsorption Energjes,
AE,,, (kilojoules per mole), for the Tautomerization Step in
the 10T Bare Clusier and Embedded Cluster at the B3LYP/
6-31G(d,p) Level of Theory (distances in picometers and
angles in degrees)

formamide
complex

lautemerization
transition state

10T 10T 10T 10T

pararmneter cluster  embedded  cluster  embedded
Ol-Ht 102.2 137.6 107.5 163.8
O5-HlI 154.0 169.0 140.0 101.4
02-H2 - - 196.0 185.4
05—-H2 130.0 123.0 - -
05—-01 256.7 2453 247.0 264.6
05-02 287.2 288.2 3434 3687
N-02 428.3 403.1 294.9 286.7
N-H4 101.0 101.0 100.0 101.2
MN—-H2 136.0 t41.0 102.0 163.1
N-C 129.0 126.0 132.4 130.3
C-H} 108.0 108.0 109.0 1089
Cc-05 130.0 136.0 124.0 128.3
LN-C-05 106.8 103.7 1255 124.7
£01-H1-0C5 174.2 167.4 168.6 171.5
Z05—H2Z-N 193.6 102.8 62.2 61.8
£L01-02-N-05 - - 6.1 13.7
AL —108 ~i69 -327 —353
- 130 =174 - 346" —408°
—109* ~153* -328¢ —395%

= Obtained at the MP2/B3LYP level of theory. ® Obtained at the
MP2/6-311G(d,pW/BILYP levet of theory.

neously with the shight shorlening of the C—03 bond and the
elongating of the N—C bond for shifting lo the amide compound.

However, comparing the tavtomerized transition stale structure
between both models, we found that the protonation occurred
concurrently during tautomerizalion in the embedded cluster
model. The O1—-H1 bond was elongaled by ~35 pm to form
an O—MH single bond. The energy barricr for this step is predicted
to be 123 kl/mol by using the embedded cluster model, The
effect of the Madelung petential from the zeolite framework
slightly lowers the activation energy as compared to that
obtained from the bare clusler model. The results agree wetl
with previous studies which have investigated in the same
reaction for other different molecules such as N-nitrobenzene
sulfonamides,*? isocyanates,> §-lactams,* carbodiimine,*® and
acetamide,’? The activalion energy for the tautomerization step
of these molecules is ~105—125 kl/mol. Compared 1o the
activation energy for the previous rearrangement step, it is
slightly lower, and thus, both of these rearrangement steps could
be the rae-limiting step for the whole mechanism.

Finally, the final product of the reaction is formamide. The
optimized geometry of the adsorbed formamide complex is
given in Figure le. From the embedded cluster medei, the
adsorbed prolonated formamide, [H2NC(OHYH]Y, forms two
strong hydrogen bonds to both C=0*—H and NH, groups
which interact with the two bridging oxygen atoms, Ol and
02, of the zeolite framewaork in the six-membered ring config-
uration, whereas only the neutral formed complex was found
using the bare clusier model. Both adsorption compiexes that
are obtained correspond with their transition state structures in
the tautomenzation slep. The adsorption energy of protonated
formamide is calculated to be —395 k)/mol using the embedded

TABLE 5: Comparison of the Adsorption Energies, AE.,, (kilojoules per mole), along the Beckmann Rearrangement of
Formaldehyde Oxime on 10T H-ZSM-5 Zeolite in Bare Closter and Embedded Cluster Models by Different Methods*

AE,a
B3LYP MP24B3LYFP MP2/6-311G{d,p)y/BILYP
N-bound complex —195{-135] —-202 [-138} =176 [—114]
1,2-H-shift transition state complex —67 [—65) —82[—84) =77 [—14)
O-bound complex —116[—86] =125 [— 03] =113 [—85)
rearrangement iransition state 26 (1873 0 [188) 12[185]
encl—amide complex -~ 264 [—249] —289 [-276] —276 [-260)
tanlomerization transition stale —169 [—-108) =174 [—130) —153[—109]
keto—amide complex —393 [-327) —408 [—344) —3195[-328)

< Values in brackets were obtained with the bare cluster model.
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cluster model. In a comparison of (he oplimized structure which
was obtained from both models with the isolated formamide,
the structure of adsorbed formamide provides the lengthening
of the C—0 bond distance (by 2.4 and 6.7 pm for the bare and
embedded clusters, respectively) and shorieming of the C—N
bend distance (by 4.1 and 5.8 pm for the bare and embedded
clusters, respeclively). The C—0O bond iength presents single-
bond characler, while the C—N bord iength shows double-bond
character, similar to lhat observed by Cho et al.*® Changing of
the C~C and C—N bond lengths is due mainly 10 the mesomeric
effects resulting from the donation of the lone pair of electrons
from the pitrogen atom that pass through the sr-bond of the

=) bond to give a different resonance of formamide. In this
study, it scems that the framework effect which is represented
by the Madelung polential plays an important role in the
stabilization of the protenated N,O-formaldehyde oxime and
formamide configurations, which is the cructal step in allowing
the Beckmann rearrangement to occur.

The effects of the Madelung potentinl of the extended zeolite
framework on Lhe encrgetic and mechanism of this reaction can
also be seen from Figure 4. Ia particular, the Mad¢lung polential
lends 10 stabilize the stable intermediates by 16—67 kJ/mol. It
also lowers the activation energies for all sieps involved in this
mechanism. The largest effect is at the rearrangement step from
the O-bound oxime to the formimidic acid (Figure 2b and Figure
3c), where the Madelang potential lowers the activation energy
by 145 k)/mol. Consequently, it makes this rearrangement step
have an activation energy comparable with that of the tautomi-
zation from formimidic 10 formamide (Figure 3c,e); thus, either
could be the rate-limiting step.

4. Conclusions

The vapor phase of the Beckmann rearrangement of form-
aldehyde oxime over the zeolite ZSM-5 catalyst has been studied
by both the bare cluster and embedded cluster methods at the
B3LYP/6-31G(d,p) level of theory, The N-protonated species
was obtained in both the cluster and embedded cluster methods,
Using the cluster model (10T), the complex obtained by the
taiter method s more stable than that from the former by ~60
k)/mol. For the interaction of zcolite with the oxygen atom of
oxime {O-oxime) melecules, the cluster models yielded only
hydrogen-bonded adducts, while the O-protonated species was
oniy obtained with the 10T embedded method. This embedded
resull indicales Lhal the N-protonation of oxime is preferable to
the O-protonation. This study suggests thal the initial struclure
of the Beckmann rearrangement reaction is not the O-protonation
but the N-protonation of oxime. The energy barrier for the 1,2-
H-shift conneciing N- and O-protonated species is lower than
that of the rearrangement and tautomerization sieps. From the
caiculations, one can conclude that the rate-determining siep
of the reaction is ¢ither the rearrangement ot tautomerization
step which has an energy barrier of ~125 k)/mol. Furthermore,
we found that the extended framework significantly affects the
resubts of protonation of the formamide molecule. Our finding
may be good supporting evidence for the newly proposed
mechanism for the cyclohexanone oxime thatl inleracts with
zeolites and finding the suilable zeolile for this reaction. This
indicates that inclusion of the effects of the zeolite crystal
framework is crucial for oblaining the mechanistic aspect of
tke Beckmann rearrangement.
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Nature of the Metal—Support Interaction in Bifunctional Catalytic PUH-ZSM-5 Zeolite
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The metal—support interaction of a dispersed Pt atom on H-ZSM-5 zeelite has been investigated by using an
embedded cluster and cluster models with the density functional theory/B3LYP functional method. We found
that the Pt atom interacts with a Brensted proton and a nearby framework oxygen. Interaction with the
framework oxygen causes electron transfer from the zeolite to the Pt atom. Concurtently, a Bronsted proton
stabilizes the Pt atom on the zeolite surface by withdrawing excess electron density from the Pt atom, These
charge transfers result in a zere net charge on the Pt atom while changing its orbital occupation. The binding
energy of Pt on the Brensted acid was 15 kcal/mol. Inclusion of the Madelung potential by Surface Charge
Representation of the Electrostatic Embedded Potential method (SCREEP) had small effects on structure and
charge density of PYH-Z3M-5 but it shifted the stretching mede of CO toward a higher frequency by almost
4¢ cm™!. The frequency shift of absorbed CO calculated with embedded cluster models was from 8 to 11
em™! red shift, compared to 20 cm™! red shift from experiment. This implies that not only the electronic state
of the Pt atom but also the Madelung potential of the support is responsible for the observed small red shift

of CO on the Pr-H-ZSM-5.

1. latroduction

Supporied platinurn particles on oxide surfaces, such as Si0;,
Zr;0;, Tiz 03, or zeolite, have outstanding catalytic activity in
many processes, e.g., (de)hydrogenation,'? isoroerization,?
oxidation,*~% aromatization,™® and automolive exhaust catalysis.®
Basically, the main purpose of using support materials is to
maintain the dispersion of metal particles, but experimental
studies have revealed that the supports can also modify the
catalylic properties of metal particles significanily, The catalytic
reactivity of the supported metal can be tuned as desired if the
meial —support interaction is well understood. Nevertheless, the
rature of the metal—suppon interaction is still elusive.'®1

Transition metals supported on zeolite have been found to
be active catalysts {or many processes. 317 The performance
and selectivity of the catalyzed processes depend on the natore
of the metals and of the zeolite acidic sites. Much attention has
been focused on the zeolite-supporied platinum, which is a very
active and very stable catalyst for hydrocracking, hydroisomer-
ization, and reforming of hydrocarbons.!”"2 The acid site of
zeolite is suggested, not only to alier the catalylic properiy of
the metal cluster, but also to have a key role in the catalytic
process. Two aclive centers of the PYH-ZSM-5 (the metal
particle and the acid site} may work collaboralively as the
bifunctional catalyst. A model to explain the mechanism of
bifunctional catalysts has been proposed: the {(de)hydrogenation
and fing opening occur on the metal particle while the
isomenization through the carbonium ion intermediaics occurs
on the acid site.2*~ % Nevertheless, there is no cxplanation for
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the synergistic effect of the metal cluster and acidic support
that is observed in many hydroconversion reactions.

Particle size, location, and (he electronic stale of supported
Pt and the melal/support interaction are important factors that
can affect the catalytic activity of Puzeolife. Studies on the Pt/
zeolite-catalyzed dehydrogenation reaction have shown that a
small size of the platinum particle correlates with a high tumover
frequency {TOF).?? The size of Pt clusters can be controlled by
the preparation conditions and the acidity of the support &1748-31
From the fact that high acidic zeolites favor smaller Pt clusters,
the metal/acid-site interaction is believed to have an important
role in stabilizing dispersed metals. The differences in catalylic
properties between bulk platinum and diffused Pt paniicles and
the confined space within the zeclite framework suggest (hat
the active Pt species in acidic zeolite must be very small to fit
inside the zeotite framework."323 Pt clusters ranging from 25
atorns in size to monatomic species have been identified,
depending on the acidity and cavity size of the zeolite 284734-39
The most stable sites for isolated PL atoms in zeolite were
determined to be in sodalile cages for faujasite zeolite and in
side pockets for mordenite zeolite.%33® These species are
inaccessible for most guest molecules, For H-ZSM-3, Pt clusters
are localized in the main channels, which are catalytically active
and easily accessible for guest molecules.’

One of (he most controversial issues regarding zeolite
supported Pt is how 1he zeolite framework affects the electronic
property of supported platinum. Explanations have been deduced
mainly based on the CO-adsorption studies, in which a small
red shift of CO has been observed, Many supgested thal Pl
clusters are in electron-deficient states and that they give risc
to the remarkable catalytic property observed.?-*#40=42 Whether
the apparent clectron deficiency of Pt particles stems from
intrinsic properties of the smail metal particles is stiil debas-
able.!1314 Electron transfer from the melal particle 1o the
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Brensted proion is a straightforward explanation for the electron-
deficient states of P1LH-124445 However, alternative explanations
exist, P 43847 For instance, Miller et al.® reported that the
valence band of Pt on LTL zeolites, with a different acidity,
showed no sign of cleclron iransfer beltween Pt particles and
zcolite. The interaction between the meltal and support leads 10
a shift in the energy of the melal valence orbitals, which can
slabilize the bonding between Pl and the adsorbate,*

Oniy a small number of theoretical studies on the systems of
Pt/zeolite have been reported to dale. The main purpose of those
works was Lo look for structures of the Pt particles inside zeoliles
and a possibie explanation for the observed CO red shift,
Structures of the active centers of monatomic Pt in H-Mordenite
were investigated by molecular mechanics and density functionat
methods.***" Yakolev et al. used DFT/LDA with small zeolite
cluster models (2T and 4T) to investigate the adsorption of CO
on a supporied Pt alom in the side pockst of H-Mordenite
assuming specific Pt-acidic proton configurations.®® The red shift
of adsorbed CO (40—80 cm™") was interpreted as a consequence
of an clectron-deficient state of the Pt atom. Grillo and de
Agudele studied the structure of PUH-Mor and its interactions
with hydrocarbons by molecular mechanics and molecular
dynamics.*®%) However, questions such as how metal—support
interaciion affects the electronic structure and properties of the
metal particles vpon adsorption have not been addressed so far.
Previous calculations on the sysiems of simall molecules on Pt/
supports show the sensitivity ef the vibrational frequencics of
adsorbates not only on the ¢lectronic property of the adsorption
site, but also on the supporl environments.’2* In this case,
the environmental e¢ffect can complicale the interpretation of
the CQ frequency shift and the frequency shift may not be used
as direct evidence for the deficient states of Pt clusters.

In this study, our objective is 10 understand metal—support
interaction and how i1 affects the ¢lectronic structures and
properties of the metal paniicles upon adsorption, We employed
the monatomic Pt on H-ZSM-5 zeolite as a model for simplicity
in our theoretical efforts but it alse corresponds with the high
TOF case.” The effect of the extended framework was examined
by using an embedded cluster model. The adsorption of CO
was investigated to examine the nature of the electronic state
of the supported Pt. Other factors that can affect the results,
such as the Pt particke size and the location of the Brensted
acig site, will be discussed in the fature.

2. Methodology

The three different-sized cluster modets (3T, 5T, and 10T,
where T is 5i or Al atom) shown in Figure la—c weze used to
represent the active site of the H-Z8M-5 zeolite framework.
These models were taken from the crystallographie structure
of the ZSM-5 zeolite and were optimized at the DFT/B3LYP
level of calculation.¥® The clusters were parts of the 10T ring
al the intersection of the zigzag and main channels, which is
the most accessible region for guest molecules. One proton was
added 1o each of the clusters to counterbalance the negative
charge upon Al subsiilulion on the Ti2-site Si tetrahedral in
the framework. The T12 site has been found to be among the
most stable Bronsied acidic sites in H-ZSM-5 zeolite. 3% All
clusters were terminaled at the bowndary by hydrogen atoms
aligning along the broken Si—0 bond direction at a distance of
§.47 A. The Brensted acid site (Si—O(H)—A)—-0-S5i) was
optimized while the rest was fixed to mimic the framework
constrainis. A Pt atom was added to the optimized H-Z5M-5
modets. The adsorbed Pi atom of 5d°6s! clecironic configuration
and the active site of H-Z3M-5 were reoptimized.
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Comparison beiween the 3T and 5T models was made to
determine the effect of the size of the zeolite model. The effect
of the extended framework of zeolite was examined by means
of an embedded clusicr model, in which the Madeling polential
from the infinite lattice is accounted for by using a sct of point
charges. The 5T cluster was cmbedded in two sets of point
charges derived from the Surface Charge Representation of the
Electrostatic Embedding Polential (SCREEP) method 55976}

Structnres of CO adsorbed on PUYH-ZSM-5 were obtained by
partial optimizalion where the active sile and the adsorbate were
relaxed. Only the adsorption with a C-bound configuration wit)
be discussed here because it has been found to be much more
stable than the one with O-bound. Vibrational modes of the
carbenyl complexes were calculated and compared 1o expen-
mental data. The effects of the clusier size on the binding energy
and vibrational frequency of CO adsorption were determined
by performing both bare ¢luster and embedded 10T cluster
calculations where the optimized structures from the 5T cluster
model were uscd while the remaining quantum atoms of the
10T cluster were fixed at lhe experimental ZSM-5 latfice
positions. The embedded 10T cluster model is shown in Figure
lc. The wircframe structare and pink dots surrounding the 10T
quantum cluster represent 1wo different sets of point charges,
i.e., explicit charges and surface charges, of the SCREEP
embedded model.

All cakeulations were carried out at the DFT/B3LYP level of
calcutation, which is well-known for its consistency and
reliability for zeolile sysiems. The relativistic effect was
considered to be significant for the Pt atom and it was accounted
for by the use of the Hay-Wadt VDZ,.1y basis sel with the
effective core potential for the Pt atom.5? The 6-31G{d,p) basis
sel was used for all other atoms, except for the terminating
hydrogens and two silanol groups al two ends of the cluster
that were treated with the 3-21G basis set. The basis set
superposition error (BSSE) was accounted for by the counter-
poise method® % where the BSSE corrected binding energy is
approximated by Efif,ding = Esupar t+ ZimtakBnmg — Enp) —
Y1 nEmy,. In (his equation, Esup is the total energy of the
adsotption complex. £,,”s represent the energies of the individual
species with the subscripts “opt” and “£" denoting individually
optimized monomers and the monomers (tozen in their adsorp-
tion complex geometries, with the superscript “+” representing
monemers calculated with ghost orbitals. Partial charges and
population analysis were delermined by Natural Atomic Orbital
{NAQ)} and Natural Bond Orbital (NBO) methods.® All
calculations were done with the Gaussian 03 program.®

3. Results and Discussion

3.1. Sivucture of the Pt-H-ZSM-5 Active Center. The
optimized structures of the active center with 3T and 5T clusters
are shown in Figure lab. Selected parameters of PUHZSM-S
systems are tabulated in Table 1. In all cases the Pt atom was
located next to a Bransted proton of the zeolite. We found that
the choice of cluster model to represent Lhe active site of
H-ZSM-5 is crucial, 1n particular, using small clusters such as
H18iO{H)AIH;% caused fictitious interaction between the Pt
atom and terminating bydrogen atoms and predicted that the Pt
atorn wouid bind only to the Brensted proton. With use of the
larger 5T cluster model, the calculated Pi— Qg distance of 2.07
(P1 atom and the nearest bridging oxygen) and Pt— g distance
of 2.86 A (Pt atom and Brensted oxygen) agreed very well with
the XANES and EXAFS finding of 2.18 and 2.7-2.9 A for
supported P1 on LTL zeotite?'324347 The negligible changes
in 5i0 bonds surrcunding the acid site demonstrased thal the
Pt alom perturbed the zeolite structure only locally.
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Figure 1. Optimized structures of monatomic Pton H-Z5M-5 (a) 3T
andd (B ST cluster models (selected bond distances are in A (¢} the
embedded 10T cluster model where the structure of the ball and stick
mart 15 1aken from the eplimized 5T cluster model while the stracture
of the stick part 15 {ixved 10 the experimental Lutice positions.

It 15 interesting to note that without an acid site, the PI alom
beund very weakly on the zeolite surlace (Eg < | keal/mol).
The BSSE corrected binding energies between Pt atom and
H-Z5M-53 framework were predicted 1o be 18.9 and 15.0 keal/
ool from 3T and 3T cluster calenlations, respectively. This resull
suggests thal the Bronsted proton is necessary for binding a P

Treesukol ¢l al.

atom (o the zeolile framework and can be thought of as a
nuclcation center for Pi particles. However, the relatively snull
magnitude of the binding encrgy also sugpests that at higher
temperatures agglomeration of Pt atoms is posstble. These resolis
agree wilh experimental findings that large-size Pt clusiers occur
at high temperatures or in newtiial or basic zeolite environ-
menis. 5=

NBO analysis shows bonding characleristics between the
d-orbital of Pt and the Brensted proton and between the sd-
orbtial of Pt and the framework oxygen (Figure 2). The LUMO
is an antibonding orbifal between the P1 atom and framework
oxygen. We also found that the interaction between supporicd
Pt and the Brensted preton creates a PL—H antibonding orbital
above the Fermi level of PVH-ZSM-5 as is also suggested by
XANES studies.?™* The energy difference between the anti-
bonding orbital and the Fermi Jevel has been suggested to
increase with increasing acidity of the supporl, correlating with
the TOF for hydrogenolysis and isemerization processes.?’

The charge densities calculated by Mulliken and by NAO
population analysis display the same trend. The clectronic
configurations and partial charges calculated by NAQ analysis
arc presented n Table 2. Our results show electron ransfer
between the Pt atom and the Brensted acid sile and the
framework oxygen of H-Z8M-5 through boading. An increase
of electron density in s- and d-orbitals of Pi due to interaclion
with Lhe frameweork oxygen and a decrease of electron dengity
in other d-orbitals of Pt duc to interaction with the Brensied
proton were abserved from beth Mulliken and NAQ population
analysis. The electron iransfer from the framework oxygen
sirengthened the P1—0y bonding but the Pt atom was less stable
in a negative oxidation stale. The Brensted proton can stabilize
the Pt atoro by withdrawing excess clectron density from the
Pt atom. This can explain why the aggregalion of Pt atoms is
likely for dispersed Pt on basic or neutral supports.

The 5T cluster medel had more electron density localized at
the acid site, consistent with a previous observation that a larger
cluster can pravide more ¢lectron density te the acid site.** The
lower binding cnergy of PYH-ZSM-35 predicted by the 5T cluster
model was probably due 1o more Coulombic repuision between
the Pt atom and the zeolite framework. The effect of an extended
zeolitic ramework on the structurad and cnergetic properties of
the active site of PUH-ZSM-5 has been examined, The effeel
of the Madelung potentizl on the aciive region of the PUH-
Z8M-3 system was examined by using an SCREEP embedded
clusier. We found that the external ficld from the extended
framework has small effects on structure and charge density.
The magnitudes of structural changes were on the order of
hundredths of angstroms. The binding cnergy between Pt and
zeolite was decreased by less than | keal/mo). The dilferences
are pronounced if the smaller cluster is employed.™ This implics
that the 3T cluster used in this study 1s sufficient to model the
active sile of PUH-ZSM-5.

3.2. Adsorption of CO. The configsrations of CO adsorption
on supported Pt systems are shown in Figure 3. Selected
optimized parameters of CO adsorplions are reported in Tables
3 and 4. A previous DFT caiculation utilized ¢luster models 1o
represent a Pt atom stabilized in H-Mordenite by one or lwo
Broasted OHs and provided the PI—C bond length of 1.76—
1.77 A, the P1—H distance of 2.00 A, and the adsorbed CO
bond length of about 1.15~1.16 A.® The authors also observed
a lincar CO adserption on P1 atom with a C—Pt—H angle of
85°. The same adsorption configuration was found here. Carbon
monoxide adsorbed linearly on the Pt atom (Fi—C~0Q ~ 180°).
The C—Pr—H angle wus almost 90°, while the C—P1—0y angic
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TABLE 1: Seleeted Optimized Geometrical Parameters (A) and Binding Energies £y (kcal/mol) of PHSuppert Systems?

systems Ey RESIO) REAIO) R(OsH) R{AIOY) R{Si0x) R(Pt--H) R(PL-+0)
1z3 1.694 1.880 0.970 1.706 1.62%

Pthz3 18.89 1,673 1.804 1.078 1.783 1.676 1.590 2.062
{25 1.704 1.850 0.971 1.681 1.599

PtHZ3 15.00 1.677 1.776 1108 1.749 1.641 1.858 2.074

*Z3 and Z5 denote 3T and 5T cluster models, respectively; Oy denoles the Bronsied oxygen: Ow denows the neighboring bndging oxygen; H

denotes the Bronsted proton * BSSE corrected binding cnergy.

(b) Pi-H bonding

{a) P1-0, bonding

(¢} P1-0, aniibonding

{d) Pr-H andbonding

Figure 2. The uatiral bonding orbitals (NBO) plots of the PYH-ZSM -3
S)"!\'ICJI'I.

TABLE 2: Partial Charges (au) and Elecironle
Configurations of Pt/H-ZSM-5

partial charge (NAD)
systems Oy H Ox ™

clectronic configaralion
Ox P

Pity 0.00 65(1.08)54(8.92)
HZ ~1.42 057 —-1.27 25(1.76¥2p(5.50)
PtHZ3  —1.18 043 —1.16 0.02 2s(1.75)2p(5.40) 6s(0.71)5d(9.27)

HZS -1.12 0.57
PaIZS  ~119%9 0.4

=128 28{1.78)2p(5.49)

—1.20 0.05 2s5(1.76)2p(5.43) 65(1.66)5d(9.27)
was linear in all systems. These illusirate that the Pt atom uses
different orbtitals to bond with Bronsted proton and the C atom
of CO. The Pt—C distances for all sysiems were about 1.8 A.
As seen from the lengthening of Pi—H (~0.2 A) and Pt—Op
distances (0.1 A), interaction between the Pt atom and 1H-ZSM-5
was weakened significamily upon the adsorption of CO. Qur
calculated structural parameters of CO on PYH-ZSM-S (in Table
1) agree very well with 1hose from the EXAFS study of the
adsorption of CO on PYLTL, providing a Pt—O distance of 2.28
+ 0.02 A and a Pt- C distance of 1.92 + 0.02 A3 The small
deviation of our resulls from the previous experimental results
is probably duc to differences in type and acidity of zeolites.
The stretching mode of the Bronsted OH is shified sigmficantly
from 1665 10 2795 em™¥, corresponding to 2 shorter OH bond.
The adsorption on the Pt atom can liberale the Brensted prolon
and nmske the prolon available for the consecutive catalyzed
step.

The binding energy between CO and PI-H-ZSM-5 (84.5 keal/
mob) was much larger than the binding energy between PICO
adduet and H-Z5M-5 (34.9 keal/mol). The Pt—CO interaction
15 probably strong coough to cleave Pt aloms off of the P1
clusters, as is also suggested by CO-FTIR studies showing that
neutral Plicarbonyl complexes were formed in PULTL zeolite™
and that meial cluster size decreases upon adsorption of

®

Figure 3. Cptimired structures of CO adsorption on PYH-ZSM-3 {a)
3T and (b} 5T cluster models (sclected bond distances are in A).

CO.7732-3%7 The increased size of the zeolite model (from 3T
to 5T) stabilized the adsorption of CO by 4.8 keal/mol although
it had little effect on the geomelry. The difference benween the
binding energies predicted from 3T and 3T cluster models
emphasizes the need of a realistic model 10 represent the zeolite
framewuork since Lhis can stabilize the adsorption complex.™
Again, the changes in structural and encrgetic properties of CO
adsorplion on P¥H-ZSM-3 duc to the inclusion of Madelung
potential were minor. The binding energy between CO and PY/
H-Z8M-5 was inereased by only 0.5 keal/mol. However, Lhis
is nol true for a)l cases. For example, in the case of H; adsorplion
on PUH-Z5M-5, the Madehmg polential had a more pronounced
ciTect of decreasing the binding energy by as much as 3 keal/
mol o7

The interaction between CO and supported PI can be
examined by using NBOQ-analysis. The bonding osbitals were
formed between an occupied CO orbital und an unuccupied Pt-
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TABLE 3: Selected Optimized Geometrical Paramcters (4} and Binding Encrgles Eg {keal/mol) of Adserptions of CO on

Pt/Support

svslems Ei" R{AIOg) R(OxH) R(AIOW R{Pr--H) R{Pt---0y) R(Pr-+-C) R(COY AWCO)

PHZ3-C0 79.46 1.834 1.020 1.766 2073 2.146 1.807 1,157 —20.7

P L25-CO $4.24 1.806 1.023 1.732 2096 2179 1.794 1.162 —47.9
{(—11.0%

PIHZIN-CO 82.65 —41.0
(—8.0y

“BSSE correction included (4—8 kealimol). * Calculsted isolaied CO bond length = 1.138 A_ * Compared 1o cxperimenially isolated CO (2143

cm 1. ' Embedded cluster model. © Embedded 10T cluster calculation using the opitmized 5T ¢lusier struciure.

TABLE 4: Partial Charges (au) and Electrenic Configurations of Adserptions of CO on PtSupport

partial charge (NAO)

clectronic conliguration

systems On H Ox Pt C CO O Pt
HZ3-1°0 -1.14 D.34 -1.14 0.51 0.06 25(1.76)2113.50)
PillZ3-CO =1.15 051 —-1.25 ~-0.02 0.53 0.07 28(1.75)2p{5.99) 65(0.99)5d(2.09)
HZ3-0°0 —1.14 0.54 —1.28 0.52 0.06 25(1.7802p(5.49)
PIHNZ5-CO =1.16 351 -1,28 —0.04 0.51 B0 25(1.72p(5.50 Gst0.97¥503(%.06)

Qy orbital and between occupied Pt d-orbitals and the unoe-
cupied 2x*-orbital of CO (Figure 4). This interaction is
comparable to the classical mechanism known as the 7-back-
bunding mechanism:’? g-donation from 5o of CO 10 sd-hybrid
orbitals of Pt and m-back-donation from d-orbitals of Pl to 27*
of CO. The m-back-donation weakens the CO bond because of
the antibonding nature of 25* orbitals. Although the net chacge
of the CO molecule was slightly positive, the latler process
{bonding between occupied Pt d-orbitals and the unoccupicd
2a*-orbital of CO or the analogous x-back-denalion) is very
importanl, as can be seen from the significant increase of
clectron density in x*-orbtials of CO and the lengthening of
the CO bend. The CO bond was lengthened by as much as 0.025
A when adsorbed on PI-HZSM-5, corresponding to the red-
shifted stretching frequency.

As mentioned earlier, the frequency shift of adserbed CO
has been uvsed o delermine the electrenic siate of P clusters
and to validate the computational models, An experiment has
reported that the band at 2123 cm™' assigned to CO adsorption
o monalomic PUIs very stable and stifl remains in the specira
even afier desarption al 623 K.%7 The streiching frequency of
adsorbed CO calculated from the bare 5T cluster model was
20951 em~'. This 49 cm ™! red shift is somewhal larger lhan
the observed 20 cmi~' red shift from experiment. Although the
stretching mode of 2123 em™ ! determined from the 3T cluster
matches perfectly with the experimental finding, it can be
considered the result of fornmate emor-cancellation for this
model. Our previeus study of CO adsorpiions on Cu-ZSM-5%
showed that the stretching mode of CO is very sensitive to Iis
environment, especially 1o the Madelung petential (rom the
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Figure 4. The mteraction between the PU1-Z5M-5 and a CO molecule
can be explained by the x-hack-bonding processes: {a) ¢ donation and
{h) a-back-donation. The arrows show the directions of electron transfer,

zeolite framework. Inclusion of the Madclung potential by using
the SCREEP embedding scheme brought veo 10 2132.0 cm™!
(11 em™! red shift}, agreeing with the experimental finding. This
emphasizes the importance of the long-range effect of the
framework on the vibrational modes of the adsorbates.

The effects of the cluster size were investigated by performing
boll cluster and embedded cluster caleulations with the 10T
cluster as shown in Figure le. In these calculations, the
optimized 5T structures were nsed while the remaining quamwm
atoms ol the 10T cluster were fixed in their experimental lattice
positions. The binding energy of CO 1o PU/II-ZSM-5 with Lhis
modet was decreased by only 1.6 keal compared to that of the
embedded 5T medel (see Table 3). Despile the large differences
between the results from the CO adsorptions on 3T and 5T
clusters, we found thal frequencies of adsorbed CO calculated
from the embedded 5T and 10T clusiers arc only 2.9 em™!
different. These results confirm thal the embedded 5T cluster
wauld provide a cost-cffective model for studying adsorption
of small molecules in the Pt/H-ZSM-5 system. The same
conclusion had been made in our previous study of CO
adsorption on Cu-ZSM-5.%

The H-ZSM-5 support not only withdraws electron density
from the Pt atom to e acidic proton, but it alse provides
clectron densily 1o the Pt alom through the framework oxygen.
Thus the electron transter from Pl atom 10 the preton scems
net 10 have a considerable effect on the z-back-donation and
the clectron deficient state may not be the key rcason for the
notably small red shifl, We suggest that the change in electronic
propertics of Pt is due 1o its interaction with the acid site and
the Madelung potential from the zeolite framework. The shifl
of CO may not direclly reflect the local properties of a Pt atom
in H-ZSM-5 because the Madelung potential also has an
influence on the stretching lrequency of CO.

4. Conclusion

The interaction between platinum atom and H-ZSM-5 has
been examined by using the DFT/B3LY P level of calculanon
with mixed basis sets. The choice of models representing the
active site of the zeolile is critical to explain 1he interagtion
between PLand H-Z5M-5 correctly. We found that a Pt alom
interacls with a Bronsted proton and wilh a nearby bridging
framework oxygen. The binding energy of PL on the Brensted
acid is 13 keal/mol. The ¢lectron ransier between Proatem and
H-7Z8M-s results in an clectron redistribution in the Pt atom.
with more electron density in the s-orbital and less in ihe
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d-vrbital. A shift of Pt's d-orbilals due to interaction with ihe
zeotile surface was observed. These resulis suggest that without
the Brensied acid site the Pl atom is nol slable in H-ZSM-5
and so agglomeration of Pt aloms to form a larger particle is
expected. The effect of the H-ZSM-5 support is not only 10
wilhdraw electron density from the Pt alom 1o the acidic prolon,
but also to provide electron density 1o the Pt atom through the
framework oxygen.

The adsorption of carbon monoxide was also investigaled.
With use of the embedded cluster moedel, our mode] predicted
an 8~11 cm™! red shift of adsorbed CO on PYH-ZSM-3,
malching well wilh the experimental 20 em™' red shift. The
frequency shifi of adsorbed CO on the zeolite surface reflects
nol enly the electronic siructure of supported Pt but also the
extended zeeolite framework environment. The Madelung po-
lential was found o be neccssary to obtain the accurate
vibraticnal frequency and binding encrgy. The 7-back-donation
between CO and PYH-ZSM-5 was sigrificant, as is seen from
the increase of electron density in xr*-orbiials of CO.
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Abstract

Density-functional theory {B3LYP/6-31G(d.p)) and the ONIOM (Our-own-N-layer [ntegrated molecular Orbital + molccular Mechanics)
approach utilizing two-tayer ONIOM schemes (B3LYP/6-31G(d.p):UFF) have been employed to investigate struclures of Na-exchanged
zeolite-encapsulated formaldehyde (HCHO @Na-zeolite) and their interactions with propylene. The carbonyi-¢ne reaction of propylene and
formaldehyde was siudied on three model systems: (1} formaldehyde in Na-exchanged zeolite: HRCHO @ Na-zcolite/CHCH=CHs; (2) naked
Nafl} as catalyst: Na{[)/HCHO/CHACH=CH;; (3) a bare model where only Lhe reactants are present: HCHO/CHyCH=CH,. It is found that
intlusion of the extended zeolite framework has an ¢ffect on the sireclure and energetics of the adsorption complexes and leads to a lower
energy barrier (25.1 kcal/mol) of the reaction as compared to the bare model sysiem (34.4 kcal/mol). If the naked Na(I) interacts wilh Lthe
HCHO/CH;CH=CH, complex the energy barrier of the system is even lower than HCHO®@Na-zeolite/CH3CH=CH3, due to the large
elecirostatic field generated by the naked Na(l) cation {17.5 kcalfmol). The carbonyl-ene reaction of propylene using HCHO®@Na-faujasite

takes place in a single concerted reaction step.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Cathonyl-ene reaction; Alkali exchanged zeolite; Encapsulated formaldehyde; Electrosiatic ficld: ONIOM

1. Introduction

Carbonyl-ene reaclions are a common path of hydro-
carbon rearrangement {1,2] and an increasingly useful 100l
in synihesis [3-3]. Conventionally, carbonyl-ene reactions
proceed according to a concerted mechanism in the
presence of Lewis acids as catalysts.

In the field of organic chemistry, formaldehyde is well-
known as one of the most versatile carbon electrophiles.
However, its application is often limited by its intractability
due 1o a low boiling point of — 19.5 °C. Moreover, it rapidly
tends to polymerize to solid paraformaldehyde and wioxane.
Therefore, in order 1o obtain formaldehyde monomer,
thermal or Lewis acid treatment is used to depolymernize
paraformaldehyde or trioxane, just prior to use. However,

* Comresponding amthor. Tel: +66 2942 B900x323. fax: 466 2942
900x324,
E-mail address: fscijrl@ku.ac.th (}. Limtrakul).

0022-2860/% - see front matter © 2005 Elsevier B.Y. All rights reserved.
doi:10.1016/. molstruc. 2005.03.020

these corrosive calalysts cause a number of problems
concerning safely, corresion, handling and waste disposal.

An immense endeavor has been putl into developing
alternative, more environmentally friendly catalytic systems
such as zeoliles. Zeolite catalysts also have the advantage of
high selectivity towards the desired product duve to the
shape-selective properies of their acid sites and their
microcryslal pore structure,

More recently, the successful storage of lformaldehyde
using zeolile was reported [6], It enables the suppression of
the decomposition and self-polymerization without losing
the reactivity of formaldchyde toward nuclecophiles.
Na-faujasite type zeolites can now be used 1o encapsulale
formaldehyde. As a result, the carbonyl-ene reaction
between formaldchyde and olefins has progressively
moved toward zeolite-based processes.

To clearly envision the formaldehyde/zeolite sysiem, a
theoretical study can provide insight inte reaction mechan-
isms on a molecular level, thus complementing experimen-
1a) investigations by obtaining information about properties
that are not dircctly accessible by experimental
investigations.
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Numerous theoretical models have been proposed 1o
study crystalline zeolite. The electronic properties of
zeolites are usually modeled wsing quantum chemical
methods and relatively small clusters that focus only on
the most important part of zeolites [7-10). The disadvan-
tage of such small models is that they do not take into
accounti the effects of the framework, which play an
important role to change the structure and energetics of
the system significantly. The recent development of
hybrid methods such as embedded cluster or combined

quantum mechanics/molecular mechanics (QM/MM)
method [11-18], as well as the ONIOM [17,18] scheme
has brought accurate resulls on a larger system within
reach.

The ONIOM (Our-own-N-layer Integrated molecular
Orbital + molecular Mechanics) method [17,18] is often
applied to study extended systems [19-23], and has alse
successfully been applied to zeolites in studies of the
adsorption of ethylene, benzene and ethylbenzene over
acidic and atkaline faujasite and Z3M-5 zeolites [22,24-26].

()

Fig. 1. ONIOM2 model of the 84T ciuster. The 6-ring quantum cluster is drawn as bond and stick model and the I2T ring window is drawn with sticks:

(3} side view; (b} upper view.
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This efficient scheme yielded adsorption energies close to
the experimental estimates and could elucidate the reaction
mechanisms of benzene alkylation with ethylene on acidic
faujasite zeolite [27].

2. Method

In the ONIOM model, the system is separated into at
least \wo parts. The inner layer consists of the active region,
typically modeled by a small cluster using density-
functionat theory, to account for the interactions of
adsorbates with the acid site of zeolite. The outer Tayer
represents the zeolite framework and is described by a
molecular mechanics force field to account for the van der
Waals interactions due to confinement of the microporous
structure [22,26-33].

In the presemt study, we have employed the ONIOM
method 10 model the active site of alkaline-exchanged
zeolites. Specifically, we study the reaction mechanism of the
carbonyl-ene reaction between an encapsulated formal-
dehyde molecule and alkene on Na-exchanged faujasite.
We choose propylene to represent an alkene molecule
because it is the smallest one with the required basic
structure. We also study the carbonyl-ene reaction without
the zeolite oxygen framework surrounding the alkaline
cation in order to understand the role of alkaline-exchanged
zeolifes in the carbonyl-ene reaction,

This system described by three models of different
sophistication:

{1) The ONIOM2 (B3LYP/6-31G(d,p). UFF) approach is
applied 10 a model of 84T faujasite. The B4T cluster
inciudes two supercages serving as a nanometer-size
chemica! reactor where the adsorbates can be trapped

Table 1

inside. Its geometry is taken from the laltice struciure of
faujasite zeolite [34]. For Na-exchanged faujasite, the
atkaline-metal cation does not bird with a particular
bridging oxygen atom of [AlQ4)” but sits in front of
the 6-ring instde the supercage [35} (Fig. 1). The interaction
of the cationic metal with the zeolite framework leads to
perturbation of the active acidic site.

The active region consists of the G-ring inside the
supercage (Fig. 1), which can be considered as the smallest
unit required to represent the acidic site of zeolite and that of
the reactive molecules. It is treated with the B3LYP density-
functional and the 6-31G(d,p) basis set. The extended
framework environment is included on the molecufar
mechanics level with the universal force field {UFF).

(2) Density-functional calculations with lhe same
method and basis set but without the zeolite, i.e. on
Na()/HCHO/CH;CH=CH, and (3) on the two reactants
alone, i.e. on HCHO/CH5CH=CH,. were also performed.

All the computational work has been performed by
using the Gaussian 98 code [36]. In the ONIOM?2 method,
only the 6-ring quantum cluster (NaSisAlQg, see Fig. 1}
and the adsorbates (HCHO and CH,CH=CH,) were fully
optimized. Normal mode analyses were carried out to
verify the transition states to have one imaginary
frequency whose mode comespond to the designated
reaction. In (2) and (3) all atomic positions are optimized.
For all three models, additional single-point energy
calculations with the 6-311+ +G{d,p) and 6-311+ +
G(d,p) basis sets have also been carried out, and the basis
sel superposition errors (BSSE) was estimated by the
counterpoise {CP) method, The charge distribution in the
complexes has been analyzed via the natural population
analysis (NPA) [37—41] partitioning scheme applied 1o the
B3LYP/6-31G{(d,p} densities.

Optimized geomelric parameters of reactants, transilion state and products of the carbonyl-ene reaction between formatdehyde and propylene on Na-faujasite
using the ONIOM2 {B3ILYP/6-31G(d,p):UFF) method (bond lengihs are in pm and bond angles are in degrees)

Parameters Naked Na-FAU Formaldehyde adsorption Coadsorption complex  Transition state Product
Distances

c-0 - 1222 1222 131.7 144.2
Cl1-C2 - - 133.6 14E.1 150.7
C2-C3 - - 150.3 141.8 1332
C3H-H - - 109.8 122.0 2106
c-Ch - - 3485 180.9 1535
O-H - - 408.7 152.6 97.2
Na~0 - 2331 232.1 2254 2311
Na—Al 3159 315t 319.7 3234 314.6
Na-Q1 216.5 2205 2216 2163 2210
Na-{12 262.7 263.7 272.1 276.5 263.1
Al-O1 180.0 179.1 179.1 180.0 179.1
Al-O2 174.9 1747 1743 174.9 1746
8i1-01 160.7 {19 165.1 1607 160.7
Si2-02 158.1 158.5 158.4 158.1 158.4
Angles

Q1-A1-02 976 994 100.1 97.6 933
Sit-01-Al 138.1 1383 138.2 138.1 1387
Si2-02-al 146.3 145.5 145.3 1463 145.3
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3. Results and discussion

the ONIOM model. A symbol (M®S) is interpreted 10

signify that a molecule M is adsorbed on an active site § of

We separate the discussion into Sections 3.1-3.3, In zeolite

Section 3.1, we discuss the structure of the Na-exchanged
fanjasite zeolite, and then we demonstrate the existence
of encapsulated formaldehyde in Na-exchanged favjasite
zeolite (HCHO®@Na-favjasite) in order

3.1. Na-exchanged faujasite zeolite

to  study

Recent studies [24-33] have shown that the van der
the reactivity of this species, and finally we report Waals interactions between hydrocarbons, or argmatic
adsorbates and a zeolitic

the study of their interactions with propylene using framework contribute

y F Y A Rl A
1 [ [}
LY ¥ £} ]
% -184 ! v y 162
k 283 ¢ 5 [ ,—a
Y H ',‘ ! 3
{s) Y { : 397 H
LY 3 l‘ Fi
(b) \ / s
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Fig. 2. Siructeres and calcujated energy profile (keal/mol) of the HCHO @Na-fagjasite/CH,CH=CH, complexes: (2) HCHO® Na-favjesie complex; (b}
coadsorplion complex; {c) transilign state struciure; and (d) product siructare.
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significanily i¢ the structural and energetic features of the
adsorption—desorption processes in zeolites, Thus, hybrd
methods such as QM/MM and ONIOM should be able
(and necessary} 1o describe these interactions with the
zeolite framework reasonably well. In our case, we

122.0

employed the ONIOM method to the
HCHO@Na-faujasite/CH;CH=CH..

The struciore of Na-exchanged faujasite is shown in
Fig. 1 and the optimized peometrical parameters are
documented in Table 1. The charge of Na in the zeolite

syslem

(c) (5)]

'\‘ A 3 st A A
‘\“ -26 5 32 6 ;'_- 1 " ] ! 62

“‘. :': |f:: I‘u -6,] :'!_A

"_-!r—--q H i !
® N R ; 4 ! 298
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1 i Y
(d)

Fig. 3. Structores and calcutated energy profile {keal/mol} of lhe BCHO@Na{1)/CH;CH=CH, complexes: (z) HCHO@Na(l}) complex; (b) coadsorplion

complex; (¢) transition slale siruciure; and (d} product siraclure.
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Table 2

Atomic charpe disizibution calculated from the nalurat population analysis (NPA)

Isolated Bare system Naked Na ion system MNa-FAU zeolile systern

molecvle  coagsr TS Product  Form. ads® Coads® TS Product Form.ads® Coads® TS Product
g{Na} .00 - - - .98 0.98 0.96 0.97 091 o9 0.91 0.92
g(0} —0.49 —0.5] -066  —0.76 —-0.67 -0.73 -0.88 —0.89 ~0.61 —0.61 ~0.79 ~0.34
a(C) 0.23 0.22 -0.02 -0.09 0.31 0.27 -0.04 -0.50 0.26 0.26 -0.02 -0.10
q(C1) —-D.44 —0.46 —-0.53 —0.53 - —0.45 —0.55 ~{0.53 - —-047 ~(.55 —0.54
q(C2} —9.22 -0.21 —0.09 —-0.23 - -0.20 0.07 —0.25 - —022 om —~0.25
g(C3) —0.73 —-0.72 -07 ~0.45 - -0.32 —-0.75 —0.43 - -0.72 -0 —~0.44
a(H} 0.25 0.26 0.38 0.48 - 0.23 0.35 0.52 - 024 0.36 0.51

* Coadsorplion compiex of fermaldchyde and propylene.
* Formaldehyde adsorption.

supercage is calculated (NPA) to be 0.93. It is compensated
by the surrounding oxygen atoms in the 6-ring inside the
supercage.

3.2, Na-exchanged faujasite encapsulated formaldehyde
{HCHO®@ Na-faujasite)

Fig. 2a displays the structure of formaldehyde as
siabilized in the zeolite framework. Selecied optimized
geometrical parameters are listed in Table 1. Formaldehyde
first interacts with the active Lewis acid site by its lone
electron pair. This leads only to small changes in the
zeolite structure (less than 2 pm and 2° for changes in bond
distances and bond angles, respectively). The carbon—
oxygen bond of formaldehyde is elongated from 120.7 to
122.2 pm. The distance between the formaldehyde oxygen
and the Na atom of zeolite is 233.1pm and the
comresponding adsorption energy for the HCHO®@Na-
faujasite complex is 18.4 kcal/mol due to the interaction
between the hydrogen atoms of formaldehyde and the
oxygen atoms of the framework. The C-O---Na(l} angle i5
124.1°, in contrast to the model system without faujasite
{2) where it is linear and the sodium cation in
HCHO®@Na(I) interacts directly with the oxygen atom of
formaldehyde (Fig. 3a). In system (2), the C—O bond of
formaldehyde bond is etongated from 120.7 1o 122.0 pm

Table 3

due to 1he presence of Na(l) and the Na-O distance
is 216.] pm. The binding energy of this complex is
—26.5 kcal/mol. A test calculation at QCISIXT) level of
theory with 6-311G(d,p) basis set gave —235.8 kcal/mol
[42]. The results of the NPA analysis {Table 2) correspond
to the trends in the binding energies: The NPA-charge of
Na(I) in HCHO@Nza(I) is +0.98 while it is +0.91] in the
zeolite system and the charges of the oxygen atom of
formaldehyde are —0.67 (system (2)) and —0.61 {system
(3)). respectively,

3.3. Carbonyl-ene reaction between Na-exchanged
Sfaujasite encapsulated formaldehyde and propylene
(HCHO®@Na-fawjasite/CH ;CH=CH,)

The carbonyl-ene reaction can proceed via concerted
interaction in ihe coadsorption complex of the Na-
exchanged faujasite zeolite-encapsulated formaldehyde
with the propylene without any intermediate. The reaction
steps can be written as follow:

HCHO 4 Na-faujasite » HCHQ @ Na-favjasite (1

CH;CH=CH, + HCHO@Na-faujasite
-+ CH, =CHCH,CH,QH @ Na-faujasite 2)

Optimized geomelric par;imcters of the carbonyl-ene reaction between formaldehyde and propylene for the bare system and the naked Ma jon sysiem from
B3LYP/6-31G(d.p) calculations (bond lengths are in pm and bond angles are in degrees)

Parameiers isolaled mol- Bare system MNaked NafT} ion system
ecule Coads.* TS Product Form. ads®  Coads.’ TS Product

Distances

c-0 120.7 120.9 128.7 141.6 122.0 122.7 133.7 14317
Ci-C2 1333 133.5 139.5 150.4 - 134.1 142.0 150.7
c2-C3 151.2 150.0 141.6 133.5 - 149.8 141.9 1338
C3-H 109.6 10%.7 128.2 180.5 - 110.0 120.9 250.5
C-C1 - 3405 197.0 154.0 - 289.1 173.6 153.3
O-H - 266.6 125.4 96.9 - 300.1 157.0 917
Na-0O - - - - 216.1 214 2089 23159

* Coadsorplion complex of formaldehyde and propylene.
* Formaldehyde adsorplion.
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CH, =CHCH,CH, OH@&Na-faujasite
- CH, =CHCH;CH,OH + Na-favjasite (3}

Step (1) is the adsorption of formaldehyde onto the Lewis
acid site of the zeolite, Step (2) involves the interaction of
the encapsulated formaldehyde with propylene, resulting
in the adsorbed product {3-buten-1-0l), which is desorbed in
the final Step (3). The selected optimized geometrical
parameters of the carbonyl-ere reaction between propylene
and encapsulated formaldehyde in Na-faujasite zeolite are
listed in Table 1 and the same parameters of the naked Na(I)
ion sysiem and the system without sodium cation are given
in Table 3. Under typical reaction temperatures, formal-
dehyde readily adsorbs on the Lewis acid site via lone pair
electron interaction, but propylenc interacts only weakly
with the Lewis acid site via a w-interaction.

The entire reaction energy profile is presented in Fig. 2.
The reaction is initiated by coadsorption of propylene on
the encapsulated formaldehyde at the active site of the
zeolite (Fig. 2b). The propylene molecule diffuses over the
adsorbed formaldehyde on the Na-exchanged faujasite
zeolite with a coadsorption energy of 28.3 kcal/mol, In the
naked Nz(I) ion system, the coadsorption of the propylene
stabilizes the adsorption complex by —32.6 kcal/mol. The
distance between formaldehyde carbon (C) and propylene
carbon {C1) is calculated to be 289.1 pm. Pue to the larger
electrostatic field generated by the naked Na(l) ion, this
distance 1s shorer than in system (1) (348.5 pm). In system
(3), however, the coadsorption energy (Fig. 4a) is only
—3.3 kcal/mol and the distance between the formaldehyde
carbon (C) and the carbon atom of propylene (Cl) is
3405 pm. This indicates that the carbon of the formal-
dehyde carbonyl group is more electrophtlic if it is
coordinated to the naked Na(I} than in the bare system (3).

The carbonyl-ene reaction involves concerted bond
forming between the carbon atom of formaldehyde (C)
and the propylene carbon (C1) and the breaking of a
propylene proton (H) giving the proton to the formaldehyde
oxygen (O). At the transition state, the complex exhibits one
imaginary frequency (Fig. Z2¢). The comresponding
vibrational motion shows the concerted mechanism of
the carbonyl-ene reaction: A carbon—carbon bond is
formed between encapsulated formaldehyde and propylene
and, simultaneously, a propylene proton leaves toward
the formaldehyde oxygen atom. At the transition state,
the Lewis acid slightly changes its position on the zeolite
{(by less than 5 pm, concemning changes in distance between
Na and atoms Al, O1, 02 of the zeolite framework) and the
distance between formaldehyde oxygen and Na atom
becomes 225.4 pm. The propylene C3—-H bond distance is
lengthened from I109.8 to 122.0 pm and the distance
between propylene proton (H) and formaldehyde oxygen
(O) becomes 152.6 pm while the C-O double bond of the
formaldehyde is elongailed from 122.2 to 131.7 pm, whereas
the distance between ihe propylene carbon (C1) and

‘\
| ez

(<)

Fig. 4. Stroctures and caleulated energy profile {kcal/mol) of the
HCHO/CH;CH=CH; complexes: (a) coadsorption complex; {b) transition
stale structure; and (g) prodoct structore.

formatdehyde carbon (C) becomes 180.9 pm. The C1-C2
and C2-C3 bond length change from 133.6 and 150.3 to
141.1 and 141.8 pm, respectively. The activation energy for
this transition state is 25.8 kcal/mol. In the case of naked
Na(l) ion system (2), the distance between the propylene
carbon (CI) and formaldehyde carbon (C) is contracted
from 289.3 to 173.6 pm and the C1-C2 and C2-C3 bond
lengths change from 134.1 and 149.82 to 142.0 and
141.9 pm, respectively, whereas the propylene C3-H bond
distance is significantly lengthened from 110.0 to 120.9 pm
and the distance between prapylene proten (H) and
formaldehyde oxygen (O) becomes 157.0 pm while the
C-0 double bond of formaldehyde is elongated from 122.7
to 133.7 pm. The activation energy is 17.5 kcal/mol and
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Fig. 5. Caleulated energetic profiles (kcal/mol) for the carbonyl-ene reaction between HCHO and CH;CH=CHj in the Na-faujasite zeolite system {solid line),

the naked Ma{l) system {dotied line) and Lhe bare system (dashed line).

the apparent aciivation energy is — 15.1 kcal/fmol. These
resufts demonstrated that the electrostatic contribution from
tbe naked Na™ ion stabilizes the transition state structure.
Therefore, the activation energy barrier of this system (2) is
lower than in the HCHO@Na-faujasite system (1).

In the bare system {3) (Fig. 4b) the C-C1 bond distance is
contracted from 340.5 to 197.0 pm. The distance between
propylene proton (H) is elongated from 109.7 to 128.2 pm
while the distance beiween formaldehyde oxygen (O) and
propylene proton (H) becomes 135.4 pm. The length of
the C1-C2 and C2-C3 bonds in propylene change from
134.11 and 149.82 to 142.04 and 141.87 pm, respectively.
The reaction coordinate (the normal mode that has an
imaginary frequency) indicates again the concerted mech-
anism of carbonyl-ene reaction. The activation energy is
34.4 kcal/mol and the reaction energy is — 16.2 keal/mol.
This can be compared to the experimental data reported by
Benson et al. [43), which are 26.4 and — 13.5 keal/mol,
respectively.

The product state (Fig. 2d), in which the C-C1 bond is
formed involves a proton transfer from the carbon atom of
propylene to the formaldehyde oxygen. The adsorbed 3-
buten-1-ol product is subsequently desorbed endothermi-
cally, requiring 23.5 kcal/mol. In the naked Na(l) ion
system, the product oxygen interacts with the Na(l) ion via
electrostatic interaction to the lone cleciron pair of the
product. With a binding energy of —2%.9 keal/mol, the
interaction of Na(I) with the product is stronger than that in
the case of formaldehyde. The distances between the
product oxygen and the Na(l) ion in both systems (the
naked Na(I) ion system (2) and the Na-faujasite system (1)}
are calcvlated to be 215.9 and 23).]1 pm, respectively. The
NPA analysis shows that the charge of Na(l) in system

(2) is larger {(+0.97) than in the Na@faujasite (3) system
(+0.92).

The energy diagrams of the three systems {1)-(3) are
put into one plot in Fig. 5. For the Na-exchanged
favjasite zeolite (3), the activation energy of the reaction
is 25.1 keal/mol, which lies between the activation barriers
of the bare system (3) (34.4 kcal/mol) and the naked Na(l)
system (2) (17.5 kcal/mol). This is due to the electrostatic
field generated by the Na(l) ion and the destabilizing rofe of
the oxygen atom in the zeolite lattice surrounding the cation.
These results indicate that alkaline-exchanged faujasite
zeolite can be used as a catalyst in carbonyl-ene reaction and
that they stabilize all species in the carbonyl-ene reaction
systems. Na-exchanged faujasite especiaily can preserve
formaldehyde in a monomeric form and can also activate it
sufficiently 1o promote jts reaction with various olefins.

4. Conclusions

The carbonyl-ene reaction between formaldehyde and
propylene has been investigated theoretically. Three
different models were employed to model the carbonyl-
eng reaction system: (1) Na-exchanged favjasite zeolite, (2)
the paked Na(l) ion system, and (3) the bare system. The
reaction occurs via a concerted mechanism without an
intermediate and involves a proton transfer from propylene
to formaldehyde and a carbon—carbon bond formation
which occur simultaneously at the transition state. The
interaction between Na-exchanged fagjasite zeolite and
formaldehyde leads 1o a stmcture in which formaldehyde is
stabilized in the zeolite framework. The energy barrier
for this system is calculated ko be 25,1 kcal/mol and
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the apparent activation energy is — 3.2 kcal/mol. It is well
established that carbonyl-ene reactions are calalyzed by
fewis acids. In order to gain some insight into the
mechanism by which a Lewis acid can catalyze this
reaction, we empioyed Na(I) as a Lewis acid in order to
compare these results (2) with the results from the Na-
exchanged zeolite system (I). The activation barrier in
system (2) is even lower (17.5 kcal/mol), due to the
electrosiatic interaction between the naked Na(l) ion and
the complex. In the bare system (3} where no zeolite
framework or electrostatic field from Na{l} are present, the
structure of the fransition state is a 6-membered ring and its
ercrgy bamier is 34,4 kcal/mol. The results indicate that Na-
exchanged faujasite can preserve formaldehyde in a
menomeric form and can also act as a Lewis acid which
can catalyze the carbonyl-ene reaction of formaldehyde with
olefies without the presence of potenmtially harmful acidic
chemicals.

Acknowledgements

This work was supported in part by grants from the
Thailand Research Fund (TRF Senior Research Scholar to
JL)and the Kasetsart University Research and Development
Institute (KURDI), as well as the Ministry of University
Affairs under the Science and Technology Higher Education
Development Project (MUA-ADB funds). Support from the
National Nanotechnology Center under the National
Science and Technology Development Agency is also
acknowledged.

References

{1) B.B. Snider, Acc. Chem. Res. 13 (1980} 426.
{2] H.M.R. Hoffmann, Angew. Chem. Int. Ed. Engl. § {1969) 556.
{3) W. Oppolzer, Angew. Chem. Int. Ed. Engl. 23 (1984) 876.
{4] W. Oppelzer, V. Snieckus, Angew. Chem. In. Ed. Engl. 17 (1978)
476,
{5] M. Vandewalle, P. De Clercq, Tetrahedral 41 (1985) 1767,
(6] T. Okachi, M. Onaka, J. Am. Chem. Soc. 126 (2004) 2306-2307.
{7) L. Sauer, P. Ugliengo, E. Garrone, Y.R. Saunders, Chem. Rev. 94
(1994) 2095,
{8) J. Sauer, P. Ugliengo, E. Garrone, V.R. Saunders, Chem. Rev. 89
(1989) 199.
19] ). Limurakul, Chem. Phys. 193 (1995} 79-37.
[10) 1. Limtrakul, P. Treesukol, C. Ebner, R. Sansone, M. Probst, Chem.
Phys. 215 (1997) 77-87.
{11] I. Limtrakut, 8. Jupgsuttiwong, P. Khongpracha, 1. Mal. Strucl. 525
(2000) 153-162.
{12] P.E. Sinclair, A. d& Vries, P. Sherwood, C.R.A, Catlow, R.A. van
Santen, I. Chem. Soc. Faraday Trans. 24 {1998) 3401-3408.
{13] M. Braeadle, J. Saver, I. Am. Chem. Soc. 120 (1998} 1556-1570.
{14] 5.P. Greatbanks, [.H. Hillier, N.A. Burton, P. Sherwood, 1. Chem.
Phys. 105 {1996) 3770-3776.

[15} R.Z. Khalivllin, A.T. Bell, V.B. Kazansky, J. Phys. Chem. A 105
{2001) 1045410461,

[16] £ Limtakul, T. MNanok, 5. Jungsuttiwong, P. Khongpracha,
T.N. Truong, Chem. Phys. Leti. 349 (2001) 161-166.

[17} AH. de Vries, P. Sherwood, 5.J. Collins, AM. Rigby, M. Rigutio,
G.1. Kramer, J. Phys. Chem. B 103 (1999) 6133-5141.

[18} M. Svensson, S. Humbel, R.D.). Froese, T. Maisubara, $. Sieber,
K. Morokuma, ). Phys, Chem. 100 (1996} 19357-19363.

{19} H.R. Tang, K.N. Fan, Chem. Phys. Lett. 330 (2000) 509-514.

{201 L Ropgero, B. Civaller, P. Ugliengo, Chem. Phys. Lett. 341 (2001)
625-632.

{217 X. Sillar, P. Burk, 1. Mol. Swvct. {Theochem) 5§9-590 (2002) 281-
250.

[22] 5. Kasuriya, §. Namuapgruk, P. Treesukol, M. Tirtowidjojo,
J. Limtrakul, J. Catal. 219 (2003) 320-328.

[23] M. Torrent, T. Vreven, D.G. Musacy, K. Morokuma, Q. Farkas,
H.B. Schlegel, J. Am. Chem. Soc. 124 {2002) 192-193.

[24] C. Raksakoon, J. Limtrakul, J. Mol. Struct. (Theochem) 631 (2003}
147-156.

[25] W. Panjan, J. Limtrakul, J. Mol. Sirucl. 654 {2003} 35-45.

{26] K. Bobuatong, J. Limirakul, Appl. Catal. A: Gen. 253 (2003) 49-
4.

[27] 5. Namuangruk, P, Panta, J. Limirakel, I. Catal_ 225 (2004) 523-530.

[28) A. Pelmenschikov, J. Leszczynski, J. Phys. Chem. B 103 {1999)
68866890

[29} T.A. Wesolowski, Q. Parisel, Y. Ellinger, J. Weber, J. Phys. Chem. A
101 (1997) 7818-7825.

[301 E.G. Derovane, C.D. Chang, Micropor. Mesopor. Mater. 35-36
(20007 425-433.

[31] L.A. Clark, M. Sierka, J. Saver, L. Am. Chem. Soc. 125 (2003) 2136-
2141.

{32] AM. Vos, X. Rozanska, R.A. Schoonheydt, R.A. van Santen,
F. Hutschka, J. Hafner, ). Am, Chem. Soc. 123 {2001) 2799-2809.

{33] X. Rozanska, R.A, van Santen, F, Hutschka, I. Hafner, . Am. Chem.
Soc. 123 (2001) 7655-7667.

{34] D.H. Olson, E, Dempsey, J. Catal. 13 (1969} 221.

{35] C. Beaunvais, X. Guerrault, F.-X. Coudert, A. Boutin, A H. Fuchs,
J. Phys. Chern. B 108 (2004) 399404,

{36] M.L Frisch, G.W. Trucks. H.B. Schlegel, G.E. Scuseriz, M.A. Rabb,
J.R. Cheeseman, ¥.G. Zakrzewski, J.A. Montgomery, R.E. Stratmann
J1., 1.C. Burant, §. Dapprich, 1.M. Millam, A.D. Daniels, K.M. Kudin,
M.C. Strain, O. Farkas, J. Tomasi, V, Barone, M. Cossi, R. Cammi, B.
Mennveci, C. Porelli, C. Adamo, §. Clifford, 1. Ochterski, G.A.
Petersson, P.Y. Ayalz, Q. Cui, K. Morokuma, P. Salvador, 1.J.
Danpenberg, D.K. Malick, A.D. Rabuck, K. Raghavachari, 1.B.
Foresman, J. Cioslowski, 1.V, Ortiz, A.G. Baboul, B.B. Stefanov, G.
Lin, A. Liashenke, P. Piskorz, 1. Komaromi, R. Gompents, R.L.
Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Penpg, A.
Nanayakkara, M. Challacombe, PM. W. Gill, B. Johnson, W. Chen,
M.W. Wong, JL. Andres, C. Gonzalez, M. Head-Gordon, E.5.
Replogle, J.A. Pople, Gaussian 58, 2001,

[37} A.E. Reed, L.A. Curtiss, F. Weinhold, Chem. Rev. 88 (1988) 899.

[38] J1.E. Carpenter, F. Weinhold, ], Mol, Siruct. (Theochem) 169 (1988)
41.

{39] 1.P. Foster, F. Weinhold, 1. Am. Chem, Soc. 102 {I980) 7211.

{40] A.E. Reed, F. Weinhold, f. Chem. Phys. 78 (1983) 4066.

(41] A.E. Reed, R.B. Weinstock, F. Weinhold, J. Chem. Phys. 83 (1985)
135.

{42] M. Remko, Chem. Phys. Letl. 270 (1997) 369-375.

(43] 5.W. Benson, H.E. O’Neal, Kinetic Datz on Gas Phase Unimolecular
Reactions; Malional Standard and Reference Data Series, 1970,



N |

= L b
\

Acta Cryst. (2005). £61, m1403-m1404-

13

~ Apinpus and jumras * _:;zfﬁjj-,ﬁ;}@gﬁ

O

L

. - 1)
N o
Rl v -
4 - i
LI B
= i FEA 9
- il " 1}
3 _"i'l
£ 5
L3
] 1 - = '
PIA o
FoFe
T s k
. '



metal-organic papers

Acta Crystallagraphica Seclion £
Structure Reports
Online

155N 1600-5168

Apinpus Rujiwatra® and Jumras
Limtrakul®

*Depaniment of Chemistry, Faculty of Science,
Chiang Mai University, Chuang dai 50200,
Thailand, and *Depanment of Chemistry,
IFaCuh)f of Stience, Kaseisan University,
Banghok 10900, Thadand

Carrespondence e-mail;
apinpus@chiangmai.ac. th

Key indicators

Single-crystal X.ray sludy
T=3131K

Mean oiC-C} = 0003 A

R lacior = 0.024

wk (agror = (054
Datzao-parameter ratio = 13.9

For detaifs of how these key indicators were
autormatically derived from the amicle, see
hipfjovrnals iucr.ocgle.

& 2005 Internalienal Union of Crystatlography
Frinied an Great Britain - a¥ rights reserved

Ethane-1,2-diaminium hexaaquazinc(ll)

sulfate

The crystal structure of the title compound, (C,H,sN,)-
[Zn(H,0)4]>($O,)z, comprises Zn'' complex catiens, sulfate
anions and diprotonated ethane-1,2-diamine (DAE). The Zn"
aftom Is located on an inversion centre and is coordinated by
six water molecules in an octahedral geometry. The DAE
dication is located on another inversion centre. Hydrogen
bonding occurs between anions and cations bul not between
DAE and Zn"' complex cations.

H20 2+
- Hzoflf," I “\\\\ HZO H;N 24
2
H20/| \1120 \ 259,
15,0 NHs
N
Experimental

The reaction mixture was prepared by disselving ZnSO,-7H,0 (RDH
98%) in ethanol {(Merck $5%), into which ethylenediamine, en (Carlo
Erba 98%), was added while stirring vigorously. A white precipitate
wilh a compositional melar ratioc of ZnS0,7H,0:en:C,H.OH
1:0.1:100 was formed. The mixture was refluxed at 353 K for 6 h
before allowing it to cool to room lemperature. The white precipitate
did not dissolve and was separated from the clear solution, into which
an equivalent volume of deionized water was added. On storing at
room temperalure, single crystals of (I) were obtained from the
solution after 24 h. Due to the acidic properties of the starting
reagent, ZnSO,7TH,0 and ethanol, protonation of en was assumed
and confirmed from Fourier-transform IT spectroscopy {FT-IR)
using a Nicolet 510 F T-IR spectrophotometer over the range 4000-
400 cm™'. Samples were prepared as KBr pellets. The FT-IR spec-
trum showed a deformation band characteristic of NHF at 2100 cm™’
and a shoulder centred at 2800 cm ™ corresponding to NH stretching
shified to a lower wavenumber due 1o protonaticn of the amino

group.

Crystal data

(CaH 10N Y Zn{H0)e)(SOa): D, = 1.895 Mg m™*

M, = 42771 Mo Ke radiation
Monoclinic, P2, /n Cell parameters from 1676
a=81827(6) A reflections

b=170914 (5 A 6 = 16-28.2°

€= 131674 (%) A p=1.99 mm™!
£=101154 (1) T=293(2)K

V= 74963 (9) A* Needle, colourless

Received 17 May 2005
Accepted 21 June 2005
Oafine 24 |une 2005

Z=2 0.17 x 0.05 x 0.03 mm
Data collection

Nonius KappaCCD diffractometer Ripe = 0.023

@ and @ scans gy = 25.2°
Absorplion correction: none h==9—9

3753 mecasured refiections k=—8—5

1352 independen: reflections = =15 — 15

1308 refiections with ! > 2o ()
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Refinement
w = U[o?(F.7) + (0.0267P)%
+ 073657}
where £ = {F.? + 2F.5)3
{(AI6) e = 0.001
APrar =055 AT
BPmn = —042 e A2

Refinement on F?

R[F? » za(F?)] = 0.024
wR(F?) = 0.064

F=114

1352 reflections

97 paramelens

H-awom parameters conslrained

Table 1 .

Hydrogen-bond geometry (A, °).

D=H-..A4 DB H--.A4 B..A D—H---A
Ot~ H3...05' 0.93 1.82 2.7335 (19) 167
Of —H4-- 04" 0.9¢ 1.84 2.7466 (19) 178
02— HS---O7™ 0.87 1.98 2.8052 (19) 159
02—Hé- - -06 050 1.80 2.701 (2) 17
03—H7-. O™ 0.82 214 28312 {19} 143
03—H8. ..Os" 0.87 1.87 27322 (19) 167
N1-HiA.. .08 08?7 .04 2856 (D) 156
N1—H1A--.0§' 0.87 2.50 3214 (2) 140
N1-H1§..-0T 091 1.1 2820 (2) 173
N1-HIC-. 04 0.80 203 23826 {2) 168

Symmetry codes: (3) ~x Lyl —z+3% () x4 )y (@) —xep -z L (V)
db-ytlz-b{vry+la

H atoms on the N and O aloms were located in a difference
Fourier map and were refined as niding in their as-found relative
positions to carrier aloms. Methylene H atoms were placed in
calculated positions, with C—~H = 097 A, and included in the final
cycles of refinement in the riding model, with U (H) = 1.5U,,(C).

Data collection: COLLECT (Nonius, 1998): cell refinement:
SCALEPACK (Otwinowski & Minor, 1997); data reduction:
SCALEFPACK and DENZO (Otwinowski & Minor, 1997);
program(s) used to solve structure: SHELXS97 (Sheldrick, 1997);
program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);
motecular graphics: ORTEP3 for Windows (Farrugia, 1997); software
used 10 prepare material for publication: WinGX (Farrugia, 1999).

Figure 1
The molecular strocture of (1) with 30% probability displacement
ellipsoids {arbitrary spheres for H atoms). Dashed limes indicate
hydrogen bonds. [Symmetry codes: (vi) 1 — x, —y, U — z; (vii) —x, 1 ~
y. 1—2z]

The authors thank the Thailand Research Fund for research
funding.
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Effects of the zeolite framework on the structure and energetics of
the active site of H-ZSM-5/CaH, complexes: An ONIOM method

Jumras Limtrakut', Max Tirtowidjojo?, and Wasinee Panjan’. (1)
Department of Chemistry, Kasetsart University, Department of Chemistry,
Facuity of Sclence, Kasetsart University, Phahotyothin Rd., Ladyao, Jatujak,
Bangkok 10900, Thalland, Fax: 066-02-5793955, fsclirt@nontri ku.ac.th, (2)
Reaction Engineering, Engineering Sciences, The Dow Chemical Company .

The applicabiiity and reliabliity of the two-layer ONIOM2 (Our-own-N-layer
Integrated molecular Orbital+ molecular Mechanics) approaches have been ¢
carried out on different aluminosilicate clusters representing H-ZSM-5 zeolitic ™
catalysts containing up to 46 tetrahedrally coordinated tetravatent atoms and
their interaction with ethylene. When carefully callbrated, by using the
experimental observation, the ONIOM2 (B3LYP/6-311++G(d,p):HF/3-21)
scheme, in which an Inner part of the system containing the active site Is
treated at the B3LYP/6-311++G(d,p) level, and the rest - using the HF/3-21G
- has been found to provide reliable information for calculating the effects of
the extended zeolite framework on the structural and energetic properties of
the C2H4/H-25M-5 system. The predicted adsorption energy for this ONIOM2

scheme is -9.14 kcal/mol, which corresponds well with the experimental
estimate of -9 kecal/mol.
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Effacts of the zeolite framework on the structure and energetics of
active site of H-ZSM-5/Cg¢Hy complaxes: A QM/MM method

Chadchalerm Raksakoon, and Jumras Limtrakul, Department of Chemistry,
Kasetsart University, Department of Chemistry, Faculty of Sclence, Kasetsart
University, Phaholyothin Rd., Ladyao, Jatufak, Bangkok 10900, Thailand,
chadchaterm@hotmail.com

The adsorption of benzene on H-ZSM-5 zealites has been investigated with
four different cluster sizes and methods comprising various two-level ONIOM2
schemes: B3LYP/6-31G(d,p):HF/3-21G, B3LYP/6-31G(d,p):UFF, and HF/3-
21G:UFF, The bare 3T quantum cluster approach predicts the [C6HE]/H-25M-
5 complexas to have the binding energles of -5.99 kcal/mol. The effect of the
2eolite framework Is modeled on the ONIOM2 method. We found that the
extended framework significantly enhances the adsorption energy of
benezene to the zeolites, In particular, the final predicted adsorption energy
of -13.75 keai/mol for the [C6H6]/H-ZSM-5 complexes was calculated by the
ONIOM2(MP2/6-31G(d,p):HF/3-21G) scheme. This efficient scheme performs
superbly as compared with the experimental estimate of -14.0 kcal/mal. The
results obtained in the present study suggest that the ONIOM approach ylelds
a more accurate and practical model in studying adsorption of unsaturated
hydrocarbons on zeolites.
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Adsorption of aromatic h
zeolite investigated by Olrlgz)oh:as.;l:,%'; onto H-ZSM-5

Jumras Limtrakul a
) » and Chadchale ksa
University, Department of Chemlstry:n;a,:::?my z?%';eDepartment of Chemistry, Kasetsart

d., Ladyao, Jatujak nce, Kasetsart
gcljrl Qnontiife, gcoéjBangkok 10900, Thailand, Fax: 066-02-57939lsjgfvef3'tv, Phaholyothin

The ONIOM (Our-own-N-

approach utll(i?izr %:,m 1” jayer Integrated molecuiar Orbital+ molecular Mechs
ONIOMZ(BBLYP/%—BI%-(SVS'Syéo?iz) Sghhﬁfgﬁz-(g&omzmp 2/ 6‘316(d;PJ:HF/gI-351) )
HF/3-21:UFF) - an used to I P/6-31G(d,p):UFF), ‘
(HF/3-21:UFF) - have been used to Investigate adsorption pr0pe$*c)1es :f) bzﬂgeongligggoutes.

The active site has been modeled with different ¢

luster sizes u
r;su!ts predict that benzene is favorably located in the lntersec%;?\ g? ;g:?gﬁdgaw
sinusoldal channels which Is supported by the recent power neutron and synchrotron X-ray
diffraction techniques. The predicted adsorption energy for the ONIOM2(MP2/6-31G
{d,p):HF/3-21) scheme |s -13.75 kcal/mol, which corresponds weli with the experimental
gstlmate of -14.0 kcal/mal.
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The applicability and reliability of the two-layer ONIOM2 (Our-own-N-layer
Integrated molecular Orbitat+ molecular Mechanics) approaches have been
carried out on different aluminosliicate clusters representing H-25M-5 zeolitic
catalysts contalning up to 46 tetrahedrally coordinated tetravalent atoms and
thelr Interaction with ethylene. When carefully callbrated, by using the
experimental observation, the ONIOM2 (B3LYP/6-311++G(d,p):HF/3-21)
scheme, In which an inner part of the system containing the active site Is
treated at the B3LYP/6-311++G(d,p) leve!, and the rest - using the HF/3-21G
- has been found to provide reliable information for calcutating the effects of
the extended zeolite framework on the structural and energetic propertles of
the C2H4/H-ZSM-5 system. The predicted adsorption energy for this ONIOM2
scheme Is -9.14 keal/mol, which corresponds well with the experimental
estimate of -9 kecal/mol.
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INTERACTIONS OF METHANE WITH NANOSTRUCTURED CATALYST: A
MOLECULAR MODELLING STUDY

8. Pabchanda, P. Pantu, D. Tantanak, and J. Limiralat
Laboratory for Computational & Applied Chemiséry, Physical Chemistry Division, Kasetsart University,
Bangkok 10900, THAILAND
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INTRODUCTION

Owing to the nanocrystalline framework, zeolites can uniquely stabilize metal ions producing interesting catalytic
characteristics. Iron exchanged ZSM-5 zeolite (Fe-ZSM-53) exhibits remarkable redox behaviors, e.g., selective
oxidation of benzene to phenol and methane to methanol. The structures of such an extraordinary redox site, called
a-site, have been recently investigated experimentally and theoretically but are still not conclusive. Adsorption of
N,O and CH, on the Fe-ZSM-5 is considered the initial step for the pas-solid catalytic reaction. However
experimental studies are often lacking duc to the time intensive and expensive rocasurement procedure. The
adsorption of Fe-ZSM-5 can, alternatively, be investigated using quantum mechanics. In this work, the interactions
af N;O with FeQ-ZSM-5 and CH, with FeQ,-ZSM-5 have been studied for the first time using an ONIQOM2 method
with the aim of investigating the effects of the extended zeolitic framework on the structure and funcnon of the
N,O/Fe()-Z8M-5 and CH,/Fe0,-ZSM-5 complexes.

METHOD

The 5T small clusters are treated quantum chemically (QM = B3LYP, MP2) to represent the active region where
chemical reaction taken place. The next layer enclosing the quantum region is carried out at the efficient universal
force field (UFF) to explicitly cover dispersive forces. These contributions account for confinement effects in zeolite
nanocavities which have been found to play a major role in stabilizing the van der Waals hydrocarbon/zeolite adduct.

RESULTS AND DICUSSION

The previous full quantum calculations have reported the adsorption energy of —6.6 keal/mol for N>Q adsorption on
F&-ZSM-5 using 5T cluster model [2]. The calculated energy is significantly lower than the experimentat value of -
16 kcal/mol[1]. The discrepancy is due to the fact that the cluster calculation, basically, neglect the confinerent
effect arising from the zeolite pore structure which has been found to important for adsorption-desorption and
reaction in real zeolites. To practically account for the effect of extended framework of zeolite, the ONIOM?2
(B3LYP/6-31G**.UFF) was employed to study adsorption of N,O and CHy in Fe-ZSM-5. The corrected adsorption
énergy at the MP2 level of calculation by ONIOM2 (MP2/6-3LG**:UFF//B3LYP/6-31G**:UFF) is —16.0 keal/mol.
Indicating that the extended framework significantly enhances, the adsorption of N;O and with a proper energy
cotrection method the ONIOM2 modet can yield accurate adsorption energy. This efficient scheme has also been
proven to give reliable information for adsorption energy of related systems, e.g., the energy for CHy/H-ZSM-5 -5.5
kcal/moi compared well with experimentai value (5.0 keal/mol) [3]). With the ONIOM2 (B3LYP/6-31G**.UFF)
$therne, the adsorption energy of -6.5 keal/mol for [(CH N FeQ,)]'[Z5M-5]" complexes was predicted. Thus, the
predicted adsomption energy should correspond well with the expenimental estimate, if available.

A%

Tablel. The adsorption energies (kcal/mot) for the N,O/F¢Q-ZSM-5 and CHyFeO;-ZSM-5 systems.

I LTI

Method Adsorption energies (kcal/mol)
r _ N,OFeO-ZSM-5  CHy/FeO,-ZSM-3
guu ST(BILYP/6-31G*%) 638 37
INIOM2-46T(B3LYP/6-31G**:UFF) -13.7 6.5
ONIOM2-46T(MP2/6-31G**-UPF/BILYP/6-31G**:UFF) -16.0 7.3
Experiment -16.0[1] -
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CONCLUSION
Thc extended framework significantly enhances the adsorption energy of methane to the zeolites. With ONIOM2
(BSLYP/G—BIG** UFF) scheme, the adsorption energy of N;O on Fe-ZSM-5 was accurately calculated to be —16.0
keal/mol, the adsorption energy of 7.3 keal/mol for the (CH,)/Fe-Z8M-5 complexes was predicted. The results
pbtained in the present study suggest that the ONIOM approach yields a more accurate and practical model in
studying adsorption of hydrocarbons on zeolites and also studying mechanisms of oxidation of methane to methanol
using N, as oxidant.

REFERENCES
f1] Wood, B.R,, Reimer, A, and Bell, A T. (2002), “Studies of N;O Adsocption and Decomposition on Fe-
. ZSM-5," J. Catal, 209, pp 151-158.
[2] Ryder, I A., Chakraborty, A K, and Bell, A.T. (2002}, “Density Functional Theory Study of Nitrous
Oxide Decomposition over Fe and Co-ZSM-5,” J. Phys. Chem. 8, 106, pp 70593-7064.
[3] Khatiultin, R_Z., and Bell, A.T. (2001), “An Experimental and Density Functional Theory Study of the
Interactions of CH, with H-ZSM-5," J. Phys. Chem. A, 105, pp 10454-10461.



An International Conference on
Advances in Petrochemicals and Polymers in the New Millennium

July 22-25,2003  *Bangkok, Thailand

REATION MECHANISM OF FORMALDEHYDE OXIME ON H-FAU ZEOLITE:
ROLE OF EMBEDDED CLUSTER MODEL
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INTRODUCTION

The Beckmann rearrangement is an industdally important reaction for production of g-caprolactam, a raw material
for the production of Nylon-6. The reaction is conventionally catalyzed by oleum or concentrated sulfuric acid, thus
causing serious problems of waste disposal and reactor comrosion. The use of solid acid catalysts can markedly lessen
the problems. Therefore, the vapor phase Beckmann rearrangement in large-pore zeolites has received serious
attention as an alternative.

EXPERIMENTAL

1n this work, we study the interactions between formaldehyde oxime with faujasite zeolite (H-FAU), the simplest
modei reaction of the Beckmann rearrangement. The 12T cluster model is used to represent the FAU zeolite and the
effect of zeolite framework is included using ab initio erabedded method, The Beckmann rearrangement reagtion of
formaldehyde oxime with the active site of zeolite has been investigated using the bare cluster, embeddsd cluster [1].

RESULTS AND DICUSSION

The mechanism of the Beckmann rearrangement on H-FAU zeolite is composed of two key steps. The first step is
the 1,2 H-shift, which is the transformation from the N-bound configuration structure(interactions of formaldehyde
oxime via its nitrogen-end with H-FAU zeolite) to the O-bound configuration structure (interactions of formaldehyde
oxime via its oxygen-end with H-FAU zeolite). The adsorption energies of N-bound configuration structure is
calculated to be —32.6 and -51.9 kcal/mol for bare cluster and embedded cluster models, respectively. While the
adsorption energy of O-bound configuration is calcufated to be —21.3 and -31.7 kcal/mol for bare cluster and
éthbedded cluster models, respectively. The stronger adsorption energies (more exothermic) of the nitrogen-end
adsorption suggest that the first step of the Beckmann rearrangement is the interaction between the nitrogen atorm of
formaldehyde oxime and the acid site in agreement with previously reported experimental data {2). The next step is
the rearrangement of the oxime compound to the amide compound. The migration of the hydride group from C-H4
bond eliminates the water molecule. The lone pair electrons of oxygen atom (O5) of the leaving water molecule
attach e the carbon atom of [HNC H], giving the proton {(H1) back to the zeolite framework. The final complex is an
adsorption of enol formed amide compeund adsocbed on H-FAU zeolite.

N

Table 1. Companisen the adsorption energy, AE,y (in keal/mol) along the Beckmann rearrangement of
formaldehyde oxime on different models of zeolite.

N

»r Geometry/method 12T Bare cluster 12T Embedded cluster | 10T Embedded cluster
of FAU zeolite of FAU zeolite of ZSM5 zeolite

[ AE.s AF.4 AE
'N-bound complex {fig. 1{a)} -32.8 -51.9 -46.6

912 H-shift TS complex (fig. 1(b)) -3.3 -20.8 -16.0
-@-bound complex {fig. 1{c)) -21.3 -31.7 217
“Rearrangement TS (fig. 1(d)) g7 26.3 6.2

“Amide complex (fig. L(e}) ~55.1 -64.1 £3.2

CONCLUSION

These results indicate that the rate determining step of the Beckmann reaction is the rearrangement step. The
prediction contrasts with the investigation of the gas phase system of Nguyen et al [3] that pointed out the rate
détermining step is the 1,2 H-shift step. Qur results indicate that the influences from the zeolite framework have a

e
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;sdgnificant effect on reaction mechanism and energetic profile. When compared the energetic profile between
JH:FAU and H-ZSMS5 zeolite from Table 1, we found that the H-ZSMS zeolite is a candidate acid catalyst for the

‘Beckmann rearrangement reaction of formaldehyde oxime as compared to the H-FAU zeolite.

Fig. 1. Optimized adsorption complexes on 12T H-
FAU zeolite at BILYP/6-31G(d,p) level of theory. (a)
N-bound complex. (b} 1,2 H-shift transiticn state
complexes. {¢) O-bound complex. (d) Beckmann
rearrangement transition state complexes. (&) armide
complexes.
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A QM/MM Study of Adsorption of Aromatics over Faujasite Zeolite
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INTRODUCTION

H-FAU zeolite exhibits an extremely high catalytic selectivity for the alkylation of toluene and methanol to
ethylbenzene, the largest commercial volume of benzene derivatives, mostly for the manufacture of styrene and
polystyrene. Due to the large unit cell of faujasite (576 atoms/uc), the use of periodic calculation for accurate
theoretical study is limited. In the present paper, we adopt a hybrid QM/MM (ONIOM2) to overcome the
computational lmitation for investigating the interactions of toluene with H-FAU, with the aim of investigating the
effects of the extended zeolitic framework on the structure and function of the H-FAU/toluene complex.

EXPERIMENTAL SECTION
A realistic model of 84 tetrahedra cluster, including two supercages, is used to model the structure of faujasite
zeolite. A hybrid QM/MM [ONTOM2(B3LYP/6-31G(d,p):UFF)] approach is employed to study the interaction of .’
toluene with H-FAU. During the struture optimization, only the aclive site region [=SiOHAN(0),0Si=], and the :
adsorbate are allowed to relax. Single point calculations at 6-3114+G(d,p) are carried out on the optimized structures
to obtain more reliable energies.

RESULTS AND DISCUSSION

The ONIOM2 model has becn shown to give reliable adsorption energies for closely related systems, giving the
values of -15.17 and -21.08 kcal/mol for H-FAU/benzene and H-FAU/ethylbenzene, respectively compared well
with the experimental values (-14.0 and -20.4 kcal/mol). The confinement effect of the zeolite pore stucture which is
principaliy arising from van der Waals interactions is efficiently accounted for by the UFF force field. Therefore, the
ONIOM2 model can calculate adsorption energies and interactions of adsorbate molecules in zeolite with far better
accuracy than the typical quantum cluster calculations.

(a) ()]

Fig. 1. The structure of faujasite zeolite showing small 3T quantum (Fig. 1a) and ONIOM2 (Fig.1b) clusters.
The realistic model of two supercages - modeled by the 84 T cluster - serving as a nanoscopic reactor where

the toluene molecule is favorably adsorbed. Atoms belonging to the active region drawn as a sphere.



For H-FAU/toluene, the calculations of the 84T model show a slight lengthening of the bridged O-H bond when
‘c’:bmpared to that of the 3T quantum cluster, indicating the force field environment enchancing the acidity of zeolite.
‘The calibrated ONIOM2 scheme predicts adsorption energy of —19.46 kcal/mol in line with the experimental
estimates of H-FAU/benzene, H-FAU/ethylbenzene system, whereas the 3T cluster gives an underestimated value of
27,78 kecal/mol.

Table 1. Binding energies of benzene and toluene on the Bronsted acid of faujasite zeolites.
¢binding energies are in kealmol

Methods/Models T 34T
Benzepe Toluene Benzene Toluene
HF3-21G -9.49 -9.82 - -
HE/6-31G(d,p) 584 £.01 - -
 B3LYP/6-31G(d.p) -7.84 778 - -
Y. HR3-21G:UFF ; - -18.33 -22.00
' HY¥/6-31G(d,p): UFFR - - -16.57 -19.81
s B3LYP/6-31G(d,p):UFF N - 1715 2121
B3LYP/6-31G(d p):UFF+BSSE ® - - -16.15 -18.84
tu B3LYP/6-311++G(d,p): UFF® - - -15.17 -19.46
MP2/6-311++G(d,p): UFF" - - - -25.36
MP2/6-31 | ++G{d,p): UFF+BSSE* - - - -21.42

Adscrption energies of benzene and ethylbenzene on H-FAU zeolites are experimentally observed to be —14.0 [1]
and - 20.4 [3] kcal/mol, respectively. * Basis set superposition error corrected.

®Indicates single-point energy with B3LYP/6-311++G(d,p)//BILYP/6-31G(d,p)

® Indicates singie-point energy with MP2/6-311++G(d,p)y/ B3LYP/6-31G(d,p)

CONCLUSION

The extended framework significantly enhances the adsorption energy of toluene to the zeolites. With the
ONIOM2(B3ILYP/6-31 1++G(d,p):UFF) scheme, the adsorption energy of -19.46 kecal/mol for the H-FAU/toluene
complexes was predicted. The results obtained in the present study suggest that the ONIOM approach yields a more
accurate and practical model in studying adsorption of aromatics on zeolites.

REFERENCES

(11 O'Malley, P.1., and Famworth, K. (1998), ‘Density Functional Studies of Weak Base Interactions with Hydroxy
Group: Models for Adsorption Complexes of Weak Bases in Microporous Materials' J. Phys. Chem. B, 102, pp
4507-4515.

[2] Kasuriya, 8., Namuangruk S., Treesukol P., Tirtowidjojo M., and Limtrakul . (2003) ‘Adsorption of
ethylene, benzene, and ethylbenzene over faujasite zeolites investigated by the ONIOM method’, J. Caral. in
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Studies of Nitrous Oxide Decomposition on Fe-ZSMS Zeolite Catalyst
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Introduction

Nitrous Oxide (N,;O) has been ideatified as a greenhouse gas that contribute to the ozone depletion and
global warming. One of the major sources of N;O comes from the industrial production especially adipic acid
production, nitric acid manufacture, fossil fuels, and biomass combustion [1].

Catalytic decomposition of N3O is the effective method for the reduction of N;Q emission from the
industrial exhaust gas because the reaction can be occurred at relatively low temperature (300-600 °C) [1,2].
Especially, the Fe-ZSMS5 catalyst has high catalytic activity on N;O decomposition reaction and high resistance
to the presence of SQ,, NO, and H;O in the feed gas [3].

In this work, the catalytic reaction of N0 decomposition is studied by using Fe-ZSMS as catalyst. The
performance of the catalysts have been tested in the plug flow reactor (PFR) and the N,O conversion dependence
on the catalyst pretreatment condition is discussed.

Results and Discussion

Fe-ZSMS catalysts were prepared by convention ion-exchange method [4]. The parent ZSMS3 (Si/Al =
13.5) zeolite obtained from ALSI-PENTA was exchanged with Fe(NOs); solution and the sample was then
subjected to the clemental analysis using X-ray fluorescence spectrometry (XRF). Before testing the catalytic
activity on N,O decomposition, the catalysts were pretreated in the various conditions and cooled down to the
starting temperature (about 400 °C).

150 2 ol
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20 —c— 02 treacmeot o 900 C 2 br
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N
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Fig. 1. N30 conversion as function of temperature over Fe-ZSMS 0.52%Fe wt. at the various pretreatment
conditions using 0.05 g catalyst. Feed condition : 7% mole of N,O balance in Ar, total flow 68 ml/min.

Fig. 1. shows the %N,0 conversion versus reaction terperature of the differeat pretreatment conditions
of Fe-ZSMS5. From the results, the vacuum treated sample showed the highest catalytic activity.



The results of the temperature program reduction (TPR) using H; as a reducing gas show that the
exchanged Fe-ZSMS3 formed the active structure as small cluster of iron oxide (5] with the oxidation state Fe**
{Hy/Fe~1.5). After vacuum treatment, the results of TPR indicate the formation of Fel* (Hp/Fe~1) that is the most
active spcr,lcs for N;O decompasition reaction [6]. It was also noted that the oxidation state of iron was changed
back from Fe** to Fe’* during the N,O decomposition reaction.

Conclusion

Fe-ZSMS5 shows high catalytic activity for N,O decomposition reaction stoichiomctricaﬂz' to N, and O,.
After vacuum treatment the most active small cluster of iron oxide with the oxidation state Fe™ is formed to
react with N,O and change the oxidation state to Fe** after reaction.
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Decomposition of Nitrous Oxide,” Appl. Carel. B, 9, pp 25-64 .
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{4} Sang, C., and Lund C.R.F. (2000} “Isothermal light-off During Catalytic N;O Decomposition over Fe-
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The influence of the framework to structures and energetic
profiles of the vapor phase of the Beckmann rearrangement on

different types of zeolite

Jakkapan Sirijaraensre, and Jumras Limtrakul

The heterogeneous catalytic Beckmann rearrangement (BR) on FAU and ZSM-5
catalysts has been investigated by both the quantum cluster and embedded cluster
approaches at the B3LYP level of theory using the 6-31G (d,p) basis set. The embedded
cluster model of H-FAU zeolite suggests that the initial step of the Beckmann
rearrangement is not the O-protonated oxime but the N-protonated oxime, the same as
that obtained from the investigation of the BR on H-ZSMS5 zeolite. The energy barriers
derived from the proton shuttle of the N-bound to the O-bound isomer are evaluated to be
about 31.1 and 23.8 kcal/mo! for the embedded cluster of H-FAU and H-ZSM-5 zeolites,
respectively. The difference in the activation energy is due mainly to the effect of the
Madelung potential from the zeolite framework. The overall activation energy, at the
rearrangement step, is calculated to be about 58.0 and 30.1 kcal/mol for the embedded
cluster of H-FAU and H-ZSM-5 zeolites, respectively. These calculated results suggest
that the rate-detemmining step of the vapor phase of the Beckmann rearrangement on both
zeolites is the rearrangement step. The catalytic performance from different frameworks
of both zeolites can be significantly distinguished by using the embedded technique. In
comparing the energetic profile with that obtained from H-ZSM5 zeolite, we found that
the H-ZSMS5 zeolite is a better acid catalyst for the Beckmann rearrangement reaction of

formaldehyde oxime than the H-FAU zeolite.
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Alkylation of benzene: with ethylene over faujasite zeolte:

Structures and reaction mechanism

Supawadee Namuangruk, and Jumras Limtrakul,

The reaction mechanism of alkylation of benzene with ethylene over faujasite
zeolite was investigated using the ONIOM (Qur-own-N-layer Investigated molecular
Orbital + molecular Mechanics) approach with an 84T cluster of faujasite zeolite
modeled by the ONIOM3(MP2/6-31G(d,p):HF/3-21G:UFF) method. The model was
validated to give reasonable structures and accurate adsorption energies after corrected
with basis set superposition error (BSSE). The adsorption energies of ethylene, benzene
and ethylbenzene on the catalyst were predicted to be -9.86, -15.51, and -22.76 kcal/mol,
respectively compared well with experimental estimates of -9.1, -15.31, and -20.4
kcal/mol, respectively. The Eley-Rideal type mechanism of benzene alkylation was
investigated. Formation of thé surface ethoxide intermediate was occurred after
protonation of the adsorbed ethylene by an acidic zeolite proton. The apparent activation
energy for the ethoxide formation was calculated to be 17.95 kcal/mol comparable to the
activation energy measured by Cant and Hall for protonation of deuterium exchanged
ethylene on a Y zeolite of 16 kcal/mol. The reaction, subsequently, proceeded via
interactions between the surface ethoxide intermediate and gaseous benzene molecule
which was also found to be a rate determining step. The ONIOM3 model yielded the

activation energy of 40.72 kcal/mol and apparent activation energy of 26.40 kcal/mol.
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The adsorption of aromatic hydrocarbons on industrially
important nanocatalysts, ZSM-5, BEA and FAU: Confinement
S

effects

Ratana Rungsirisakun, Bavormpon Jansang, and Jumras Limtrakul

The structures of three industmially important catalysts, ZSM-5, BEA, and FAU,
and their interactions with benzene have been investigated within the framework of the
density functional theory (B3LYP/6-31(d,p)) and our-own-N-layered integrated
molecular orbital + molecular mechanics (ONIOM) approach utilizing three-layer
ONIOM schemes (B3LYP/6-31G (d,p): HF/3-21G: UFF). Inclusion of the extended
framework has an effect on adsorption properties and leads to differentiation of different
types of zeolite, unlike the quantum cluster which is not able make this differentiation.
The ONIOM adsorption energies of ZSM-5, BEA, and FAU zeolites that interacted with
benzene are -19.50, -17.08 and -15.51 kcal/mol, respectively, which agrees favourably
with the known adsorption trencf_'-of these three zeolites. On the other hand, the quantum
cluster models yield very low adsorption energies for these three zeolites and even yiéld
an unreasonable trend of adsorption energies for these zeolites/COoH6 complexes (-8.09, -
8.48, and -6.78 kcal/mol). With the inclusion of basis set superposition error (BSSE) and
the MP2 corrections, the ONIOM3(MP2/6-3 1G(d,p):HE/3-21G:UFF) adsomption energies
are predicted to be -21.01, -19.36, and -15.41 kcal/mol, the latter can be compared well
with the experimental data (-15.31 kcal/mol) for benzene adsorption on a FAU zeolite.
The results derived in this study suggest that the ONIOM3(MP2/6-31G(d,p):HF/3-

21G:UFF) scheme provides a more accurate method for investigating the adsorption of

aromatic hydrocarbons on these zeolites.
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over alkali-exchanged Faujasite zeolite

Nutcha Injan, and Jumras Limtrakul

The ONIOM (Our-own-N-layered Integrated molecular Orbital + molecular
Mechanics) approach utilizing two-layer ONIOM2 schemes -~ ONIOM2(MP2/6-
311++G(d,p):UFF), ONIOM2(B3LYP/6-311++G{d,p):UFF), and ONIOM2Z(B3LYP/6-
31G{d,p):UFF) — have been used to study the adsorption of aromatic hydrocarbons in
faujasite zeolites (Na-FAU). The realistic 84 tetrahedra cluster has been modelled as an
active site. The calculated adsorption energies of Na-FAU/benzene and Na-FAU/toluene
complexes for the ONIOM2(B3LYP/6-311++G(d,p):UFF) scheme are -18.65 kcal/mol
and -21.69 kcal/mo! which are in good agreement with the experimental values of ~18.0
and ~19.6 kcal/mol for Na-FAU/benzene and Na-FAU/toluene, respectively. The results
suggest that the ONIOM2 approach gives a more accurate result in studying the

adsorption of aromatics on zeolites.
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Interaction of CH;CN with H-FAU, MFI zeolites: A combined
QOM/MM study

Boonruen Sunpetch, and Jumras Limtrakul

The influence of zeolite }‘rameworks on the acetonitnle (CH;CN) adsorption and
their complexes with H-FAU and MF! zeolites have been studied by using 5T quaatum

clusters and the ONIOM (Our-own-N-layered Integrated molecular Orbital + molecular

Mechanics) approach utilizing two-layer ONIOM schemes (B3LYP/6-31G(d,p):UFF).
The ONIOM?2 adsorption energies for CH;CN/HFAU and CH;CN/MFI complexes are
predicted to be —18.69 and -24.13 kcal/mol, respectively, these values can be compared
favourably with the experimental estimate of —19.14 and -26.32 kecal/mol, respectively,
whereas the conventional quantum cluster yields an underestimated values of —13.64
kcal/mol. The results obtained in this study suggest that the ONIOM scheme provides a

more accurate method of studying the interaction of acetonitrile with zeolites.
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ABSTRACT

The quantum cluster and ONIOM methods have been used to investigate interactions between adsorbed
nitrous oxide and methane on the active iron center in Fe-ZSM-35, prior to its catalytic oxidation to methagol.
A model of mononuclear iron complex as an active site of the highly dispersed state of Fe-ZSM-5 was
adopted in cluster models of 5T quantum cluster and 46T ONIOM2. The extended crystal framework
included in the ONIOM model significantly enhances the interactions of both adsorbates with the active site.
The adsorption energy of N;O on Fe-ZSM-5 calculated by the 5T quantum cluster is only ~41.2 kl/mol,
whereas, the 46T ONIOM model gives the adsorption energy of -57.3 kJ/mol, which is comparable to the
experimental estimate of -67 kl/mol. After correction with single point calculation at MP2/6-
J1G**.UFF/B3LYP/6-31G**.UFF, the adsorption energy is calculated to be 66.9 klJ/mol, which is
apparently identical to the experimental estimate. The ONIOM2 model also predicts the adsorption energy of
—30.5 kJ/mol for the [CH4}/Fe-ZSM-5 complexes. These results demonstrate that the adsorption propetties
of Fe-ZSM-5 depend significantly on the specific environment of the zeolite crystal lattice.

INTRODUCTION

The intracrystatline nanostructured pore network of zeolites has an astonishing ability to stabilize small
metal complexes leading to extraordinary catalytic activities. Small iron complexes in ZSM-5 (Fe-ZSM-5),
for example, have remarkable redox behaviours [1-5] and recently have been received great attention. The
Fe-ZSM-5 can catalyze selective reduction of NOx and selective hydroxylation of various organic
compounds using nitrous oxide as an oxidant. An example of catalytic activity of Fe-ZSM-5 that is of the
high industrial interest is the selective oxidation of benzene to phenol. However, the most fascinating
catalytic activity of Fe-ZSM-5 is that it can selectively oxidize methane to methanol at room temperature.

The highly active and selective catalytic site in the Fe-ZSM-$ is commonly knowa as an o-site whose
structure, though, having been extensively studied [6-10}, is still not clearly understood. An interesting point
to note is that the Fe-ZSM-5 has some characteristics in common with the enzyme methane monooxygenase
(MMO), found in methanotropic bacteria whose active site contains binuclear iron cluster [11,12]. The active
iron atoms in Fe-ZSM-5 are found to be highly dispersed in the zeolite matrix and could be in the form of
isolated ions, or dinuclear complexes, or small aggregate of iron atoms [10-14]. According to Mdssbauer
studies, iron atoms at the a-site are in a divalent state (Fe**) and after the decomposition of nitrous oxide, the
iron atoms are changed to a trivalent state (Fe®"), With the knowledge gained from experimental studies,
quantum chemical models of the o-site structures have been proposed in literatures [15-17]. However, those
quanturn chemical studies did not include the effects of the zeolite frarmework which is known to have
significant effects on structures and energetics of guest molecules in zzolite structures [18-20].

We herein report the results of our theoretical study on interactions of nitrous oxide and methane with Fe-
ZSM-5 using a DFT method with the aims of investigating the effects of the extended zeolitic framework on
the structure and function of the Fe-ZSM-5 complex. This is the first case we know of where the explicit
zeolite environment is inciuded in calculations for this zeolite catalyst.



METHODS

Structures of cluster models were taken from the crystal structure of a ZSM-5 lattice with one aluminium
atom substituted with a silicon atom at the T12 position and the negative charge of the cluster was balanced
by either FeQ® or FeO," ion to form the active centre. In this study, the Fe-ZSM-5 structure was represented
by a 5T quantum chuster (Fig. la, lc) and a 46T ONIOM2 model [21,22] (Fig 1b, 1d). In the ONIOM?2
model the 5T active centre is treated quantum chemically at the B3LYP/6-31G(d,p) level of theory, and the
rest of the extended framework, up to 46T, is treated at the UFF.

All calculations have been perfonned by using the Gaussian98 code [23]. The basis set 6-31G(d,p) is
utilized for the B3LYP calculations. During the structure optimization, only the portion of the active site
region and the adsorbate are allowed to relax. In order to obtain more reliable interaction energies, the single-
point energy calculations at the ON{OM2-46T(MP2/6-31G**.UFF//B3ILYP/6-31G**:UFF) level were
carmied out.

(©) (d)

Figure 1 N,O/Fe0-ZSM-5 and CHy/FeO,-ZSM-5 clusters, atoms belonging to the aclive region drawn as
sphere, (a) 5T cluster of N;O/FeQ-ZSM-5, (b) 46T ONIOM model of N,O/FeO-ZSM-5, (¢) 5T cluster of
CH.u/FeO,-Z5M-5, (d} 46T ONIOM model of CH4/FeO,-ZSM-5.



RESULTS AND DISCUSSION

It has beer found that with low iron content in Fe-ZSM-5, iron atoms are highly dispersed in the zeolite
pores and present primarily in a form of isolated mononuclear iron oxide ion at the ion-exchange sites of the
Z8M-5 [24]. Therefore, the a-site can be modeled as a divalent mononuclear Fe(IDO'/ZSM-5" and after N,O
decomposition, the a-oxygen loaded active site can be modeled as Fe(II)O;/ZSM-5" [15]. In this work, two
cluster sizes, 5T and 46T, were used to represent the Fe-ZSM-5 zeolite. In the 46T ONIOM?2 model, the
extended structure was included to cover the cavity at the intersection of the straight and zigzag channels
where adsorbates are favorably adsorbed.

Structures of the a-site [Fe(TNO'/ZSM-57]

At the active site, an iron ion (FeQ")} is coordinated by the two bridging oxygen atoms in zeolite which
act as Lewis bases via the formation of bidentaie interactions (Fig la, 1b). These interactions are found to be
approximately symmetric, with almost equal Fe-02 and Fe-O3 bond lengths about 202 pm (Table 1). The
iron atom is bound more tightly to its covalent oxygen ligand (O1) with a bond distance of about 164 pm.
The Fe-O1 bond is aligned with the plane of the 10T windows of the zigzag pore channel. Increasing the
cluster sizes causes the FeQO+ to move farther from the zeolite framewotrk and the distance Fe-Al was
increased from 281.3 pm to 287.1 pm and the Fe-O1 bond distance was also slightly increased from 163.9
pm to 164.4 pm.

Structures of the a-oxygen loaded site [Fe(IINO,"/ZSM-57

Selected structure parameters of Fe(II)Q,/ZSM-5" model and its adsorption complex with
methane are tabulated in Table 2. In the a-oxygen loaded active site, the bond distances between
the iroo atom and the two oxygen atoms are virtually the same (Fe-Oi= 166.6 pm amd Fe-O2 =
166.7 pm). However, the c-oxygen (O2) is pointed toward the free space in the intersection cavity
and, therefore, it is more accessible by adsorbates (Fig ic, 1d).

Table 1 Optimized geometries of isolated model and adsorption complex of nitrous oxide on FeQ-ZSM-5 zealite.

ST(BILYP/6-31G(d,p)) 46T(B3LYP/6-31G(d,p):UFF)

Isolated Cormplex Isolated Complex
Fe-0O1 165.1 166.4 1649 166.2
Fe-02 - 2301 - 229.5
Fe-03 202.7 203.4 202.7 203.9
Fe-04 201.2 202.7 201.7 2030
Fe-Al 2825 282.3 283.1 2833
Fe-N1{ - 303.4 - 305.7
Fe-N2 - 394.8 - 398.8
N1-02 - 120.6 - 121.0
NI1-N2 - 112.9 - 112.5

N-Qof N,0 =119.2 pm
N-Nof N0 =113.4 pm

Adsorption of nitrous oxide on the a-site

It is known that a nitrous oxide molecule can be adsorbed on the FeO+ site via either the nitrogen-end or
the oxygen-end of the molecule. In this study, we, however, only look at the case where adsorption takes
place via the oxygen-end of the N,O molecule, since we are interested in studying interactions of NyO with
the ct-site (FeO") that leads to the formation of the a-oxygen loaded site (FeQ;"). The N,O molecule adsorbs
on the active site by having its oxygen atom pointing to the iron center and the nitrogen end pointing to the
free space in the intersection cavity. In the 5T cluster calculation, the N-O bond distance is slightly increased
from 119.2 to 120.6 pm while the N-N bond distance is contracted from [13.4 to 112.9 pm (see Table 1).
Inclusion of the extended framework structure significantty enhances interactions between the adsorbed
nitrous oxide and the active site. The adsorption energy is markedly increased from 41.2 kl/ol to 57.3
kJ/mol, which is very close to an experimental estimate of 67 kJ/mol [21]. After correction with single point



energy calculations at the high level of theory and the high basis set, MP2/6-31G**.UFF/B3LYP/6-
31G*#:UFF, the adsorption energy is calculated to be 66.9 kJ/mol, which is apparently identical to the
experimental estimate (see Table 3). The result indicates that the extended framework included by the UFF
force fietd is sufficient to correct the absence of the framework effect in the DFT cluster calculation and,
therefore, makes it possible to calculate accurate adsorption energy by using the ONIOM model.

Table 2 Optimized geometries of isolated model and adsorption complex of methane on FeQ2-ZSM-5 zeolite.

STBILYP/6-31G{d,p)) 46T(B3LYP/6-31G(d,p). UFF)

Isolated Complex Isolated Complex

Fe-Ot 166.7 166.7 166.6 166.6
Fe-02 166.6 166.6 166.5 166.5
Fe-03 197.9 187.5 198.0 198.2
Fe-0O4 197.5 198.7 197.8 199.1
Q102 228.1 2274 228.2 2270
Fe-Al 281.5 2774 279.8 2787
Fe-C - 3437 - 3426

Fe-HI - 3381 - 3378
Fe-H2 - 282.1 - 281.1
Fe-H3 - 357.8 - 3571
Fe-H4 - 444.1 - 443.7
02-HI - 2953 - 294.8
02-H2 - 3281 - 3277
02-H3 - 3318 - 3312
02-H4 - 444.0 - 443.6
C-HI - 109.1 - 109.1

C-H2 - 109.5 - 10%.7

C-H3 - 109.1 - 109.1

C-H4 - 109.2 - 109.2

C-H of CH, =109.2 pm

Adsorption of methane on the c-oxygen loaded site

Methane adsorbs on the a-oxygen loaded site by having one hydrogen atom {H 1) pointing toward the iron
atom and another hydrogen atom (H2) pointing toward the d-oxygen atom (02). In the 5T quantum cluster,
the distance between Fe-H1 is evaluated to be 282.1 pm and that of O2-H! is 295.3 pm. The weak
interactions between the adsorbed methane and the active site do not significantly disturb the structure of the
active site. On the other hand, the adsorbed methane molecule is partially activated by the adsorption as the
C-H2 bond distance is slightly elongated from 109.2 to 109.5 pm. Including the extended framework
increases interactions between adsorbed methane and the active center. The adsorption energy is increased
from 15.5 kJ/mol to 27.2 kJ/mol and adsorbed methane is getting closer to the active iron site as reflected by
decreasing in distance between Fe-C and Fe-H2 and QO2-H1 (see Table 2) and also the increase of the C-H2
bond distance of the methane molecule from 109.5 to 109.7 pm. After comrection with the single point energy
calculations, the adsorption energy of methane on the active iron site in ZSM-5 is predicted to be -30.5
ki/mol (see Table 3)

TFable 3 The adsorption energies (kI/mol) for the N;O/FeO-ZSM-5 and CH/FeQ-ZSM-5 systems

Method Adsorption energies {(kJ/moi)

N,O/FeQ-ZSM-5 CHy/FeQ-Z5M-5
Fufl ST(B3ALYP/6-31G(d,p)) -41.2 -15.5
ONIOM246T(B3LYP/6-31G(d,p): UFF) -57.3 -27.2
ONIOM2-46T{MP2/6-31G{d,p): UFF/ B3ILYP/6-31G{d,p): UFF) -66.9 -30.5
Experiment -66.9




CONCLUSIONS

The extended framework significantly enhances the adsorption energy of methane to the zeolites. With
the ONIOM2(B3LYP/6-31G(d,p):UFF) scheme, the adsorption energy of N;O on Fe-ZSM-5 was accurately
calculated to be —66.9 kJ/mol, the adsorption energy of —30.5 kJ/mol for the {CH4)/Fe-ZSM-5 complexes
was predicted. From the structure and adsorption energy point of views, the BJLYP or MP2 combining with
the UFF force fields method as a lower level is considered to be one of the best combinations for the
ONIOM2 scheme. This efficient scheme provides a cost effective computational stategy for treating the
effects of a large extended framework structure. The results obtained in the present study suggest that the
ONIOM approach yields a more accurate and practical model in studying adsorption of hydrocarbons on
zeolites and zlso in studying the mechanisms of oxidation of methane to methanol using N,O as oxidant.
This challenging reaction is being actively pursued.
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ABSTRACT

The ONIOM (Qur-own-N-layered Integrated molecular Orbital + molecular Mechanics) approach
utilizing two-layer ONIOM2 schemes — ONIOM2(MP2/6-31G(d,p):HF/3-21G), ONIOM2(B3LYP/6-
31G(d,p):HF/3-21G), ONIOM2(BILYP/6-31G(d,p): UFF), and ONIOM2(HF/3-21G:UFF) — have been used
to investigate adsorption properties of aromatics in faujasite zeolites (H-FAU). The active site has been
modeled with realistic clusters sizes up to 84 tetrahedra. The predicted adsorption energy of H-FAU/toluene
complexes for the ONIOM2(B3LYP/6-311++G(d,p):UFF) scheme is —81.34 kJ/mol, which is in line with the
experimental values of -58.5 and —85.3 kF/mol for H-FAU/benzene and H-FAU/ethylbenzene, respectively.
Where the conventional 3T quantum cluster yields an underestimated value of -32.52 kJ/mol. This finding
clearly demonstrates that acidity does not depend only on the Brensted group center but also on the lattice
framework surrounding the Brensted site. The results obtained in this study suggest that the ONIOM?2
approach yields a more accurate for studying the adsorption of aromatics on zeolites.

INTRODUCTION

Zeolites are widely used in petroleum and chemical industries as solid catalysts for a number of
commercially important reactions due to their outstanding properties, i.e., Bransted and Lewis acid sites,
size-shape selectivity. Nowadays the many conventional acid-catalyzed processes have been progressively
substituted with zeolite-based processes for the advantages of handling, safety, and environmental benign.
Electrophilic aromatic substitution is one of the most industrially important processes that can be efficiently
catalyzed by many zeolite catalysts, e.g., FAU, ZSM-3, beta [1]. For the atkylation of toluene with methanol
catalyzed by zeolites, a variety of important petrochemical products can be obtained. The product selectivity
is governed by many factors, such as the intrinsic reaction rate and steric constraint imposed by specific pore
size and adsorption-desorption and diffusion of reactants and products. Therefore details of molecular
interactions are needed to fully understand the reaction mechanism and product selectivity.

Since it is known that a significant fraction of energetics of aromatics in zeolites is derived from van der
Waals interactions with the constricted zeolite pores, the effect of the extended zeolite frarnework is essential
in accurately investigating interactions of aromatics in zeolites. Numerous theoretical models have been
proposed to study the crystalline zeolite [2-3]. Nevertheless, zeolites that have a high impact in industrial
processes usuaily possess hundreds of atoms per unit cell. This makes the use of sophisticated methods, such
as periodic ab initio calculations, computationally too expensive and even impractical sometirnes when very
large zeolites are concerned. The recent development of hybrid methods, such as the embedded cluster or the
combined quantum mechanics/molecular mechanics (QM/MM) methods, as well as the more general
ONIOM (Qur-own-N-layered Integrated molecular Orbital + molecular Mechanics) method has brought a
larger system within reach of obtaining accurate results. Up to date, the ONIOM method is applied to the
study of extended systems, for example, chemical reactions on surface [4-123, and in enzymes [13].

* Corresponding author. Fax: 662-9428900 ext 324. E-mail addresses: fscijri@ku.ac.th (J. Limtzakul)



In this report, we present the results of using the ONIOM model o represent the complicated structure of
zeolites and to study the adsorption of benzene, and toluene, which is the first important step for a more
comprehensive study of alkylation reaction. We are focusing on the systems of faujasite (H-FAU), which are
of high importance in many industrial reactions. The faujasite’s unit cell of 576 atoms limits the use of
periodic calculation, thus we manage to use the ONIOM method to model the active site of H-FAU, the
Brensted acid site. The rational choice of the levels of calculations for the ONIOM scheme has been
examined. The results are compared to experimental data to find efficient combinations to satisfactorily
reproduce the adsorption energies of H-FAU zeolite. This should provide us with a better understanding of
the role of H-FAU in the process of catalyzing reactions of aromatic hydrocarbons.

METHOD

Two different swtrategies have been employed to model the faujasite. First, the 3T cluster
H;Si0AKOH),O(H)SiH, (see Figure la) which is considered as the smallest unit that is required to represent
the active site of zeolite. The cluster models were obtained from the lattice structure of faujasite zeolite [14].
The effect from the framework structure of zeolite cannot be totally neglected if more accurate results are
required. The more realistic cluster model created for this study is 84T (see Figure 1b) which includes two
supercages that can act as a nanoscopic reaction vessel.

The accuracy of the QM/MM method, particularly the ONIOM method, depends significantly on the
choice of the level of calculations for high- and low-level regions [15]. Using the B3LYP method for treating
the quantum cluster, we varied the methods for the low-level region from the molecular mechanics force
fields (UFF), semiempirical, over to the Hartree-Fock methods. Using the experimental observation as a
benchmark, we found that the UFF methed provides reasonable values corresponding to the experimental
prediction [7-10]. This is due to the explicit consideration of van der Waals contribution, which is the
dominant contribution in adsorption-desorption in zeolites [16-21]. Therefore, the UFF method is the
practical choice for the low-level methodology when the high-level region is treated by the B3LYP/6-
31G{d,p) method. All calculations have been performed by using the Gaussian98 code [22]. The basis set §-
31G(d,p) is utilized for the B3LYP calculations. During the structure optimization, only the active site region
[=SiO(H)AI(0),08i=], and the adsorbate are allowed to relax. In order to obtain more reliable interaction
energies, a single-point energy calculation at the ONIOM2(B3LYP/6-311++G(d,p)//B3LYP/6-
31G(d,p):UFF) level of theory and basis sets superposition error (BSSE) corrections were also taken into
account.

(2)

Figure 1: Presentation of cluster used to model the faujasite zeolite: (a) full 3T cluster model; (b) ONIOM2 model.
The darker atorns in cluster 84T are treated at the higher level in the ONIOM2 approach.



RESULTS AND DISCUSSION

Structures of faujasite zeolite models

The faujasite zeolites were modeled by two different aluminosilicate clusters containing 3T and 84T
tetrahedrally coordinated tetravalent atoms (see Figures 2-3). Table | lists some selected structural
paramecters derived at 3T quantum clusters and the ONIOM2 integrated schemes. By comparing the structure
between the 3T quantum cluster and the 84T ONIOM2 models, it is seen that the cluster size environment
has little effect on the structure of the active site. The extended framework slightly lengthens the O1-H bond
distance (Brensted acid site) from 96.7 pm in the 3T model to 96.8 pm in the 84T model. The bond distance
between the aluminum and the proton nuclei in a Bronsted acid site, i{AlH), of faujasite was computed to
be 246.0 pm and 240.2 pm for the 3T cluster and 84T ONIOM2 models, respectively compared well with the
experimental measurement value of 238.0 + 4 pm reported in a literature [23]. Since the
ONIOM2{B3LYP:UFF) method gives a good structural representation of the Brensted acid site and the UFF
force field is also a theoretically appropriate method for representing the effect of extended framework for
this purpose (as discussed above) only the ONIOM models with the UFF force field will be discussed in
detailf hereafter.

(a) (b)

Figure 2: Presentation of models of faujasite and interacting with adsorbates: (a) full 3T cluster model interacting with
benzene; (b) full 3T cluster model interacting with toluene.,

Table 1: Structural parameters of faujasite cbtained at full HF/3-21G, full BILYP/6-31G{d,p) and various two-layer
ONIOM2 schemes (bond distances in pm and bond angles in degrees).

Parameters T 24T

Full HF Full B3LYP HE:UFF B3LYP:UFF
Ot-l1 96.8 96.7 96.8 96.8
Al-Ol 184.2 191.7 180.5 186.0
Sil-01 171.9 1709 169.4 168.6
Al-T 2335 2460 2303 240.2
ZAL-O1-Sil 127.4 126.7 126.0 1255

The [F 15 atree-Fock with 3-21G basis set.
The BILYP is density functional theory with 6-31G(d,p) basis set.



)

Figure 3: Presentation of models of faujasite and interacting with adsorbates: (2) ONIOM2 layer models of 84T cluster
interacting with benzene; and (b) ONIOM2 layer models of 84T cluster interacting with toluene. Atoms belonging to
the high-level regions are drawn as spheres.



Interactions of toluene with faujasite zeolites

Some structural parameters of the adsorption complexes calculated at finite clusters and at different
ONIOM models (HF:UFF and B3LYP:UFF) are tabulated in Table 2. Table 2 presents the coraparison
between the 3T and B4T cluster models of the adsorption complexes indicating that adsorption does not
significantly perturb structures of the adsorbed molecules or the zeolites due to the weak interactions
between the hydrocarbons and the zeolite. Increasing of cluster size has only a small effect on the structure
of the active site, but significantly affects the orientation of the adsorbed molecules. For the small cluster
models, the adsorbed molecules are Pi-bonded to the active site with almost equal bond distances between
the two double-bond carbons and the Brensted proton. For the 84T cluster models, interactions with the
extended framework cause the adsorbed molecules to move farther from the acid proton and lose the
symmetrical bidentated structures.

Table 2: Structural parameters for adsorbate/zeolite cluster complexes, where adsorbates are benzene, and toluene,

Methaods Parameters 3T 84T
Benzene Toluene Benzene Toluene

HF O1-H 97.5 97.6 97.3 97.2
Al-O1 i82.9 1828 179.4 197.4
Sil-0Ot E71.1 171.0 168.9 168.9
Ci-H 220.8 2183 222.5 226.0
C2-H 2243 2251 267.4 270.5
Cc=C 138.9 139.0 138.7 138.9
<AL01-5il 127.7 127.7 126.5 126.4

B3ILYP O1-H 98.0 98.2 98.0 98.2
Al-O1 189.8 189.7 184.9 ig4.5
Si1-01 171.0 170.1 168.4 167.9
Cl-H 2214 218.0 219.1 289.8
C2-H 224.1 224.8 2594 2116
C=C 140.1 140.0 140.1 140.0
ZALO1-8il 126.5 126.5 1249 125.1

The zeolite clusters are 3T, 84T (bord distances in pm and bond angles in degrees). The B3LYP is density functional
theory with 6-31G(d,p) basis set; HF is Hatree—Fock with 3-21G basis set.

The adsorption energies of benzene and ethylbenzene on H-Y zeolite were experimental measured to be
-58.5 and ~85.3 kJ/mol, respectively. Although the adsorption energy of toluene in faujasite zeolite is not
available, it is expected to be between the values of the benzene and ethylbenzene adsosption. In the 3T
cluster model, the DFT calculations predict the adsorption energies of benzene and toluene to be -31.21 and
-32.52 WJ/mol, respectively which are considerably lower than the experimental measurements. Moreover,
the small cluster calculations incorrectly predict comparable interaction energies of the zeolite with benzene
and toluene molecules mistakenly indicating no shape selectivity between these two molecules. The
erronecus results are due to the fact that the quantum cluster calculations omit the effect of the zeolite crystal
structure.

In the more realistic 84T ONIOM?2 model, the adsorption energies of benzene and toluene are calculated
to be -71.69 and -88.66 kJ/mol, respectively. These interaction energies are somewhat overestimated as
compared to the experimental results. After including the basis set correction by single point calculations at
the higher basis set, 6-31 {++G(d,p), the corresponding interaction energies are computed to be of —63.4] and
—-81.34 kl/mol. The BSSE corrections were also performed and gave similar results as the single point
calculations at the high basis set (see Table 3).

It is noted that the choices of the methods using the high- and low-levels in the ONIOM scheme and also
the sizes of the inner and outer regions are arbitrary. The size of the inner region employed in this study (3T
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cluster) is sufficient to represent the acid property of zeolites whilst small enough to guarantee that the van
der Waals interactions between the hydrocarbon and the zeolite are well accounted for by the UFF force
field, which is better than the DFT for this purpose [19-21]. From the structure and adsorption energy point
of views, the B3LYP combining the UFF force fields method as a lower level is considered to be one of the
best combinations for the ONIOM2 scheme. This efficient scheme provides a cost effective computational
strategy for treating the effects of a large extended framework structure.

Tabte 3: Binding energy of benzene, and toluene on the Brensted proton of faujasite zeolites (binding energy in kJ/mol)

Methods/Models 3T 84T
Benzene Toluene Benzene Toluene

HEA-21G -39.67 41.07 - -

B3ILYP/6-31G(d,p) -31.27 -32.52 - -

HF/3-21G:UFF - - -76.62 -91.96
B3LYP/6-31G(d,p):UFF - - -71.69 -88.66
B3LYP/6-31G(d,p):UFF+BSSE ® - - -67.51 -78.75
BILYP/6-311++G(d,p):UFF® - - -63.41 -81.34
MP2/6-311++G{(d,p):UFF*® - - - -106.00
MP2/6-311++G{d,p):UFF+BSSE" - - - -89.54

Adsorption energies of benzene and ethylbenzene on H-FAU zeolites are experimentally observed to be —58.5
and - 85.3 kJ/mol, respectively [24,25].

* Basig set superposition emror corrected.

® Indicates single-point energy with B3LYP/6-311++G(d,p)//B3ILYP/6-31G(d,p)

* Indicates single-point energy with MP2/6-311++G(d,p)//B3ILYP/6-31G(d,p)

CONCLUSIONS

The extended framework significantly enhances the adsorption energy of toluene to the zeolites.
With the ONIOM2(B3LYP/6-311++G(d,p):UFF) scheme, the adsorption energy of -81.34 ki/mol for the H-
FAUholuene complexes was predicted. The results obtained in the present study suggest that the ONIOM
approach yields a more accurate and practical model in studying adsorption of aromatics on zeolites.
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ABSTRACT

The quantum cluster, ONIOM and embedded ONIOM models have been used to investigate adsorption
properties of carbonyls in H-ZSM-5 zeolites. The active site has been modeled with realistic cluster sizes up
to 46 tetrahedra. The predicted adsorption energies of ZSM-5/carbonyls complexes for the embedded
ONIOM2(MP2/6-311G{d,p):UFF) scheme are -119.0 and -139.0 ki/mol for acetaldehyde and acetone,
respectively, the [atter value compared well with the experimental estimated of 130 + 4 kJ/mol, whereas the
conventional quantum cluster yields an underestimate value of —68.2 kJ/mol. The results obtained in this
study suggest that the new embedded ONIOM scheme provides a more accurate method of studying the
interaction of carbonyls with zeolites.

INTRODUCTION

Aldol condensation of acetone and acetaldehyde is an important reaction in organic synthesis because it
leads to C-C bond formation. This reaction can be catalyzed by acid and base catalysts such as NaOH, H;50,
etc. However, these corrosive catalysts cause a number of problems concerning handling, safety, corrosion,
and waste disposal. Therefore, the conventional liquid-acid catalysts are progressively replaced by
heterogeneous catalysts. Many types of catalysts have been used for this reaction such as various oxides [1-3]
and various zeolites [4-14]. The zeolite catalysts also offer the advantage of high selectivity toward the
desired product due to the shape selective properties of their microcrystalline pore structures. Several types
of 2eolites have been reported to have high activity for aldol condensation such as H-ZSM-5, HY, HX, etc.
(refs) Numerous experiments have focused on investigating the interaction of acetaldehyde and acetone on
H-ZSMS5 zeolite by using different techniques such as NMR [15), FT-IR [16], YC-NMR [7-8, 14, 17-18], etc.
From experimental data, it is indicated that the stoichiometric of adsorption of acetaldehyde and acetone on
H-ZSMS zeolite is 1:1 adsorption complex. The adsorption complex is in the form of a hydrogen-bonded
compiex which is the interaction between the carboayl group and the Bronsted acid site of zeolite. Sepa et al.
[17] found that the heat of adsorption energy of acetone on H-ZSMS5 zeolite is 130 + 4 kJ/mol.

There have been several theoretical studies on the adsorption of acetone in zeolite using quantum cluster
calculations [16-17, 19]. These studies provided useful information on the mechanism and enecgetic
properties of the reaction. However, none of these studies included the effects of the zeolite framework and,
as a result, the predicted adsorption energies of acetone on H-ZSM-5 in a range of -55 to -64 ki/mol were
significantly lower than the experimental adsorption energy of acetone on the acidic H-ZSM-5 zeolite (-130
+ 4 ki/mol). Such a large deviation indicates an important effect of the extended framework in stabilizing
the adsorption complex. To accurately include the effects of the extended zeolite framework on the catalytic
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properties, one can employ the periodic electronic stoucture methods such as the penodic density functional
theory methodology. However, due to the large unit celis of typical zeolites, such calculations are often
computationally unfeasible. The hybrid metbods, such as the embedded cluster or combined quantum
mechanics/molecular mechanics (QM/MM) methods, as well as the more general ONIOM (Qur-own-N-layer
Integrated molecular Orbital + molecular Mechanics) provide a cost effective computational strategy for
including the effects of the zeolite framework [20-23).

In this study, the interactions between carbonyl compounds, acetaldehyde and acetone, with different
models of H-ZSMS have been studied with the aims of investigating; a) the effects of the zeolite framework
on the interaction between carbonyl compounds with H-ZSM35 zeolite; b) efficient schemes of the ONIOM
method. The models consist of an inner Jayer of active region, modeled by a small cluster using the density
functioral theory to account for interactions of the adsorbates with the acid site of zeolite, and a large outer
layer of the zeolite framework, represented by a melecular mechanics force field, to account for the
van der Waals interactions arising from counfinement of the pore structure. Due to the large dipole moments
of the adsorbates, the long-range electrostatic interactions are expected 1o contribute significantly to the
adsorption process. Therefore, the electrostatic effect of the whole Zeolite crystal lattice is additionally
included using an electronic embedded method. This is the first time that the ONIOM method and long-range
interacting method are being used in combination and, thus, we call it “embedded ONIOM."

Figure 1: Schematic diagram of embedded ONIOM method: periodic structure of ZSM-5 framework (a) was
subdivided into three parts: the innermost is the QM region (b); the next layer is UFF part (¢} and the outermost is a set
of point charges (d); complete model of embedded ONIOM (e}

METHODS

Three different models have been employed to model the H-ZSMS5 zeolite and their complexes with the
adsorbed carbonyl compounds, First, bare cluster models, 3T and 10T (Figures 2-3), were taken from the
crystal structure of ZSM-5 lattice [24] to model the ZSM-5 system by using B3LYP/6-31G(d,p) level of
theory for calculation. Second, a larger cluster of the 46T model were proposed for representing the system
of H-ZSMS wreated by using the ONIOM (B3LYP/6-31G(d,p): UFF) approack. [n the ONIOM2 (B3LYP/
6-31G(d,p): UFF} scheme, the active Brensted acid site of the zeolite is treated quantum chemically at the



BILYP/6-31G{d,p) and MP2/6-311G(d,p) level of theory, and the other extended framework, up to 46T, is
treated at the UFF.

In order to take into account the long-range interactions of the zeolite lattice beyond the 46T, the third
model, called “embedded ONIOM?2", calculations of the zeolite framework are developed. The embedded
ONIOM2 models consist of three layers. The center layer is a ten-tetrahedral (10T) quantumn chemical cluster.
The next layer is the UFF force fields. The outermost layer of the model is a set of optimized point charges
located to model the remaining Madelung potential from the extended zeolite crystal. Accuracy of the
method for modeling the adsorption process has been compared to the experimental observation [17].

All calculations have been performed by using the Gaussian98 code [25). The basis set 6-31G(d,p) is
utilized for the BJLYP calculations. It is known that DFT does not account for the dispersion component of
the interactions. Single point MP2/6-311G{(d,p) calculations for the high-level active region were carried out
at the BILYP optimized geometries to improve the energetic information between benzene and the zeolite
framework. During the structure optimization, only the active site region [ESiOHAI(0),08i=], and the
adsorbate are allowed to relax.

RESULTS AND DISCUSSION

Comparisons of quantum cluster with ONIOM models

All cluster models of H-ZSM-5 of zeolite are illustrated in Figures 2-5 and their corresponding selected
structure parameters are tabulated in Tables 1-2. Three different aluminosilicate clusters containing up to 46
tetrahedratly coordinated tetravalent atoms modeled the H-ZSM-5 zeolites. The more realistic 46T model
covers the cavity at the intersection of the straight channel, and the zigzag chanunels, where the adsorbate is
favorably adsorbed.

Table I Optimized geometries of the isolated model and adsorption complex of acetaldehyde on H-ZSMS3 zeolite.
(Bond lengths are in pm and angles in degrees)

Parameters Method
T 10T 46T
Isolated Complex Isolated Complex Isolated Complex

Sii-0Ot 169.3 168.0 167.3 1657 165.8 164.1
Ol1-Al 186.5 183.4 184.1 180.8 185.5 180.8
Al-02 169.6 170.6 168.1 168.9 166.9 167.5
02-8i2 165.6 161.7 160.4 159.3 158.4 157.3
01-HI 96.8 101.4 97.0 103.0 971 102.7
Al-HI 2329 242.0 234.6 240.8 230.8 2395
H1-03 - 158.4 - 1523 - 151.6
03-Ct - 122.7 - 1227 - 122.7
C1-H2 - 110.1 - 110.0 - 110.6
H2-02 - 221.9 - 236.7 - 2384
£8il-01-Al 1343 132.1 1342 131.7 135.6 133.3
ZAl-02-8i2 122.5 125.2 122.9 126.1 1189 122.0
ZAl-01-Ht 106.2 i13.2 109.2 113.3 i05.2 112.3
ZO1-Hi-03 - 1710 - 176.3 - 173.1

To assess the sensitivity of the active site structure with varying environments, we optimized the active
site, [=SiO(H)AYO),08i=], for all the clusters, whilst the remaining atoms were kept fixed at the
crystaliographic positions. By comparing the structure between the full quantum: cluster model of 3T and
10T models, it is seen that the cluster size environment has a little effect on the structure of the active site.
The extended framework has the effect of lengthening the O1-Hbond distance (Brensted acid site) by 0.2 pm
(fult B3LYP). In the ONIOM2 schemes, specifically B3LYP/6-31(d,p):UFF, the Ol-H bond distances are
increased by 0.3 pm, thus enhancing the acidity of the Bronsted acid site. While the other bond distances of
the active site region such as Al-O, Si-O (to 01 and 02) are affected by the increasing cluster size as shown
in Tables 1-2.



The interactions of acetone and acetaldehyde with the H-ZSMS zeolite

The structure of acetone and acetaldehyde adsorbed on different models of H-ZSM5 zeolite are shown in
Figures 2a-4a. Acetaldehyde is adsorbed on the Br@nsted acid site by forming a strong hydrogen bonding
interaction between the carbonyl oxygen (03), acidic proton (H1), and a weak hydrogen bonding interaction
between the aldehyde hydrogen (H3) and the adjacent framework oxygen (O2) of the zeolite. Increasing the
cluster stzes increases the interactions between the acetaldehyde and the zeolite as evidenced by the decrease
of the H1-O3 bond distance from 158.4 to 152.3 and to 151.6 pm concurrently with the increase of the acidic
O1-H! bond distance from 96.8-97.1 pm for isolated acidic O1-H1 to 101.4, 103.0, and 102.7 pm as the
cluster size is progressively increased. On the other hand, acetone is adsorbed by forming only one strong
hydrogen bonding interaction between the carbonyl oxygen and the acidic proton. Increasing the cluster size
has a more subtle effect on the adsorbed acetone.

Figure 2: The interaction of carbonyls with the 3T bare cluster model of H-ZSM-5 zeolite: (a) acetaldehyde; (b)
acetone.

Due to the increase in steric interactions between the methyl groups of the acetone and the zeolite
framework as the cluster size increases, the adsorbed acetone is moved toward the intersection cavity, where
it can be further stabilized. In all cases, the structure of the zeolite structure was not significantly changed by
the adsorption of the adsorbates.

Table 2 Optimized geometries of the isolated model and their adsorption complexes of acetone on H-ZSMS zeolite
(Bond tengths are in pm and angles in degrees).

Parameters Method
3T (0T 10T /46T
Isolated Complex [solated Complex Isolated Complex

Si1-01 169.3 167.8 1673 165.4 165.8 164.5
Ot-Al 186.5 1833 184.1 1803 : 185.5 18¢.9
At-0O2 169.6 170.4 168.1 168.4 [66.9 166.9
02-8i2 165.6 1616 160.4 159.0 158.4 157.1
O1-Hl 96.8 102.1 97.0 104.4 97.1 102.9
Al-H1 232.9 243.1 234.6 238.7 230.8 2339
H1-03 - 154.7 - 147.9 - 154.4
03-C1 - 1232 - 123.4 - 1232
C1-C2 - 150.5 - 150.3 - 150.6
H2-02 - 224.7 - 268.3 - 2823
ZSi1-01-Al 134.3 132.0 134.2 132.0 L35.6 1332
ZAl-02-8i2 122.5 125.5 1229 126.5 [18.9 122.1
ZAl-O1-HI 106.2 113.8 109.2 111.2 105.2 107.8

Z01-H1-03 - 173.7 - 173.0 - 169.6




The adsorption energy is one of the most valuable data obtained from experimental observation which can
be used to validate the theoretical data. The adsorption energies of acetone and acetaldehyde on
H-ZSM-5 zeolite calculated from different models, as discussed above, and also those from the ONIOM
models using the molécular mechanics force fields for the outer layer are docurmnented in Table 3.

Figure 3: Presentation of carbonyl compounds interacted with the 10T bare cluster model of H-ZSM-5 zeolite: (a)
acetaldehyde; (b) acetone.

Using the 3T cluster model, the DFT methods predict the adsorption energies of acetaldehyde and
acetone to be -66.7 and -68.2 ki/mol, respectively. These energy values are significantly lower than those of
the experimental results. The adsorption energy of acetone on the acidic H-ZSM-5 zeolite was determined to
be -130 kI/mol [17]. Increasing the cluster size from 3T to 10T clusters, the calculated adsorption energies
(AE,4) of acetaldehyde and acetone interacted with zeolites is still well below the observation value, but
somewhat differentiable {Table 3).

Table 3 Comparison of the adsorption energy, AE,4 (in kJ/mol) along the adsorption of acetaldehyde and acetene on
H-ZSM35 zeolite in different models and methods.

Methods/models T 10T 46T
Acetaldehyde Acetone  Acetaldehyde  Acetone  Acetaldehyde  Acetone
B3LYP/6-31G{d,p) -66.7 -68.2 -67.7 -71.1 - -
BILY?P/6-31G(d,p):UFF - - - - -83.0 -90.6
BILYP/6-31G(d,p):UFF+chasges - - . - -103.3° -125.6"
MP2/6-31 1G(d,p):UFF+charges® - - - - -119.0° -139.0°

Experimental adsorption energy of acetone on H-ZSMS zeolite is 130 £ 4 kJ/mol from Ref. {17)
! Set of point charges surrounding the 46T model
* Indicates singte-point energy at indicated level of theory on the optimized B3LYP/6-31G{(d,p):UFF structure

Increasing the cluster size from 10T up to the more realistic model, 46T, by entarging the outer layer, the
differences between each adsorption energy are pronounced. The adsorption energies of acetaldehyde and
acetone caiculated from the 467 cluster using ONIOM2 (B3LYP/6-31(d,p):UFF) are calculated to be —83.0



and -90.6 kl/mol, respectively. These interaction energies are still underestimated as compared to the
experimental results.

@) (b)
Figure 4: Presentation of acetaldehyde interacted with the 46T ONIOM model of H-ZSM-5 zeolite: viewed from the
zigzag chanpel (a) and the straight channel (b).

(2) (b)
Figure 5: Presentation of acetone interaction with the 46T ONIOM model of H-ZSM-5 zeolite: viewed from the zigzag
channei {a) and the straight channel (b),

It is known that DFT does not account for the dispersion component of the interactions. Single point
MP2/6-311G(d,p) calculations for the high-level active region were carried out at the B3LYP optimized
geormetries to improve the energetic information between benzene and the zeolite framework. And in order



to take into account the long range interactions of the zeolite lattice beyond the 46T, the “embedded
ONIOM2"” calculations of the zeolite framework is employed. This yields the adsorption energies of -119.0
and -139.0 kI/mol for acetaldehyde and acetone, respectively. Our predicted value for the latter system is in
excellent agreement with the expenimental estimate of -130 + 4 kJ/mol obtained by Sepa et al,[17],
indicating that the MP2 combining the UFF force fields method as a lower level is considered to be one of
the best combinations for the ONIOM?2 scheme. This efficient scheme provides a cost effective
computational strategy for treating the effects of a large extended framework structure.

CONCLUSIONS

The adsorption of acetaldehyde and acetone on H-ZSM35 zeolite has been investigated with three different
cluster sizes and methods. The bare cluster models,3T and 10T, (B3LYP/6-31G(d,p) quantum cluster
approach predicts to have the adsorption energies of -66.7 (3T) vs. -68.2 (10T) kJ/mol for acetaldehyde/H-
ZSMS and -68.2 (3T) vs. ~71.1 (10T) kJ/mol for acetone/H-ZSMS5. The effect of zeolite framework is
modeled on the ONIOM2 and e-ONIOM method. We found that the extended framework significantly
enhances their adsorption energy of adsorbate molecules to the zeolite. The most accurate model, embedded
ONIOM predicts the adsorption energy to be -119.0 and -139.0 kJ/mol for acetaldehyde and acetone,
respectively. The calculated adsorption of acetone/H-ZSMS complex using the e-ONIOM approach is in
good agreement with the expenmental data. The results obtained in this study indicate that the embedded
ONIOM approach yields a more accurate model for studying adsorption properties on periodic systems.
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Adsorption of aromatics on nanoporous MCM-41

Bavernpon Jansang and Jumras Limtrakul*
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MCM-41 nanoporous materials have drawn tremendous interest from fields ranging
from physics and chemistry to engineering, owing to their unique characteristics, i.e.
shape- and size-selectivity. Here, the first of aromatic hydrocarbon adsorption inside
in this nanonmaterials has been carried out and adsorption properties are compared to
known behaviors in the MCM-41. The two-layer ONIOM (Our own N-layered
Integrated molecular Orbital + molecular Mechanics) methods have been carried out
on nanocluster models representing MCM-41 and their complex with benzene. When
carefully calibrated, using the experimental observation as a benchmark, the
ONIOM(B3LYP/6-311++G(d,p):UFF), in which a reaction site is treated at the
B3LYP/6-311++G(d,p) level, and the rest using Universal Force Field (UFF) has
been found to provide reliable information for evaluating the influence of the
extended framework on the structure and energetic properties of the C6H6/MCM-41
nanosystem. The predicted interaction energy for this ONIOM scheme is -15.2
kcal/mol, which agrees well with the experimental result of -14.4 kcal/mol.



Interaction of the different types of dienes with single wall carbon
nanotube (SWNT) and Cg : A QM/MM study

P. Khongpracha, C. Warakulwit, S. Bamrungsap, P. Luksirikul and J. Limtrakul*

Laboratory for Computational & Applied Chemistry, Physical Chemistry Division,
Department of Chemistry, Faculty of Science, Kasetsart University, Bangkok 10900,
Thailand. E-mail address: fscijrl@ku.ac.th

The transition states and products of the Diels-Alder cycloadditions of the different
types of dienes have been investigated within the framework of our-Own-N-layered-
Integrated molecular Orbital and molecular Mechanic (ONIOM) approaches utilizing the two
layered ONIOM scheme (B3LYP/6-31G*:AM1). The structure and activity relationship for a
series of different outer-ring dienes interacted with armchair (5,5) single wall carbon
nanotubes (SWNT) were established. The reactivity of the Diels-Alder reaction has been
related to the distance between the methylene carbons in the butadiene moiety (R, 4) of these
outer-ring dienes. The reactivity is higher as the R4 becomes shorter. Nevertheless, in the
case of the most reactive diene considered in this study, 2,3-dimethylene-1,4-dioxane, the
activation energy in SWNT reaction is still much higher than that of [60]fullerene. To
enhance the capability of the Diels-Alder reaction of SWNT at the sidewall, the metal cation
was introduced into the SWNTs. The decrease of activation energy of Diels-Alder is due
mainly to the electron deficiency nature of the double bond of Na@SWNT and the
stabilization of LUMO and HOMO orbitals.

Fig. 1. The transition state structures of SWNT (la) and Cgp (1b) with 2,3-dimethylene-1,4-

dioxane.



Model and ONIOM (QM/MM) studies of isomerization of nitrosamine over
nanoporous catalysts

Chorchat Sconthompalin and Jumras Limtrakul*
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Kasetsart University, Bangkok 10900, Thailand;
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To unravel isomerization and decomposition of nitrosamine over H-faujasite, the ab
initic molecular orbital calculations (B3LYP/6-31G(d,p)} and the ONIOM?2 method
(B3LYP/6-31G(d,p):UFF) have been performed with three different cluster sizes, 3T,
12T and 84T. The reaction intermediates and reaction routes are defined. Nitrosamine
can decompose via trans-diazene, cis-diazene, and cis-diazene-trans-H intermediates.
These reaction intermediates are not stable and quickly decompose to N, and H;0.
The zeolite framework stabilizes the intermediates via the formation of hydrogen
bonds. These hydrogen bond interactions play an important role in the binding of
intermediate species on the zeolite and the course of reaction. The interactions
between the reaction intermediates and H-faujasite are relatively strong and evaluated
to be 24.87, 23.49, 21.59, and 18.78 kcal/mol for the nitrosamine/H-FAU, trans-
diazene/H-FAU, cis-diazene/H-FAU, and cis-diazene-trans-H/H-FAU complexes,
respectively. The zeolite acid site facilitates the decomposition of nitrosamine via a
series of proton transfer and isomerization reactions.

Presentation of NH;NO molecule interaction with the model of the faujasite zeolite
clusters: (a) 3T cluster model; (a) 12T cluster model; and (b) ONIOM2 layer model of
84T cluster. The sphere atoms in cluster 84T are treated at the higher level in the
ONIOM?2 approach.



Interaction of pyridine with nanoporous catalyst: An

embedded ONIOM study
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Abstract

The adsorption properties of pyridine on H-ZSM-5 zeolites have been investigated by
cluster calculations with the ONIOM and a new embedded ONIOM scheme. The
active site has been modeled with realistic cluster sizes of up to 46 tetrahedra. Two
different types of pyridine adsorption complexes on the zeolite models are found. If
Zeolite is modeled by a small 3T quantum cluster, the adsorption energy of the
hydrogen-bonded pyridine complex (Py---Hz), is found to be -18.5 kcal/mol. When a
larger cluster or the ONIOM models are employed, the optimized geometries show
the formation of pyrdinium cation [PyH"] bound as an ion-pair complex [PyH"][Z].
The calculated energy of formation for this ion-pair complex is -36.8 kcal/mol in the
ONIOM (B3LYP/6-31G(d,p):UFF) model. Both values are considerably lower than
the experimentally estimated heat of adsorption of pyridine in ZSM-5 zeolite of -47.6
kcal/mol. Inclusion of the electrostatic effects of the zeolite crystal lattice via the
embedded ONIOM model increases the adsorption energy to -44.4 kcal/mol.
Performing the quantum-chemical treatment at the MP2/6-31G(d,p) level instead of
the BALYP/6-31G(d,p) leads to a further small increase of the adsorption energy

to -45.9 keal/mol, suggesting that the new embedded ONIOM scheme provides an
accurate method of studying the interaction of small organic molecules with zeolites.



The I,3-dipolar cycloadditions of ozone on the cap of two series of [5,5] armchair
and [9,0] zigzag single-walled carbon nanotubes capped with fullerene
hemispheres

Montree Sawangphruk and Jumras Limtrakul

Laboratory for Computational & Applied Chemistry, Faculty of Science and
Center of Nanotechnology, Kasetsart Univeristy, Bangkok 10900 Thailand

The 1,3-dipolar cycloadditions of ozone on the caps of [S,5] and [9,0] single-walled
carbon nanotubes capped with fullerene hemispheres have been carried out with in the
framework of ONIOM scheme (B3LYP/6-31G(d): AM1). Inclusion of the number of
cyclic polyene chains have effects on the energetic and electronic properties of both
the SWNT adducts and lead to conclusive findings in regard to the energies gab
(HOMO-LUMO), reaction energies, and activation energies of the two senies of finite
length [5,5] armchair nanotube C60+10n (n=1-14) and the [9,0] zigzag nanotube
C60+18n ( n=1-8), both capped with fullerene hemisphere. The energies gap, reaction
energies, and activation energies of the [5,5] SWNT adducts series are found to
depend on the number of cyclic cis-polyene units lined up along the nanotube length
while the [9,0] SWNT adducts series are predicted to be insensitive with the number
of cyclic trans-polyene units. The ONIOM reaction energies of the series of {5,5]
armchair SWNT adducts are oscillated within —46 to -49 kcal/mol, while the [9,0]
zigzag SWNT adducts are about -48 kcal/mol, respectively. The predicted activation
energies of the [5,5] SWNT adducts series are found to be oscillated between 1.5 to 3
kcal/mole, on the other hand, the corresponding values of the [9,0] zigzag SWNT
adducts remains relatively unchanged at about 2 kcal/mol. Our results derived in this
study suggest that the ONIOM2 scheme yields an accurate method for investigating
the functionalized SWNT complexes and their applications in energy storage medium
or various environmental issues.
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Abstract

Partial oxidation of methane to methanol on Fe-ZSM-5 and Co-ZSM-5
nanoporous catalysts has been investigated using the ONIOM (Our-own-N-layer
Integrated molecular Orbital + molecular Mechanics) approach. A 46T cluster of
ZSM-S5 is modeled for the ONIOM2 (B3LYP/6-31G(d,p):UFF) method. Mononuclear
[FeO2]+ and [CoO2]+ are modeled as the active sites located in the ion-exchanged
site of Fe-ZSM-5 and Co-ZSM-5, respectively. When methane is adsorbed on the
active site, the proton of CH4 is transferred to the active site yielding either methyl
radical or methoxide intermediates, depending on the types of zeolite employed. Both
intermediates can be derived via the Fe-ZSM-5 complex, while only the methoxide
intermediates are obtained from the Co-complexes. The corresponding activation
energies of both adducts are predicted to be 15.3 and 16.6 kcal/mol for the Fe-ZSM-5
and Co-ZSM-5, respectively. As for Fe-ZSm-5, the methyl radical reacts with the
hydroxyl group of the active site, which generates a methanol product having the
energy of methane formation of 11.1 kcal/mol, Alternatively, for both complexes, the
strongly adsorbed methoxide species can be hydrolyzed to provide the methanol
product. Our results derived in this study suggest that the reaction pathway of
methane conversion occurred through the methoxide species for both type of

catalysts.



Adsorption of light hydrocarbons on nanoporous mordenite and faujasite catalysts
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The ONIOM (Our-own-N-layered Integrated molecular Orbital + molecular Mechanics)
approach utilizing the three-layer ONIOM3(MP2/6-311++G(d,p):HF/6-31G(d):UFF) scheme
has been used to investigate the adsorption properties of light hydrocarbons 1in two
industrially important catalysts, such as mordenite (H-MOR) and faujasite (H-FAU). With
the inclusion of the basis set superposition error (BSSE), the ONIOM3 adsorption energies
are predicted to be -7.90, -9.68, -11.53, and -12.62 kcal/mol, respectively for H-MOR and -
5.38, -8.73, -7.26, and -10.46 kcal/mol, respectively for H-FAU, which compare well with the
experimental values of ethane, ethylene, and propane, which are -7.7, -9.7, and -10.7
kcal/mol, respectively for H-MOR and -5.7, -9.0, and -7.1 kcal/mol, respectively for H-FAU,
The results derived in this study suggest that the ONIOM approach provides a more accurate
method for investigating the adsorption of light hydrocarbons on these zeolites.

The ONIOMS3 layer of 120T cluster models of H-MOR (a) and 84T cluster models of
H-FAU (b). Atoms belonging to the 12T quantum cluster are drawn as bonds and sticks.
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Abstract: The RWMgO(001) system has been studied by means of periodic plane-wave
density functional calculations using the VASP code and PAW potentials. Three surface
coverages of Rh (1/8, 1/2 and 1 ML) were investigated at three different adsorption sites
(on top of surface O, Mg and the hollow site). Three types of interaction energies have
been calculated to help characterize the metal-oxide interaction: the energy of adsorption
of Rh atoms (E,4s), the energy of adhesion of a Rh overlayer (£.4n) and the formation-of-
the-Rh-layer energy. We find that Rh prefers to bind to the surface oxygen site. For 1 ML
coverage, the metal-metal interactions within the Rh overlayer give the largest
contribution to the stabilization of the Rh/MgO interface, while, naturally, the Rh-oxide
interaction dominates at low coverage. The net result is that the adsorption energy
(isolated MgO slab + isolated Rh atoms - Rh/MgO interface) increases with increasing
surface coverage. Moreover, electronic properties such as the density of states (DOS),
electron density difference plot, spin density and the electron localization function (ELF)
are presented to clarify the chemical bonding behavior of the Rh/MgQ interface system.

Methodology: The Rh/MgO(001) system was investigated by means of periodic density
functional theory (DFT) calculations using the Vienna Ab initio Simulations package,
VASP, in which the electron density is expanded in a plane-wave basis set. The projector
augmented-wave method (PAW) was used. In this study, both spin-polarized and non-
spin-polarized calculations are reported to compare the effect of spin polarization on the
Rh/MgO system. A cut-off energy of 500 eV was used in all cases. The electronic
configurations of the atomic species employed in our calculations are Rh(4p° 55" 4d®),
Mg(2p°,35%) and O(25%,2p"). The Brillouin zone integrations were performed using the
Monkhorst-Pack (MP) algorithm with a Gaussian smearing factor with ¢ = 0.1 eV and k-
mesh points of 6x6x6 and 6x6x1 for the bulk and surface calculations, respectively.

A 2-dimensionally periodic slab model was mimicked using the 3-dimensionally
periodic VASP code. A Rh layer was placed epitaxially on one side of the oxide slab and
a vacuum-fayer with a thickness of 15 A was found to be sufficient for the surface
calculations. Three different coverages (1/8, 1/2 and 1 ML) at three different sites (on top
of 0, Mg and the hollow) were explored. A 1x1 crystallographic supercell consisting of 8
layers of MgO(001) was selected as a model for the 1/2 and 1 ML coverages and for the
lowest coverage (1/8 ML), a 2x2 supercell of 4 layers was used. The slab models were
allowed to fully relax in all directions under the condition that the cubic unit cell was kept
fixed at the optimized bulk lattice parameter of 4.25 A (the experimental value is 4.21 A).



Results, Discussion and Conclusion: Qur results show that Rh prefers to bind to the
surface O atom site, which exhibits both a relatively large Rh-MgO interaction energy
and a short Rh-surface distance. Also the hotlow site is a rather attractive site for Rh,
while adsorption on top of Mg is considerably less favourable. Our results for adsorption
on the O sites are illustrated in Fig. 1. Our calculated adhesion energies over Q are in
good agreement with the scarce literature data existing. The adhesion energy [Rh layer +
MgO slab - Rh/MgO siab] is found to decrease with surface coverage and the
adsorption energy [Rh(g) + MgO slab - Rh/MgO slab] increases with coverage, thanks
to the strong Rh-Rh interaction for large coverage. Rh adsorption at the O site introduces
more ¢lectron density rearrangement in the oxide slab than adsorption at the Mg site.
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Figure 1. Rh/MgO(001) when Rh is placed on top of surface O: (a) 1 ML coverage of Rh
above the surface oxygen, (b) the optimized Rh-O distance as well as the three
different types of interaction energies for different Rh coverages at the O site.
The energies are given per Rh atom.
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Computational study of carbonyl-ene reaction of
encapsulated formaldehyde in Na-FAU zeolite
Winyoo Sangthong <jet_world2003@hotmaii.com>,

The carbonyl-ene reaction between formaldehyde and propylene has been
investigated theoretically. Three different models were employed to model the
carbonyl-ene reaction system: (1) Na-exchanged faujasite zeolite system, (2) the
naked Na(l) ion system and (3) the bare system. The reaction occurrs via a concerted
mechanism which involves a proton transfer from propylene to formaldehyde and a
carbon-carbon bond formation which occur simultaneously at one transition state.
Carbonyl-ene reaction can proceed in Na-exchanged faujasite zeolite via concerted
interactions in the coadsorbed complex of formaldehyde and propylene without any
intermediate. The interaction between WNa-exchanged faujasite zeolite and
formaldehyde leads to a structure in which formaldehyde is stabilized in the zeolite
framework. The energy barrier for this system is calculated to be 25.1 kcal/mol and
the apparent activation energy is -3.2 kcal/mol. It is well established that carbonyl-ene
reactions are catalyzed by Lewis acids. In order to gain some insight into the
mechanism by which a Lewis acid can catalyze this reaction, we employed Na* as a
Lewis acid in order to compare these results (2) with the results from the Na-
exchanged zeolite system (1). The activation barrier in system (2) is 17.46 kcal/mol,
due to the large electrostatic interaction between the naked Na ion and the complex.
In the bare system (3) where no zeolite framework or electrostatic field from Na* are
present, the structure of the transition state is a 6-membered ring and its energy barrier
is 34.4 kcal/mol. The activation energy of the carbonyl-ene reaction of propylene with
HCHO@Na-Faujasite (25.1 kcal/mol) lies between those of the bare model (34.4
kcal/mol) and the simple naked Na(l) model (17.5 kcal/mol). Theses results indicate
that Na-exchanged faujasite can preserve formaldehyde in a monomeric form and can
also act as a Lewis acid which can catalyze the carbonyl-ene reaction of formaldehyde
with olefins without the presence of potentially harmful acidic chemicals.



ONIOM (QM/MM) study of hydrolysis reaction mechanism of methoxide species to
methanol over Fe-ZSM-5 catalysts.
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The hydrolysis reaction mechanism of methoxide spectes to methanol over

Fe-ZSM-5 catalysts has been investigated using the ONIOM (Our-own-N-layer [ntegrated
molecutar Orbital + molecular Mechanics) approach with a 46T cluster of Fe-ZSM-5 zeolite
modeled by the ONIOM2(B3LYP/6-311+G(3df,2p):UFF) method. The activation energy for
hydrolysis of methoxide species, Z[(HO)Fe(OCHj)] to form adsorbed methanol product,
Z[Fe(OH)(HOCH3)] is 13.7 kcal/mol. The Z[Fe(OH);] then reacts with the excess water
vapor to form the initial state of the active site Z[FeQ]. The predicted activation energy for
this process is 19.4 kcal/mol. These results are apparently identical to the experimental
observation.
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influence of the framework and substituted group effects to the structures and energetic profiles
of the vapor phase of the Beckmann rearrangement on nanoporous Faujasite zeolite

Jakkapan Sirjaraensre and Jumras Limtrakul, Department of Chemistry, Kasetsart University, Department of
Chemistry, Facuity of Science, Kasetsart University, Phaholyothin Rd., Ladyao, Jatujak, Bangkok 10900, Thailand, Fax;
862-9428900 ext 324, jk_om2002@yahoo.com, fscijii@ku.ac.th

The reaction mechanism of the Beckmann rearrangement (BR) of four oximes, i.e. formaldehyde oxime, two
sterecisomers {Z-, E- acetaldehyde oximes) and Propan-2-one oxime catalyzed by the H-Faujasite zeolite has been
investigated by both the quantum cluster and embedded cluster appreoaches at the B3LYP level of theory using the 6-
316G (d,p) basis set. Single point calculations were done at MP2/6-311G(d,p) to improve the energetic properties. By
using the bare cluster model, the rate determining step of the whole reaction of these oxime molecules is the
rearrangement step which has the energy barrier among 50-70 kcal/mol. Inclusion of zeolitic framework has effects on
the adsorption properties of all complexes and lead to different reaction pathways than those obfained from the bare
cluster model, The rate determining step of the reaction hecomes the 1,2 H shift step for Z-acetaldehyde oxime (39.1
keal/mol) and Propan-2-one oxime (31.2 kcal/mol), while, in the E-acetaldehyde axime, the rate determining step is
either the 1,2 H-shift (26.2 kcal/mol} or the rearrangement step (26.6 kcal/mol). Moreover, the embedded cluster model
leads fo differentiation of different types of zeolite, unlike the bare cluster model, which is not able to make this
differentiation. From the above resuits, it is shown that the effect of the Madelung potential from the zeolite framework
has an important effect on both the reaction mechanisms and the energetic profiles of the vapor phase of the
Beckmann rearrangement an nanoporous faujasite zeolite.
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Diffusion mechanism of p-xylene in nanoporous catalyst: A molecular
dynamics simulation study

Tanin Nanok!, Philippe A. Boppz, and Jumras Limtrakul®. (1) Department of Chemistry,
Kasetsart University, Department of Chemistry, Faculty of Science, Kasetsart University,
Phaholyothin Rd., Ladyao, Jatujak, Bangkok 10900, Thailand, Fax: 662-942-8900 ext 324,
g4384022@ku.ac.th, fscijri@ku.ac.th, (2) Laboratoire de Physico-Chimie Moléculaire,
Université Bordeaux |

We report Molecular Dynamics computer simulations of the self-diffusion of p-xylene in
silicalite, an aluminium-free MFI type zeolite, as a function of temperature and loading. Both
the zeolite and the guest molecule are modeled as flexible entities. The calculated self-

diffusion coefficients are of the order of 107 to 10 cm?/s, which are in the same arder of
magnitude as found by recent simulations. It is found that, at low loading and temperature,
the diffusion is mainly controlied by the interaction between xylene and zeolitic wall. The
mutual interaction becomes sufficiently important to affect the diffusion process when the
loading is increased. The diffusion mechanism resembles the model process of jump
diffusion. At the highest loading (4 molecules/unit cell), the microscopic picture of the
diffusion mechanism provides the same conclusive finding of p-xylene adsorption in
silicalite as reported by experimental studies.
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A Technology-Oriented Application of Surface
Simulations

Michael Probst

institute of lon Physics, University of Innsbruck, Technikerstrale 25,
6020 Innsbruck, Austria

(michael probst@uibk.ac.af)

The author (normally not very much surface-oriented) is
responsible for a small subtask of an international cooperation with the
aim of constructing the prototype of a fusion reactor. The lecture
consists of:

s A brief excursion into popular science
(The background of the project and how it evolved)
s Which Materials?
(Why surface science plays a role in the project)
s+ ‘Some people actually believe that simulations are useful ...
{What kinds of simulations are possible and,
especially, which types of potentials are used ™)

* www.iter.org/

" A P. Sutton and J. Chen, Phil. Mag. Letl. B1, 139 (1990)

¥ D.W. Brenner, Phys. Rev. B 42 , 9458 (1990}

¥ R.E. Cohen, M. J. Mehl and D. A. Papaconstantopoulos, Phys. Rev. 8 50, 14694
(1994)
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Fundamental Kinetic Modelling of Production
Reactors

Max M. Tirtowidjojo

Reaction Engineering, Engineering Science Lab., Core R&D,
Dow Chemical Company, B-1226

{(Freeport, TX77541, e-mail: maxt@dow.com)

Elementary reaction based kinetic models have been
developed for gas-phase reaction system of interest to Dow. The
fundamental kinetic model (FKM) considers greater than 50,000
reactions involving greater than 2000 species. The corresponding
kinetic parameters and thermodynamic properties were determined
using a combination of available data, empirical/semi-empirical
methods (RRKM, group additivity, bond energy, transition states and
others), and Ab Initio quantum mechanics calculations. Examples of
successful application of FKM kinetic database to design and optimize
production scale reactors will be discussed.
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Reaction Mechanism of Selective Oxidation
of Methane to Methanol on Fe-ZSM-5
Catalyst

Piboon Pantu, Suwat Pabchanda, and Jumras Limtrakul

Laboratory for Computational and Applied Chemistry,
Department of Chemistry, Faculty of Science, Kasetsart University,
Bangkok 10900, Thailand

Selective oxidation of methane to methanol on Fe-ZSM-5
catalyst has heen theoretically investigated using the ONIOM (Our-
own-N-layer integrated molecular Orbital + molecular Mechanics)
approach with an 46T cluster of Fe-ZSM-5 zeolite modeled by the
ONIOM2 {B3LYP/6-31G(d,p):UFF} method. The active iron center is
modeled as an isolated iron site [FeOzl’ at the ion exchange site of
Z8M-5 zeolite. The geometric constraint of the zeolitic nanostructured
pores plays a vital role in regulating the orientations of reactive species
arcund the active iron center and significantly affects the energetic
properties of the reactive species. In the ONIOM2 model, the adsorbed
methane is aclivated by direct hydrogen abstraction feading to the
methyl radical, which Is greatly stabilized by the zeolite framework. The
apparent activation energy is calculated to be 9.9 kcai/mol. The
subsequent combination of the methyl radical with the hydroxy! group
or oxide oxygen on the iron site is a rapid process and may proceed
without enargy barrier, as the fransition state has not been identified.
The resulting adsorbed methanol and methoxide species are strongly
adsorbed on the iron site.
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Adsorption and Mechanisms of Zeolites: An
Embedded Cluster Model

Jakkapan Sirijaraensre and Jumras Limtrakul

Laboratory for Computational and Applied Chemistry,
Department of Chemistry, Faculty of Science, Kasetsarf University,
Bangkok 10900, Thailand

The heterogeneous catalytic Beckmann rearrangement (BR) on
ZS5M-5 and FAU catalysts has been invesligated by both the quantum
cluster and embedded cluster approaches at the B3LYP level of theory
using the 6-31G (d,p) basis set. On the FAU zeolite, the embedded
cluster model suggests that the initial step of the Beckmann
rearangement is not the O-protonated oxime but the N-protonated
oxime as same as obtained from investigated the BR on H-ZSM-5
zeolite. The energies barrier derlved from the proton shuttle of the N-
bound to the O-hound isomer are evaluated to be about 23.8 and 8.5
keal/mol for the embedded cluster and quantum cluster approaches,
respectively. The difference in the activation energy is due mainly to the
effect of the Madelung potential from the zeolite framework. The overall
activation energy, at the rearrangement step, is calculated to be about
58.1 and 60.0 kcal/mol for the embedded cluster and the quantum
cluster approaches, respectively, While on the H-ZSM-5 zeolite, the
activation energy of the rearrangement step is calculated to be 34.0
and 65.3 kcal/mol for the embedded cluster and the quantum cluster
approaches, respectively. These calculated results suggest that the
rate-determining step of the wvapor phase of the Beckmann
rearrangement on H-FAU is the rearrangement step. As compared the
energetic profile with obtained from H-ZSM-5 zeolite, we found that the
H-Z8M-5 zeolite Is a better acid catalyst for the Beckmann
rearrangement reaction of formaldehyde oxime than H-FAU zeolite.
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Alkylation of Benzene with Ethylene over
Faujasite Zeolite Investigated by the ONIOM
Method

Supawadee Namuangruk, Piboon Pantu and Jumras
Limtrakul

Laboratory for Computationaf and Applied Chemistry,
Department of Chemistry, Facufly of Science, Kasetsart Universily,
Bangkok 10900, Thaitand

The alkylation of benzene with ethylene over faujasite zeolite
has been investigated using an 84T cluster of faujasite zeolite serving
as a nanometre-sized chemical reactor modeled by the ONIOM3
(MP2/6-311++G(d,p):HF/6-31G(d):UFF) method which gives accurate
adsorption energies for the reactants and the product indicating the
accuracy of the model in representing interactions between the
adsorbates and the zeolite. The computed adsorption energies are -
8.73, -13.91, and -20.11 kcal/mol which are compared well with
experimentally reported values of -9.0, -14.0, and -20.4 kcal/mol for
ethylene, benzene and ethylbenzene, respectively. The alkylation
reaction starts with the protonation of the adsorbed ethylene by an
acidic zeolite proton leading to the formation of the active ethoxide
intermediate. Subsequently, the reaction proceeds via interactions
between the surface ethoxide intermediate and a gaseous benzene
molecule and this step is found to be the rate-determining step. The
ONIOM3 modet predicts the activation energy of 38.18 kcal/mol and the
apparent activation energy of 27.67 kcal/mol.

10
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Industrial Application of Computational Chemistry

Nelson Rondan

Computational Chemistry Group,
Physical and Chemical Properties Division,
Dow Chemical Company, B-1226

(Freeport, TX77541, e-mall: ngrondan@dow.com)

Molecular modeling or computational chemistry has
played an important role in industry in shortening the time
necessary to lunch new products in the marketplace. In the next
century, modeling will even play a greater role in industrial
research because in an ever increasingly competitive global
market where the time required to deliver a product from
laboratory to market is even shorter. Modeling will not only be
used in the improvement of existing products and processes but
most importantly, in the design of new materials and processes
This talk will present some of the modeling tools and applications
at the Dow Chemical Company with emphasis on epoxy
polymerization.

11
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Magnetizabilities of Ring-Structured Molecules,
[8]-Cyclacene, [8]-BN-Cyclacene and [8]-
Collarene, and Their Effect on 3He Nuclear
Shielding Tensor

Yutthana Tantirungrotechai, Somsak Tonmunphean,
Atchara Wijitkosoom, Narin Nuttavut, and Jumras Limtrakut

Department of Chemistry, Faculty of Science, Mahidol University,
Rama 6 Road, Bangkok 10400, Thailand

The magnetizabilities of three rnng-structured mols., [8]-
cyclacene,
{8]-BN-cyclacene, and [8]-collarene, were subsequently calculated at
the B3LYP/6-31G* level with the CSGT gauge-origin treatment. The
magnetizability of [8]-cyclacene shows a large diamagnetic nature in
the direction parallel to the ring cylindrical axis, white the value of [8]-
BN-cyclacene Is nearly isotropic, and that of [8]-collarene is slightly
more diamagnetic in the perpendicular dicection than in the parallel
direction. A large diamagnetic magnetizability in the parallel direction of
[8)-cyctacene arises from the current flow around the ring
circumference. The magnetic environment in the ring channel of these
three molecules was investigated by calcg. the nuclear shielding fensor
of the 3He atom when the atom moves through the ring channel. The
GIAO nuclear shielding tensor changes significantly toward a prolate
shape in [8]-cyciacene, but becomes a slighily oblate shape in [8]-BN-
¢yclacene and [8]-collarene. The changes correlate well with the
magnetizabilities of the ring-structured mols.

12
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DFT Plane-Wave Calculations of the Rh/MgO(001)
Interface

Somkiat Nokbin'?, Kersti Hermansson', and Jumras
Limtrakul?

'Department of Materials Chemistry, The Angstrém Laboratory,
Box 538, SE-7561 21 Uppsala, Sweden
21 aboratory for Computational and Appiied Chemistry,
Depariment of Chemistry, Facully of Science, Kasetsart Universily,
Bangkok 10900, Thailand

{somkiat.nokbin@mkem.uu.se)

The interatomic interactions of the Rh/MgO(001) system have
been studied by means of periodic plane-wave density functional
calculations using the VASP code and the PAW method. Four starting
adsorption sites and three different coverages were investigated.

Our results clearly demonstrate that Rh prefers to bind to the
surface O atom rather than to the other sites; this is shown by the
relatively large adsorption energy and the relatively short Rh-surface
distance for this site. The adhesion energy for Rh on top of O, ie. the
interaction energy calculated with respect to a reference state
consisting of the isofated metal and oxide slabs, is found to decrease
as a function of coverage {from 1.8 to 1.1 eV as the coverage increases
from 1/8 fo 1 ML). The adsorption energy on the ather hand, i.e. the
interaction energy with respect to an oxide slab and a Rh{g) atom, is
found to increase with surface caverage.

Electron difference density plots were calculated to display
some of the electron rearrangement responsible for the Rh-oxide
adhesion energy and the features of adsorption on the Mg and O site
wera compared. -
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Structure and Reaction Mechanisms in
Nanostructured Materials Systems: A New
Embedded QM/UFF Study

Chadchalerm Raksakoon and Jumras Limtrakui

Laboratory for Computational and Applied Chemistry,
Department of Chemistry, Faculty of Science, Kasetsart University,
Bangkok 10900, Thailand

It is often necessary to calculate the electrostatic potential
resulting from an infinite or extended array of charges in the interior of a
region of interest. In case of a periodic potential this can, for example,
be done by Ewald summation. An important alternative are those
methods where arrays of auxiliary point charges are optimized with
respect fo charge and/or position in order to reproduce the original
elecfrostatic potential. The optimized charges, determined by fitting,
representation of electrostatic potential has been applied to study the
structure and reaction mechanism in nanostructured zeolite catalysts.
The perodic sfructure of nanostructured zeolite framework was
subdivided into three parts: the innermost is QM region, the next layer
is force field and the outermost is a set of point charges, determined by
fitting, representation of electrostatic potential of the infinite lattice
framework.
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Mathematical Models for TAP Experiments
with Porous Catalyst: Theoretical Analysis

Monrudee Phongaksorn', Phungphai Phanawadee?
Natinee Chaimongkol®, and Jumras Limtrakut®

'Department of Industrial Chemistry, King Mongkut's Institute of
Technology North Bangkok
“Department of Chemical Engineering, Kasetsart University
*Department of Chemistry, Kasetsart University

(fengphi@ku.ac.th)

TAP {Temporal Analysis of Products) Knudsen pulse response
experiments (Gleaves, et al., 1997} have been used for heterogeneous
cataiytic reaction studies for pon-porous and porous catalysts.
Problems involving intraparticle and interparticle fransport in porous
catalytic systems have been studied using the TAP reactors (Huinink,
1995; Nijhuis et al., 1999; Keipert and Baerns, 1998; Schuurman et al.,
1999). Anaiytical sotutions for some domain of system parameters
have been reported {Huinink, 1995; Huinink et al., 1996; Yablonsky, et
al., 2001). In some articles, a macro-porous catalytic system was
assumed a non-porous one (Schuurman and Gleaves, 1997; Dewaele
and Froment, 1999).

In this paper, the mathematical model that describes the
transport and kinetics for an irreversible reaction case in a TAP reactor
packed with a porous catalyst sample is analyzed for one- and three-
zone reactors. The differential equations that describe the mass
balances of the reactant in the interparticle and Infraparticle void
regions as well as the initial and boundary conditions are transformed
into dimensionless form. Gas concentration profiles in the catalyst pore
are calculated. It is found that a key parameter that governs the
characteristics of the concentration profiles is the ratio of the
interparticle characteristic time to the intraparticle characteristic time.
When this ratio is sufficiently large, the gas concentration profile in the
infraparticle void region at each time is similar to the corresponding
_ profile in the steady state condition. A simplified TAP model can then

be obtained by assuming a pseudc-steady state in the intraparticle void
region. As a result, the set of mass balance equations is reduced to a
single interparticie equation involving the effectiveness factor defined in
typical steady state conditions. When the effectiveness factor is unity,
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a uniform concentration distribution in the intraparticle void region is
obtained.

This intraparticle pseudo-steady state model is also compared
with the primary model by investigating the characteristics of the exit
flow rate. Moment analysis of the exit flow rate for the diffusion-only
case shows that the analytical expressions for the first moment from the
two models are the same. The difference between the exit flow rates
from the two models is then characterized by the second moment. For
diffusion + irreversible reaction, the expressions for the zeroth moment
from the two models are the same, and consequently the difference is
characterized by using the first moment. The results show that the
simplified model is valid in a wide domain of system parameters for
both one- and three-zone reactors.

A special case in which the effectiveness factor is large enough
to apply a uniform infraparticle concentration model is also analyzed in
detail. The domain of system parameters in which the model can be
apptied is presented with corresponding emors of the determined rate
constant. It is also shown that one can apply a non-porous assumption
to a porous sysiem when this model is valid. However, the rate
constant determined from the experimental response needs to be
multiplisd by the ratio of the total (interparticle and intraparticle} void
volume lo the interparticle void volume. Nevertheless, even if no
correction is made to the rate constant, the determined activation
energy from a series of responses at different temperatures needs no
correction.
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Production of Nanostructured Zeolite: A New
Synthetic Approach

Metta Chareonpanich’, Rossana Thaneerat', and
Jumras Limtrakul®

'Department of Chemical Engineering, Kasetsart University,
Bangkok 10900, Thailand
Department of Chemistry, Kasetsart University, Bangkok 10900,
Thailand :

Lignite fiy ash and rice husk ash were used as raw materials for
synthesis of ZSM-5 zeolite and zeolite Y. The effects of reaction
temperature, mole ratio of silica to alumina, sodium hydroxide
concenfration, initial pressure and reaction time on yields of zeolite
products are investigated. Maximum yields of ZSM-5 zeolite (59 wt.%)
was obtalned at SiO/AlL,O; mole ratio, 40; initial pressure, 4 atm;
treatment temperature, 210°C and treatment period, 4 h. The maximum
yleld of zeolite Y of 37 wt.% was achieved at the following conditions:
temperature, 90°C; SiO,/Al,O; ratio, 8; NaOH concentration, 5 M;
synthesis period, 1 day; pressure, 1 bar.

17



The I Annuwal TRF Senior Research Scholay Symposium

RAMA GARDENS HOTEL, BANGKOK

Conversion of Ethanol to Gasoline and
Aromatics
Over Metal-Loading Zeolites

Tawan Sooknoi' and Artit Ausavasukhi?

'Department of Chemistry, King Mongkut's Institute of Technology
L adkrabang, Chalongkrung Road, Ladkrabang, Bangkok 10520,
Thaitand
Conversion of Ethanol to Gasoline and Aromatics
%Program in Chemistry, Faculty of Science & Technology, Rajabbat
institute Pelchburiwillayalongkom, Phabonyothin Road, Klong Luang
District Pathumthani, 13180 Thailand

The development of renewable sources of fuels and
petrochemicals is special interest for agro-industrial countries. This
study has been focussed on the conversation of ethanol to gasoline
and aromatics using ZSM-5 zeolites incorporated with platinum,
gallium, and silver. The experiments show that a higher confact time
results in a higher selectivity for high molecular weight hydrocarbons,
whereas at a lower contact time the gas products become predominant.
At 350-375 °¢, hydrocarbons can undergo oligomerization and
isomerization to give high quality gasoline, while at a higher reaction
temperature (400450 °C), higher hydrocarbons shift toward the
aromatic fraction. In the reaction using ethanol as feed, aromatic yields
of 7.55, 9.83, and 6.59 %mal were obtained at 125 °C over HZSM-5,
[AgIHZSM-5, and [GaJHZSMS, respectively. Addition of water as co-
feeding in the reaction (95 wt% ethano!), decreases aromatic yields to
430 and 7.31 %mo! over HZSM-5 and [Ag]HZSMS, respectively.
However, the enhanced acitivity of [GalHZSM-55 can be obtained,
yielding 8.16% mole of aromatic due to the additional acid sites which
are readily produced by an interaction of gallium extra-framework with
water. In the ethanol conversion, aromatic is namely produced by
reforming of the oligomerized hydrocarbons. However, in the reaction
using ethviene as feed, aromatic can be produced from small olefin
aromatization over [GalHZSM-5. On the other hand, [P{HZSM-5 is
found to inhibit the case of ethylene oligomerization, while silver
impregnated {[Ag]HZSM-5) shows relatively low activity for the aromatic
production.
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A Unique Example of Hexa-coordinated Aqueous
Zinc(il) Entrapped In Organically Hybrid lonic
Crystal

Apinpus Rujiwatra' and Jumras Limtrakul?

Department of Chemistry, Facufty of Science, Chiang Mai University,
Chiang Mai, 50200 Thaifand
2.C«'!e,oam‘.fneﬂr of Chemistry, Faculty of Science, Kasetsart University,
Bangkok, Thaitand

(apinpus@chiangmai.ac.th)

A unique example of an organically hybrid zinc sulfate lonic
framework composed of hexaaqua  coordinated  zing,
N{Hz0)(504){C2oNzH ), was prepared and structurally characterized
by singie crystal X-ray diffraction. The single crystals were cbserved
after being crystallized for 24 hours in the filtrate, which was separated
from the reaction between ZnS0.7H,0, ethylenediamine (99%) and
ethyl alcohol{95%) in the mole ratio of 1:0.1:100 refluxed over 6 hours
at 80°C. Crystal Data for Zn(H,0)e{S04)2(CNaHyo): monoclinic P21/c, a
= 8.287(5) A, b = 7.115(5) A, ¢ = 14.179(5) A, p = 113.710(5)°, V =
765.5(8) A%, Z = 2, d{calc) = 1.803 g cm™; structure solution and
refinement based aon 1676 reflections with Fg = 4o{Fy) (Mo Ka, A =
0.71073 A) converged at R = 0.0864. The crystals are hygroscopic and
readily dissolve in air. IR specfroscopy was used to confim the
presence of the organic cation and coordinated water,
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05.30
09.00 —09.15
09.15~ 08.45

03.45 ~ 10.00
10.00 - 10.30

10.30 - 11.00

11.00-11.30

11.30-12.00

12.00 - 13.00
13.00-13.30

13.30 ~ 14.00

14.00~ 14.30

January 22, 2005, City Beach Resor, Hua Hin

Leave for Hua Hin, City Beach Resort

Gathering of the participants & Registration

introduction Remarks by

Director, Academic Division, TRF (Prof. Dr. Vichai Boonsaeng)
Head, Chemistry Department, KU (Dr. Surapol Patharakom)
TRF Senior Research Scholar (Dr. Jumras Limtrakul)
{ntermission -
“Two-stage synthesis of pure ZSM-5 zeolite from lignite fly
ash and rice husk ash”

N. Reanvattana, M. Chareonpanich and J. Limtrakul

“Mild chemical approaches In the synthesis of new organically
hybrid inorganic framework; growth and single crystal
structure of Za{Hz0)e](SO4)2(C2N2H )"

A. Rujiwatra and J. Limtrakul

“Validity of the Dirac delta function for describing the inlet
flow in TAP pulse response modeis”

Y. Boonnumpha, P. Phanawadee, and J. Limtrakul

“MAS NMR study of [Ga]HZSM-5 catalyst: Evidence for the
change in catalytic behavior”™

T. Socknoi and A. Ausavasukhi

Lunch and Check In

“Theoretical investigation of selective oxidation of methane in
nanostructured Fe-ZSM-5 catalyst using an ONICM methed”
P. Pantu, S. Pabchanda and J. Limtrakul

“Ab initic prediction of pK, and electronic spectra of dye
indicators"

Y. Tantirungrotechai, 8. Roddacha and J. Limtraku{

“Probing the structural and electronic factors affecting the
adsorption and reactivity of alkenes in acidic zeolites using
DFT calculations and multivariate statistical methods”

D. Tantanak, M. P. Gleeson and J. Limtrakul
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14.30- 1500 “Generating point charges that produce accurate electrostatic 8
potential from the infinite crystal lattice for embedded cluster
approximations”

N. Pannorat and J. Limtraku!

15.00 - 15.20 Intermission

1520 - 15.40 “The nucleoside bases attached on single wall carbon a
nanotube: an ONIOM investigation”

P. Khongpracha, W, Panchan and J. Limtrakul

1540~ 16.00 “Structural and electronic properties of the Rh/MgO(001) 10
interface from periodic density functional calculations™
S. Nokbin, J. Limtrakul and K. Hemmansson

16.00-16.20 “Diffusion mechanism of p-xylene in nanoporous catalyst: A 11
molecutar dynamics simulation study”

T. Nanok, P. A. Bopp, and .J. Limtrakul

16.20 - 16.40 “Computational study of the carbonyl-ene reaction of 12
encapsulated formaldehyde in Na-FAU zeoclite”
W. Sangtheng and J. Limtrakul

16.40 - 17.00 “Interaction of Mordenite with aromatic hydrocarbon: 13
A new embedded ONIOM study™
B. Jansang, T. Nanok and J. Limtraku!

17.00-17.20 “Diels-Alder addition of single-wall carbon nanotubes and 14
fullerenes with electron-rich dienes”

C. Warakulwit, 5. Bamrungsap, P. Luksirikul, P. Khongpracha and
J. Limtrakul

1720-17.40 “Synthesis, characterization of the Fe-ZSM5/N20 complex” 15
P. Prompinit, K. Sanbandit, P. Pantu, S. Vannarat and C. Sangma
Biscussion Forums

18.00 - 19.00 “The ethylene dimerization over Faujasite zeolite investigated 16
by the ONIOM method"

S. Namuangruk, P. Pantu and J. Limtrakul
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“Effects of substituted groups to the energetic profile of 17
Beckmann rearrangement of formaldehyde oxime on

H-Faujasite zeolite™

J. Sirijaraensre and J. Limtrakul

“MAS NMR study of Ga-modified HZSM-5 catalyst: Evidence - 18
for the additional of a new acid site™

A. Ausawasuki and T. Socknol

“The production of gasoline and aromatics from ethanol over 19
AgHZSM5 catalysts”

§. Suwannaran and T. Sooknoi

“Active sites in the alkylation of methanoi with acefonitrile: 20

Study of basicity in atkali cation exchanged Faujasite zeolites™
P. Tueonsukol and T. Sooknoi

19.00-21.00  General Discussions
Discussions concerning future collaborations

Dinner
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Two-stage synthesis of pure ZSM-5 zeolite from lignite fly ash
and rice husk ash

N. Reanvattana', M. Chareonpanich’ and J. Limtrakuf
'Department of Chemical Engineering, Kasetsart University
% ahoratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart Untversity

Many types of zeolifes were possibly synthesized by conventional hydrothermal
freatment of fiy ash. However, the purity of zeoclite products was low. In this research, pure
ZSM-5 zeolite was synthesized from coal fly ash by two-stage synthesis process. In the first
stage, in order to remove mineral contaminants, two methods including acid treatment and
alkaline treatment were undertaken. With acid treatment, H2S04 and HCI solutions were used to
. separate mineral matters, especially iron oxides from raw fiy ash. In the case of alkaline
treatment, NaQH solution was used to extract silica and aluming in raw fly ash to form a mixture
of sificate and aluminate. The treated fiy ash and silicate-aluminate mixture were consequently
used for ZSM-5 zeolite synthesis in the second stage. It was found that 16.7 wt.% of Fe in fly
ash can be reduced by the treatment with 3.5 M HCI for 60 min at 70°C and 15.9 wt.% of Fe can
be reduced by the treatment with 2.5 M HaS0, for 50 min at the same temperature. The yield of
Z5M-5 zeolite, approximately 15 wt.%, was abtained by the conventional one-stage synthesis,
while those of 42 and 65 wt.% were obtained by treating the fly ash with HCl and H.SO,,
respectively. In the case of fiy ash treated with NaOH, the maximum yields of silicate and
aluminate were obtained when fly ash was treated in auteclave at 80°C for 4 hrs. In this study,
sodium silicate solution prepared from rice husk ash was used to adjust SiO/Alz20; mole ratio.
Zeolite formation was studied as a function of the SiO/ALO; mele ratios (5, 10, 20, 40, 80, 100
and 200) and pH of mixture (8 - 12). As the resulf, pure ZSM-5 zeolite was produced at
Si02/A1L, 05 mole ratio of 40 and pH of 12.
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Mild chemical approaches in the synthesis of new organically hybrid inorganic
framework; growth and single crystal structure of Zn(H20)6}(SO4)2(C2NzH 1)

A. Rujiwatra® and J. Limtrakul®
'Department of Chemistry, Faculty of Science, Chlang Mai University
*_aboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsat University

Attempts to synthesizing and growing single crystals of new organicalty hybrid
inorganic framework structures, especially those of the sulfate frameworks, were conducted
employing mild chemical approaches e.g. reflux, precipitation and hydrothermal synthesis. The
rare ethylenediammonium hybrid zinc sulfate ionic framework, [Zn{Hz0){SO4)2(C2N2H 10}, with
zinc(ll) ion in hexa-aqua coordination environment was ilustrated. The crystals of
[Zn{Hz0)6){S0C4)2{C2N2H1g) was prepared and structurally characterized by single crystal X-ray
diffraction. The single crystais were observed after being crystallized for 24 hours in the fifrate,
which was separated from the reaction between ZnS304.7H20, ethylenediamine and ethyl
alcohol in the mole ratio of 1:0.1:100 refluxad over 6 hours at 80°C. Crystal Data for
Za{H20)6H(S04)2(C2NzH0): monoclinic P21/, a = 8.287(5) A, b= 7.115(5) A, ¢ = 14.179(5) A, B
= 113.710(5)°, V = 765.5(8) A®, Z = 2, d{calc) = 1.803 g cm™; structure solution and refinement
based on 1676 reflections with FO > 45(F0) (Mo Ka, A = 0.71073 A) converged at R = 0.0864.
The crystals are hygroscopic and readily dissolve in air. IR spectroscopy was used to confirm
the presence of the organic cation and coordinated water,
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Validity of the Dirac delta function for describing the inlet flow in TAP pulse response
models

Y. Boonnumpha’, P. Phanawadee’, and J. Limtrakul’
‘Depariment of Chemical Engineering, Faculty of Engineering, Kasetsart University
2L aboratory for Computational and Applied Chemistry, Physical Chemlstry Division, Kasetsart University

Temporal analysis of products or TAP has been recognized as an important transient
experimental methed for heterogeneous catalytic reaction studies. The experiment is performed
by injecting a narrow gas pulse into an evacuated microreacior packed with catalyst pellets.
The time-dependent exit flow rate of each gas is detected by a mass specirometer.
Interpretation of TAP response data including transport and kinetic parameter estimation
requires mathematical models that describe the processes in the reactor. Parameter estimation
can be accomplished by curve fitting between the experimental exit flow rate and the model exit
flow rate calculated from an analytical solution or by a numerical method. Another alternative is
the use of moment analysils of the exit flow rate.

TAP process modeling involves describing the gas inlet flow introduced by a pulse
valve. The infet flow Is usually described by the Dirac delta function at the initial time. Many
analytical solutions and moment expressions of the exit flow rate were determined for simple
reactions using the Dirac delta function. However, many researchers used different
mathematical descriptions of the inlet flow. In these cases, the solutions for the exit flow rate
can be determined only by numerical methods.

In this paper, the validity of the Dirac defta function for TAP madeling is theoretically
anatyzed. For the diffusion-only case, the degree of validity is based on the difference in the
diffusivities calcutated from the exit flow rate using delta and non-delta functions. The
dependence of the degree of validity of the delta function upon the system parameters,
inciudiﬁg the open duration time of the pulse valve, for the diffusion-only case is reported in a
simple form. For typical TAP experimental domains, the delta function is shown to be valid. For
the diffusion with irreversible reaction case, the conversion expression for the reactant gas is
the same for all functions describing the inlet fiow. The gas conversion expressicn for the delta
function case can then be propery used for any non-delta function cases to determine the rate
constant.
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MAS NMR study of [Ga]HZSM-5 catalyst: Evidence for the change in catalytic behavior

T. Sooknoi and A. Ausavasukhi
Department of Chemistry, Facully of Science, King Mongkut's lnstitute of Technology

MAS NMR spectroscopy was employed to investigate Ga-modified HZSM-5 catalyst
prepared by impregnation {[Ga]HZSM-5). it was found that the steam treatment of [Ga]HZSM5
results in a pronounced increase in the intensity of 'H MAS NMR resonance of Bransted acid
sites in the catalyst, which is atfributed to the interaction of gallium oxide with water. The
additional of Brensted acid sites that may be responsible for the change in the catalytic behavior
of [Ga]HZSM-5 from ethylene aromatization to ethanol reforming activity for the production of
aromatic.
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Theoretical investigation of selective oxidation of methane in
nanostructured Fe-ZSM-5 catalyst using an ONiOM method

P. Pantu, 8. Pabchanda and J. Limtrakul
Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsad University

Selective oxidation of methane fo methanol on Fe-ZSM-5 catalyst has been
theoretically investigated using the ONIOM approach with a 46T cluster of Fe-ZSM-5 zeolite
modeled by the ONIOMZ (B3LYP/6-311+G(3df,2p):UFF) method. The acfive iron center is
modeled as a moncnuclear iron species [FeQ,]" located at the ion exchange site of the ZSM-5
zeolite. The steric constraint of the zeolite nanostructured pores plays a vital role in regulating
the orientation of reactive species around the active iron center and significantly affects the
energetic of the reactive species. Methane is first weakly adsorbed on the active iron site and
then activated by direct hydrogen abstraction forming a methyl radical. The barrier energy for
the hydrogen abstraction is calculated to be 15.3 kcal/mol. Subsequently, the methyl radical can
rapidly recombine with the oxygen radical anion on the iron site resulting in a highly stable
adsorbed methoxide product. The methyl radical can react with the hydroxyl group on the Iron
site with a smallt barrier energy of 11.1 kcal/mo! producing strongly adsorbed methanol on the
active iron site. However, direct desorption of the adsorbed methanol would require a high
desorbing energy of 28.8 kcalimol. On the other hand, the hydrolysis of methoxide can readily
occur with an activation energy of 13.7 kcalmol to produce a2 methanol molecule weakly
adsorbed on the iron active site. The reaction is mildly exothermic by 5.2 kcalimol. The
adsorbed methanot can be desorbed requiring an energy of 13.2 kcal/mol.
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Ab initio prediction of pK, and electronic spectra of dye indicators

Y. Tantirungrotechai’, S. Roddacha' and J. Limtrakuf®
'Department of Chemistry, Facutty of Science, Mahidal Univesity
* ahoratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart University

We introduce in this work the combination of an extrapolated ONIOM(G2MS) method
and a continuum solvation modsl as & practical choice for determining the AGgas and AAG;q
respectively as defined in thermodynamic cycle for the prediction of pia. Our focus is on the
determination of pK, values of dye indicators which have a farge change in electronic structure
upon the protonation process. The results indicate that our employed method can provide a
reasonable estimation of pK, with the standard deviation of 0.94 among the molecules studied
Ina re.latively short time. Addilionally' we investigated the diange of electronic spectra, hence
the colour, of the dye indicator upon the protonation process by using the ZINDO method.
However this ZINDQ can predict the colour change only qualitatively.
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Probing the structural and electronic factors affecting the adsorption and reactivity of
alkenes in acidic zeolites using DFT calculations and multivariate statistical methods

D. Tantanak', M. P. Gleeson” and J. Limtrakuf®
'Chemistry Department, Faculty of Science, King Mongkut's Institute of Technotogy Ladkrabang
* aboratory for Computational and Applied Ghemistry, Physicat Chemistry Division, Kasetsart University

Quantum mechanical (QM) cluster calculations have been performed on a model of
ZSM-5 at DFT and MP2 levels. We investigated how the adsorption energies and the energetics
of alkoxide intermediate formation of six different alkene substrates; ethene, propene, 1-butene,
cisffrans hutene and isobutene vary in this zeolite model. Analysis of the DFT geometric,
electronic and energetic parameters of the zeohte-substrate complexes, transition states and
alkoxide intermediates is performed using principal components analysis (PCA) and partial least
squares (PLS). These deliver an insight into the comelated changes that occur between
molecular structure and energy along the reaction coordinate between the physisorped and
chemisorbed species within the zeolite. To our knowledge this is the first occasion multivariate
techniques such as PCA or PLS have been employed to profile the changes in elactronics,
distances and angles in QM calculations of catalytic systems such as zeofites. We find the
calculated adsorpfion and the alkoxide intermediate enqrgies correlate strongly with the
absolute charge on the substrate and the length of the substrate double bond. The transition
states energies are not affected by the zeolite framework as modeled which explains why they
correlate strongiy with the gas-phase substrate protonation energy. Our cluster results show
that for ethene, propene, 1-butene and isobutene, the relative energetics associated with the
formation of the alkoxide intermediate in ZSM-5 follow the same trends as calculations where
the effects of the framewcrk are included.
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Generating point charges that produce accurate electrostatic potential from the infinite
crystal lattice for embedded cluster approximations

N. Pannorat and J. Limtrakul
Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart University

The cluster approximation fo calculate adsorption energies of molecule with zeolites
requires less computational effort than the periodic approach but it neglects the effect of long
range electrostatic interaction from infinite crystal latlice which plays a vital role along the
adsorption process. We propose the simpte but accurate method for including such effect into
the calculation by generating a set of finite number of point charges placing upon the lattice
sites. These point charges are to reproduce infinite electrostatic potential over the quantum
cluster as the embedded ONIOM scheme. The method is apptied to the adsorption of Pyridine
on H-FAU zeolite giving adsorption energy well agree with its experimental result.
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The nucleoside bases attached an single wall carbon nanotfube:
an ONIOM investigation

P. Khongpracha, W. Panchan and J. Limtrakul
Laboratory for Computational and Applied Chemislry, Physical Chemistry Division, Kasetsart University

The derivatives of nucleoside bases (Adenine and Guaning} .attached on a (5.5)
ammchair single wall carbon nanotube (SWNT) have been theoretically examined by .using ocr
own N-ayered integrated molecular orbital + molecular mechanics (ONIOM) techniques. The
CigHao cluster has been used as a model of the SWNT and the B3LYP/G-31G(d):AM1
compound method has shown the advantages over the B3LYP/6-31G({d).UFF combination due
to the more reliable binding energy outcomes. It has been found that purine bases bound with a
single carbon atom and their double ring fused plane are aranged in the parallel direction along
with the SWNT tube. In order to enhance the stability of covalently modified SWNT products,
adjacent carbon atoms in the SWNT cluster have been replaced by boron (B) and nitrogen {N)
atoms on behalf of the BN doped SWNT.
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Structural and electronic properties of the Rh/MgQ{001) interface from
periodic density functional calculations

S. Nokbin'?, J. Limtrakuf and K. Hermansson'
"Materials Chemistry, The Angstrém Laboratory, Box 538, SE-751 21 Uppsala, Sweden
*Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart University

The RhiMg(C(001) system has been studied by means of periodic plane-wave density
functional calculations using the VASP code and PAW potentials. Three surface coverages of
Rh (1/8, 1/2 and 1 ML) were investigated at three different adsorption sites (on top of surface O,
Mg and the holiow site). Three fypes of interaction energies have been calculated to help
characterize the metal-oxide interaction: the enerdy of adsorption of Rh atoms (Eags), the energy
of adhesion of a Rh overlayer (Eun) and the formation-of-the-Rh-layer energy. We find that Rh
prefers to bind to the surface oxygen site. For 1 ML coverage, the metal-metal interactions
within the Rh overlayer give the largest contribution to the stabilization of the RivMgO interface,
while, naturally, the Rh-cxide interaction dominates at low coverage. The net result is that the

" adsorption energy {isolated MgO slab + isolated Rh atoms -> Rh/MgO interface) increases with
increasing surface coverage. Moreover, electronic properties such as the density of states
(D08}, electron density difference plot, spin density and the electron localization function (ELF)
are presented to clarify the chemical bonding behavior of the Rh/MgO interface system.

-10-
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Diffusion mechanism of p-xylene in nanoporous catalyst:
A molecular dynamics simulation study

T. Nanok’, P. A. Bopp®, and J. Limtrakuf',
'Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart University
2| aboratoire de Physico-Chimie Moléculaire, Université Bordeaux |

" We report Molecular Dynamics computer simulations of the self-diffusion of p-xylene in
silicalite, an aluminium-frea MF| type zeolite, as a function of temperature and loading. Both the
zealite and the guest molecule are modeled as flexible entities. The calculated self-diffusion
coefficients are of the arder of 107 1o 10°° cm?s, which are in the same order of magnitude as
found by recent simulations. It is found that, at low loading and temperature, the diffusion is
mainty controlled by the interaction between xylene and zeolitic wall. The mutual interaction
becomes sufficiently important to affect the diffusion process when the loading is increased. The
diffusion mechanism resembles the model process of jump diffusion. At the highest loading (4
maleculesfunit cell), the microscopic picture of the diffusion mechanism provides the same
conclusive finding of p-xytene adsorption in siticalite as reported by experimental studies.

~1f-
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Computationat study of the carbonyl-ene reaction of encapsulated formaldebhyde in
Na-FAU zeolite

W. Sangthong and J. Limtrakul
Laboratory for Computalionat and Applied Chemlstry, Physical Chemistry Division, Kasefsart University

The density functional theory (B3LYP/6-31G(d,p)) and the ONIOM (Our-own-N-layer
integrated molecular Orbital + molecular Mechanics) approach utifizing two-layer ONIOM
schemes (B3LYP/G-31G(d,p):UFF) have been employed ta investigate the struclures of the Na-
exchanged zedlite-encapsulated formaldehyde (HCHO@Na-zeolite) and their interactions with
propylene. Three model systems ére considered for carbonyl-ene reactions of propylene and
formaldehyde: 1} Na-exchanged zeolite model, HCHO@NaZeolite/CHsCH=Ct:2; 2) naked Na(l)
model, Na(lyHCHOI/CHCH=CH,; 3) bare model where the Na ion and zeolitic Faujasite
framework are neglected, i.e., HCHO/CH3CH=CHa.. Inciusion of the extended zeolite framework
has an effect on the structure and energetic of the adsorption complexes and leads to a lower
energy barrier of the reaction as compared to the bare model system. The simple, naked Na(l)
interacted with the HCHO/CH.CH=CH; complex, obviously underestimated the energy barrier of
the sysiem as compared to the HCHO@MNa-zeolite/CHyCH=CH; due to the large electrostatic
field generated by the naked Na(l) cation. The carbonyl-ene reaction of propylene using
HCHO@Na-Faujasite takes place in a single reaction step. The concerted mechanism has an
activation energy of 25.08 kcal/mol which lies between those of bare moded (34.40 kealimol) and
the simple, naked Na{l)yHCHO/CH3CH=CH; (17.46 kcal/mof).
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Interaction of Mordenite with aromatic hydrocarbon: A new embedded ONIOM study

B. Jansang, T. Nanok and J. Limtrakuf
Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart Univarsity

The structure of mordenite (MOR) and its interaction with benzene has been
investigated within the framework of Qur-own-N-iayered Integrated molecular Orbital +
molecular Mechanics (ONIOM) approach utilizing the two-layer ONIOM scheme (B3LYP/5-
31G(d,p):UFF). The effect of the fong range interactions is also included via optimized point
charges added on to the ONIOMZ(B3LYP/6-31G(d,p):UFF), embedded ONIOM. Inclusion of the
extended zeolitic framework covering the nanocavity has an effect on the adsomption properties.
The adsorption energies estimated from 3T and 12T quantum clusters of -5.97 and -6.89
kcal/mol, respectively, are significantly lower than that obtained from the 120T ONIOM2 scheme
of -16.55 kcalfmol, The completed adsorption model obtained at the embedded
ONIOM2(MP2/6-31G{d,p):UFF)} method predicts the adsarption energy of -23.41 kcal/mol,
which is comparable to the estimated value of -21.53 kcal/mol.

13-
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Diels-Alder addition of single-wall carbon nanotubes and fullerenes with
electron-rich dienes

C. Warakulwit, 8. Bamrungsap, P. Luksirikul, P. Khongpracha and J. Limtrakul
Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsarl University

The transition states and products of the Diels-Alder (DA) cycloaddition of different
types of dienes have been investigated within the framework of Qur own N-layered Integrated
malecutar Orbital and molecular Mechanics (ONIOM) approach utilizing the two layered ONIOM
scheme (B3LYP/5-31G*:AM1). The structure and activity relationship for a series of different
types of dienes interacted with ammchair (5,5) sinéle wall carbon nanotube (SWNT) was

- established, i.e. the reactivity of the DA has been related to the distance between the methylene
carbons in the butadiene molety (R1.4). The reactivity becomes higher as the R4 4 is shortened.
Thus, the diene(2) (2,3-dimethylene-1,4-dioxane) with the shortest Ry 4 of 3.005 A was found to
be the most reactive one. Nevertheless, the activation energy in SWNT5 reaction is still much
higher than that of [60]fullerene complex, due to the increase of the curvature of dienophile. To
enhance the reactivity of the DA reaction, the metal cation was introduced into the SWNTs. The
decreasing of activation energy of the DA reaction seems to be due mainly to the electron
deﬁdéncy nature of the double bond of Na@SWNT.
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Synthesis, characterization of the Fe-ZSM5/N20 complex

P. Prompinit, K. Sanbandit, P. Pantu, S, Vannarat and C. Sangma
Laboratory for Computational and Applied Chemistry, Physical Chemistry Division, Kasetsart University

A series of ZSM-5 samples containing Fe and Al in the framework positions with
different molar ratios of Fe/Al was synthesized by hydrothermal method in 7 h. The XRD, FT-IR,
SEM, Nz-adsorption Isotherm and H-TPR data show that the samples synthesized by this
method have well crystallinity, high specific surface area and high dispersion of iren. The
sample with FefAl ratio of 0.26 was activated by sfeam treatment with various water partial
pressures at 650 °C to test as catalysts for N:O decomposition. We found that the sample
pretreated with steam concentration of 300 mbar gives the best catalytic activity in N2O
decomposition. .

-15-
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The ethylene dimerization over Faujasite zeolite investigated by
the ONIOM method

S. Namuangruk, P. Pantu and J. Limtrakul
Laboratory for Computational and Applied Chemistry, Physical Chemistey Division, Kasetsart University

The ethylen-e dimerization has been investigated using an 84T cluster of faujasite
zeolite modeled by the ONIOM3(MP2/6-311++G(d,p):HF/6-31G(d):UFF} method, which had
been proved to be the accurate model for studying the reaction in zeolite. The concerted and
stepwise mechanisms have been evaluated. For the stepwise mechanism, the reaction starts
with the profonation of ethylene formed ethoxide intermediate followed by C-C bond formation
between ethoxide and the second ethylene molecule leading fo the butoxide product The
activation barmier of the first and the second step are almost equivalent and calculated to be
30.06 and 28.87 kcal/mal,-respectively. The first step is the rate-determining step. For the
concerted mechanism, there are no ethoxide intermediate occuring during the reaction (the
protonation and C-C bond formation occur simuitaneously at one transition state). The activation
barmrier of the concerted mechanism is evaluated fo be 38.08 kcal/mol, which has an energy
barder higher than the stepwise mechanism. Therefore, the slepwise mechanism dominates
overall the deactivalion reaction.

The dominated mechanism of both benzene alkylation from previous study and the
ethylene dimerization in this study are compared. The activation bamier of the concerted
mechanism of benzene alkylation of 33.41 kcal/mol has an energy barrier higher than the
stepwise mechanism of ethylene dimerization of 30.06 kcalimol. Therefore, the ethylene
dimerization occurs faster than the benzene alkylation.
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Effects of substituted groups to the energetic profile of Beckmann reatrangement of
formaldehyde oxime on H-Faujasite zeolite

J. Sirijaraensre and J. Limtrakul
Laboratory for Computationat and Appiied Chemistry, Physical Chemistry Division, Kasstsart University

The hetarogeneous catalytic Beckmann fearrangement {BR) on a FAU catalyst has
been investigated by both the quantum cluster and embedded cluster approaches at the B3LYP
level of theory using the 6-31G (d,p) basis set Our calculation indicates that the rate
determining step of reaction is the reamangement step. Qur finding found that the catalytic
activity of zeolite depends on the suitabla size of the adsorbate molecule with the pore size of
the zeolite. Increasing the size of the oxime compound from formaldehyde oxime to Z- and E-
methy! formaldehyde oxime, the activation energy, espédally. in the rearrangement step is
decreased from 58.0 to 27.1 and 31.1 kcal/mol for Z- and E- methyt fommaldehyde oxime,
fespecfively. This indicates that the shape-selectivity of zeolite plays an important role to the
reaction as a catalyst.

S17-
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MAS NMR study of Ga-modified HZSM-§ cafalyst:
Evidence for the additional of a new acid site

A. Ausawasuki and T. Sooknoi
Department of Chemistry, Faculty of Science, King Mongkut's Institute of Technology

MAS NMR spectmsdopy was employed to investigate Ga-modified HZSM-5 catalyst
prepared by impregnation {{Ga]JHZSM-5}. "It was found that the steam treatment of {Ga)HZS-5
results in a pronounced Increase in the intensity of 1H MAS NMR resatiance of Bransted acid
sites in the catalyst, which is attdbuted to the interaction of gallium oxide with water. The
additional of Brensted acid sites that may be responsible for the change in the catalytic behavior
of [GalHZSM-5 from small olefin aromatization to reforming activity for the produdion- of
aromatic. In the reaction using ethy‘lene as feed, aromatic can be produced from small olefin
aromnatization. However, in ethanc! conversion, aromatic Is mainly produced by reforming of the
oligomerized hydrocarbons due ta the additional acid sites.

-18-



B 2" TRF Senior Research Scholar:

Molacular Design, Structure and Reaction Mechanisms of Nanostructured Materials Systems
January 22™, 200§, City Beach Resort, Hua Hin

The production of gasoline and aromatics from ethanol over AQHZSM5 catalysts

S. Suwannaran and T. Saoknoi
Depariment of Chemistry, Faculty of Science, King Mongkut's Institute of Technology

The conversion of ethanol to hydrocarbons,over sitver-modified HZSMS catalyst
(SUAl=12),is deécﬁbed.Catalysts were prepared by an ion-exchange method using HZSMS
zeolite as the starfing matérial.The study was carrled out in a fixed bed reactor operating at
atmospheric pressure over a temperature al 425 °c, WI/F{0.2-0.39 h),Silver content in HZSMS
catalyst{1.76-7.68 wt%) and role of silver ions in HZSMS were investigated. The reaction was
tested and the products were analyzed by online to Gas Chromatography(GC).

The experdments show that higher contact time results in higher selectivity for high
molecular weight hydro'carbon than lower contact time.The distribution of aromatics wers 26.?7.
3271, 36.28 and 30,95 %mole over HZSMS, 1.76%AgHZSMS, 3.12%AgHZSM5 and
7.68%AgHZSMS, respectively. It is concluded that Ag® ions have a capacity of efficiently
converting alkene intermediates into aromatic hydrocarbons.

-19.
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Active sites in the alkylation of methanol with acetonitrile:
Study of basicity in alkali cation exchanged Faujasite zeolites

P. Tueonsukal and T. Sooknoi
Department of Chemistry, Faculty of Science, King Mongkut's Institute of Technology

The catalytic atkylation of methanol with acetonitrile in a fixed bed flow reactor was
studied over basic zeolite catalysts. Solid base faujasite-type zeolites including NaX, KNaX, ¥X,
and CsNaX were modified in order to increase their basicity. Samples prepared by ion
exchange. Their physical and chemical characteristics were then determined by XRD, XRF,
SEM, and Gas sorption analyzer. The effects on product selectivity, particulady the
saturationfunsaturation ratio was found to depend on basicily of the zeolite framework. The
safurationfunsaturation ratlo was found to increase with increasing- the catalyst basicity.
Moreover, the excess cesium “clusters” presenl in the zeolite framework increases the
hydrogenation activity of the catalyst, Further investigation on the hydrogenation activity of
CsNaX shows that proplonitrile and acetonitrile can be obtained from reaction of acrylonitrile
and methanol or hydrogen, indicating that basic zeolite catalysts can be readily promoted
hydrogenation and hydrogenolysis, respectivety.

-20-
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