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Abstract

The conversion of methane to higher hydrocarbons is of grate benefit for the
effective utilization of natural gas. This research studied the partial oxidation of methane
and conversion to higher hydrocarbons in MO /H-ZSM-5 (M= Fe, Mo, V, Co) using N,O
as an oxidant. It was found that Co/H-ZSM-5 solely converted methane to carbon
oxides. Fe, Mo, V/H-ZSM-5 could partially oxidize methane and convert to higher
hydrocarbons. For Fe/H-ZSM-5, the catalytic activity depended strongly on the metal
dispersion. Addition of poorly dispersed irons had an adverse effect on the selectivity.
Under the reaction condition at 500°C, CH,/N,O ratio of 2, the methane conversion was
in a range of 20-30% and the selectivity to hydrocarbons was in a range of 20-30%. The
reaction mechanism was proposed to proceed through the activation of methane and
conversion to ethylene. Then, ethylene would be dimerized and oligomerized to produce
higher hydrocarbons (C,, C,, C,) and be aromatized to benzene, and subsequently
methylated to toluene and xylene. The aromatization reaction strongly depended on the
pore structures of zeolites. The ZSM-5 zeolite was found to be the most active catalysts
for production of the aromatic products while in larger pore zeolites (Mordenite, Beta,

Faujasite), aromatic products were not found in a significant amount.
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Ufisendlalas ZSM-5
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leldinafln  ONIOM  lsamnsnairauuudnsastuianafiflanuaanedesiung
nsAnINeaes uazvinlianisoAnnalnaesnsifindisen wudn Co-H-ZSM-5 Flavin
Uienadlfiieseenlafesnnfueududasnsiving lunneiilans Fe, Mo, v lu H-
zsm-5 - anunsailasusminadulalasensueuluanalvafly wilusmedouides uaz
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Fnlngliianmnsnauaumenszanedafia azinliaudumzlunadaniiaUjisendu
lalasanfuauluanalnnjanas TuannINAResT 500°C §msdan CH,:N,O = 2 Wu3WuN
wiaLlgisendszanu 20-30% wazdAuazlunsaenfiaUiseniu
lalnsansueuluianalug) 20-30% Tmaﬂﬁﬁ?mﬁtﬁm%mmdqLﬁmma‘m?}'ﬂmmmmmm
wiailuamu mnfiwﬁmﬂﬁ'ﬁ?ﬁmﬁi@Lﬁﬂ\nﬂumﬂmmalmﬁu C, C, uaz wuiu ngau
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Tneaziinaunngnlu ZSM-5 douilalasnigngulnnindndl (Mordenite, Beta, Faujasite) Az
TiwunARsWT aromatics
TudrunsAnEnalnnaiadisen  Wesinnalndfisandacnduden  uazd
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vanadunaw agliuiinisAnsiiudunausail
1) TaseairgvesduvbsniinUfinsen wazdjisen  partial oxidation 289NN
uhae NLO 11 Fe/zSM-5 iAnmanysnllulasanisszazi1 (Chemphyschem,

2004, 9(12), 1901., J. Mol. Catal. A, 2005, 239(1-2), 103.)



Ujfi3en Partial oxidation 289 wWvmude N,O uwilalasaiinsne e
WRauwauANaNnsnlunssaljiseniidandle lasatinsine
UfjAsenszndng ethylene 2 Tanasausiaiwiu butene vualalasd
= o an 1 s 1 dl a 49( 2 1
Anwdumsnaenszudnglalnsrnsuausiie MAnauldun Alkanes uaz Alkenes
AN C,-C, fiudilalas iaAn®INa199 confinement effect aavlalasninasie
Ufisenuaznsgadulugialast
U)fisen  Isomerization of Propene oxide Feanaazitlis  Oxygenated
Intermediate MinaNUAzeN1lsan19:7H N,0
UiFen1suAniuszaed  Methane UL Heterolytic  H@9a1nisediudd
Ujfisen1e9 Methane un Ag/ZSM-5 #1anuu Fe/zSM-5  (Failuuuy
Homolytic) AIUUAS IR AN S UATITUNUAL NN HUNNTUANWUE L UD
. a | - + ndJ -dl |
Methane Wil Heterolytic Ui Ag/ZSM-5 sl H way CH, aeavilasudlu
AgH waz Methoxide LuNuiaresdlalasd uazAnenisifinlfjisen Coupling

289 Methoxide MinaurL Ethylene 14 Propene
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Methane Lﬂum@Tﬂﬁ‘:nﬂwﬁnhuﬁ”mﬁumﬁwmg’Lﬂuﬂ?mmmnﬁqian ot Tad
anunsninan awldedrainilss@nsnw Lﬁmmﬂﬂtymsluﬁ?‘mmmﬂ@@mﬁ”ﬂLmz
Anldanelunsauds  Uszneufy  Methane  Whignsisironsadiosuaslsidedlasianis

Aedfisen  Asiuniaasn Methane idluansiniinfidsslamiuaziyarigauaaiu

1
a

tTeymndrAryuaziawlaaeannlunisdsuduiagalgisen  wazazyinliinasylamnd
swAaanNsiufasssuaAn I iAnUsylamiuaslyaaiaan  wddndinsaanis
iwWaau Methane TaamsaliiduansaunidssTamdlidu@smnnlden Wesain Methane &
a 1 a o rdl a 49{ ] v a dl a aaa 1 dl
pNIENEIgeNIHARSEINATY i liiAsTymEesninfindisetsediasaunans iy
Afuaueanladiaziinlungn Uffisenasidednini conversion/selectivity A1 §1m1nazi
Ufjsenlnglaifians Oxidizing agent W1 Methane anunsawlaenuflugns Aromatic l#us
¥ ¥ a ! d? o dll a " dglj a
podldguugiigandn 700°C aull  wardelidyunGesniainafueuANATANLUNWEY
faldaLiseinssegoyidaanny TagansadeimnnisdneUiseanislasm
Methane tiluanslalasansuauluanalnnfau ulasa¥waesdlelas Wesainaauanin
1R9gNUIIAEN  uazANiiunaresdlalas azdoudauaindizenain  Oxygenated
. dl a = o Aa aaa 1 dl .
Intermediates Minlugnguzesilaladinalisensaiios aan Methoxide i{lu Ethylene
wazain Ethylene luanslalnsansueuluanalun) uaz Aromatics taeld N,O iy

Oxidizing agent \Hesainainisnindfisenldngumgianindanisld Oxygen wazAnm

Ufjfi3en[o MO,H-ZSM-5 (M= Fe, Mo, V, Co) Iagldagn1sAuanimnaiipeniiaimasaoue

lufunantsAnemeaasdsazni lin1sAnsluldasinalisz@nsnn
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2.1 Ufzenszudng CH, waz N,0 uudlalantlnsiig g
aInnsANEIAYINAINNIn Il fiFenseidne CH, uaz N,0 uudlalasaiin
9 lAun Fe-FER, Fe-ZSM-5, Fe-BEA, uar Fe-FAU Iaeldinalln Temperature
Programmed Reaction wudﬁéﬁﬁumm@’m’ﬁﬂummmg'ﬁ?mLﬂuﬁqﬁ Fe-FER > Fe-
BEA > Fe-ZSM-5 >> Fe-FAU UA¥AINNIIANHINIOHTHIEN1I91883TLLILLLAY
348117 ONIOM  (B3LYP/6-31G(d,p):UFF) ‘W‘ud’}ﬂf;’mmmmiumm'qﬂﬁﬁ?mﬁLW’T@?@
(intrinsic activity) L‘f’luﬁd‘ﬁ Fe-FER > Fe-BEA ~ Fe-ZSM-5 (Activation Energy = 24.9, 28.0,
28.0 kcal/mol AMNATAL) wiidrANAsunIziuly Fe-FAU aziiAnIndLAeaiy Fe-BEA waz
Fe-ZSM-5 (Activation energy = 27.3 kcal/mol) LufiLﬁmWﬂﬁiﬂsﬂ@mﬁm@@ﬁ”mﬁuﬁudﬂu
Fe-FAU IwmmgﬂuﬁﬁLLmiqﬁmﬁmﬁ'zgmlmwnm%mmmLﬁﬂﬁm@mﬁ (CH, waz N,0)
ignansadndeld dafiRaselienlidesiigaiilasandesiialudaiouns uazall
gunsaulRefiey intrinsic activity 1§ daunsdiilugniaznismaneswudn Fe-BEA 1
Fiafienfiandn Fe-ZSM-5 vl intrinsic activity fiAnwiniu duiflunaifiasunnaing
wyunasilalas Fe-BEA Hnunalungninaes Fe-ZSM-5 vinlinnstngmunasssaensuns
dululdinendr Ufenaaietuldang anuansineaziuldindjisenluitelans
pNdudeuLaziaresgLiawazauInresgnuinasenisial jiseiuediewan unag
fansouneasnilsians intrinsic activity Az mass transfer limitation Fathuanadinlaluna
199ANANTATBIgNTHLR3T 8 lad (Confinement Effect) sedumsnsen wazdfjnsanlud

o o

lalasaailudgeddny

o

2.2 maulasu cH, Wlulalasaduaulaald N,0 (flusa Oxidant

annsAnlude 2.1 inlimeudn Auannsnlunisdelisansendne CH,
way N,O uudlalas Fe-FER, Fe-ZSM-5, Fe-BEA Hilsz@nsnwlndlAesiy uazainnis
AinmefansuansTAstulngaziBen wudn wenan Cox ufunanfnmugnuda
wuansisenaulalnsmfuau %ﬂuﬂ@'mm Light Alkenes (C,-C,) WAz Aromatics

(Benzene, Toluene, Xylene) TuLFuNtunaanAag Aan13199 1



Tablel Methane and nitrous oxide conversion and hydrocarbon product selectivity
and yield from the partial oxidation of methane on various zeolite catalysts at 500°C
(5%CH4: 2.5%N20 in He with a total flow rate of 100 ml/min)

CH4 N,O (C,-C4) | Aromatics | Hydrocarbon
conversion | conversion | selectivity | selectivity yield
(%) (%) (%) (%) (%)
Fe-FER 25 91 8.7 - 2.2
Fe-ZSM-5 28 100 4.3 27 8.8
Fe-MOR 32 99 8.7 - 2.8
Fe-BEA 22 100 2.4 - 0.5
Fe-FAU 4 10 12 - 0.5

st fivenzande  FezsM-5  IansuAndusidu  Aromatics
ABLE19NNN (Benzene, Toluene, Xylene) Lﬁmmnﬁgwqummmmmmu Tanusialalas Fe-
FER Suudlelasfignquanadnldaendnioefifl Akenes awmdn (doulvogifl
Ethylene) WAz Aromatics WENLANTIAE LT Fe-BEA uaz Fe-MOR Wansuanansiisly
lalasanfuauluiffanutiasnin uaz Fe-FAU Lﬁmﬂﬁﬁ?miﬁﬁ@ﬂﬁqm (CH, war N,O
conversion  fiFAnige)  Wianoundnsusniulalnsanfueulduniigely  Fe-zSM-5
szanns Selectivity=30% Methane conversion=30% ne/ldgnuugil 500°C wardnagaw

2949 CH,/N,0=2

nsAnsmangudrasnalnljizeruasnszusumsiifandadlunisulaay  cH4
Lﬂu"la‘llmméuauiumqa’lmﬁ%uimﬂ%’ N20 Tlufa Oxidizing Agent
Ujenmaiifintue
CH, +N,0=aCO, + bH,0 +cCH, +dH,+N, (1)

TnemdffsanaindinTuli uanedune

CH, + 4N,0 = CO, + 2H,0 + 4N, (1.1)
CH,+N,0=CO +2H, + N, (1.2)
2CH, + N,O =C,H, + H,O + N, (1.3)
C,Hs=CH, +H, (1.4)
2C,H, = C,H, (1.5)
C,Hy + C,H, = CH,, (1.6)
C.H,, = CH, +3H, (1.7)
C¢Hs + CH, + N,O = C,H,(CH,) + H,O + N, (1.8)
CgH(CH,) + CH, + N,O = C,H,(CH,), + H,O + N, (1.9)
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H, + N,0 = H,0 + N, (1.10)
CH, + N,O = Coke (1.11)
Ufmsenn (1.1) waz (1.2) duljisereendindures CH, Tafinaulidreminlnla
ranfusidauluniilu Cox UfAsany (1.3)-(1.9) Wlwlffsansiesnis Ujisend (1.3) dlu
1Ufjfi3en Oxidative Coupling of Methane #qiiaiinTuLdtaza mnsafinLfinsensaiiaaly
dulalasansueuluanalunauld wazdizenn (1.8) uaz (1.9) AeLfAsan Methylation
29499 Aromatics teA1Ad1InE N20 agfluilfjizeanazyinliannanie Thermodynamics
29 ie AT WesaInn1aatesinaed N,O uazn1aiin H,0 luaisuansinel
Tunrsfnnalnnisfadjiseiiesannalnaesljiseianududeunin  aqld
wiinnsAnweeniudon udfisentessne Inadusiuannisfneuatenaneay
o o = & 1 o aa o 'S = o dl
Anfinvesgngutesdlelasfedunsiseuaznisgaduanslalnsafuewludiolas e
o dl =2 asa [ a ! = &
nuuanaesminzanlunsAneljisensedlalnsensuenatiosine  wdlelas e

AN9ANEN LA

2.3 Nmmmm'ﬁﬁﬁ“ﬂmmgwqumm%‘idarﬁ (Confinement Effect) ARauMAsNILLAL
nsaadusisialasasuauluilalas

{fefiazAnsnares Confinement Effect 1avilalasseluianalalnsenfuenlud
Taladl  AlFNIN1IRNRRALLLITTLLAREAENNT  ONIOM(MP2/6-31G(d,p): UFF//B3LYP/6-
31G(d.p):UFF) laeideniRauifiaussvinadlelasmidn H-MOR uaz H-FAU iiiedanni]

|
[ % =

dnuzgnguiiuvienss uaz H-FAU flgnsuiiiaunalugjunnndn H-MOR annnisfuans
wuindaesnunianisdananaid ANNIDATUIUATNANIUNNTAAT LIRS Linear Alkanes
(C,C,) hgnsiasasnpdesiuuanimaaeailuetnen uazdaaunsnAIUIAINAIIIUNIT
aniutes Ethylene Tu H-FAU légnifesdan uansindosssidernanisilanansafuon
dunsTEen9endne AU Bronsted acid wevdlalasiy uy alkyl uaz T-electron 189
alkene I¥atagnies uazdianansnAiuaNATes Confinement Effect 109lalasfenn
Aa1nuss van der Waals iludaulun)ldetnagnies annsinmaslfuudnaesiimmnzas
TunsAnwlfisenveslalnsmsuenludielas  wazainnsnefuienaes  Confinement
Effect 16 wazfRANMNINUIEATNANIUNNIAAT LIRS Alkenes fldanunsannaesinen
1% \flasannlfiienazudng Alkenes MU Bronsted acid 1avilalas Tneitensil 0.4, -
11.3, -12.5 kcal/mol 411151 ethene, propene, was 1-butene T H-FAU AINA16L Lasian

-10.1, -13.8, -17.4 kcal/mol 4113U ethene, propene, kaz 1-butene 114 H-MOR AANAAL
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2.4 Un3en521919 Ethylene U Bronsted acid 1a3@lalas

ThssnsideiiinadnenalnUiisen Dimerization of Ethylene 11 H-FAU fae
suillends  ONIOM3(MP2/6-311++G(d,p):HF/6-31G(d):UFF) wudnalndfjisenduuy
Stepwise NANIUNNIAATULEY Ethylene U Bronsted acid wevilalasl uazilelasli
Tanauiu Ethylene nanenilu Ethoxide inzeejuuilalas Tasnu transition state 7indne
U carbenium fon AMNTAUAANIEIIUSY C-C 3M919 Ethoxide AL Ethylene tAnlu
Butoxide udlelas dsanaazugranntnniasilalaidu Butene siteiinfiansaiiias
U Ethylene hiluianalue/dusiely

2.5 {38 Isomerization of Propene oxide Uu Brensted acid 1asdlalas

v
Ao A o

Tsannsidelidvinnsdnsnalnu)isen Isomerization of Propene oxide
Bronsted acid  aesdlalas %qm%uﬂuﬂﬁﬁ?mwﬁqﬁLﬁmﬁu@ﬂﬂ Oxygenated
intermediates 1‘71'L’ﬁmf‘ﬁuﬁluﬂﬁﬁ?m@@ﬂ%wﬁmmLmnmmﬂu”l,a‘llmm{muiuL@qaiuty Tne
1492108148 ONIOM(B3LYP/6-31G(d,p):UFF) wudinalnijfisenifluuuy Stepwise 1in
H1uN199AEUTBY Propene oxide LU Brensted acid 193 lalas uazilelaslillsnauiy
Propene oxide LazliANIILANIN epoxide ANt 1,2-hydride shift WSluansdseney
prfuella  waznudnlasaaivresdleladinasenisaeniindundndeg  Tnaazlfii
Propanal l§4nendn Acetone 1iiadannil Steric effect faendn annnnsAIALlEANEIY
NITAUWINAL 38.5 WA 42.4 kcal/mol 415U Propanal WAz Acetone ATNAIAL
2.6 UnFan1suanWUsEURY Methane WUl Heterolytic 1114 Ag/ZSM-5

fasanndlsenuneisedn Ufi3en189 Methane U Ag/ZSM-5 1AMENUNITUAN
WusuuL Heterolytic M H- uaz CH3+ dalaeuilu AgH uaz Methoxide undTelas
anugNNsaRANTg Coupling iU Methane 1flu Ethylene 7a tiludjisend Ethylene
agaziNAN1s Coupling iU Ethylene {4 Propene Tssnnsasetasl@vinnnsdnsnaln
ﬂﬁﬁ“ﬁ‘mﬁﬁw wazeradunnalovillunianazduly  Methane  usniuszuas
Aedfizensield wudinisusniuszaes Methane siasldwasanunsesugannn wazlane
Ag ﬁqa@mwﬁamum:é’jumiﬁmﬂLﬁ'mﬁﬂuﬁuiwz Na vide luanazilifilave (4
Bronsted acid 184ilalas Inamse) Methoxide ‘ﬁlLﬁﬂ%uh\iL@ﬁﬂﬁx‘l'ﬂ‘ﬂx‘]%ﬁi@ﬂ’]?ﬁﬁﬂﬁﬁ?‘ﬂ’]
siely] anananviUiTseniu Ethylene Idetinemaia naneiflu Propene uaz AgH iAntu
AnusoRUiTRenTu Bronsted acid vevilelad waswdsufunidu Ag deduld
IHBULAN muslumuﬁmﬂu%umummfm‘um*mgﬂr?mmmN@m@ﬁﬂmmﬁ% WATAANT

218NN AR NN I UINT 4199 TNT
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Investigation of Ethylene Dimerization over
Faujasite Zeolite by the ONIOM Method**

Supawadee Namuangruk, Piboon Pantu, and Jumras Limtrakul*®

Ethylene dimerization was investigated by using an 84T cluster of
faujasite zeolite modeled by the ONIOM3(MP2/6-311 ++ G-
{d.p):HF/6-31G(d):UFF} method. Concerted and stepwise mecha-
nisms were evaluated. In the stepwise mechanism, the reaction
proceeds by protonation of ethylene to form the surface ethoxide
and then C—C bond formation between the ethoxide and the
second ethylene molecule to give the butoxide product. The first
step s rate-determining and has an activation barrier of

Introduction

Acid-catalyzed alkene dimerization and cligomerization are im-
portant reactions in industrial chemical processes because they
result in C—C bond formation leading to higher hydrocarbons
and thus can be used for the production of fuels and lubri-
cants from light alkenes."# Acidic zeolites have received con-
siderable attention as alternatives to conventional acid cata-
lysts because zeolites can be regenerated and reused. There-
fore, unlike conventional acid catalysts, zeolite catalysts do not
cause problems of handling and disposal of corrosive wastes.
Moreover, many reactions catalyzed by zeolites have gained
benefits from size and shape selectivity of the nanosized pores
of the zeolites. Linear alkenes are produced by oligomerization
of light alkenes in zeolite pores®™ due to the constraints of
the zeolite pore systems. Therefore, understanding the interac-
tions of alkenes with acidic zeolites and dimerization and oli-
gomerization in zeolite pore systems is of fundamental impor-
tance, because they are key steps in many important reactions
catalyzed by zeolites,™ for example, alkene oligomerization, al-
kylation of benzene with alkenes, and methanol-to-gasoline
conversion.

Generally, the reaction is considered to proceed by the pro-
tonation of the alkene molecule by the Brensted acid site of
the zeolite to give a carbenium cation which subsequently
reacts with another alkene molecule to form a dimer complex.
Recently, Zecchina et al.”! studied oligomerization of ethylene
and propylene on H-mordenite using FTIR spectroscopy and
reported that the reactions proceed in a stepwise manner. The
reactions start with the protonation of adsorbed alkenes and
then chain propagation by insertion of monomeric alkenes.
Svelle etal™ theoretically investigated the dimerization of
linear alkenes (ethylene, propylene, and butene) by acidic zeo-
lite and suggested that in addition to the stepwise mechanism,
the concerted mechanism should also be considered.

Theoretical studies can offer a practical means to elucidate
the reaction mechanism at the molecular level and support
and/or guide experimental investigations. To accurately study
reactions inside zeolites, the pore structure of the zeolite must

ChemPhysChem 2005, 6, 1333-1339 DOI: 10.1002/cphc.200500023

30.06 kcal mol~". The ethoxide intermediate is rather reactive and
readily reacts with another ethylene molecule with a smaller acti-
vation energy of 28.87 kealmol™. In the concerted mechanism,
the reaction occurs in one step of simultaneous protonation and
C—C bond formation. The activation barrier is calculated to be
38.08 kcal mol™". Therefore, the stepwise mechanism should dom-
inate in ethylene dimerization.

be taken into account, since the confinement effedt™ of the
zeolite micropores plays important roles in reactions taking
place inside zeolites."™ One can employ large clusters or peri-
odic ab initio calculations for accuracy, but these methods are
computationally expensive and even impractical when very
large zeolites are concerned. For example, faujasite (H-FAU)
zeolites, which are of major importance in many industrial re-
actions, have a unit cell of 576 atoms, which limits the use of
periodic calculation. The recent development of hybrid meth-
ods, such as embedded cluster or combined quantum me-
chanics/molecular mechanics (QM/MM) methods, as well as
the more general ONIOM (our own n-layered integrated molec-
ular orbital and molecular mechanics) method™ has brought
obtaining accurate results on larger systems within reach.
Recent theoretical studies™¥ have shown that the ONIOM
scheme can be efficiently used for characterizing the reactivity
of active sites inside zeolites.

Here we present a theoretical study on the mechanism of
ethylene dimerization in faujasite zeolite. To account for the
steric constraint of the zeolite pore structure, we applied the
ONIOM3 method to the 84T cluster representing the two inter-
connecting supercages of faujasite zeolite in which the reac-
tions can occur. We investigated two different mechanisms of
this reaction: stepwise and concerted. The stepwise mecha-
nism involves formation of an alkoxide species in the first step
and the reaction of the alkoxide with a second ethylene mole-
cule to form an ethylene dimer adsorbed on the acid site as a
butoxide species. The concerted mechanism invalves simulta-
neous protonation and reaction of two ethylene molecules to

[al 5. Namuangruk, Dr. P Pantu, Prof. Dr. J. Limtrakul
Laboratory for Com putational and Applied Chemistry
Physical Chemistry Division, Chemistry Department
Kasetsart University, Bangkok 10900 (Thailand)
Fax: (+ 66) 294-28900 ext. 324
E-mail: fscijri@kuwac.th
[**] ONIOM=our own n-layered integrated molecular orbital and molecular
mechanics.
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give the butoxide product in one step. The effects of zeolite
pore structure on the energetics of the reaction coordinates
and on the reaction mechanism are discussed.

Results and Discussion

Recent studies®™'™ have shown that van der Waals interactions
between adsorbed hydrocarbons and the zeolite walls contrib-
ute significantly to the energetics of adsorption/desorption
and reactions in zeolite. Hence, small quantum cduster calcula-
tions which basically neglect these interactions can give erro-
neous results. However, hybrid methods such as QM/MM and
ONIOM can reasonably describe these interactions">" with
only a small increase in computational demand. Therefore, we
used the ONIOM method to investigate ethylene dimerization
inside faujasite zeolite.

Zeolite Model

The effect of the zeolite nanostrutured pore channel was taken
into account by using the three-layered ONIOM method, which
divides the faujasite structure into three layers (Figure 1). The
innermaost layer consists of the 3T acidic site and the reactive
species, which were modeled with the MP2 method for accura-
¢y in computing interaction energies during the reaction
course, The intermediate layer consists of the 12T ring of the
faujasite zeolite pore opening where the acidic site is located.
This intermediate layer was modeled by the Hartree-Fock
method for computational efficiency in calculating the weak
electronic interactions. The outermost layer is the 84T extend-
ed structure of faujasite zeolite, modeled with the UFF force
field to account for the effect of zeolite environment on the
adsorbed species inside the pores, which is mainly due to van
der Waals interactions.

This ONIOM3 model has successfully been employed for
studying adsorptions of ethylene, benzene, and ethylbenzene
in zeolite and alkylation of benzene with ethylene in the zeo-
lite."*"! The model produced a reasonable structure of fauja-
site zeolite which compared well with the structure obtained
for the fully optimized 20T cluster at the B3LYP/6-31G(d,p)
level™ (see Table 1) and was also in agreement with the exper-
imental structure, for example, the computed Al-H distance of
2462 A is comparable to the NMR measured value of 248+
0.04 A" The computed adsorption energies for ethylene, ben-
zene, and ethylbenzene (—8.73, —13.91, and —20.11 kcalmol ™,
respectively) closely match the experimental data (—9.0, —14.0
and —20.4 kcalmol™, respectively)."”™ Moreover, this model
has recently been used for studying the alkylation of benzene
with ethylene™ and has proved to be an accurate and practi-
cal model for exploring the structure, adsorption, and mecha-
nisms of reactions taking place inside zeolite pores. Therefore,
we used this model to study the ethylene dimerization inside
faujasite zeolite.

1334
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a)

Figure 1. ONIOM3 layer of 84T duster models of faujasite. Atoms belonging
to the 12T quantum duster are drawn as balls and sticks. a) Front view,
b) side wiew.

Table 1. ONIOM3 optimized distances [A] and angles [°] of the isolated
zeolite 84T clusters, ethylene adsorption complex, first transition state
{T51), and ethoxide intermediate of steps 1 and 2 on faujasite (FAU)

84T (20T Ethylene T51 Ethoxide

clusters adsorption intermediate
Distances
Al-H1 2462 (2.508) 247N 2655 -
Ci-C2 1.335 1344 1.397 1.502
C1-H1 - 2048 1.204 1.084
C2-H1 = 2119 - -
01-H1 0.970 (0.969) 0.9% 1.462 -
C2-02 - - 2223 1.521
Al-01 1876 (1.914) 1856 1.755 1.698
Al-02 1.694 (1.700) 1699 1.773 1.878
Si1-o 1.669 (1.704) 1658 1.614 1.585
Si2-02 1.606 (1.608) 160 1.625 1.681
Angles
Sit-01-Al 1237 (1234) 1235 122.0 1181
Si2-02-Al 1304 (129.9) 1318 1329 1328

[a] Parameters obtained from our previous study”™ of the 20T full quan-

tum cluster optimized at the B3LYP/6-31G(d,p) level of theory.

© 2005 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemphyschem.org
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Dimerization of Ethylene in Faujasite Zeolite

The dimerization and oligomerization of light alkenes have
been extensively studied experimentally"" However, as far we
know, only one theoretical study has been reported™ Two
possible mechanisms have been proposed: stepwise and con-
certed. In this study, these mechanisms for the dimerization of
ethylene are evaluated by using the ONIOM approach, and the
effects of the extended zeolite framework on the reaction
mechanisms are discussed.

Stepwise Mechanism

In this mechanism, first an ethylene molecule is adsorbed on
the active site through a m bond. Then, the adsorbed ethylene
is protonated and an ethoxide intermediate is formed. Subse-
quently, a second ethylene molecule interacts with the ethox-
ide intermediate to give the dimerized product [Eqgs. (1)-(3)]:

C,H, + H—FAU = C,H,—H—FAU (1
C,H,—H—FAU = CH,CH,—FAU (2)
CH,CH,—FAU + C,H, = C,H,—FAU (3)

Figure 2a shows the calculated energy profile for steps 1
and 2, and Table 1 lists selected geometric parameters of the
intermediates and transition state. Interaction of the double
bond of ethylene with the zeolite Bronsted acid (Figure 2a)
leads to formation of the m adduct. The adsorption energy is
calculated to be —8.73 kcal mol™, which compares well with
the experimental estimate of —9.0 kcalmol™ " The optimized
geometric parameters of the weakly adsorbed mt complex are
very similar to those of the isolated structures. The C1=C2
bond length is slightly increased by 0.009 A, and the Brensted
01—H1 bond is slightly lengthened, by 0026 A, The acidic
proton H1 points to the center of the C1=C2 bond of adsorbed
ethylene with almost equal H1—C1 and H1-C2 distances. This
weakly adsorbed m complex can be activated by protonation
of the adsorbed molecule by the acidic proton. Because the
carbenium ion of protonated ethylene is not stable, it can rap-
idly transform into an ethoxide intermediate. The carbenium-
like structure is only found as the transition state between the
adsorbed m complex and the ethoxide intermediate. Mormal
mode analysis reveals one imaginary frequency at —619.0 cm™
associated with the transition state (Figure 2b), which corre-
sponds to movement along the reaction coordinate where the
zeolite proton is moving toward the ethylene carbon atom
and the C1=C2 bond of ethylene is elongated. At the transition
state, the H1 proton is located closer to the ethylene carbon
atom (C1—H1 1.204 A) than the zeolite oxygen atom (O1—H1
1.462 A), and significant lengthening of the C1=C2 bond from
1.344 to 1.397 A indicates formation of the carbenium ion. The
energy barrier and apparent activation energy for this step are
calculated to be 30.06 and 21.33 kcalmol ™, respectively. The
computed apparent activation energy is in agreement with the
experimental estimates of the apparent activation energy for
isotope exchange of ethylene in zeolites of 15-20 kcal mol™"""

ChemPhysChem 2005, 6, 1333-1339  www.chemphyschem.org

ARTICLES

22237

RUFTS:

Gas Phase:
Ethylene and Zeolite
Llusier

Figure 2. a) Calculated energy profile for the stepwise mechanism in steps 1
and 2 of ethylene dimerization. b) Vibrational movement corresponding to
the imaginary frequency at the transition structure of step 2.

and the computed values also compare well with other theo-
retical calculations™2' at different levels of theory.

Herein, the resulting ethoxide is as reactive as the adsorbed
ethylene and the protonation process is almost thermoneutral
(only exothermic by 0.24 kcal mol™). However, most quantum
cluster calculations reported that the ethoxide species in zeo-
lites were significantly more stable than the adsorbed =
adduct and the reactions were significantly exothermic, 2!
Recent studies®™ ¥ using large quantum clusters, QM/MM, or
periodic DFT calculations have concduded that stability of alk-
oxide intermediates formed in the zeolite structure is very sen-
sitive to the geometry of the active site, in that the steric con-
straints of the zeolite pore walls can weaken the covalent
bond between the alkoxide and the zeolite and thus destabi-
lize the alkoxide intermediates. In this study, the formation of
the ethoxide species is associated with significant structural
changes of the zeolite. For instance, the Al-02 and Si2—02
bond lengths are increased by 0.184 and 0.075 A, respectively
and the 5i2—02-Al bond angle is increased by 2.4° to the
value of 132.8°. Boronat etal™ studied intermediates of the

© 2005 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim 1335
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reactions of alkenes with various acid sites in mordenite zeolite
and found good correlations between relative stability of the
ethoxide and its covalent bond length and bond angle with
which it is bonded to the zeolite. Our ethoxide geometries,
that is, the Si1-02-Al bond angle of 132.8° and the covalent
C2—02 bond length of 1521 A, and relative stability corre-
spond well with the correlations found by Boronat et al®
Therefore, the observed destabilized ethoxide species in this
ONIOM3 model should be the result of the geometry of the
zeolite and the effect of zeolite environment.

In the next step, another ethylene molecule can react with
the reactive ethoxide species formed inside the zeolite pore.
The reaction profile of the reaction between the ethoxide in-
termediate and the second ethylene molecule to form a butox-
ide is shown in Figure 3a, and the geometric parameters are
listed in Table 2. The second ethylene molecule is adsorbed on
the ethoxide intermediate and forms the ethylene-ethoxide
complex. This complex is more stable than the ethoxide inter-
mediate and has an adsorption energy of —12.83 kcalmol™".
The co-adsorption of another ethylene molecule to some
degree weakens the covalent ethoxide bonds, as seen from
the lengthening of the C2—02 bond from 1.521 to 1.530A.
Then, the reaction proceeds by breaking of the covalent bond
between the ethoxide species and the zeolite and formation of
a new C—C bond to the second ethylene molecule. The transi-
tion state for this reaction step has been identified, and the vi-
brational motion (Figure 3 b) associated with the imaginary fre-
quency shows that the reaction involves concerted bond
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Table 2. ONIOM3 optimized distances [A] and angles [*] of the ethylene-
alkoxide adsorption complex, second transition state (T52), and product
butoxide of step 3 on faujasite (FAU)

Parameters Ethylene-alkoxide T52 Butoxide
Distances

-2 1507 1.483 1524
c2-C3 3675 2304 1527
C3-C4 1337 1.354 1510
01-C4 3988 3.588 1.506
C2-02 1530 2.209 4794
Al-01 1702 1.739 1.866
Al-02 1882 1.776 1698
5i1-01 1595 1.595 1670
Si2-02 1684 1.611 1595
Angles

5i1-01-Al Nners 121.2 1205
5i2-02-Al 1323 135.8 1334

breaking of 02—-C2 and formation of the bond between C2
and C3. The transition-state structure shows that the covalent
bond of the ethoxide with the zeolite oxygen atom is broken
with a large increase of the C2—-02 bond length from 1.530 to
2209 A, and C2 is located about midway between the zeolite
oxygen atom 02 and C3 of ethylene, where a new bond is
forming. The C=C bond length of the second ethylene mole-
cule is also significantly increased from 1.337 to 1354 A, The
activation barier for this step is calculated to be 2887 kcal-
mol ™', which is significantly lower than the values reported by

b)

Figure 3. a) Calculated energy profile for the stepwise mechanism in step 3 of ethylene dimerization. b) Vibrational movement corresponding to the imagina-

ry frequency at the transition structure of step 3.
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Svelle et al'™ (44.74 kcal mol™). The discrepancy can be attrib-
uted to the difference in the relative stability and the weaker
alkoxide bond found in this model as reflected by different alk-
oxide bond lengths (1.53 vs. 1.47 A). Svelle at al. used a small
quantum duster which represented a generic acidic zeolite but
did not include the effect of the constraints of the zeolite
pore. As a result, the ethoxide formed on the acid site was not
subject to any steric interactions with the zeolite pore walls, so
that it was bonded tightly to the acid site and became a stable
intermediate. In contrast, in this ONIOM3 model, the ethoxide
formed in the zeolite pore structure is destabilized by steric in-
teractions with the zeolite walls and becomes a reactive spe-
cies,

The butoxide produced by dimerization of ethylene is
formed with a covalent bond to the zeolite framework. The
overall reaction is highly exothermic by —39.48 kcal mol™". The
butoxide praduct in this study is significantly less stable than
that in the quantum cluster studies (—50.24 kcal mol™").® This
is also possibly due to steric interactions of the butoxide with
the zeolite walls.

Concerted Mechanism

Alternatively, the dimerization mechanism can be considered
to proceed in a concerted manner. In this mechanism, protona-
tion and C—C bond formation between the second ethylene
molecule and the m-bonded adsorbed ethylene molecule

a)
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occur simultaneously to give the butoxide product without for-
mation of the ethoxide intermediate [Eqgs. (1) and (4)]:

C,H, + H—FAU = C,H,—H—FAU (1)

(4)

The energy profile of the reaction is shown in Figure 4a, and
selected geometrical parameters are listed in Table 3. The initial
step starts with the adsorption of an ethylene molecule to give
the weak m-adsorption complex. Then, another ethylene mole-
cule is weakly co-adsorbed onto the mt complex by interaction
of a carbon atom with the oxygen atoms of the zeolite. The
C4-01 and C4-02 distances are calculated to be 3.724 and
3.849 A, respectively. These weak interactions result in a small
binding energy of —5.53 kcalmol™', which is lower than the
binding energy of the m complex of —8.73 kcalmol ™. The next
step is the concerted protonation of the the m-adsorbed ethyl-
ene molecule by the zeolite proton and simultaneous forma-
tion of a C—C bond between the two ethylene molecules. At
the transition state, the acidic proton of the zeolite has partial-
ly protonated the carbon atom of the ethylene molecule, as in-
dicated by the shorter distance of H1 to the ethylene carbon
atom than to O1 of the zeolite (1.181 vs. 1.558 A), while the C—
C bond between the ethylene molecules is forming. The Cl=
C2 and C3=C4 bond lengths are increasing and the new bonds
between C2 and C3 and C4 and O1 are forming, leading to the
formation of the butoxide. The frequency analysis (Figure 4 b)

C,H, + C,H,—H—FAU = C,H,—FAU

b)

Figure 4. a) Calculated energy profile for the concerted mechanism of ethyene dimerization. b) Vibrational movement corresponding to the imaginary fre-

guency at the transition structure.

ChemPhysChem 2005, 6, 1333-1339  www.chemphyschem.org
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Table 3. ONIOM3 optimized distances [A) and angles ['] of the isolated
molecule, co-adsorption complex, transition state (TS), and product but-
oxide of concerted dimerization of ethylene on faujasite (FAU).
Parameters Co-adsorption Complex Transition State Butoxide
Distances

C1-C2 1.344 1.403 1524
c2-C3 3.739 2.692 1527
C3-C4 1.336 1.346 1510
C4-01 3.724 3.035 1.506
C4-02 3.849 3.256 25929
C1-H1 2.064 1.181 1.088
C2-H1 2106 2075 2170
01-H1 0.997 1.558 5919
Al-01 1.858 1.769 1.866
Al-02 1.701 1.743 15658
Si-01 1.659 1.612 1670
Si2—02 1.602 1.597 1599
Angles

Sil=01-Al 123.4 121.6 1205
Si2—02-Al 131.4 135.5 1334

shows vibrational movement of

atoms at the transition state

which corresponds well with the

concerted mechanism as de-

scribed above, and alse shows Gas Phase:

Ethylene, Ethylene
and Zeolite Cluster

that the C4 atom is moving
toward O1 of the zeolite, that is,
the butoxide product forms a
covalent bond to 01 where the
acidic proton was previously lo-
cated. The partially protonated
transition-state  structure was
also reported by Svelle et al®
for concerted dimerization of
ethylene, but in their report the
distance between the second

Figure 5. Calculated energy profiles for the stepwise (—) and concerted |

ethylene molecule and the zeo-  ginerization.
lite acid site appears to be far-
ther than in our study. The acti-
vation energy is evaluated to be 3880 kcalmol™', which agrees
well with the value of 39.3 kcalmol™ reported by Svelle et al.
at comparable level of theory [MP2/6-311Gid,p)//B3LYP/6-
31G(d)]. It has been pointed out that for acid-catalyzed reac-
tions, the activation energy of the reaction step involving pro-
tonation depends on the degree of proton transfer at the tran-
sition state2® Generally, longer O1-H1 and shorter H1—C1
distances indicate more advanced proton transfer and higher
activation energy. In this mechanism, the transition state has a
significant degree of proton transfer, and thus the activation
energy is mainly due to removal of the acidic proton from the
zeolite. Therefore, it is not unexpected that the activation ener-
gies obtained from the quantum cluster and ONIOM calcula-
tions are comparable.

For convenient comparison, the complete energetic profiles
of both possible mechanisms are shown on the same diagram
(Figure 5). In the stepwise mechanism, the protonation of the

1338
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adsorbed ethylene is a rate-determining step with an activa-
tion bamier of 30.06 kcalmol™. The resulting ethoxide is desta-
bilized by van der Waals interactions with the zeolite walls and
thus active for further reactions. The subsequent reaction of
the ethoxide with another ethylene molecule is more facile
than the protonation step, and the activation barrier for this
step is 28.87 kcal mol™'. For the concerted mechanism, the acti-
vation barrier is calculated to be 38.80 kcalmol™, which is sig-
nificantly higher than the energy barrier of the rate-determin-
ing step of the stepwise mechanism. Moreover, the relative
energy of the transition state of the concerted mechanism is
higher than both transition states in the stepwise mechanism.
The zeolite environment included by the ONIOM method af-
fects the stability of the adsorbed species inside the zeolite
and, most importantly, significantly alters the stability of the
surface alkoxide species, which appears to be a key intermedi-
ate for this reaction. Therefore, from the energetics of the reac-
tions and relative stability of transition states, it can be con-
cuded that the stepwise mechanism should dominate the
overall reaction of the dimerization of ethylene, which is in

TS
181 FTETS

) reaction mechanisms of ethylene

agreement with the experimental results of Zecchina et al.™!
that dimerization of ethylene and propylene over H-mordenite
and H-ZSM-5 proceeds in stepwise manner via alkoxide inter-
mediates.

Conclusions

Ethylene dimerzation over faujasite zeolite has been investi-
gated by using the ONIOM3 method. Two mechanisms, step-
wise and concerted, have been evaluated. For the stepwise
mechanism, the reaction starts with protonation of the first
ethylene molecule to form the ethoxide intermediate followed
by C—C bond formation between ethoxide and the second
ethylene molecule. The activation barrier of the first step is
30.06 kcal mol™, slightly higher than that of the second step
(28.87 kcalmol™") and it is expected to be the rate-determining
step. For the concerted mechanism, no ethoxide intermediate

ChemPhysChem 2005, 6, 1333-1339
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occurs during the reaction (protonation and C—C bond forma-
tion occur simultaneously at one transition state). The activa-
tion barrier of the concerted mechanism (38.08 kcal mol™) is
higher than that of the rate-determining step of the stepwise
mechanism (30.06 kcal mol™). Therefare, the stepwise mecha-
nism occurs faster than the concerted mechanism for ethylene
dimerization.

Computational Details

The structure of the 84T cluster, including 297 atoms of the two in-
terconnecting supercages forming a nanosized chemical reactor in
which the adsorbates can be trapped, was taken from the lattice
structure of faujasite zeolite™ The ONIOM3 scheme in which the
whole model is subdivided into three layers was adopted for com-
putational efficiency. The inner layer representing the active region
and consisting of the reactive molecules and the 3T cluster H;5i0A-
{OH);0i(H)SiH; (Figure 1), which is considered the smallest unit re-
quired to represent the acid site of zeolite, was treated with the
MP2/6-31G(d,p) method. The extended framework environment
was included by using less expensive levels of theory, namely, the
Hartree-Fock and molecular mechanics force field (UFF) meth-
ods.?" The HF/3-21G method was used for completing the 12T
window where the active site is located. The rest of the extended
framework was treated with the UFF force field to reduce the re-
guired computational time and to practically represent the con-
finement effect of the zeolite pore structure.

All calculations were performed with the Gaussian98 code*®
During structure optimization, only the active site region [=Si0-
(HAI(0),058 and the adsorbates were allowed to relax. For all
transition states, vibrational spectra were calculated to ensure the
correct number of imaginary frequencies, that is, one imaginary
frequency corresponding to the motion of atoms for each transi-
tion structure. This calculation confirmed that the transition state
formed involved the desired reaction. To obtain more reliable inter-
action energies, single-point energy calculations at the
ONIOM(MP2/6-311 + + G{d,p):HF/6-31G(d):UFF)//ONIOM (MP2/6-
31G(d,prHF/3-21G:UFF) level were carried out, and corrections for
basis set superposition error (BSSE) were also taken into account.
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The 1somerization mechanisms of propene oxide over H-ZSM-5 zeolite have been investigated via the utilization
of 5T and 46T cluster models calculated by the B3LYP/6-31G(d.p) and the ONIOM(B3LYP/6-31G(d,p):
UFF) methods, respectively. The reactions are considered to proceed through a stepwise mechanism: (1) the
epoxide ring protonation. and concurrently the ring-opening. and (2) the 1.2-hydride shift forming the adsorbed
carbonyl compound. Because of the asymmetric structure of propene oxide, two different C—O bonds (more
or less substituted carbon atom sides) can be broken leading to two different types of products, propanal and
propanone. The ring-opening step of these mechanisms is found to be the rate-determining step with an
activation barrier of 38.5 keal/mol for the propanal and of 42.4 kecal/mol for the propanone. Therefore, the
propanal is predicted to be the main product for this reaction.

Introduction

Epoxides are important intermediates for organic synthesis
and for the chemical and petrochemucal industries. With their
high ring constraint, epoxides are very reactive, giving them
extensive use for the syntheses of complex organic compounds,
polymers. and macromolecules!™ via the ring-opening and
isomerization reactions. Numerous experimental and theoretical
studies have mvestigated the reactions and mechanisms of the
ring-opening 1somerization, the 1somenzation of epoxides in
solutions with and without acid catalvsts and catalytic
enzymes.’~1? The isomerization of unsymmetrical epoxides can
give two different carbonyl compounds. For example, 1somer-
ization of propene oxide produces propanal and propanone. The
major product 1s propanal, which results from the breaking of
the more sterically hindered C—0O bond of the epoxide ring.
For chemical processes, these reactions were conventionally
catalyzed by Lewis acid catalysts (AlCl;, and BFs, etc)) that
are hghly toxic and corrosive and, consequently, present a
serious waste disposal problem. To substitute the conventional
catalysts to reduce these problems, solid catalysts, for example,
AlO:, ALO;—S105. ZnO% Nafion-H.!? zeolites,® and so forth,
have been developed. Among these solid catalysts, zeolites are
considerad to be one of the most pronusing alternatives because
they can be reused and reactivated. Moreover, their nanoscaled
pore size can be used as a high selectivity microreactor for a
desired product. Acidic zeolites are active in the 1somerization
of propene oxide. The reactions occur on Brensted or Lewis
acid sites. The confined environment of zeolites also favors the
dimerization. The product distributions strongly depend on the
pore sizes of the zeolites.1?

Zeolites are microporous aluminosilicates with a large number
of atoms in the unit cell. To obtain more manageable sizes for

* Author to whom comespondence should be addressed. E-mail:
qumras. @ kue.ac.th.

" Laboratory for Computational and Applied Chemistry.

° Center of Nanotechnology.

10.10214p065266s CCC: 53350

the ab initio calculations, small clusters representing the catalytic
active site have been studied in the past. However, this has
meant that the essential confinement effect created by the part
of the surrounding framework has been neglected. In earlier
theoretical studies, it was deemed sufficient to investigate only
the reaction mechanisms of small clusters using first-principle
calculations on the reactions of small- and medium-size
adsorbates. However, those clusters precluded consideration of
the electrostatic and van der Waals effects of the zeolite
framework, which significantly affect the stability of the
mtermediates and transition states. It 15 important, therefore,
that the larger clusters which include such potential be taken
mto consideration. To facilitate this, the large quantum clusters
and pertodic calculations have been specifically developed.
However, even though these calculations do provide accurate
results, they are really prohibitive in terms of computational
time and expense. The more recent development of hybnid
methods, such as the embedded cluster or combined quantum
mechanics/molecular mechanics (QM/MM),"~22 and our-own-
N-lavered integrated molecular orbital + molecular mechanics
(ONIOM)*~ 2 methods, have made it possible to successfully
describe the confinement effect from the zeolite wall as well
and at a much more economical computational cost.

Recent studies!"25730 have shown the necessity to include in
mvestigations the significant effects that the zeolite framework
confributes to the interaction and reaction mechanisms over
zeolite between the adsorbate molecule and the zeolite wall. In
this work., we use the ONIOM method. which has been
successfully emploved to describe the effect of the zeolite
framework?*2132 and which reveals the importance of the van
der Waals interaction from the zeolite framework 1n the nature
of the reaction over the zeolite catalyst but the interaction is
neglected 1n a small quantum cluster.

To the best of our knowledge, no theoretical study related to
the 1somenzation of epoxides over zeolites has been reported.
In this work, we present the theoretical reaction mechanisms
of the propene oxide 1somerization over H-ZSM-3 zeolite. Two
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Propene Oxide Isomenzation on H-ZSM-3

b)

Figure 1. The 5T and 46T clusters represent the active site of ZSM-5
zeolite in the zigzag channel view. The ball-and-stick graphics illustrates
the relaxed geometry resulting from caleulations at BILYP/6-31G(d.p).
the lines from the universal force field (UFF).

different products, propanal and propanone, are formed by the
breaking of different C—0O bonds. The mechanisms start from
the ring-opening of propene oxide coordinated to the acidic
proton of zeolite to form the intermediate, processing via the
carbenium-like 1on as the transition state, followed by a 1,2-
hyvdnde shift between the adjacent carbon atom to form the
carbonyl compounds. With the aim of describing the effect of
the zeolite framework on this reaction. we have discussed the
results obtained from the 46T cluster, including the zeolite
framework which 1s treated by an ONIOM method, and we have
compared those with the ones obtained from the smaller 5T
quantum cluster. In the Results and Discussion section, we relate
the details of the energetics and structural stabilities affected
from the zeolite framework.

2. Models and Methads

The active site of H-ZSM-35 zeolite was represented by two
different cluster sizes: 5T and 46T clusters. which are shown
in Figure 1. The first model consists of five tetrahedral atoms
[(H3510):A1{0H)S1H:] which are located at the cross section
of the straight channel and zigzag channel and are consequently
considered as the active region that allows the adsorbate
molecules to react with the Brensted proton. In this cluster, all
atoms except the dangling hydrogen atoms., which are con-
stramed m S1—O directions 1n the framework of the ZSM-5
zeolite, including the adsorbate molecules, are fully relaxed to

J. Phys. Chem. B, Vel. 110, No. 51, 2006 25951

TABLE 1: The Optimized Geometric Parameters of the
Zeolite ST and 46T Clusters Calculated at BALYP/
6-31G(d,p) and ONIOM(B3LYP/6-31G(d.p):UFF) Levels®

parameters 5T 46T
Distances
01-H1 0.969 0.970
Al-01 1.853 1.786
Al-02 1.703 1.656
Al-03 1.687 1.637
Al-04 1.687 1.649
S11-01 1.694 1.670
S12—-02 1.620 1.5902
Si1—03 1.627 1.597
Si2—04 1.615 1.574
Angles
Z51101Al 131.6 1324
L512024A1 130.0 1315
Z51303A1 1353 1349
Z51404A] 151.8 1438

? Distances are in angstroms and angles are in degrees.

replicate the real reaction phenomena. The second cluster was
modeled by the two-layered ONIOM model. During the
optimization, only the 5T regions [(=510):AI(0H)S=] with
the adsorbate molecules are allowed to relax since 1t has been
pointed out that full relaxation of zeolite clusters can lead to
structures that deviate largely from the experimental zeolite
geometries.’ This model has also been validated in our previous
studies’! = and also in this study to give reasonable adsorption
energies which compared well with the experimental measured
values. The ONIOM scheme has been implemented on the
extended 46T cluster model to represent the zeolite pore cavity
and zeolite framework, which includes the 10-membered ring
channel contaimng the active region (represented as balls and
sticks i Figure 1), as in the 5T cluster. The consequence of
this 1s that the results obtamed are anticipated to clarify the
effect of the zeolite framework.

All the calculations were performed by the Gaussian 03
program.*? The adsorbate molecules and 5T cluster of the first
model. as well as the 5T region of the ONIOM model, were
treated by the B3LYP*36 density functional theory at 6-31G-
(d.p). while the rest of the framework is treated with the
universal force field (UFF).%7

3. Results and Discussion

3.1. The Zeolite Models and Adsorption Complexes. The
5T and 46T clusters are shown i Figure 1 while their geometric
parameters are tabulated in Table 1. To observe the catalytic
framework effect on the reaction over the active site, the atoms
in the 5T region in both clusters have been optimized with the
exception of the atoms in the extended framework of the
ONIOM model, which were fixed Comparison of the 5T
quantum cluster and the 46T ONIOM model reveals little
difference in the geometric parameters. As the extended
framework has only a small effect on the active site geometry
by decreasing the Bronsted acid angle (Al—01—5i11) by about
1° and shightly lengthening the O1—HI1 bond distance, the
indication 1s that the actrve site i the 46T ONIOM model might
be more acidic than that in the 5T quantum cluster, which, m
turn, leads to the prediction that the adsorption energy of
adsorbates on the ONIOM model should also be higher.

The adsorption complexes of the propene oxide, propanal and
propanone, which are the reactant and products for the 1somer-
ization of propene oxide, on the Brensted acid site of the ZSM-5
zeolite i the quantum cluster and ONIOM model are depicted
in Figure 2. These adsorbates interact on the acidic proton of
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Figure 2. Presentation of models of ZSM-5 and its interaction with adsorbates: ONIOM?2 layver models of 46T cluster interacts with (a) propene

oxide, (b) propanal, and (c) propanone.

zeolite via hydrogen bonding, and the geometric structures of
all adsorption complexes are slightly dewviated from those of
1solated structures (Table 2).

In the propene oxide adsorption complex {(Figure 2a), the
oxygen atom of propene oxide mteracts with the acidic proton
via hydrogen bonding with the Op—H1 distance of 1.540 A
{(cf. Table 2). The hydrogen bonding interaction lengthens the
Broensted acid O1—H1 bond distance by 0.054 A. Although the
epoxide ring 1s asymmetric, the epoxide ning center aligns above
the acidic site with almost equal distances of C1—01 and C2—
01 and C1—-02 and C2—02. Because of the decrease of the
electron density on Op via the electron transfer from the Op to
the H1 atom, the C1—0Op and C2—Op bonds are elongated by

0.026 and 0.015 A respectively. The greater increase in the
length of the C1—0Op bond leads to the prediction that it would
be broken more easily than the shorter C2—Op bond. The
adsorption energy 1s evaluated to be —16.8 and —30.8 kcal/
mol for the 3T quantum cluster and ONIOM calculations,
respectively.

The propanal and propanone also adsorb on the acidic proton
of zeolite via hydrogen bonding (see Figure 2b and 2¢). Since
the carbonyl C=0p bonds are strong double bonds, they are
not changed significantly during the adsorption on the active
site of zeolite. The C=0p bond of the propancne adsorption
complex alters slightly from isolated propanone by 0.017 A,
and that of the propanal is changed by only 0.008 A (cf. Table
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