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Abstract

Details of adsorption of olefin molecules in the micropores of zeolites are revealed by using low-temperature IR spectroscopy.
The well-knownm-adsorption of olefins was found to be an activation process from the weaker adsorption with alkyl-acidic
OH (OD) interaction, which was in equilibrium with the adsorption on the internal wall. The energy diagram of such various
adsorptions were found to be governed by the pore size, radius of curvature, of zeolites. The double bond shift of 1-butene to
2-butene was observed below 230 K on ZSM-5 and mordenite (MOR) as a result of intramolecular reaction, where the protons
onthe acidic OH groups were notinvolved in the reactant (2-butene). The initial intermolecular reaction of the formed 2-butene
as well as isobutene terminated once at dimerization, and further reactions did not occur at room temperature, differently from
the case of ethane and propene. Further studies, which are presently proceeding, and the prospective are also mentioned.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction NMR spectroscopy. In IR studies, pyridine adsorption
is regarded as a most frequently used manner, which
In addition to the practical importance of zeolites distinguishes the presence and/or absence of Brgnsted
[1,2], their rigid microporous crystal structurg3] and Lewis acid sitef5,7]. On the other hand, CO and
and the well-identified atomic structures of the ac- N2 adsorption have been recently used to probe the
tive sites[4] motivate the fundamental researches on really strong acidic sitef8,9]. CDsCN is count as a
the catalysis of zeolitel§], a representative family of ~ probe of acidic sitefl0], while halogenated methanes
solid acids. The active sites of zeolites locate inside recently reported as a good probe of basic sites ex-
of their micropores, and are classified into Brensted isting on zeoliteg11]. However, studies of surface
and Lewis acid sites. The Brgnsted acidity is origi- nature of zeolites using those probes do not directly
nated from the OH groups bridging to Si and Al, while give any information on the real catalysis, therefore,
the Lewis acid sites are generated from dehydration they stay within the limit of characterization. The most
of Brgnsted acid sites. The acidic OH (OD) groups suitable probe molecules are suggested to be the re-
can be directly observed by IR method as well as by actants themselveg]. Therefore, the detailed infor-
mation on the adsorption, migration and reaction of

* Corresponding author. Tel:81-45-924-5238; hydrocarbon molecules can be regarded as the most
fax: +81-45-924-5282. useful knowledge to understand the catalysis of zeo-
E-mail addresskdomen@res.titech.ac.jp (K. Domen). lites. Here, emphasis is put on how IR technique is
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powerful to examine the details on the behavior of hy-

drocarbon species on zeolites with such examples as
adsorption and intramolecular as well as intermolecu- 3606
lar reactions of olefins.

2662

B

2. Experimental FER

3616

In this study, ZSM-5 (Si/Ak= 50; Sumitomo Chem- 2668
ical Co. Ltd.), ferrierite (FER) (Si@dAloO3 = 17.0;
Tosoh Corp.) and mordenite (MOR) HM-20 (Si/Al
10; Catalysis Society of Japan) are used in hydrogen
forms. IR spectra of amorphous silica were also used
to obtain reference spectra of adsorbed species on neu- 3619
tral OH groups. A thin disk of each zeolite (ca. 15 mg
in 20 mm diameter) was placed in an IR cell connected
to a closed gas-circulation system. Temperature of the
sample was controlled from 100 to above 1000 K using
this cell. Pretreatment of the samples was conducted
first with Oy at 773 K, followed by evacuation. Then a
clean IR disk was further treated withp[2t 673 K to
switch OH groups to OD. This pretreatment condition 2762
produces no Lewis acid sites, which was confirmed by
adsorption of probe molecules. W

MOR
2670

ZSM-5

’

3750

.-

3752
$i0,-Al,0,
3. Results and discussion 2765
3.1. IR spectra of H (or D)-form zeolites and v——J Si0,
observation of adsorbed olefins
L 1 1 1 1 1 L 1 ]
IR spectra measured of the used zeolites after pre- 4000 3000 2400

treatment are compared ig. 1 together with those
of silica and silica—alumina. The OH and OD groups
on silica appear at 3752 and 2765Tﬂwespectively, Fig. 1. IR spectra of deuterated silica, silica-alumina, ZSM-5,
which are almost the same as those on S"ica_alumina_mordenlte and ferrierite. Spectra were measured under evacuation
. . ... . ataround 200K after pretreatment.
In the case of silica—alumina, Brgnsted acidity is
attributed to the observed OH or OD spec[&g],
although those on silica observed at the same fre- in three upper spectra iRig. 1. One of examples of
guencies only behave as neutral OH and OD groups. the relation between the crystallized porous structure
Therefore, the observed peak positions themselves areand the atomic structure of acid site is showifrig. 2
found not to be simply related to the acid strength for The pore structure is demonstratedHig. 2A, where
amorphous materials. On the other hand, the acidic each stick represents a Si—-O-Si bond in the case of
OH and OD groups bridging to silicon and aluminum silicate. The detailed atomic structure is highlighted
atoms in rigid crystal structures of zeolites are ob- in Fig. 2B, which possesses an acidic OH groups
served evidently at lower frequencies (ca. 3610 and due to substitution of one silicon atom to aluminum.
2665 cnt?, respectively) than those of OH and OD The structure of a single Brgnsted acid site is simply
groups on silica and silica—alumina as demonstrated illustrated inFig. 2C Although the acidic nature and

wavenumber / cm!
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Fig. 2. The skeletal diagram (A) and the open apertures (B) of
ZSM-5 and schematic description of Brgnsted acid site (C). (A)

In the skeletal structure, each straight line consists of either Si or
Al atoms at the both ends and an O atom or an OH group in the
middle. (B) The small and big open circles represent O atoms and
Si atoms, while a closed small circle indicates an Al tom in the

ring structure. A bridging OH group between Si and Al is also

shown.

catalysis of zeolites are not thoroughly attributed to
the local structure, such atomic structure is used in
this study for simplicity.

The spectrum ifrig. 3Ais D-ZSM-5 just after pre-
treatment, where more than 90% of the acidic OH
groups are converted to OD ones. The acidic OD
groups in the micropores of ZSM-5 show a band at
2671 cnt!, whereas silanol groups existing on the ex-
ternal surface appear at 2761chin Fig. 3A. The
spectrum irFig. 3Bwas measured after adsorption of
ethene followed by evacuation at around 200K. The

29

bands irFig. 3Care attributed to ethene adsorbed with
its C=C bond onto the acidic OD groups as illustrated
in the inset. As a result, theXC stretching of ethane,
which is originally IR inactive, becomes observable at
1612 cnT?, sifting to lower frequency side from the
Raman band (1623 cnt) of gas molecule§l3].

3.2. Adsorption of 1-butene on D-ZSM-5

Olefin molecules are known to be stabilized on
the acidic OH or OD groups of zeolites by forming
w-complex. Ethene, propene and 1-butene also form
the w-complexes with the acidic OD groups at around
200 K. The bands appearing at 1600—-1700 &iin all
spectra inFig. 4 are attributed to €C stretching. The
numbers in parenthesis indicate the amounts of shifts
from the values of free moleculdg$4]. It is evident
that all the GC stretching bands shifted to lower fre-
quencies, indicating the direct involvement ofC
bonds of olefins in adsorption. Especially in the case
of ethene, the €C stretching band becomes active
upon adsorption as mentioned previously. The shifts of
C=C bands inFig. 4 are in coincidence with the shift
of OD band from the position of the isolated to the
hydrogen-bonded frequency. Thaseomplexes were
the only adsorption structures of olefins on zeolites,
observed so far. However, other types of adsorption are
found if one goes to much lower temperature region.

Fig. 5demonstrates the gradual change of IR spec-
tra of adsorbed 1-butene during warming procedure
at a heating rate of ca. 6 Kmih under evacuation.
1-Butene was introduced to ZSM-5 below 150K fol-
lowed by evacuation. Then temperature was increased
in evacuation, while measuring IR spectra. At 155K
(bottom spectrum irFig. 5 the olefinic CH stretch-
ing band at 3080 cmt and G=C stretching band at
1640cnt!, which are identical to free 1-butene in

decrease of the acidic OD band, and the appearanceAr matrix [14] were observed. The acidic OD groups
of some new bands are observed as marked with starswere found to interact with the adsorbed molecules

However, details of the spectral change from before

to after adsorption of ethane are not clear. Therefore,

from their negative peak at 2671cW but the
hydrogen-bonded OD band appeared at 2689'cm

subtracted spectra are usually shown in this study, onewith less shift compared with that ifr-complexes

of the examples of which is demonstrated in the spec-

(Fig. 40. It is recalled that €C stretching band of

trum C inFig. 3, where the spectrum A, a background, 1-butene stayed at the same frequency as that of free
was subtracted from the spectrum B. The acidic OD molecules in the same spectrum. Therefore, 1-butene
band appeared as a negative band due to the converis considered to adsorb onto the acidic OD groups with
sion from the isolated to the hydrogen-bonded species, weak interaction regardless of participation of@©
which appears at 2380 cmh. All the other upward bond. This type of adsorption was stable up to 166 K,



30 J.N. Kondo, K. Domen/Journal of Molecular Catalysis A: Chemical 199 (2003) 27-38

2380

CH25=CH2 1442
/O\
IR inactive
*

absorbance

-
b

4000 3000 2000 1800 1600 1400

wavenumber / cm-!

Fig. 3. IR spectra of D-ZSM-5 before (A) and after (B) adsorption of ethene at around 200 K. Spectrum (C) was obtained by subtraction
of spectrum of (A) from that of (B).

then another type of adsorption, which has no relation disappeared, while 1-butene molecules still adsorbed
to the OD groups was observed at 173 K. (See the dis- on ZSM-5. Since inside of the pores of ZSM-5 was
appearance of the negative band at 267ttinThe found to be accessible from the presence of alkyl-OD
new type of adsorption on the acidic OD groups be- complexes, 1-butene molecules are considered to
low 170K was assigned to the alkyl-OD interaction, adsorb on the wall of the cage of ZSM-5. It is men-
which was confirmed by ethane adsorption. When tioned that GC bond of 1-butene has no relation to
ethane adsorbed on the acidic OD group, the OD bandthe adsorption on the wall, judging from the absence
shifted to 2590 cm®. The amount of the shift is com-  of any shift of G=C vibration.
parable with that with 1-butene adsorbed at 166 K.  The energy diagram and a sketch of 1-butene ad-
Therefore, 1-butene was found to adsorb on the acidic sorption inside the pores of ZSM-5 are schematically
OD groups with alkyl-OD interaction, which is much demonstrated ifrig. 6. The alkyl-OD complex was
weaker thanm—OD interaction, because the amount observed at the lowest temperature range due to a small
of shift reflects the strength of interaction. potential hollow. By increasing temperature, the ad-
When temperature was increased to 173K, the sorption on the wall of ZSM-5 becomes favorable in
hydrogen-bonded OD band in alkyl-OD complexes equilibrium with the alkyl-OD adsorption.
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Fig. 4. IR spectra of ethene (a), propene (b), and 1-butene (c) Fig. 5. IR spectra of 1-butene adsorbed on D-ZSM-5 at 155K
adsorbed on D-ZSM-5 at around 200K. followed by evacuation and heating at 155K (a), 160K (b), 166 K
(c), 173K (d), 185K (e), 203K (f), and 206K (g).

Above 173K, gradual transformation of the adsorp-  The overall transformation of the adsorption struc-
tion on the wall to ther-complex is observed by in-  ture involving thew-complex is shown irFig. 6. The
creasing temperature in evacuation. It is noticed from adsorption on the wall, which is unrelated to the acidic
the unchanged intensity of bands at 1400-1600tm  OD groups, and the weakly interacted alkyl-OD ad-
that the amount of adsorbed 1-butene stayed con-sorption are in equilibrium, and the alkyl-OD com-
stant from 173 to 206 K. By increasing temperature, plex is preferentially observed at lower temperature
hydrogen-bonded OD band in thiscomplex grad- region due to a small potential hollow. The adsorp-
ually appeared. Simultaneously, the conversion of tion on the wall becomes dominant at around 180K,
C=C band in peak position was observed from 1641 while the alkyl-interacting 1-butene overcomes an ac-
to 1627 cmrl. The 1627 cm! band is assigned to tivation barrier to change the position of adsorption
the w-complex. Therefore, the adsorption on the wall within a molecule to the most stabtecomplex. As
of ZSM-5, which was in equilibrium with alkyl-OD  a result, 1:1 conversion of the wall adsorption to the
adsorption, was found to be transformed to the more w-complex is apparently observed. These adsorption
stable w-complex. In addition, thermal conversion structures of olefins on zeolites were experimentally
to the w-complex indicates that the formation of found for the first time in this study, which would be
m-complex was an activation process. beneficial information to molecular dynamics (MD)
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Fig. 6. Energy diagram and illustration of adsorption of 1-butene in a micropore of D-ZSM-5.

simulations on diffusion of hydrocarbons on zeolites.
The height of the activation energy relies on the pore

size of zeolites. The size of the pore, the size of the

radius of curvature in other words, gives the activa-
tion barrier for the formation of the-complex. This

3.3. Isomerization of 1-butene on D-ZSM-5

On zeolites, ethene and propene, which adsorb on
the acidic OH or OD groups in equilibrium with other
types of adsorption, only desorb by increasing temper-

is easily imagined considering the fact that such an ac- ature in evacuation, while polymerization takes place
tivation energy does not exist on flat surfaces. There- in the presence of gaseous molecules at room tem-
fore, the observed activation energy is attributable to perature. On the other hand, 1-butene isomerized to
the porous structure where the adsorption sites exist. 2-butene below 230K under evacuation, and dimer-
On MOR, which has larger pores than ZSM-5, only ized at room temperature.

the w-bonded 1-butene was observed due to its larger One of the acid-catalyzed isomerizations of olefins,
radius of curvatureKig. 7A). Therefore, the activation  the double bond migration (DBM) of 1-butene to
energy for the formation of--complex on MOR isre- ~ 2-butene, is known to proceed by the mechanism es-
garded as much smaller than that on ZSM-5. When it tablished in solution chemistry is shown fiig. 8A.
comes to FER with much smaller pores, rates of for- First, a proton attacks the double bond of 1-butene and
mation ofw-complex was experimentally observed at is involved in the carbenium intermediate. Then, the
a considerably high temperature, and large differences carbon three releases a proton, forming a new double

among then-butene isomers were foundri§. 7B).
The rate determining step in this case is well inter-
preted as diffusion of olefin molecules to the acidic
OH groups inside the small porégans-2-butene with
smaller molecular diameter easily diffuse from on OH
groups to another in the cage of FER, while more bulky
1-butene andis-2-butene should overcome the energy
barriers to diffuse in the small pore channgls]. In
this way, by low-temperature observation, various ad-

bond in the second position. In this mechanism, if deu-
terium is used as a Brgnsted acid, it is involved in the
first methyl group and the isotope exchange of acid is
accompanied. The protonated species, namely carbe-
nium ion, is regarded as important intermediates for
many acid-catalyzed reactions. fig. 8B a stepwise
reaction mechanism of DBM of 1-butene on a deuter-
ated Brgnsted acid site of zeolite is shown, assuming
the same mechanism as thafig. 8A. First, 1-butene

sorption structures and the details of the behavior of hydrogen-bonds to the isolated OD group, and the

olefin molecules were clarified.

deuterium is involved in the intermediate; whether
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Fig. 7. Comparison of pore size and activation energy for the formatian-afH (OD) adsorption complex between mordenite and ZSM-5
(A), and pore size and time course of butene adsorption on ferrierite at around 200K (B).

—— g CHZD-SHCHQCHs |:H> CH,D-CH-CHCH, carbeniumion or alkoxy group. Finally, proton is given

) carbenium ion > butene back to the zeolite from the carbon three. As a result,

(a)  Tbutene interme diate deuterium is involved in the product, and the acidic
OD group is isotope exchanged to OH. However,

Chy7 CHCH,CHy unexpected reaction was found as introduced later on.

D Hydrogen-bonded A small amount of 1-butene was introduced to
N O huene D-ZSM-5 below 150K and was immediately evacu-

ated. The amount of adsorption was limited to less

* o than 80% of the acidic OD groups at each experiment.
CHzDg_*CHZCHC* CHzDzHCHZCHs In that condition, the intermolecular interaction was

-

Al si OR Al si minimized. IR spectra were observed during stepwise
thermal reaction at a heating rate of 6 Kmin
IR spectrum of adsorbed 1-butene heated to 204 K is
CH,DCH= CHCH shown inFig. 9a As .mentioned.pre\{iou'sly, the stable
1 w-complex, adsorption of olefin with its < bond
/g\ g_ytfﬁfegnin'bondec’ interacting with the acidic OD groups, is observed. The
(B) Al Si IR spectrum of ther-complex of adsorbed 1-butene
Fig. 8. Mechanism of double bond migration of 1-butene to |s_character_|zed by bands of olefinic CH.Stre.tChmg'
2-butene established in solution chemistry (A), and that on a C=C stretching at 1627 crt and skeletal Vlb_ratlons'
deuterated Bransted acid site of zeolite (B), assuming the same The other GC stretching band at 1641 crhis due
mechanism as that in (A). to weakly adsorbed species (mentioned earlier).

Carbenium ion Alkoxy group
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Fig. 9. IR spectra of 1-butene adsorbed on D-ZSM-5 at 204K (a) and its thermal change at 212K (b), 222K (c), and 230K (d).

By increasing temperature, change of IR spectrais It should be mentioned that the isotope exchange
observed. All the characteristic bands of the adsorbed reaction of the hydrogen-bonded OD groups took
1-butene gradually decreased and almost disappeareclace above 230K, while the DBM of 1-butene was
at 230 K. Alternatively, new bands appeared and in- observed below 230K on D-ZSM-5 with no Lewis
creased in intensity; an olefinic CH stretching band acid sites. Therefore, one comes to the conclusion
at 3021 cm! and two bands in €C stretching re- that adsorbed 1-butene was converted to eittier
gion at 1658 and 1644 cm. The skeletal vibrations  or trans-2-butene on D-ZSM-5 below 230K in the
appeared differently at higher temperatures. These absence of proton transfer from D-ZSM-5.
results indicate the reaction of the most part of the  For clarification of the driving force of the DBM of
adsorbed 1-butene below 230K. It should be noted 1-butene observed on D-ZSM-5, two factors of zeo-
that the hydrogen-bonded OD band remained af- lites are varied; pore size and acid strength. The small
ter the reaction, slightly shifting to lower frequency pore size may result in the secondary interaction of
side, from 2302 to 2258cnt in Fig. 9. The band the adsorbed molecule, or the strong acidity of the OH
due to hydrogen-bonded OH groups was not evi- groups themselves may induce such an unusual reac-
dently observed at 230 K. In other words, the reaction tion. MOR shows equally strong or stronger Brgnsted
of 1-butene proceeds without isotope exchange of acidity, and possesses larger pore size than those of
Brgnsted acid sites. When the spectrum of the reactionZSM-5. Therefore, the secondary interaction, if ex-
product Fig. 99 was compared with those dfis- ists, would be avoided. The temperature-dependent IR
andtrans-2-butenes adsorbed on D-ZSM-5, the reac- spectra of the adsorbed 1-butene were exactly the same
tion product was found to be the mixture - and as those of D-ZSM-5: DBM of 1-butene s and
trans-2-butenegis- andtrans2-butenes showed their  trans-2-butenes was observed in the absence of H/D
C=C stretching bands at 1644 and 1658 dprespec- exchange reaction at lower temperature range than the
tively, and the hydrogen-bonded OD bands appearedisotope exchange. This clearly indicates that the DBM
at almost the same frequency at around 2260%cm on DM20 also occurred without proton transfer from
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OD groups to 1-butene. Thus, the secondary interac- shown later. Therefore, it is considered that once the
tion of the adsorbed molecule with the lattice atoms proton transfer occurs, facile intermolecular reaction
is excluded from the cause of the reaction. takes place as generally conceived as mediated by

The acidity of OH groups of Y zeolites is known to  either the alkoxyl or the carbenium species.
be weaker than ZSM-5 and MOR. The adsorptionand  Since the H/D isotope exchange results in the
reaction of 1-butene on a FAU zeolite, HY5.6, was complexity of spectral appearance, the reaction of
studied to clarify the importance of strong acidity. Al- 2-butene at room temperature was quantitatively stud-
though the DBM was gradually observed, the decreaseied by using H-form ZSM-5. The H-ZSM-5 sample
of the hydrogen-bonded OD groups was observed in was exposed to 0.1Torr (1Tor= 133.322Pa) of
the same temperature range. The same results werel-butene and the system was immediately evacuated.
obtained by using another FAU zeolite with a different About 80% of the isolated OH groups of Brgnsted
Si/Al ratio. Therefore, the proton-transferred interme- acid site was occupied by the adsorbates. The IR
diate such as alkoxy or carbenium species could not
be excluded from the candidates of the intermediate
of the DBM on weakly acidic Brgnsted acid sites of
zeolites.

In summary, the DBM of 1-butene to 2-butene was
found by IR method to proceed in the absence of the
proton transfer from the acidic OD groups of zeolites

at low temperature. The reaction was clearly distin- 3487 16 ;
guished on strongly acidic BAS of zeolites (ZSM-5 ,
and MOR) from the H/D isotope exchange reaction (d)

of the OD groups. This is not expected to occur if the
alkoxy or carbenium intermediate was assumed. The
observed reaction path was not interpreted by the con-
ventional acid-catalyzed mechanism. This could be at-
tributed to a unique property of solid surfaces, or may
imply the presence of another type of active sites than
the acidic OD groups. Details may be clarified by ad-
ditional experiments as well as by quantum chemical

calculations. h/\_j\\/\
(b)

(©)

3.4. Dimerization of n-butene on D-ZSM-5
at room temperature

At higher temperatures, the intensity of the hyd-
rogen-bonded OD band decreased accompanied by the
growth of the hydrogen-bonded OH band (not shown).
This indicates the occurrence of the isotope exchange
reaction of the acidic OD groups and adsorbed species.
In the temperature range of isotope exchange reaction,
almost all the adsorbed 1-butene already tr_ansformedI i o
to the adsorb_ed 2-butenes. Therefore, the isotope ex- 3500 3000 2500 1800 1600 1400
change reaction of the hydrogen-bonded OD to OH
groups is resulted from the reaction with 2-butene. As wavenumber / cm”!
the isotope exchange reaction proceeded, _the e_lmo_umi:ig. 10. IR spectra of 1-butene adsorbed on H-ZSM-5 at room
of 2-butene decreased, as confirmed as dimerizationemperature: soon after the reaction (a), 10min (b), 30min (c),
by our studies conducted at higher temperatures asand 120 min (d) after the reaction started.
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spectrum of the adsorbed species formed by 1-buteneit had sharply decreased by butene adsorption. The
adsorption at room temperature is showrfig. 103 extent of the recovery was estimated by an extrapo-
which are assigned to the 2-butenes. The IR band lated value of the time 0 as about 40-50% of the ini-
of the hydrogen-bonded OH groups appeared at tial decrease. It is noted that further recovery was not
ca. 3100cm!. Then, the system was maintained observed after the reaction completed. Therefore, the
in evacuation for 120 min at the same temperature reaction of butenes on H-ZSM-5 at room temperature
(Fig. 109. The hydrogen-bonded OH groups ob- is deduced as dimerization assuming the homoge-
served at ca. 3100 cm disappeared after 120min, neous reactivity of adsorbed butenes. In the case
and a small band at ca. 3500ctappeared. Si- where oligomerization or polymerization proceeds,
multaneously, the intensity of the negative band due more amount of the isolated OH groups than that
to the isolated OH groups at 3607 cindecreased. in Fig. 11 may be recovered from hydrogen-bonded
The bands of the adsorbed species also graduallyones as a result of the decrease in the amount of the
changed in the CH stretching (2800-3100¢in adsorbed butene.
C=C stretching (1600-1700cm) and deformation For the second dosage of 1-butene the time course
(1200-1500 cm?) regions. When 1-butene was intro-  of the recovery of the isolated OH groups was also the
duced again onto the H-ZSM-5 after 120 min reaction same as the first as plottedkig. 11; about half of the
(Fig. 109, the same change in the spectra was ob- isolated OH groups which was decreased by butene
served by taking th&ig. 10das a background spec- adsorption recovered from the hydrogen-bonded OH
trum. This implies that the same reaction proceeded groups. This let us conclude that the reaction of the
on vacant sites. In other words, the formed species adsorbed butenes terminates at dimerization and that
observed inFig. 10dare not living intermediates but  oligomerization or polymerization does not proceed
considerably stable species. at room temperature. As schematically described in
The change of the integrated intensity of the isolated Fig. 12, dimerization ofr-bonded 2-butene releases a
OH band of Brgnsted acid sites in the time course of half of the strongly hydrogen-bonded OH groups into
the reaction observed ifig. 10and successive reac- the isolated state.
tion is plotted inFig. 11 The amount of the isolated The geometrical and adsorption structures of the
OH groups recovered as the reaction proceeded afterproduced dimer compound are then considered. The

Introduction of 1-butene Introduction of 1-butene
/ and evacuation and evacuation
10.0 1
i Original intensity
i _a— of OH groups
8.0 i

o
=]
T

&
o
T

Integrated inrtensity / a.u.

g
=]
T

0'0i....l....l..'..l....l....l..
0 50 100 150 200 250

Fig. 11. Time course of the integrated intensity of the isolated OH groups of BAS on H-ZSM-5.
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~
Hydrogen-bonded OH groups Isolated OH group

Fig. 12. Schematic illustration of dimerization of 2-butene on
H-ZSM-5 at room temperature under evacuation.

characteristics of the IR spectruffig. 109 of the ad-
sorbed dimer are as follows: (1) the hydrogen-bonded
OH groups with the dimer was observed at around
3500cnT?, (2) a weak GC stretching band was
observed at 1633cm, and (3) any olefinic CH
stretching band was not observed. The shift of ca.
—100cnm! of the OH band to low frequency region
by hydrogen-bonding is identical to the adsorption
of saturated hydrocarbons on H-ZSM-5, which in-
dicated a weak hydrogen-bonding of OH groups of
Bragnsted acid site with an alkyl groJp6,17] The

IR band of the hydrogen-bonded OH groups with the
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as oligomerization and polymerization would not
proceed.

3.5. Further studies

3.5.1. Reaction of isobutene and cyclic olefins

On the purpose of observation of carbenium
cations or alkoxy intermediates, isobutene was also
studied, which was expected to form stable mono-
molecular intermediates. However, adsorbed species
observed at the very beginning of the reaction in
evacuation below 200K were already dimerized
species, which were confirmed by adsorption of
branched g olefins (2,4,4-trimethyl-1-penthene and
2,4,4-trimethy-2-penthene), expected dimmer prod-
ucts of isobutene. The expected monomeric isobutoxy
groups were not observed, most probably due to the
rapid migration of olefin molecules and the high
reactivity of the protonated species.

Noting that the detected saturated and unsaturated
carbenium cations by NMR, which were formed
through further reactions after initial proton trans-
fer at considerably high temperatures, have cyclic
structures[18,19], we expected to observe some of
the cations by simple protonation of cyclic olefins
on the acidic OH groups. 1-Methylcyclopentene and
methylenecyclopentane were adsorbed on Y zeolites
and formed the same initial reaction product, which

dimer compound was observed in the same manner,was identified by an IR band at ca. 1510TcmAI-
and adsorption of the dimer is regarded as a weak though the identical band at 1510tk has been

hydrogen-bonding between OH groups and alkyl
chains of the dimer. The product of the dimerization of

often observed and assigned to carbenium cations,
the formed product in our study was assigned to the

2-butene is regarded as being branched, and the wealdimerized unsaturated cation by quantification of the

C=C stretching band of it indicates its highly symmet-
ric structure. If one notices that the hydrogen-bonding
of OH groups is not what is observed with the©
bond but that with the alkyl chains of the dimer, the
C=C bond is considered to be sterically hindered to
approach the OH groups. Combining the fact that the
dimer did not show any olefinic CH stretching band
above 3000 cm! with the previously mentioned con-
sideration, the structure of the dimer is expected to
be that as shown ifig. 12

Because the €C bond of the produced dimer
was found to be hindered to hydrogen-bond with the
OH groups of Brgnsted acid site due to the steric
hindrance, protonation of the dimer would not oc-

acidic OH band as well as by UV-Vis spectroscopy
[20,21] Even at temperatures below 200K, several
reactions were found to proceed on zeolite, resulting
in the complexity of zeolite chemistry.

3.5.2. Observation of practical catalysis of zeolites
at high temperature in flow system

By low-temperature observation, motions and reac-
tions of hydrocarbons on zeolites, which require small
activation energies are observed. Although these are
fundamental processes, overall reactions at high tem-
perature include further elemental steps with larger
activation energies. Therefore, understanding of the
behavior of the adsorbed species at high temperatures

cur at room temperature, and further reactions such is indispensable in order to realize the real catalysis of
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