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Abstract

A theoretical analysis of the interaction between cyclohexene and a HZSM-5 zeolite model system is presented. Two different models were
used to represent this catalyst: a ring structure model consisting-of@Q—tetrahedral sites (where T = Si, Al) and a smaller model containing
3-TO,— tetrahedral sites. Two different reaction pathways were studied: the hydrogen exchange between the HZSM-5 cluster model and th
cyclohexene molecule, and the proton addition to double bond of the cyclohexene. The alkoxy species can be stabilized/destabilized dependir
of the arrangement restriction between the olefin and the local geometry of the active site. When cyclohexene molecule interacts with the 3
model the reaction involves an alkoxy species formation. Due to the allowed relaxation in the ring framework around the active site, the local
arrangement restriction of the alkoxy species and therefore the covalent alkoxy bond is too weak giving rise to a more ionic intermediate
species (carbenium ion-like), which is characterized as a minimum in the PES. By using the non-interacting system, as a reference, and basi
on the calculated changes in the total energy of the different complexes, one is able to determine that both carbenium ion-like and alkox
species are destabilized with respect to physisorbed complexes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction suggest carbocation formation, since the characterization of
an alkoxy species as stable intermediate indicates that this
Many studies have been performed to identify different pathway is the most likely one; indeed, the potential energy
reaction pathways involved in the chemisorption of olefins diagram for this chemical reaction, suggests that the carbo-
on zeolites, but there is still some controversy on the de- cation ion-like formation must be energetically close to the
tails of the interaction. Experimental information supports alkoxide complex specidd]. However, not all olefins have
the general idea that a hydrocarbon reaction on zeolites in-such behavior. In fact, in the case of 1-octene adsorbed on
volves the formation of a carbenium ion-like transition state HZSM-5 zeolite, there is no evidence of the NMR frequency
which is stabilized trough the formation of an alkoxy cova- characteristic of alkoxy groyp]. Onthe other hand, IR stud-
lent species as intermedidfe-3]. For example, NMR spec- ies forcis- andtrans-2-butenes on deuterated faujasite show
troscopy experiments on dehydratiort@rft-butyl alcohol[4] that the double-bond migration occurs through H/D isotope
exchange reaction of the OH(OD) groups of the Broensted
*+ Corresponding author. Tel.: +52 55 9175 8196; fax: +52 55 91 75 62 39, 2€1d Site (BAS). These studies suggest that the protonated in-
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acuan@www.imp.mx (A. Can). ion-like) on a weak BAS, but no for the ZSM-5 and morden-
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ite (MOR), where the reaction path could not be interpreted to those of periodic calculationfd8,21-23] if the cluster
by the conventional acid-catalyzed mechan[§in Most of used is large enough to include all short-range interaction
the experimental studies showed that the carbenium ion in-between the molecule and the catalyst. Furthermore, when
side the zeolite channels is not a stable species; but lately,density functional theory (DFT) is employed, a description
some cyclic cations have been experimentally observed to becomparable to HF/MP2 level of theory is obtained, as has
important long-lived intermediates in some reactions of hy- been reportef21,22]
drocarbons on zeolitdd,8]. This experimentally observed Because our main interest is to describe the local phenom-
cyclic ions stabilization is related to the steric impedimentto ena, this study has been performed using the cluster model
access the zeolite oxygens framework that induces the posi-approach scheme. The interaction of cyclohexene molecule
tive charge delocalization in the interacting molecule. In other with the H-ZSM-5 zeolite has been modeled by-BOs—
cases, such as the adsorption and reactioisedifutylene on and 10-TO4— cluster models containing either 3 or 10 tetra-
HY and HZSM-5[9] or H-mordenitg[10], neither thetert- hedral sites. The 10T-cluster model takes into account some
butyl carbenium ion nor théert-butoxide covalent species interactions that the 3T-model ignores, and the effect of these
have been experimentally observed and, consequently, thalifferences in the energy profiles is analyzed. In addition,
nature of the reaction intermediates in this case is not cleartwo reaction profiles (one for the hydrogen exchange and the
yet. other for the proton addition to double bond of the cyclo-
Several theoretical studies have been reported for olefinhexene) are presented. The stability of intermediate species
chemisorption on acidic zeolit§3,11-13] These works pro- ~ formed on the reaction pathways is discussed in detail for the
vide valuable information on how an olefin adsorbed on a different models employed. In particular, cyclohexene has
zeolite acid Broensted site is readily protonated; it is inter- been used as model molecule for hydrogen transfer and iso-
esting to notice that, for stabilize the positive charge of the merization reactiong4,25]and it is representative of cyclic
carbenium ion-like transition state, an alkoxy bond between olefin compounds in the feed of the fluid catalytic cracking
the carbon atom of the olefin and one oxygen atom of the (FCC) process. Theoretical calculations of the reaction path-
zeolite catalytic site is formegd 1,13—-19] Recently, Boronat ~ ways involving cyclic olefins and a zeolite model have not
et al.[20] mentioned that in molecules like isobutylene, and been deeply studied yet. Due to the observed differences in
depending on the different positions of the aluminum atoms the olefins reaction mechanisrits-10,26-32] it is impor-
within the MOR framework and on the local geometry of tant to gain insight on the mechanism for proton addition of
the acid site, the reaction intermediates of olefin protonation cyclic olefins over zeolites.
involve covalent alkoxides as well as carbenium ions inter-
mediates. The carbenium ion intermediate, can be converted
or not, depending on the T position at which the Al atom is 2. Methodology
located in the zeolite, into the covaldett-butoxide species
through a different transition state; indeed, their req2it8 The electronic structure study includes all-electrons
indicate that the carbenium ions formed are characterized aswithin the Kohn—Sham implementation of density functional
minima in the potential energy surface (PES) and that its for- theory (DFT). The level of theory used in this work cor-
mation requires considerable energy cost. responds to the non-local functional developed by Becke,
It is known that in the interactions between the zeolite Lee-Yang—Parr (BLYP]33] whereas the Kohn—-Sham or-
framework and the carbocationic transition state complexesbitals are represented by a douljlexumerical polarized
first-neighbor electrostatic effect$8] are crucial. Also, the  (DNP) basis set; this is a doubteaumerical basis set aug-
complete zeolite crystal electrostatic contributions for the sta- mented by polarization functiorj84]. These bases sets are
bilization energies of carbocationic transition states are not given as numerical values on a sufficiently large grid centered
negligible. Previous cluster calculatiofis3,14], in which a on each atom. Calculations have been carried out using the
small cluster fragment terminated with hydrogen atoms has DMol® computer program coupled to the Accelrys package
been used, suggest that the alkoxy species could be stabl¢35]. The BLYP functional was selected because a non-local
reactive intermediates. Nevertheless, it is reported elsewherdunctional is required to get reliable energetic profile. In ad-
[16-18,20]that the adsorbed alkoxy species seems to be-dition, the numerical functions reduce the basis set super-
come as unstable as the protonated hydrocarbons if an im-position error, which tends to jeopardize interaction energy
proved catalyst model is used. This indicates that the stericcalculations. It is known that the BLYP/DNP level of theory
constraints provided by the zeolite framework play an impor- gives a suitable description of transition states, in agreement
tant role and that the stabilization of the adsorbed complexeswith experimental results, for proton exchange reaction in
is very sensitive to the local site geometry. With regard to zeolites[36].
the cluster approach, Boronat et[&l1] also reported that if The 3—-TO4— and the 16-TO4— tetrahedral sites structure
the cluster model is improved, the activation energies calcu- models were taken from previous studigg]. These models
lated are close to those obtained with the periodic approach.contain an active site region represented by a Broensted acid
So, the results obtained by means of cluster approach couldsite, sed-ig. 1. The oxygen atoms bonded to every T atom
offer reliable thermodynamic and kinetic data, comparable of the—TO4— unit are in tetrahedral positions. The dangling
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bonds, which would connect the cluster with the rest of the crystal are included. These oxygen atoms are saturated with
solid structure from the MFI zeoli{@8], were saturated with  hydrogen atoms in both models as depictedrig. 1L The
hydrogen atoms. proton affinities (PAs) calculated for the two clusters models
The non-interacting optimized cyclohexene molecule and are 337.49 kcal/mol for the small 3T HZSM-5 cluster and
the free catalystmodel, hereafter referred to as free-fragments334.47 kcal/mol for the 10T HZSM-5 ring structure. These
(FF), were used as reference for the energy profiles. Inthe acidvalues overestimate the PAs reported in experimental works
Broensted site the wholeSiOsAIOHSI— environment was by around 5%; experimental determinations are on the range
fully optimized in both catalyst models. In a similar way, for of 280-320 kcal/moJ39].
the different complexes formed in the reaction pathways, the  Starting from the ring structure model, the
—SiOAIOHSI- region and the cyclohexene molecule were —SiO3AIOHSI— region was optimized. The final struc-
fully relaxed. In the case of the TS, the full-relaxed struc- ture is displayed ifrig. 1a. Due to the fact that the HZSM-5
ture has some spurious normal modes with small negativehas not a symmetric structure even for one cage-window, the
frequencies. These spurious normal modes disappear whemcidic proton in HZSM-5 has an energetically preferential
the vibrational analysis is recalculated in a more restricted position for the oxygen which is bonded to the catalytic site.
environment—OAIOH—. It is important to notice that, in  Therefore, the acidic proton prefers to be attached to the O7
the restricted space, the stationary point corresponds to aoxygen atom rather than to O8 by a small difference of only
TS situation and that the changes in geometry between thel.02 kcal/mol for the small 3T model and by 2.64 kcal/mol
—SIiOAIOHSH and—OAIOH- saddle points environments in the case of using the 10T-ring structufeig. 1 The
are negligible. difference between the 3T-cluster and the 10T-cluster energy
values already indicates that the 3T-model ignores some
interactions which are present in the larger model. Therefore,

3. Results and discussion the different complexes formed along the reaction pathways
were calculated by considering that the acidic hydrogen is
3.1. Active site representation attached to the O7 position.

On the other hand, it is well known that the curvature
Boronat et al[21] have shown that, when the cluster ap- of the zeolite surfaces induces steric constraints that could
proachis used, the complete optimization of all the geometric stabilize/destabilize the adsorption of the reacting molecules
parameters of the system should not be carried out since it will [18,20,40,41] When a small cluster model terminated with
yield unrealistic energies and, also that if the cluster model is hydrogen atoms is used and only the hydrogen capping atoms
improved, the activation energies calculated can be very closeare fixed; the model cannot be a representation of a partic-
to those obtained with those arising from a periodic approach. ular zeolite. Therefore, the model cannot explain changes
Based on this assumption, and in order to improve the modelin the catalytic behavior due to structural differences. In or-
used, in the present work instead of using a small cluster frag-der to improve the geometry of the 3T-cluster model, this
ment terminated with hydrogen atoms, the neighbor oxygen was taken out from the optimized 10T-ring and then the
atoms binding to the{SiOAIOHSI-) local site of the zeolite =~ —SiOzAIOHSI— region was re-optimized. With this proce-

(a) ; (b)

Fig. 1. (a) 10T-HZSM-5 cluster model (10T-model); and (b) 3T-HZSM-5 cluster model (3T-model) used to simulate the active site of the zeolitenteirese co
10 and 3 tetrahedral units, respectively.



Table 1
Selected structural parametersAimnd degrees, for the stationary points of the reaction profiles for hydrogen exchange (Ex) and protonation of cyclohexene (AlkoF)
Parameter FF Adsorbed cyclohexene Transition state Products

3T 10T 3TAdEx 10T Ad_Ex 3T Ad.AlkoF 10T_Ad_AlkoF 3T.TSEx 10T.TSAlkoF 3T_ProdEx 10T.ProdEx 3T.ProdAlkoF  10T_ProdAlkoF
O7—Ha 098 098 098 099 099 099 147 207 - - 271 311
08—H1 - - - - - - - - ®8 098 - -
C1—C2 134 134 135 135 134 136 142 134 134 155 145
Ha—C1 407 359 279 431 124 115 109 109 109 110
Ha—C2 451 346 277 389 136 186 211 211 208
Cl—H1 1.09 109 109 109 109 121 110 378 352 218 112
o7r—-C2 545 498 370 487 354 284 532 498 163 292
O7—H1 4.49 421 370 514 156 349 217 351 339 387
C2—H2 109 109 109 109 109 109 109 109 109 108 109
AlI3—07 194 193 197 195 197 195 194 183 176 175 204 179
AlI3—08 175 175 175 174 174 174 181 179 195 193 173 179
Si2—07 169 169 169 169 169 169 163 162 162 162 170 160
Si4—08 161 161 161 161 161 161 162 159 168 168 159 158
AlI3—C1 o0 00 5.94 562 479 604 370 401 575 562 375 434
06—09 659 659 659 659 659 659 659 659 659 659 6.66 659
<HaC1H1 5245 67.80 7418 7874 6471 9652 4941 4880 10549 9992
<O7C2H2 - - - - - - - - 9261 2515
<O8AI307 8550 8530 8493 8470 8511 8454 8814 8983 8569 8580 87.36 8972
<ClC2C3 12353 12367 12379 12367 12359 12444 12438 12340 12355 11726 12440
<C1C2H2 112 11875 11913 11875 11910 11839 11537 11942 11932 10768 11540
<C3C2H2 11726 11754 11707 11754 11731 11715 12023 11717 11710 10671 12020
<C6C1C2C3 “u 1.50 090 009 222 114 626 272 060 1710 —14.29
<H1C1C2H2 14 0.16 150 152 197 —3306 —3344 - - - -

The labels for the structures are explaineéigs. 5 and 7
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Fig. 2. Stationary points along the reaction coordinate for hydrogen exchange using the small cluster model: (a) adsorbed cyclohexene obdfbex (3T
(b) transition state geometry (3TS_Ex); and (c) product of the exchange reaction BDd.Ex).

dure, the 3T-clusteFig. 1b, has similar structural parameters culated adsorption energy, for the adsorbed /RILEx) and
than the 10T-ring and, hence, is reminiscent of the HZSM-5 product (3TProd Ex) complexes with respect to the FF ref-
crystal. The most important structural parameters values forerence energy, was0.27 and—0.73 kcal/mol, respectively
the 3T and 10T HZSM-5 models are shown in the firstcolumn (seeTable 3. The geometric structures for 33d_Ex and

of Table 1 In the same table, only one aluminium—oxygen 3T_ProdEx correspond to a non-equidistant proton position

distance (AlI3—-07) has slightly changed (0&)1in the 3T With' respect to the GC double bond,.aﬂ'able 1shows.
in comparison with the 10T-ring. The curvature of the cage- NO important geometrical changes with respect to the FF

window remains invariable in both optimized models. reference were found between ZH_Ex and 3TProdEx
complexes; the relevant values for these geometrical changes
3.2. Hydrogen exchange are shown inTable 1 On the other hand, the-& double

bond distance, and also some internal angles of the cyclo-

Fig. 2shows the structures involved in the reaction of hy- hexene molecule for the transition state complex & Ex),
drogen exchange of cyclohexene catalyzed by the 3T HZSM- have suffered important modifications, which provoked that
5 cluster model. In this reaction cyclohexene interacts with the C+C2 double bond distance changed from 1.34 to
the zeolite model via its double bond side.Hig. 2b, the 1.36A, as well as the almost coplanar configuration of the
calculated transition state, 3TS_EX, for the hydrogen ex-  dihedral angle was lost. The H1IC1C2H2 angle changed
change reaction is displayed. The unique imaginary fre- from 1.4 to —33.06. The new HaC1H1 angle formed in
quency, which has a value of 520dn~1, is identified as  this 3T.TS.Ex complex is 64.7 showing a shift towards
a translocation proton event between the zeolite catalyst anda sp-like hybridization. In contrast to this, the C2 carbon
cyclohexene. has geometry close to a planar trigonal like a free carbe-

The 3T.TS_Ex was relaxed in the direction of the reac- nium ion. In summary, the cyclohexene environment for
tion coordinate to verify that it connected the adsorbed com- the transition state resembles a cyclohexene carbenium ion
plex (3T_Ad_Ex) and the product complex (3FrodEXx). (CeH11™). This is qualitatively supported by the Mulliken
The stable complexes related to this reaction pathway arecharge on the gHi1™ group in the 3TTS_Ex which is of
shown inFig. 2a for reactant, anBig. 2c for product. In this +0.62 electronsTable 3displays the Mulliken charges for
case, the calculated activation barrier {Haetween the ad-  some atomic centers for the different complexes involved in
sorbed complex (37Ad_Ex) and the TS complex (3TS_Ex) this work.
is 76.83 kcal/mol. A slightly stable physisorbed state of the  In order to improve the model, thesB1;,* moiety from
cyclohexene molecule was found. However, given the diffi- the 3T.TS_Ex was embedded in the 10T-ring structure. The
culties of the exchange correlation functionals used in this merged structure also corresponds to a TS complex, namely
work to deal with weak interactions, the presence of such a 10T_TS_Ex. Fig. 3 displays a schematic representation of
physisorbed state has to be regarded with caution. The calthe normal mode corresponding to the imaginary frequency

Table 2
Relevant energy differences, in kcal/mol, for the different complexes involved in the hydrogen exchange and proton addition to cyclohexeeé, employ
BLYP/DNP level of theory

Reaction type Adsorbed cyclohexene (Ad) Transition state (TS) Products (Prod)
3T_Ad 10T_Ad 3T_TS 10T-TS 3T.Prod 10TProd

Hydrogen exchange -0.27 0.03 76.56 24.55 -0.73 334

Cyclohexene protonation —0.95 0.95 35.03 43.64 218 2575

All the values are calculated taking the non-interacting system as a point of reference.



Table 3

Mulliken charges of some atomic centers for the structures studied in this work

Parameter FF

Adsorbed cyclohexene

Transition states

Products

3T

10T

3TAd_-Ex 10TAd.Ex 3T.Ad_AlkoF 10T_Ad_AlkoF

3T_-TS.Ex 10T-TS_Ex 3T_TS AlkoF

10T_TS_AlkoF

3T_ProdEx 10T_ProdEx 3T_ProdAlkoF

10T_Prod AlkoF

q(o7)
q(Ha)
q(AI3)
q(08)
q(C1)
q(H1)
a(c2)
q(H2)
a(cs)
q(H3)
q(H3i)
q(C4)
a(H4)
q(H4)
a(Cs)
q(H5)
q(Hsi)
qa(Ce)
q(He)
q(Hei)
q(0rg)

—0.703 -0.711 -0.717
Q339 0344 0353
1162 1154 1163

—0.888 —0.895 —0.892

—0.064
0055
—0.064
0055
—0.162
0084
0.086
—-0.151
0076
0.076
—0.151
0076
0.076
—-0.162
0084
0.086
Q000

—0.091
0105
—0.075
0061
—0.162
0080
0083
—0.148
0073
0068
—0.150
0072
0075
—0.162
0082
—0.083
—0.006

—0.708
Q0369
1153

—0.902

—0.107
Q103

—0.099
Q090

—0.174
Q119
Q0084

—0.164
Q070
Q099

—0.146
Q056
Q0063

—0.153
0068
Q083

—0.008

—0.747
Q386
1161

—0.894

—0.120
Q123

—-0.119
Q10

—0.152
Q080
Q085

—0.149
Q073
Q067

—0.154
Q069
Q076

—-0.151
Q083
Q084

—0.005

—0.728
0362
1151

—0.901

—0.088
Q0063

—0.081
0095

—0.183
Q105
Q0096

—0.168
Q090
Q092

—0.145
Q058
0062

—-0.157
Q0068
Q080

—0.013

—0.923
Q457
1184

—-0.910

—0.570
0463

—0.055
0238

—0.445
0231
0231

-0.41
0215
0208

—-0.412
0214
Q0208

—0.433
Q0246
0238
0624

—0.922
0346
1186

—0.916

—0.342
Q0344
Q062
Q098

—0.209
Q158
Q107

—0.159
Q076
Q105

—0.152
Q068
Q068

—-0.167
Q095
Q129
Q0627

—0.909
0249
1173

—-0.911

—0.229
Q0199
Q0128
0229

—0.185
Q164
Q137

—0.152
Q095
Q096

—0.174
Q094
Qo081

—0.137
Q098
Q109
0802

—0.920
Q237
1164

—-0.918

—0.230
Q0189
0133
0223

-0.211
Q147
Q0165

—0.255
Q0159
Q197

—0.15
Q076
Q070

—0.157
Q077
Q141
0811

—0.895

011%

1157
—0.706
—-0.101

Q0353
—0.069

Q052
—0.161

Q081

Q079
—0.149

Q072

Q074
—0.150

Q074

Q070
—0.163

Q089

Q082

0302

—0.902

0.103

1153
—0.708
—0.090

Q0362
—0.081

Q095
—0.183

Q105

Q0096
—0.168

Q090

Q092
—0.141

Q076

0063
—0.150

Q070

Q082

Q0318

—0.837
0.130
1192
—0.880
—0.176
Q113
Q146
Q171
—0.127
Q096
Q087
—0.124
Q076
Q045
—0.151
Q071
Q067
—-0.118
Q077
Q068
Q451

—0.906
Q177
1151

—0.897

—0.220
0203
0298
Q097

—0.218
Q174
Q179

—0.187
Q142
Q119

—0.157
Q087
Q074

—0.150
Q089
Q109
0816

2 Now the acidic proton is binding to O8.
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(b)

Fig. 3. Transition state geometry, in the ring structure model, involved in the hydrogen exchange reaction profile: (a) corresponds to the T8l geoctate
of 10T_TS_Ex complex and (b) schematically indicates the displacements associated to the imaginary frequency.

of vibration of the transition state, which has a value of complexes (10JAd_Ex, 10T_ProdEx) are almost negligi-
471.9cm™L. It can be observed that protonation of cyclo- ble. A comparison betweefig. 2a and ¢ withFig. 4a and b,
hexene and proton back-donation to the zeolite cluster oc-leads to a difference in the final position of the cyclohexene
cursinasingle step. In this case, the embedding TS provokesn the 10T-model compared to the one obtained with the 3T-
a decrease of the activation energy of 32% with respect to model. Cyclohexene is slightly closer to the zeolite model in
the result obtained with the 3T-model, which is in the range 10T-structure (considering as reference the carbon atom C1,
reported elsewhell@1,41,42] and the aluminum atom Al3) with respect to the 3T-structure
The 10T TS_Ex complex was relaxed along the direction (seeTable J).
of the reaction coordinate to verify if there is a link of the The calculated activation barrier (Babetween the
adsorbed complex (1QAd_Ex) and the product complex adsorbed complex (10Ad_Ex) and the TS complex
(10T_Prod Ex). No important differences were found with  (10T_TS_EX) is of 24.52 kcal/mol. The calculated adsorption
respect to the formed 3T-cyclohexene complexes. The com-energies for the two structures, 18W_Exand 10TProd Ex,
parison of the distances and angles for all the complexeswith respect to the FF, are 0.03 and 3.34kcal/mol, but
involved in the hydrogen exchange reaction, using the two the poor performance of DFT for hydrocarbon adsorption
different models, are reported ifable 1 The differences  energies in zeolites has been noted previo(2R]. Nev-
between the isolated cyclohexene, the adsorbed and producertheless, the Mulliken charge on theHi:* in the TS

Fig. 4. Stationary points along the reaction coordinate for hydrogen exchange employed the ring structure model: (a) adsorbed cyclohexene comple:
(10T_Ad_Ex) and (b) exchange product of the reaction (I¥bd Ex).
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complex (10TTS.Ex) is +0.63 electrons, similar to the Table 3 The lost of the acidic proton Ha in the catalytic site

3T-model. is compensated by a negative charge on the zeolite frame-
work.
3.3. Proton addition to double bond The relaxation of the TS complex (3TS_AlkoF), in the

direction of the reaction coordinate, connects with the ad-

The carbocation formed through olefin protonation has sorbed complex (37Ad_AlkoF) and with the product com-
been described in literatufd]. This species is stabilized by ~ plex (3T-ProdAlkoF), Fig. 5a and d, respectively. Such re-
the interactions with the catalyst surface, mainly because, laxation gives rise to the formation of an alkoxy bond between
upon protonation, an alkoxy bond between a carbon atom ofthe zeolite and the hydrocarbon molecule, Beg 5d. The
the olefin and an oxygen atom of the zeolite catalytic site is difference in energy of stabilization of the alkoxy species with
formed. This alkoxy species has been identified as a groundrespect to the TS complex (3TS_AlkoF) is 14.85 kcal/mol.
state of a carbenium-ion like in zeolite systepsl7]. Fol- Nevertheless, the alkoxy product (FFodAlkoF) is less
lowing this line, the second transition state found in this work stable than FF by 20.18 kcal/mol. Such destabilization of
corresponds to a proton addition reaction to the double bondthe alkoxy product is related to the restriction of the ge-
in the hydrocarbon molecule and it is related to an alkoxy ometry of the cluster to simulate the HZSM-5 particular
species formation. site[21,22] The calculated activation barrier (fJabetween

The cyclohexene protonation reaction occurs through athe adsorbed complex (3Ad_AlkoF) and the TS complex
concerted mechanism involving the transition state presented(3T-TS_AlkoF) is 35.98 kcal/mol. As was previously pointed
in Fig. Bb, namely, 3TTS_AlkoF complex. The value forthe  out, this value has to be taken with caution due to the failure
unique imaginary frequency is 324@n-1, and it is iden- of the exchange and correlation functional used in this work
tified with both, the motion of the Ha that is being trans- to describe weak interactions, the calculated adsorption en-
ferred from the zeolite to the olefin, leading to the forma- ergy for the 3TAd_AlkoF complex with respect to the FF is
tion of a G-H bond (C}Ha) and the motion of the car- —0.95kcal/mol, segable 2 As expected for the small cluster
bon atom C2 towards to the oxygen atom O7, to form the 3T, the TS (3TTS_AlkoF) involved in alkoxy species forma-
covalent akoxide bond, as shownFig. 5c. In addition, a tion presents lower activation energy than the TS THEX)
positive charge transfer is induced to the protonated cyclo- for the hydrogen exchange reaction profile by 40.85 kcal/mol
hexene, @H11%, which has a value of +0.80 electrons, see (se€Table 2.

()

Fig. 5. Stationary points along the reaction coordinate for the alkoxy species formation using the small cluster model: (a) adsorbed cyclopéxene com
(3T_Ad_AlkoF); (b) transition state geometry (3TS_AlkoF); (c) schematically indicates the displacements associated to the imaginary frequency of the
3T_TS_AlkoF complex and (d) alkoxy species formation as an active intermediate of the reactidh@@RIkoF).
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None notable geometrical differences have been found corresponds to a TS compldxg. 6b schematically displays
between the cyclohexene in the adsorbed complexthe normal mode displacements corresponding to the imag-
(3T_Ad_AlkoF) and the cyclohexene as FF, as it is shown inary frequency of vibration of the transition state, which is
in Table 1 But, as expected, the geometry of the transi- 269.7 cm~L. The imaginary mode is associated with the mo-
tion state complex, 3TMS_AlkoF, and the alkoxy species, tion of the acidic hydrogen Ha towards carbon atom C1 for
3T_ProdAlkoF, have suffered important changes. The val- the G-Hbond (C*+Ha) formation. But, in this case the vector
ues corresponding to the geometrical differences among theof the carbon atom C2 does not point towards the direction of
FF, 3T.Ad_AlkoF, 3T_ProdAlkoF and 3TTS AlkoF con- the oxygen atom O7, as in the 3MS_AlkoF complex case,
figurations are shown ifiable 1 The double bond distance as can be seen by comparifgs. 5¢c and 6b
C1-C2 changes from 1.3% in the FF to 1.42 in the TS The TS complex (10ITS_AlkoF) was relaxed along the
complex (3TTS_AlkoF) and to 1.58 in the alkoxy in- direction of the reaction coordinate to verify if there is a con-
termediate (3TProd AlkoF). In addition, the almost copla-  nection between the adsorbed complex (I _AlkoF) and
nar configuration of the dihedral angle has been lost: the the product complex (10Prod AlkoF), seeFig. 7. The cal-
C6C1C2C3 dihedral angle changes from°1td 6.26° and culated activation barrier (gp between the 101Ad_AlkoF
17.7°. The HaC1H1 angle formed for the 3MS_AlkoF and and 10TTS.AlkoF structures is 42.79 kcal/mol. Again,
the 3T_Prod AlkoF is 96.5 and 105.5, respectively, show- a poor performance for hydrocarbon physisorption ener-
ing a larger shift towards a 3gike hybridization with re- gies is obtained for the 10Ad_AlkoF complex and non-
spect to the TS complexes (3MS_Ex and 10TTS_EXx) for relevant differences between the isolated cyclohexene and
the hydrogen exchange profile. The bond distance betweerthe 10T Ad_AlkoF have been found (s@@ble 1. Neverthe-
the oxygen and carbon atom, ©Z1, formed in the alkoxy less, the intermediate species as a product @63d AlkoF)
species complex (3Prod AlkoF) is 1.63A. This distance is is 17.89kcal/mol more stable than the TS complex
in the range of the values reported f@c2-butoxide[18], (10T_TS_AlkoF). Although, that intermediate species is
ethoxide[20,21], n-butoxide[18] andtert-butoxide[14,21] destabilized in relation to the FF by 25.75kcal/mol. The
complexes. Similar change in the hybridization of the car- energy differences for the reaction profiles among the dif-
bon atom C2 like C1 is observed for the alkoxy interme- ferent complexes with respect to the FF are shown in
diate complex. The new O7C2H2 angle formed is 95,61 Table 2
as it is depicted irFig. 5d. The alkoxy species formation Asinthe case of the 3T-model (3Frod AlkoF), the inter-
(3T_Prod AlkoF) stabilizes the charge separation from the mediate species in the 10T-model (18Tfod AlkoF) suffer
TS complex (3TTS_AlkoF) which is +0.45 electrons for the  important changes, s@able landFig. 7b. The double bond
3T_ProdAlkoF. Such a value suggests that the nature of the distance C2C2 changes from 1.34 in the FF to 1 4% the
alkoxide—zeolite bond is predominantly covalent, in agree- alkoxy species (10PProd AlkoF), and the almost coplanar
ment with literaturg14,18,19,21,22] configuration of the dihedral angle is lost: the C6C1C2C3 di-

Next, the GH1;© moiety from the TS complex hedral angle changesfrom i —14.29. The HaC1H1 an-
(3T_TS_AlkoF) was embedded in the 10T-ring structure gle formed for this intermediate (10Prod AlkoF) is 99.9,
model, namely 10ITS_AlkoF. The vibrational frequency of ~ showing a smaller shift towards a %like hybridization
the embeddedgH1* inthe 10T HZSM-5ring structure also  with respect to the 3T-model (3ProdAlkoF). The dis-

(a) (b)

Fig. 6. Transition state geometry, for the protonation of cyclohexene in the ring structure model: (a) corresponds to geometrical structlite Atkd6T
complex and (b) schematically indicates the displacements associated to the imaginary frequency.
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(@)

(b)

Fig. 7. Stationary points along the reaction, for the protonation of cyclohexene in the ring structure model: (a) adsorbed cyclohexene camglestKaBY

and (b) carbenium ion-like formation as an active intermediate (R AlkoF).

tance between the oxygen and carbon atoraAC¥ in the
10T_Prod AlkoF complex is 2.92.

In contrast to the result of the alkoxy species formation
in the 3T-model (3TProdAlkoF), for the formed species
in the 10T-model (10TProd AlkoF), the carbon atom C2
almost remains with $phybridization. The values for the
C1C2H2, H2C2C3 and C1C2C3 angles are 115120.2
and 124.4, respectively Table 1. On its part, the Mulliken
charge on @H1;1" for the 10T.Prod AlkoF complex is +0.82

when the 3TTS_AlkoF is embedded into the ring struc-
ture 10TTS_AlkoF (for the proton addition reaction), the
opposite behavior is observed, there is no activation energy
reduction for the (3TTS_ AlkoF in 10T_TS_ AlkoF) em-
bedded system. On the other hand, comparing the stabiliza-
tion energies for the active intermediaries (1Bfod AlkoF,
3T_Prod AlkoF) with respect to the non-interacting systems,
the energy for the 10 Prod AlkoF is 5.57 kcal/mol above

of 3T_Prod AlkoF. In contrast, the active intermediary stabi-

electrons, which is rather the same as in the TS complexlizationin 10T_Prod AlkoF is approximately 3 kcal deeperin

(10T_TS_AlkoF).

All the structural changes between _PFodAlkoF
and 10TProdAlkoF complexes indicate that the
10T_ProdAlkoF complex cannot be an alkoxy inter-
mediary product, but it certainly is a more ionic intermediate

energy than the 3 Prod AlkoF (seeTable ). This result is
closely related to some important geometrical differences for
the intermediates species involved in the two different cluster
models (3T and 10T-HZSM-5).

In this respect, due to the fact that geometry relaxation is

species (carbenium ion-like), close to a carbenium ion nature.restricted to the{SiOAIOHSH) environment, thoe distance
But in this case, the carbenium ion-like is characterized as abetween the oxygen O6 and the oxygen O9 is & 5®most
minimum in the PES by means of the frequency calculations of the systemsKig. 1). On its part, for the alkoxy product

and its relative position in the PES was confirmed by complex (3TProdAlkoF) such a distance has been modified
MP2/DZP(Dunning) single point calculations performed to 6.66A, seeTable 1 Then, the geometrical relaxation of
within the NWChem code[43]. The difference found the small model allows a better fit of the covalent alkoxy
between the two intermediates (alkoxy and carbenium species around the active site, due to the fact that the 3T
ion-like) is related to the structural changes in the zeolite does not have structural restriction like the 10T ring model,
cluster models (3T and 10T-HZSM-5), as will be discussed which is restricted by the rest of the zeolite framework. This
in the next section. indicates that the stabilization of the alkoxy species is very
sensitive to the local geometry of the active site, as it has
been reported elsewhdi8,20-23,41]It is worthy noticing
that the increase in the ©®6 distance implies that the 3T-

A reduction in the activation energy has been obtained model is related to a model with a smaller curvature. Hence,
for the hydrogen exchange by embedding of the TS ge- the formation of alkoxy species as intermediary (as the case

3.4. Cluster model size effects

ometry from the small cluster (3TS_Ex) into the ring
structure (L0TTS_Ex). This reduction is in agreement with

the observed results from other systems, in which the ac-

of 3T-model) is not allowed in the ring model, due to the
steric constriction provided by the rest of the framework.
Now, by analyzing the cyclohexene in the

tivation energy also decreases when the system is em-10T_ProdAlkoF complex, it is found that it is closely

bedded in a bigger environmeft1,41,42] Nevertheless,

related to the structural characteristics like the free car-
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benium ion. The distance of 2§2 between the atom When the 3TTS_AlkoF from the protonation of the CyCIO-

of carbon and oxygen (GD7) in the 10TProdAlkoF hexene is embedded into the ring structure T AlkoF a
is 1.29A longer than in 3TProdAlkoF complex, what contrary behavior is observed. This result was related to some

suggests that covalent binding between them is not achieved9eometrical differences for the intermediate products when
Moreover, the Charge Separation is not stabilized by the the CyCthexene interacts with the two different cluster mod-
carbenium ion-like in the ring structure (lm—l'Od_AlkOF), els (3T and lOT-HZSM'S) The geometrical relaxation of the
and it remains like in the TS (10TS AlkoF), around +0.80  small model{SiOAIOHSI-) environment, allows the neces-
electrons in both complexes. Nevertheless, the formation sary structural changes to accommodate the covalent alkoxy
of the carbenium ion-like is characterized as a minimum SpPecies around the active site. This becomes more difficult

on the PES and’ thUS, it can be considered a reactiveWhen the active site in the Catalyst is restricted by the rest

intermediar% similar result has been reported recqﬁw_ of the frameWOfk, like in the ring mOdel; hence, the sensibil-
On the other hand, a considerable energy cost, comparing thdty of the alkoxy product stabilization depends on the local
energy levels between the 10MS AlkoF and 10TTS.Ex geometry of the active site. Then, the correct representation

complexes with respect to the non-interacting systems of the zeolite within the cluster model approach, atleast, has

(FF), is obtained; the corresponding hydrogen exchanget0 involve one ring structure to take account the curvature

TS is lower by 19.1kcal/mol than the one obtained from effects.

the TS for 10TTS.AlkoF, as can be seen ifable 2 The Formation of a more ionic intermediate species, close to

energy difference can be related for the demanding energya free carbenium ion in nature, is an alternative for the TS

to carbenium ion-like formation. It is expected that many Stabilization, when the alkoxy species, as a stable reactive

species and mechanisms can be present in the addition oftermediate, is not possible. However, one must also no-

the proton to the olephinic double bond. In this work two of tice that, the carbenium ion-like formation and stabilization

them have been studied. The proton exchange in the doubldS the most demanding energy process during the proton ad-

bond of the Cyc|0hexene molecule has not been Studieddition reaction to the double bond of CyCthexene molecule

before, and, unless appropriate deuterated species are usedithough itis comparable to the proton exchange reaction for

the product and the reactive are the same. Moreover, in thisthe ring model.

reaction there is no formation of intermediate species to help

in the characterization of this mechanism. Unfortunately,

there is not experimental data for this specific reaction. Acknowledgements

Nevertheless, both mechanisms can be present in the reaction
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the proton addition reaction has a considerable energy costand CONACY T-Mexico for the Ph.D. scholarship. NWChem
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