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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).
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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
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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
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(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



R Rungsirisakun et al. / Journal of Molecular Structare 733 (2005) 239246 243

(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)
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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



Partia) cross sections for positive and negative ion formation following clectron impact on uracil 30is

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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‘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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