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In Situ 13C Solid-State NMR and Ex Situ GC—MS Analysis of the Products
of tert-Butyl Alcohol Dehydration on H-ZSM-5 Zeolite Catalyst

Alexander G. Stepanov,* Vladimir N. Sidelnikov, and Kirill I. Zamaraev*

Abstract: The hydrocarbon products that
are formed upon dehydration at 296-
673 K of tert-butyl alcohol (:BuOH), ad-
sorbed on H-ZSM-5 zeolite in concentra-
tions equal to that of active Al-OH-Si sites
in the catalyst, have been analyzed by '*C
solid-state MAS NMR and GC-MS. To
facilitate 13C NMR analysis, the alcohol
selectively labeled with 13C isotope in the
COH group was used. It was found that
tBuOH transforms to the adsorbed C,g
butene dimers plus a trace amount of
alkanes at 296 K. Butene dimers exist in-
side H-ZSM-5 pores in the form of inter-
converting adsorbed octene, octyl silyl

ionality of the carbenium ion form pro-
vides a pathway for isomerization of the
highly branched hydrocarbon skeleton of
the initial alcohol to the predominantly
linear one in the adsorbed butene dimer.
The driving force for the isomerization in-
to the linear structure is the shape selectiv-
ity induced by the small size of the zeolite
channels. At 373 K the adsorbed butene
dimers further crack into species that
contain an average of about 6.5 carbon
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atoms, in addition to further alkanes. At
448 K the adsorbed C,—C, , paraffins be-
come the predominant hydrocarbon
products observed with both in situ *3C
NMR and ex situ GC-MS. Simuilta-
neously, a mixture of adsorbed polyenes
is formed. According to '*C CP/MAS
NMR, polyenes exist in the zeolite pores
in the form of rather stable cyclopentenyl
cations. At 573-673 K adsorbed cy-
clopentenyl cations further transform into
a mixture of condensed and simple aro-
matics and then into xylenes and toluene.
Simultaneously, paraffins crack further to
give mainly C,—C, paraffinic species at

ether, and octyl carbenium ion; octyl silyl
ether is the main adsorption state. Flux-

1. Introduction

Dehydration of zerz-butyl alcohol (1 BuOH) on acidic-form zeo-
lites has been extensively studied by in situ IR, ~3! solid-state
NMR (13C, 2H),”* % and GC kinetic methods.”®! Diffussion
and molecular dynamics of both /BuOH and the reaction prod-
ucts in zeolite pores have also been studied.t® 8 From all these
and similar studies with other isomeric butyl alcohols!”>®! the
key features of reaction mechanism were elucidated, and, in
particular, reaction intermediates as well as oligomeric products
trapped in zeolite pores were partly though not completely char-
acterized.

In this work we further clarify the dehydration pathways
(including subsequent isomerization and cracking of hydrocar-
bon products) at 296—673 K for tBuOH adsorbed on zeolite
H-ZSM-5 in concentrations equal to that of the active catalytic
Al-OH-Si sites. Both the species initially formed in the catalyst
pores and the products escaping into the gas phase are charac-
terized simultaneously with in situ *3C solid-state NMR and ex
situ GC-MS. In particular, we observe paraffins that are
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573 K and propane at 673 K.

known to be formed on zeolites from hydrocarbons and
alcohols at 400700 K (see, e.g., refs. [9—18]), and show that
they start forming from (BuOH at significantly lower tempera-
ture.

2. Results

2.1. Thermodesorption and GC—MS Analysis: To analyze the
products that can desorb from the zeolite intracrystalline void,
thermodesorption experiments were carried out at three differ-
ent temperatures. The products were desorbed from the zeolite
at 373 K, accumulated in a condenser, separated by gas chro-
matography (GC), and then analyzed by mass spectrometry
(MS) (see Fig. 1 and description of the thermodesorption exper-
iments in Experimental Section). The only detected product was
isobutane (Fig. 2A). A similar experiment at 296 K showed no
organic compound desorbing from the zeolite. At 448K
(Fig. 2B), C,—C, paraffins were the main products. Note that
our GC-MS analysis does not allow us to quantitatively assess
the distribution of paraffins desorbing from the zeolite, nor does
it give us any information about their structure (linear or
branched). Moreover, it should be stressed here that the distri-
bution and the structure of the volatile products escaping into a
gas phase and identified by ex situ GC—MS analysis can be
different to that of the organics remaining inside the zeolite
pores.'¥] The organic products that are trapped inside zeolite
intracrystalline void can, however, be monitored in situ by
means of **C MAS NMR spectroscopy.l**]
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2.2. '3C NMR Analysis: In principle, the known '*C chemical
shifts for the CH,, groups with various » (n = 0-3) in the liquid
state can be used to identify hydrocarbons inside the zeolite
channels,!*®! since such shifts change only slightly (by 1-
2 ppm!2°!) upon adsorption into a zeolite. Unfortunately, for
aliphatic hydrocarbon fragments, the positions of the 13C sig-
nals from the CH, groups with various n often overlap.l'®!
Therefore, to facilitate the assignment of the observed 1*C CP/
MAS (cross-polarization magic-angle spinning) NMR signals,
we used the two-dimensional (2D) J-resolved **C solid-state
NMR spectroscopy. The advantage of this method!?!1 is that it
yields information on both the 13C chemical shifts (F2 dimen-
sion) and multiplicities, arising from scalar couplings of 13C
nuclei with the attached protons [J(}3C—'H) couplings] (F1
dimension). One can reliably attribute carbon signals to CH,
groups with a particular value of n by simply counting the num-
ber of lines in the corresponding multiplet signal.

Abstract in Russian:

Anporamus: Mertogamu SIMP Bricokoro paspemenns
B TBEPAOM Telie Ha sapax yriepoAa '3C M ralosoii
xpoMaTo-Macc-cniekrpoMeTpur  (I'’XMC) npoanamin-
POBaHbI YITIEBOIOPOJHBIE MPOAYKTHI, 0OpatyiollHecs B
uHTEpBane TeMnepaTyp 296-673 K npu perumparanuui
mpem-6yTHitoporo crnmpTa (t-BuOH), apcopbupopan-
Horo Ha 1eomt H-ZSM-5 B koHueHTpauuH, paBHoii
KOHIEHTpAlMH aKTHBHBIX B kataimmse Al-OH-Si nen-
TpoB. Jlna o6neruenus '3C SIMP anammza  Obll He-
MOJb30BAH CIHPT, CEMEKTUBHO MEYEHHBIH H30TOMOM
13C p COH rpynne. Hafizedo, uro mpu 296 K -BuOH
npepparaerca B ajcopbHpoBaHHble Ha LIEOJIMTE JMME-
pri 6yreHa Cs rupoc cliefloBbie KOJIMYECTBA AJIKAHOB.
JliMepnl 6yTeHa CYIIECTBYIOT BHYTPH Mop Lieoymta H-
ZSM-5 B BHJIE Tpex B3auMornpespalaoumxcs Qopm:
OKTEHA, OKTHII-CHIMILHOTO 3¢Hpa H OKTHILHOIO Kap-
OcHHEeBOro MOHAa, TMPUYEM OKTWI-CHDUIbHBIH 3¢Hp
AB/IAECTCS JIOMHHUPYIONIMM aJICOPOLIMOHHBIM  COCTOS-
nueM. JluHaMuaHocTh kapOcHHH-HOHHOH  ¢opMBI
o6ecregnBaeT N30MEPU3ALIMIO CHITLHO Pa3BETBICHHOIO
YITIEBOJIOPOMHOTO  CKENETA HCXOIHOrO0 CHHpTa B
cTopoHy oOpa3oBaHus JuMepa OyTeHa JIMHEHHOIO

cTpocHus. [IBrkyineit cwroil mibupatesmHol H3oMe-
pHialMy B CTOpOHY obpa3soBaHus JIMHEHHOI0 JHMepa
ARJIIETCS ManbIid pasMep KaHanos ueoymra. [ipu 373 K
ancopbupoBaHHbic mMephl  O6yTeHa noJBcprarorcs
JlanbHeHIneMy KpEKMHI'Y B YIueBoJoponmbic hpar-
MEHTHI, cofiepXaiiue B cpemHeM 6,5 aToMoB yriepo/a
TUTIOC JIOTIONIHRHUTENbLHOE KOJHYECTBO aJIKAHOB. TIpH 448
K apcopbuposannnie napagunnt Cy-C;. cranossrest
npeobIafaloniuMil  YITIEBOJOPOMHBIMH  NPOJYKTAMH,
KOTOpbIC NEIKO UACHTHGUUNPYIOTCS, KAK TPH MTOMOIIH
in situ 3C AMP, Tax u npu nomouw ex sity TXMC.
OmioBpeMeHHO 00Opa3yeTcs cMech MOIHEHOB, OCTal0-
pyxea apcopoupoBanHbiMu Ha teosmre. Cornacho 3C
AMP, nomensl cylecTBYIOT B Mopax LIEoJMTa B BHJIC
CTabMIILHBIX MHKIIONECHTaAHCHHIILHBIX KATHOHOB. [lpu
573-673 K ancopGupoBaHHble ITHKIIONCHTaHEHHIIL-
Hbl€ KATHOHDBI NMOABEPTraloTcs JIaJILHEHIIIMM NpeBpaliie-
HUAM B CMECh xouneﬂcuponamloﬁ H NpocToil apoMa-
THKH W 3aTEM B CMeCh KCHIOJOB H Tosyosa. Ojmo--
BpeMeHHo, mapadHHbl [OJBEPrajoTcs JalbHeHIEMY
KPEKHHTY ¢ 006pa30BaHHEM NPEHMYITIECTBEHHO napadu-
HoB coctasa C;-Canipnt 573 K 11 mponana npn 673 K.
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2.2.1. Analysis of hydrocarbons formed at high temperatures
(448—673 K): First, we analyzed products that are formed at
elevated temperatures (448, 573 and 673 K), since their 3C
NMR spectra contain less signals and are simpler to interpret.
Moreover, some signals observed at elevated temperatures are
also observed at lower temperatures (296 and 373 K). Their
preliminary assignment to certain products heips in the analysis
of the more complicated spectra at lower temperatures.

Assignment of **C NMR signals to hydrocarbons formed at
448 K: We already know from the thermodesorption experiment
(vide supra) that a mixture of C,—C, paraffins is formed on
H-ZSM-5 zeolite at 448 K. Therefore, at least some of the '*C
NMR signals that were observed earlier for the products of
tBuOH dehydration at 448 K* I may be ascribed to paraffins,
rather than aliphatic fragments of butene oligomers as we as-
sumed earlier.!™!

13C CP/MAS NMR spectrum of the products of [2-
13C)BuOH®? dehydration on H-ZSM-S zeolite at 448 K is
shown in Figure 3 A. Note, however, that the relative intensities
of the signal integrals in this spectrum do not correspond to the
contents of the various CH, groups, because of the peculiarities
of recording of 13C NMR spectra with cross-polarization tech-
niques. 1?3

To resolve the multiplicities of carbon signals in the spectrum
of Figure 3A, the 2D J-resolved '3C NMR spectrum was
recorded for the same sample. Figure 4 A represents a contour
plot of the 2D J-resolved spectrum. The one-dimensional spin-
echo spectrum is given above the contour plot (Fig. 4 B). From
Figure 4 A it can be seen that all the signals at 6 = 8.1-25.5
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Fig. 3. 3C CP NMR spectra of the products of [2-'3C]:BuOH dehydration on
H-ZSM-5 zeolite at 448 K. (A) d = 0-200 region; the spectrum was recorded with
MAS of the zeolite sample with adsorbed alcohol, 16 500 scans. (B) and (C) 16-fold
magnification of signal intensities relative to (A) for § =100-500; (B) static spec-
trum, 14900 scans; {(C) spectrum recorded with magic-angle spinning at a rate of
3.2 kHz. Asterisks denote spinning sidebands.
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Fig. 4. (A) Contour plot of 2D J-resolved '3C solid-state MAS NMR spectrum for
the products of [2-'*C)tBuOH dehydration on H-ZSM-5 zeolite at 448 K. The
observed value of scalar J(*3C ™ 'H) coupling is equal to a half the real J(*3C~*H),
because of proton high-power decoupling during the second half of the evolution
time ¢, [21]. (B) One-dimensional '3C MAS spin-echo NMR spectrum. Asterisk
denotes a spinning sideband.

represent quartets (with the exception of the signal at § = 24.5)
with J(*3C™'H) =140+ 16 Hz, and they can therefore be as-
signed to CH, groups.[?# The signals at § = 28.4, 30.7, 31.8,
and 43.5 are doublets and should therefore be attributed to CH
groups. The triplet structure of the signals at § = 24.5, 33.7, and
36.4 points to the presence of CH, resonances at these positions.
The signal at = 34.2 is a singlet or, possibly, triplet that is
unresolved because of its low intensity. This signal should be
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attributed to either a quaternary carbon atom or CH, group.
The signal at § = 27.1 represents a superposition of a triplet and
quartet and should therefore be ascribed to a sum of CH, and
CH, groups.

To assess quantitatively the relative peak areas for various
CH, signals, one-dimensional one pulse excitation 1*C MAS
NMR spectrum was recorded (Fig. 5A). Further, we have sim-
ulated the experimental spectrum of Figure 5 A to derive peak
areas. The experimental spectrum, which is given in Figure 5A,
can be approximated by a superposition of 25 signals (Figs. 5B,
C). Note that some of the signals in Figure 5 A were not detected
in the 2D J-resolved 1*C NMR spectrum (Fig. 4). This can be
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Fig. 5. (A) Experimental one pulse excitation '3C MAS NMR spectrum with high-
power proton decoupling for the products of [2-}3C}tBuOH dehydration on H-
ZSM-5 zeolite at 448 K, 2100 scans. (B) Simulation of the experimental spectrum,
with the superposition (C) of 25 signals from 11 paraffinic hydrocarbons (see
Table 1). Asterisks denote spinning sidebands.

explained in terms of the peculiarities of recording 2D spectra,
where spin-echo pulse sequence is used.[?!! In spin-echo experi-
ments the signals with short T;, (slow molecular motion), that is,
large line widths, may be undetectable. We therefore did not
resolve the multiplicities of the signals with short 7,, which may
belong to hydrocarbons of high molecular weight.

It should be remembered that in all our **C NMR studies
tBuOH selectively labeled with the **C atom in the COH group,
[2-13C]tBuOH, was used. However, even at room temperature
and all the more at elevated temperatures, this selectively intro-
duced 3C atom becomes scrambled randomly between various
groups of both the initial alcohol and reaction intermediates and
products.’®! (See, for example, the assignments of the '*C CP/
MAS spectra at d =10-40 in Figs. 1 and 3 of ref. [5] for the
dehydration products formed at 296 K from rBuOH, selectively
labeled with 13C in 13COH or !3CH, groups). Therefore, our
one-dimensional one pulse excitation '*C MAS NMR spectra
can indeed be used for the quantitative assessment of the relative
amount of various hydrocarbon fragments and molecules inside
the zeolite pores.

By comparing the chemical shifts and multiplicities of the
signals observed for the reaction products at 448 K with those
for liquid alkanes,'®! and by taking into account the relative
peak areas, we assign the spectra in Figure 5 to a mixture of 11
saturated hydrocarbons, containing isobutane, isopentane, pen-
tane, and C, , paraffins as well as butene oligomers as the major
fractions (see the assignment of the 13C NMR signals and rela-
tive concentrations of the hydrocarbons in Table 1). Note that,
according to ref. [25], for one of the expected products of
tBuOH dehydration, namely, oct-1-ene adsorbed in H-ZSM-S5,
the signals from the YC=C{ moiety are not detected in the 1*C
NMR spectra (presumably, because of broadening due to the
exchange phenomena), while those from all other CH,, groups
are clearly observed.?>! We therefore only observe the signals
from the aliphatic fragments of the adsorbed octenes and higher
butene oligomers (remember that isobutene is one of the prima-
ry products of tBuOH dehydration on H-ZSM-5), together with
the signals from a mixture of paraffins.

We next turned to the identification of the *3C NMR signals
at § =100-400. !3C CP NMR spectrum of hydrocarbons
formed from BuOH at 448 K also exhibits two broad lines
around ¢ = 200 and 350 (nonspinning sample, Fig. 3 B). Magic-
angle spinning of this sample revealed that these broad lines are

Table 1. Assignment of >C NMR signals and concentrations (mol %) fa] for paraffins, butene oligomers, and aromatics formed from tBuOH on H-ZSM-5 at 373-673 K.

Chemical shifts {b] Concentration
]
*CH;- -*CH,- *CH,;-CH-CH; -*CH( *C- 373K 448K 573K 673K

ethane 7.5(5.7) [b) 8.7
propane 17.0 (15.4) 18.0 (15.9) <1 1.0 298 59.2
n-butane 14.7 (13.1) 27.1 (24.9) <1.7 18.5 53
isobutane 25.5(24.3) 25.5(25.0) 6 17.2 19.6 53
n-pentane 14.7 (13.7) 24.5, 36.6 (22.6, 34.6) 17.2 3.7
isopentane 11.8 (11.4) 33.6 (31.7) 23.0 (21.9) 30.7 (29.7) 5 179 11.7
neopentane 27.1(27.4) 31.8 (31.4) 0.7
n-hexane 14.7 (13.7) 24.5, 33.7 (22.8, 31.9) 6.9
2-methylpentane 14.7 (14.0) 20.2, 40.9 (20.5, 41.6)  23.5 (22.4) 28.4 (27.6) 7 4.1
2,3-dimethylbutane 20.2 (19.1) 34.9 (33.9) 34
2,2-dimethylbutane 8.5(8.5) 36.6 (36.5) 29.6 (28.7) 30.7 (30.2) 21
C,, paraffins 10.6, 11.8 22.3,23.4, 30.7, 43.4,30.7 82 27.8
+ butene oligomers 139 34.2, 36.6, 40.9
o0- and p-xylenes 20.7 (19.6, 20.9) 16.7 [c} 13.41c]
toluene + m-xylene 22.5(21.3) 8.1 [¢]

[a] With respect to the total amount of CH, groups with signals between & =10 and 40. [b] The chemical shifts of CH, groups of adsorbed hydrocarbons presented here are
taken from Figures 3—11; accuracy of the § measurement is +0.5 ppm; the chemical shifts of hydrocarbons in solution (from ref. [19]) are given in parentheses. [c] These
values only take into account the amount of CH; carbon and not the amount of carbon in the benzene ring.
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superpositions of four anisotropic signals with the isotropic
chemical shifts at § =145, 155, 159, and 25429 (Fig. 3C). The
isotropic signal at ¢ = 254 is indicative of a trivalent carbon
atom in a carbenium ion center of allyll?”! or cycloalkenyl'*#!
cations. The isotropic signals at 6 =145—159 can be attributed
to carbon atoms adjacent to the carbenium ion center in these
cations. The simultaneous disappearance at 573 K of both the
signals at 6 =145-159 and the signal at 6 = 254 (vide infra)
supports our suggestion that the two groups of signals belong to
the same species. The observed set of signals can not be attribut-
ed to simple allyl cations, since the latter are not persistent inside
acidic zeolites.!??: 3% This set of signals best matches that for a
mixture of the adsorbed alkyl-substituted cyclopentenyl cations
with symmetrically disposed alky! fragments around the carbe-
nium ion center, such as 1,2,3-trimethylcyclopentenyl cation
(the shifts in solution are & = 247 and 155!2%1), 1,3-dimethylcy-
clopentenyl cation (the shifts in solution are 6 =249 and
1481y, and similar cations with alky] substituents other than
methyl groups (6 = 254 and 150 in Fig. 3C). Note that similar
13C NMR signals from cyclopentenyl cations inside zeolites
have already been observed earlier by Haw et al.l!® 321 Accord-
ing to the same authors, cations of this type can also be generat-
ed in high yield on acidic zeolites from cyclic**! or aromatic 34
precursors.

Assignment of *3C NMR signals to hydrocarbons formed at
573 K: Heating of the zeolite sample with adsorbed rBuOH at
573 K results in a redistribution of the signal intensities in the
region of 6 =10-40 (compare Figs. 3 A and 6). Now the signals
from C,—C; paraffins are mainly observed, with propane and
butanes as the predominant products (see Table 1).

In the region of 6 =100-300 the signals from cyclopentenyl
cations have now practically disappeared (compare spectra in
Fig. 3C and Fig. 6 B). A weak signal at 6 =145 may correspond
to trace guantities of this cation. The main signals observed
above 6 =100 (Fig. 6 B) are now those with the isotropic chem-
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Fig. 6. '3C CP/MAS NMR spectrum of the products of [2-!3C]tBuOH dehydration
on H-ZSM-5 zeolite at 573 K, 3000 scans. (A) Region of 6 =10-200; (B) 8-fold
magnification of signal intensities in the region of § = 40-240. Asterisks denote
spinning sidebands.
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ical shifts 6§ =129 (the most intense signal), 6 =127 (seen as a
shoulder of the signal at 6 =129), and the signals of essentially
lesser intensity with isotropic shifts 6 =137, 139, and 147. Such
isotropic chemical shifts are typical for simple and condensed
aromatics.!'®! The range of shifts is known to be narrower for
condensed aromatics (e.g., & =125-131 for pyrene in solu-
tion!*?)) than for simple ones (e.g., § =126—138 for liquid xyle-
nes!'°N,

Though one cannot conclude unambiguously whether the sig-
nals at 6 =127-139 belong to simple or condensed aromatics,
or to a mixture of both, it is tentatively possible to assign the
most intense signal at § =129 to a superposition of lines from
adsorbed condensed aromatics and the weak but clearly de-
tectable signals at 6 =127, 137, and 139 to adsorbed simple
aromatics, such as xylenes. The formation of xylenes is also sup-
ported by the presence in the spectrum of Figure 6 A of the signal
at § = 20, which certainly does not belong to paraffins and is
indicative of methyl groups attached to a benzene ring. Numerous
spinning sidebands observed for the signals of aromatics and
cyclopentenyl cations (vide supra) show that these species are
rather immobile inside the zeolite channels. Relative amounts of
various hydrocarbons formed at 573 K are given in Table 1.

Assignment of '3C NMR signals to hydrocarbons formed at
673 K: Heating of the zeolite with adsorbed alcohol at 673 K
results in a further increase in the amount of lighter paraffins
inside the zeolite. A new signal at 6 =7.5 from ethane appears,
and the main signal observed at 6 =10-40 arises from propane
(see Fig. 7 and Table 1). Rather narrow and compactly disposed
signals at 6 =127-139 indicate the formation of a mixture of
simple aromatic compounds. According to their chemical shifts,
the signals at 6 = 20.7, 22.4, and 127-139 can be assigned to a
mixture of o-, p-, m-xylenes and toluene.!'®! Relative amounts of
hydrocarbons formed at 673 K are given in Table 1.

2 =y
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Fig. 7. '3C MAS NMR spectrum of the products of [2-**C]tBuOH dehydration on
H-ZSM-5 zeolite at 673 K, 700 scans. Asterisks denote spinning sidebands

Note, that the total amount of aromatics increases with in-
creasing reaction temperature. At 573 K the overall intensity of
the signals from aromatics in the regions of § =10-40 and
120-140 are about 40 % of that from paraffins, while at 673 K
the overall intensities are approximately equal. Thus, the in-
crease of the reaction temperature favors cracking of paraffins
to a lighter species, on the one hand, and formation of aromat-
ics, on the other. A similar trend has been observed many times
by ex situ methods for conversion of various hydrocarbon feed-
stocks on zeolites (see, e.g., refs. [9-18]).
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2.2.2. Analysis of hydrocarbons formed at low temperatures
(296-373 K):

Assignment of 13C NMR signals to hydrocarbons formed at
373 K: Figure 8 A shows 3C CP/MAS NMR spectrum of the
products of [2-'*C]/BuOH dehydration at 373 K. At first
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Fig. 8. (A) '3C CP/MAS NMR spectrum of the products of [2-!3C}tBuOH dehy-
dration on H-ZSM-5 zeolite at 373 K, 9300 scans, 6 =10-200. (B) Experimental
one pulse excitation 13C MAS NMR spectrum with high-power proton decoupling
of the hydrocarbon products for the same zeolite sample. (C) Simulation of the
experimental spectrum with the superposition of the signals from the adsorbed
butene dimers and paraffins. Asterisks denote spinning sidebands.

glance, the spectra for the products formed at 373 K and 448 K
are similar (compare Figs. 3A and 8 A), except that the spec-
trum for 373 K contains

an additional small signal

at § = 86 for the previous-

ly identified tert-butyl silyl

ether.1 However, our at-

(A) 148 K tempts to record 2D J-re-
solved 1*C NMR spectra

for the dehydration prod-
ucts formed at 373 K were
not successful. In the spin-
®) g7ax  echo spectrum (used in
2D NMR experimentt*!)
recorded for these prod-
ucts with ¢, = 0.5 ms,
some signals observed for
the hydrocarbons formed
at 448 K are absent, and
the common signals ex-

6030 20 30 20 10 o  hibit a different distribu-
5 tion of intensities (com-
pare Fig. 9A and B). We

©) 206 K

Fig. 9. *3C MAS spin-echo NMR spectra

of the products of [2-1>C}tBuOH dehydra-
tion on H-ZSM-5, formed at different tem-
peratures. Spectra were recorded with the
pulse sequence described in the Experimen-
tal Section) and 7, = 0.5 ms. (A) 448K,
1200 scans; (B) 373K, 800scans; (C)
296 K, 10000 scans.
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attribute these experimen-
tal facts to a rather short
relaxation time 7, (0.3-
0.6 ms) for CH, groups of
the reaction products.
Short values of T, for CH,

fragments indicate that hydrocarbon species formed at 373 K
exhibit low molecular mobility inside the zeolite and may there-
fore represent adsorbed long-chain oligomers or paraffins,
rather then the short-chain paraffins that have been observed by
13C NMR at more elevated temperatures (vide supra). Indeed,
according to “HNMR, for butene oligomers formed from
deuterated BuOH at 373 K, the correlation time for the
isotropic reorientation at 296 K is 7> 10" ° 5.1 If one assumes
that carbon '3C relaxation times (T,, T,) of the adsorbed
oligomers are governed mainly by the dipolar mechanism,!?*!
then one can estimate that at the magnetic field of 9 Tesla, T,
should be of the order of few seconds and T,~0.1 ms. This
means that for the spin-echo spectrum, recorded with
¢, = 0.5 ms, the intensity of the signals from CH, groups should
be of the order of several percent, compared to the same signal
expected for the usual one pulse excitation sequence. Therefore,
the signals from fast rotating methyl groups with t .~ 1010 s[36]
and T,~1-4 ms dominate at 6 =14-25 in the spin-echo spec-
trum for the sample heated at 373 K (Fig. 9 B). However, signals
from the groups other than CH, are clearly visible and even
dominate in the one pulse excitation 1*C MAS NMR spectrum
for the same sample (Fig. 8 B).

The arguments mentioned above do indeed suggest that
oligomeric species with longish hydrocarbon chains are the
main products at 373 K. However, short-chain alkanes are also
formed in small amount. Indeed, on the one hand thermode-
sorption experiment reliably shows the formation of isobutane
at 373 K (Fig. 2A); on the other hand, the positions of sharp
signals at & =10-25 in Figure 9 B from the methyl groups coin-
cide with those for the CH, groups of alkanes identified at
448 K (vide supra). We therefore conclude that some of the
paraffinic species are formed at 373 K.

To quantitatively estimate the amount of various species
formed at 373 K, we have simulated the experimental one pulse
excitation spectrum of Figure 8 B in the same way as for the
sample heated at 448 K (vide supra). Simulations (Fig. 8C)
show that the experimental spectrum (Fig. 8 B) can be satisfac-
torily approximated by a superposition of the signals from
propane, isobutane, isopentane, 2-methylpentane, and two
types of long-chain oligomers (linear oligomers and branched
oligomers with the terminal (CH;),CH fragments). In simula-
tions the chemical shifts indicated in Table 1 were used for the
alkanes. The following values were taken as the shifts for long-
chain oligomers:!!%: 381 1} linear species: 6 =10-14.7 (CH, ter-
minal), 22-26 (CH, next to CH,), and 30-35 (inner CH,);
2) branched species: 6 = 22-26 for CH, and 30-40 for CH
groups of the (CH;),CH fragment. For oligomers the following
ratios for the amounts of various groups were found: CH,:CH,
(adjacent):CH, (inner):(CH;),CH =1:1:2.5:0.34. Thus, our
analysis shows that hydrocarbons with linear chains are prefer-
entially formed from rBuOH at 373 K. The distribution of the
various paraffins formed from rBuOH at 373 K are shown in
Table 1. All together they make up about 18% of the total
hydrocarbon fragments exhibiting NMR signals at 6 =10-40.
The remaining 82 % of carbon atoms belong to oligomers.

Assignment of '1*C NMR signals to hydrocarbons formed at
296 K: 1BuOH was reported to undergo a slow dehydration on
H-ZSM-S5 zeolite to form butene oligomers and water even at
room temperature.'! %! Figure 10 A shows the *C CP/MAS
NMR spectrum of [2-1*C]¢BuOH that was recorded four hours
after adsorption at 296 K. The less intense signal at 6 = 81.6
from the initial unchanged alcohol with the labeled '*COH
group and the more intense signals at 6 =10-40 from butene
oligomers dominate this spectrum. The signal from the ftert-
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Fig. 10. 13C CP/MAS NMR spectra of [2-!3C}tBuOH adsorbed on H-ZSM-5 zeo-
lite at 296 K. (A) 4 h after adsorption, 2200 scans; (B) 24 h after adsorption,
5800 scans; (C) 48 h after adsorption, 15000 scans. Asterisks denote spinning side-
bands.

butyl silyl ether, fBuSE,!®! is also visible in this spectrum as a
shoulder at around & = 86. After this sample had been kept at
296 K for 24 hours, the signal at 6 = 86 from fBuSE was clearly
visible, while the sharper signal at § = 81.6 from the initial alco-
hol could hardly be made out against the background of the
broad signal at 4 = 86 (Fig. 10B).

Note the appearance of a sharp signal at 6 = 29.7 among the
signals from butene oligomers. This signal corresponds to
the CH, group of [2-'3C]rBuOH, which is formed from
[2-13C]/BuOH as a result of scrambling of the 13C label between
the COH and CH, groups by a reversible reaction inside the
zeolite [Eq. (a)].%! The signals at § = 29.7 from the unchanged

[2-13C]iBuOH == Bu* +HO~ —= [1-!3C}sBuOH (a)

alcohol are also observed 24 hours after adsorption (Fig. 10B).
This is an additional piece of evidence for the slowness of
tBuOH dehydration on H-ZSM-5 at 296 K. Note that the rate
of dehydration increases with increasing Si/Al ratio in the zeo-
lite. For example, in the sample with Si/Al = 29 the dehydration
was reported to be complete within 15 hours,!5! notably faster
than for the sample with Si/Al = 44 used in this work.

To estimate the relative amounts of the various fragments in
the butene oligomers formed at 296 K, we have simulated
(Fig. 11 B) the experimental one pulse excitation spectrum of
Figure 11 A, recorded 48 hours after tBuOH adsorption. The
following ratios were obtained: CH, (terminal linear): CH, (ad-
jacent): CH, (inner):(CH,),CH =1:1:3.9:0.31. This ratio pat-
tern is very close to the ratio of 1:1:4:0.27 previously reported
for oct-1-ene (with the natural '*C abundance) adsorbed on
H-ZSM-5 zeolite at 290 K251 (see also Section 3.1. for addition-
al clarification of this ratios pattern). Thus, the decrease of
temperature from 373 K to 296 K leads to a slight decrease in
the amount of branched (CH,),CH fragments and to an in-
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crease in the average
length of the hydrocar-
bon chain in oligomers
up to about eight car-
bon atoms. It is inter-
esting  that linear
chains dominate over
branched ones in
oligomers, despite the
fact that the initial al-
cohol contains a highly
branched hydrocarbon
fragment.

We failed to record
2D J-eresolved 13C
NMR spectra for the
CH, groups of the hy-
drocarbon  products
formed at 296 K, for
the same reason as ®
for T=373K (vide
supra), namely, low
molecular mobility and
too short values of
T, ~0.1 ms. Indeed, the
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Fig. 11. Quantitative estimation of relative
peak areas in the '*C MAS NMR spectrum
for the hydrocarbon products formed from

spin-echo spectrum [2-'3CJsBuOH at 296 K. (A) Experimental one
(recorded with ¢, = pulse excitation spectrum, 3300 scans. (B) Sim-
0.5 ms Fig 9 C) leX ulation of the experimental spectrum.

. N . -

hibits a notably lower

signal-to-noise ratio than that at 448 K (Fig. 9 A), in spite of the
tenfold increase in the number of free induction decays (FIDs)
accumulated before Fourier transformation. The signals from
fast rotating methyl groups with relatively long 7,~1 ms are
mainly observed. Analysis of 13C NMR signals in the spin-echo
spectrum of Figure 9C and one pulse excitation spectrum of
Figure 11 suggests that the same paraffinic products are formed
at 296 K as at 373 K, namely, isobutane (signal from methyl
groups at ¢ = 25.5) and also perhaps isopentane (the signals
from methyl groups 6 =11.8 and 23.4) as well as 2-methylpen-
tane (the signals from methyl groups at 6 =14.7 and 23.4),
though in quite small amount.

3. Discussion

On the basis of previous GC and IR kinetics as well as NMR
studies, the pathways shown in Scheme 1 for dehydration of

Ve OBuR N
e 7777 ™
/ \
/ \
+Bu | VI
“\o," RR
. 0
H H20 +ROH H
v OR =——= :
g" +H20 /}77 -ROH H
1l 1]
I +Bu|| -Bu Vi
-ROH v +R20
+ROH -R20

Scheme 1. The pathways for the conversion of butyl alcohols on zeolite H-ZSM-5
according to refs. [3,5,7,8].
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tBuOH and other isomeric butyl alcohols inside the pores of
H-ZSM zeolite were proposed.t 3-7-81 Note that stages 111 and
VII were not elucidated for BuOH, but for other less bulky
butyl alcohols. According to Scheme 1, butene oligomers bound
to the zeolite lattice (-OBuR) are among the reaction products.
NMR data obtained in ref. [25] and this paper shed further light
on the nature, composition, structure, and further transforma-
tions of the adsorbed oligomers within the zeolite pores.

3.1. The Nature of Adsorbed Butene Oligomers: The character-
istic signals from the olefinic YC=C{ moiety are absent! 3! at
¥ =1660-1670 (C=C) and 3020-3090 cm ! (=C-H) in the IR
spectral®® and at § =110-140 in the 3C NMR spectra.['®! At
first glance, these results provide evidence that the oligomeric
species exist as alkyl silyl ethers 2 or carbenium ions 3 rather
than adsorbed olefins 1 {Scheme 2). However, in support to the
earlier finding by van den Berg et al.®®! we have recently
found 23! that oct-1-ene, which can be considered as one of the
expected products of butene oligomerization, when adsorbed on
H-ZSM-5, exhibits neither the characteristic signals of stable 3
at § = 300-330"*91(C* center) nor those at § =70-90 from the
C-O moiety of 2 in its '*C NMR spectra.!> 32-41] At the same
time the adsorbed oct-1-ene clearly exhibits?3! fluxionality that
is typical for 3.142-431 For example, a *3C label initially located
at the =CH, group of the olefinic moiety gradually scrambles
over the entire hydrocarbon skeleton of oct-1-ene.?1

The absence of the *3C NMR signals from the characteristic
moicties for 1-3 in adsorbed oct-1-ene over a wide temperature
range (173-296 K) was rationalized?® in terms of signal
broadening as a result of slow or intermediate-rate (on the 13C
NMR timescale) interconversions shown in Scheme 2.

CHz = CH-(CH3)s5 - CH3

+ +
H CH3-(IIB-(CH2)5-CH3 CH3-CH-(CH32)5-CH3

]

/0 S o= /0 - \/D /

\Al \Si = \AI \Si/ = Al \Si

N/ N\ N/ \ N7\
1 2 3

Scheme 2. Interconversions of oct-1-ene adsorbed on zeolite H-ZSM-5.

Note, that hydrogen-bond complexes I between olefins and
acidic OH groups of zeolites are indeed formed, as is known
from IR data from 1966.1441 Alkyl silyl ethers 2 have been ob-
served by NMR spectroscopy.l®- 3% 411 Evidence for the forma-
tion of carbenium ions 3 comes from the scrambling of the 2H
and/or 13C label, initially introduced selectively into the active
catalytic site or into the reactants (alcohols or hydrocarbons),
over the entire hydrocarbon skeleton of the reacting molecules
adsorbed on acidic zeolites.[: 6 25:41.45~48] Thig scrambling
was observed by kinetic studies**®! and chemical trapping of
adsorbed carbenium ions with carbon monoxide.’®)

The fact that 1, 2, and 3 cannot be observed by '3C NMR
spectroscopy, because of the slow or intermediate rate of the
exchange process in Scheme 2 (vide supra), implies that the
these adsorbed butene dimers should be observable by IR spec-
troscopy. Indeed, the characteristic timescale (ca. 10~ % s) of IR
is many orders of magnitude shorter than that of **C NMR
spectroscopy (ca. 107%*-1077s). Therefore, the IR spectra
would be expected to show separate nonaveraged signals for
each of the species 1-3. However, as mentioned above, the
bands characteristic of the olefinic moieties in 1 are not observed
in IR spectra of oligomeric products formed by BuOH dehy-
dration. 3 This fact clearly indicates that the adsorbed butene
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oligomer is not present in any substantial amount in the form 1.
The absence of the signal in the IR spectrum from carbenium
ions at ¥* =1290-1300 cm ™! (*C-C)5!! for the products of
tBuOH dehydration!? 3! suggests that species 3 is also not the
predominant form of oligomer adsorption in the H-ZSM-5 zeo-
lite. However, a small fraction of butene oligomers must exist in
form 3, otherwise carbon scrambling for oct-1-ene in H-ZSM-
51251 cannot be explained.

Unfortunately, the characteristic IR lines of 2 at ¥ =1055—
1175cm™* (C-0)152! cannot easily be observed against the
background of the substantially more intense band at ¥ =
1100 cm ™! corresponding to v(Si—Q) of the zeolite frame-
work.1*3) Our failure to observe the v(C—O) band of 2 with IR
does not therefore prove that these species are not present in the
zeolite in substantial amounts. Moreover, quantum-chemical
calculations by Kazansky and Senchenya!**! indicate that spe-
cies 2 should be a considerably more stable form of olefin ad-
sorption on acidic zeolites than species 1 and 3.

Thus, we come to the conclusion that 2 is most probably the
main adsorption state for butene oligomers inside H-ZSM-5,
but that it is certainly in equilibrium with species 1 and 3
(Scheme 2) in significantly smaller concentrations.

As mentioned above, the absence in our 13C NMR spectra of
the signals near § =70-90 characteristic of species 2 can be
rationalized in terms of its dynamic behavior. A simple mecha-
nism that would account for the absence of a }3C signal from the
C-0-Si moiety is presented in Scheme 3. With an intermediate
rate of exchange (on the !3C NMR timescale), the signal in the
vicinity of 6 =70-90 is expected to be too broad to be visi-
ble.133!

CHs-TIH-(CBz)S-CH; CH3-CH2 -CH-(CH2)4-CH3 CH3-CH2 -CHz-ICH-(CHZ)Ci -CH3

0] o]
/
WY = WM — MW
/N7 N\ 7 N/ N\

-~ -~
Scheme 3. A possible dynamic behavior of alkyi silyl ethers in acidic zeolite.

Thus, the whole set of available NMR, IR, and quantum-
chemical data, when taken as a whole, suggest that olefin
oligomers formed inside the channels of the H-ZSM-5 zeolite
exist predominantly in the form of alkyl silyl ether 2, which
participates in the exchange processes shown in Schemes 2
and 3.

3.2. Composition and Structure of Adsorbed Butene Oligomers:
Our data show that mainly linear rather than branched fluxion-
al oligomers are formed both during rBuOH dehydration (vide
supra) and oct-1-ene adsorption on H-ZSM-5. Indeed, the
chemical shifts for the terminal CH,, the adjacent CH,, and
further removed CH, groups, as well as the ratios of the inten-
sities of their !3C NMR signals for the adsorbed linear
oligomers formed from /BuOH, practically coincide with the
corresponding values for adsorbed oct-1-ene.’?*! This means
that linear butene oligomers formed from (BuOH are dimers,
that is, C, species adsorbed inside H-ZSM-5 in the same way as
oct-1-ene.

One can assume that the predominant formation of linear Cgq
species from highly branched rBuOH is driven by the shape-
selectivity effect induced by the narrow pore channels (ca.
5.5 A136l) in H-ZSM-5 and rapid isomerization (compared to
the rate of dehydration) of the hydrocarbon skeleton in the
carbenium ion form 3. As the temperature increases from 296 K
to 373 K, the average number of carbon atoms in the oligomer
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decreases, from about 8 to about 6.5 (i.e., by ca. 18 %), owing
to cracking process. As expected, this value is the same as the
percentage of carbon atoms that are transferred from oligomers
to paraffins at 373 K (vide supra).

3.3. Transformations of Butene Dimers inside H-ZSM-5: The
13C NMR data suggest that small amounts of light paraffins are
formed as products at temperatures as low as 373 K and even
296 K under our reaction conditions, when concentrations of
the reactants and products in the zeolite pores are close to that
of the Al-OH-Si active site. Of course, one may argue that the
quantitative analysis of our experimental NMR spectra in terms
of a superposition of more than twenty lines from more than 10
different species is ambiguous. Indeed, although we found su-
perpositions that fitted well with the experimental spectra, we
cannot prove that they are the only ones that fit. Nevertheless,
we feel that our conclusion about the formation of paraffins at
low temperature is qualitatively correct. Indeed, the chemical
shifts for some of the paraffins (such as propane and isobutane)
are rather characteristic. Moreover, our thermodesorption GC—
MS data clearly confirm the formation of isobutane at 373 K
(Fig. 2A).

The suggested pathways for the transformation of butene
dimers inside our H-ZSM-5 samples are shown in Scheme 4 (to
simplify the scheme only linear species are shown). We think
that paraffins are formed upon cracking (disproportionation) of

5
_CH-CH3 + CH2=CH-CH=CHj (vVHn

CH3

CH}-(CHZ)S-CH=CH2 —

2 CHp=CH-CH=CH3 CH3-CH=CH-CH=CH-CH=CH-CH3  (IX)

CH3
CH3 CH3

CH3-CH=CH-CH=CH-CH=CH-CH3 x)

CH3 CH3 CH3
CH3 CH3 CH3 CH3 CH3 CH3
+H - 1)
T . —_—

Scheme 4. The pathways of transformation of butene dimers on zeolite H-ZSM-5
at 296448 K.

the adsorbed butene dimers through reaction (VIII). This con-
clusion is supported by the simultaneous increase in the amount
of paraffins and decrease in the ratio of CH, (inner) to CH,
(terminal linear) for the fluxional alkyl sily!t ether from 3.9 at
296 K to 2.6 at 373 K. This corresponds to the decrease in the
average number of carbon atoms in the hydrocarbon skeleton
from about 8 to about 6.5.

According to the classic scheme for the cracking of high
olefins on acidic solids,’®”) diene hydrocarbons should be
formed in reaction (VIII) together with paraffins. The signals
from the dienes would be expected at around 1600 cm™* in the
IR!%%1 and at & =100-140 (1,3-dienes) or 6 =70-90 and 200
210 (allynes) in the 3C NMR spectra,'® at least at elevated
temperature (448 K) where a significant proportion of the
oligomers crack. However, numerous IR studies on the trans-
formation as a function of temperature of oligomers formed
from various olefins on H-ZSM-5 have shown that the band at
#2:1510 rather than at 1600 cm ™" is usually observed,!!- 39763
sometimes even at room temperature.l!l The intensity of the
signal at 1510 cm ™! first increases with temperature, reaches its
maximum at about 473 K, and then decreases.!®® This IR band
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was assigned either to v(C=C) stretch in aromatic rings!3®: 0. 621
or to #(CCQC) in allylic carbenium ions.!5!-%3) The !3C NMR
studies by Haw et al.l'® 32 and the data of this work suggest
that the band at 1510 cm ™! should be attributed to cyclopen-
tenyl cations. We assume that dienes formed in reaction (VIII)
react rapidly, presumably via the triene species (reaction (IX)).
Isomerization and cyclization (reaction (X)) and subsequent
protonation (reaction (XI)) finally yield cyclopentenyl cations
(see 13C NMR spectra in Fig. 3). It should be mentioned that we
have also observed (*3C NMR) the formation of the same cy-
clopentenyl cations on H-ZSM-5 at temperature above 373 K
from /BuOH, nBuOH, oct-1-ene, and ethylene.

Thus literature data on the conversion of olefins and alcohols
to paraffins and simple aromatics on acidic zeolites (IR:
see, e.g., refs. [1,59-63]; 13C NMR: refs. [15,16,32,64-66])
together with the data presented in this paper allow us to con-
clude that the formation of a stable cyclopentenyl cations is a
common feature of such conversions. These cations are pro-
duced simultaneously with paraffins from oligomers. Their con-
centration increases with temperature and reaches its maximum
at about 473 K 193! At higher temperatures they gradually con-
vert to aromatics, which have been identified on many occasions
by 13C NMR spectroscopy.l!® 16- 65, 66]

There is a remarkable similarity between the processes of
olefin conversion (alcohol dehydration) on zeolites and in con-
centrated sulfuric acid. As far back as the 1870s Butlerov found
the main products of butyl alcohol dehydration in sulfuric acid
solutions to be butenes, butene oligomers (dimers), and dibutyl
ethers.!”) As seen from Scheme 1 the same products are formed
over a heterogeneous H-ZSM-5 catalyst.

In 1936 Ipatieff and Pines!®® revealed that in 9698 % sulfu-
ric acid at 273 K olefins (other than ethylene and propylene)
convert into a mixture of paraffins and cycloolefins. In the early
sixties Deno et al.1®®! showed, using NMR spectroscopy, that
the latter exist in 96% H,S80, in the form of stable cyclopen-
tenyl cations.

3.4. Role of Fluxional Alkyl Silyl Ethers in Catalysis: In this
paper we have intentionally studied sBuOH dehydration with
very small concentrations of reagent (comparable to that of
active Al-OH-Si sites in the zeolite). This helped us to minimize
the background '*C NMR signals from physisorbed reactants
and products and thus to increase the visibility of the signals
from the chemisorbed reaction intermediates.

tBuOH dehydration: Let us now discuss the expected behavior
of the chemisorbed states characterized here, in reactions that
proceed under more practical conditions, when the total concen-
tration of reactant in the feedstock stream considerably exceeds
that of active catalytic sites.

Under steady-state conditions in a flow system, dehydration
of tBuOH on H-ZSM-5 zeolite at 296333 K resulted in bute-
nes and H,O as the only compounds detected by GC in the
product stream.®! No paraffins were observed under these
conditions. Fluxional octyl silyl ether remains trapped
(chemisorbed) in the zeolite pores under these conditions. With
its formation the catalyticaily active AI-OH-Si groups gradually
disappear through the sequence of reaction steps I, I1, VI and/or
V, VI (see Scheme 1) and are converted to the octyl silyl ether.
Thus, the active AI-OH-Si sites located in the pores become
poisoned. This cannot be prevented by reaction (IH) of
Scheme 1, since the diffusion of bulky rBuOH molecules
through the zeolite pores to the active sites is now hindered
dramatically by octyl silyl ether species, which are also rather
bulky. As a result, /BuOH dehydration into butene and water
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proceeds under steady-state conditions only on the external sur-
face of H-ZSM-5 crystallites.® Thus, octyl silyl ether
chemisorbed in the zeolite pores plays the role (in terms of applied
catalysis) of “‘coke”, which poisons the H-ZSM-S catalyst.

Processing of hydrocarbons: As mentioned above, fluxional
octyl silyl ether can be formed not only during tBuOH dehydra-
tion, but also upon oct-1-ene adsorption on the H-ZSM-5 cata-
lyst. It is therefore also expected to play some role in the conver-
sion of hydrocarbon feedstocks on H-ZSM-5. At low
temperature (below 373 K) fluxional octyl silyl ether is expected
to poison H-ZSM-5 catalysts, like it does during tBuOH dehy-
dration. However, the data presented here suggest that at more
elevated temperature it (as well as fluxional alkyl silyl ethers
with lower or shorter hydrocarbon skeletons) may become in-
volved in the main reaction stream as a key intermediate
through which paraffins and aromatics are formed.

Conclusion

Using in situ !3C solid-state MAS NMR in combination with ex
situ GC—-MS, we have characterized the hydrocarbon products
that are formed in the pores of H-ZSM-5 zeolite upon terz-butyl
alcohol dehydration at 296-673 K in samples with comparable
concentrations of adsorbed alcohol and catalytically active Al-
OH-Si sites. The following conclusions have been drawn on the
nature, composition, structure, and transformations of these
products:

1) At 296 K the main hydrocarbon products are adsorbed
butene dimers with predominantly linear structure, despite
the fact that the initial alcohol had a highly branched struc-
ture. The dimers exist in the zeolite pores as a mixture of
octene, octyl silyl ether, and octyl carbenium ion; octyl silyl
ether is the main adsorption form. The driving force for the
formation of linear (rather than branched) dimers is the
shape-selectivity effect induced by the small size (ca. 5.5 A) of
the zeolite channels. The vehicle of isomerization of the
branched species into the linear ones is the rapidly isomeriz-
ing carbenium ion state of adsorbed dimers and their ad-
sorbed butene precursors. Traces of the adsorbed light
paraffins are also detected among the reaction products at
296 K, formed by cracking of the adsorbed butene dimers.

2) At 373 K cracking of the adsorbed butene dimers becomes
more pronounced. According to !3C NMR spectra, the aver-
age length of hydrocarbon skeleton decreases and more ad-
sorbed paraffins are formed. Isobutane is blown out of the
zeolite pores with the flow of helium and is clearly detected
by GC-MS.

3) At 448 K the adsorbed C,—C, , paraffins become the domi-
nant hydrocarbon products observed by both in situ '3C
NMR and ex situ GC-MS. Simultaneously a mixture of
adsorbed polyenes is formed. According to !*C NMR spec-
tra, polyenes exist in the zeolite pores in the form of rather
stable cyclopentenyl cations.

4) At 573-673 K adsorbed cyclopentenyl cations further trans-
form into a mixture of condensed and simple aromatics and
then into xylenes and toluene. Simultaneously, paraffins
crack further to give mainly C,-C, species at 573 K and
mainly propane at 673 K.

5) Under practical steady-state conditions in a flow reactor the
concentration of reactant in the feedstock stream consider-
ably exceeds that of catalyst active sites and BuOH dehy-
drates below or near 373 K on H-ZSM-5 zeolite mainly into
butenes and water. Here, the fluxional octyl silyl ether is
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expected to act as a poison that blocks the active catalytic
Al-OH-Si sites both chemically and sterically.

6) In conversions of hydrocarbon feedstocks below 373 K,
octyl silyl ether (if formed) is also expected to poison H-
ZSM-5 catalysts. However, at more elevated temperature it
(as well as fluxional alkyl silyl ethers with longer or shorter
hydrocarbon skeleton) should become involved in the
main reaction stream as key intermediates through which
paraffins and aromatics are formed.

Experimental Section

Samples preparations: H-ZSM-5 zeolite (Si/Al = 44, concentration of the strongly
acidic AI-OH-Si groups ca. 350 umolg™') was synthesized according to ref. {70}
Approximately 0.3 g of the zeolite was placed into a glass tube and further activated
for 1.5 h in air and 3—4 h under vacuum (10~ torr) at 723 K. After cooling the
zeolite sample to room temperature, approximately 360 pmolg ™! of tBuOH were
adsorbed on it at 296 K. Thus, the ratio of the concentrations of the adsorbed
tBuOH and acidic Al-OH-Si groups was about 1:1. For NMR experiments 1BuOH,
labeled with 3C isotope in the COH group ([2-13C]¢BuOH ], 82% !*C enrichment)
was used. The zeolite sample with adsorbed alcohol was then sealed off from the
vacuum system and retained at 296 K or heated for a certain period of time at
373-673 K. Before NMR or thermodesorption experiments, the glass tube with the
sample was cooled back to room temperature, opened, and the zeolite sample with
adsorbed reaction products was transferred in air into a special container for a
thermodesorption experiment or into a 7 mm zirconia NMR rotor for NMR exper-
iment (vide infra). We also performed NMR experiments, where the zeolite sample
was not exposed to air. For this purpose around 0.1 g of the zeolite sample was
placed into a glass tube, which, after 1BuOH adsorption and sealing off from the
vacuum system, could be tightly packed into the zirconia rotor [71]. We found no
difference in the NMR spectra for the samples that had or had not been exposed
to air.

Thermodesorption experiments: In these experiments the reaction products desorbed
from the zeolite were concentrated in a focusing capillar at 77 K {72]. The experi-
mental setup is shown in Figure 1. The glass container (10 x 4 mm i.d.) with the
zeolite sample was placed into the heated section (desorber) of the gas chro-
matograph injector. In the desorption mode, the carrier gas (helium) was passed
through the top of the desorber, and the desorbed vapor streamed out of the
chamber to the cryofocusing capillary, where it condensed on cold walls. The setup
was then switched to the analysis mode. In this mode, the carrier stream was injected
into the bottom part of the desorber body. The focused mixture of organic com-
pounds was then heated, and separated in the capillary column. A combination of
the cryofocusing procedure with subsequent separation of the desorbed organics
with the capillary column allowed: 1) very low concentrations of the desorbed
organics to be measured (starting with 10™'* gem ™ of the zeolite) and 2) a better
separation of the mixture of the desorbed organics. The temperature of the chamber
with the zeolite sample was 296, 373, or 448 K ; the stream of helium flowed through
at 5mLmin~!; the desorption time was 30 min.

For the separation of a condensed mixture of hydrocarbons desorbed from the
zeolite, a silica fused capillary column of 0.3 mm diameter (i.d.) and 30 m length
with SE-30 liquid phase was used. The separation conditions were as follows: 3 min
at 323 K, then the programmed increase of temperature (8 Kmin ™'} up to 473 K.
A 70-70HS “VG” mass spectrometer (MS) was used as the GC detector. Tempera-
ture of the MS source was 478 K, scan rate 1.5 s per spectrum, accelerating voltage
2.6 kV. The mass spectra obtained were identified with the aid of a library search
procedure. With our GC—-MS thermodesorption device we could detect hydrocar-
bons with four and more carbon atoms. C; —C, hydrocarbons could not be
detected.

13C NMR measurements: :*C NMR spectra with magic-angle spinning (MAS) with
or without cross- polarization (CP) and with high-power proton decoupling were
recorded at 100.613 MHz (magnetic field of 9.4 Tesla) on a Bruker MSL-400 spec-
trometer at 296 K. The following conditions were used for recording MAS spectra
with CP: proton high-power decoupling field was 12 G (4.9 us 90° *H pulse), con-
tact time 5 ms at Hartmann—Hahn matching conditions 51 kHz, delay time be-
tween scans 3 s, spinning rate 2.4—3.3 kHz, number of scans 600—15000.
Measurements of spin—lattice (T;) and spin—spin (7}) relaxation times were per-
formed with the use of standard methods [73], and at least 12 delay values were used
to characterize each curve. We found that T, was within 0.5-1.1 s at 373 and 448 K
and 1.0-2.8 s at 296 K for all *3C signals of the organic products formed. Therefore,
for quantitative assessment of signal areas, one pulse excitation MAS spectra with
high-power proton decoupling were recorded using 45° flip angle pulses of 2.5 ps
duration and 10~15 s recycle delay in order to avoid the loss of the !3C signal areas.
High-power proton decoupling in these experiments was used only during acquisi-
tion time. This eliminates nuclear Overhauser enhancement of the signal areas and
allows them to be assessed quantitatively [74].
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13C chemical shifts () for carbon nuclei of adsorbed organic species were measured
with respect to TMS as the external reference with an accuracy of § = +0.5. The
precision in § determination of the relative line position was 0.1-0.15 ppm. Het-
eronuclear 2D J-resolved 3*C MAS NMR spectra were recorded with the following
pulse sequence: 90° (*3C)—1,—180° (*>C)/180° (*H)—¢, —acquisition [21,75,76] . Pro-
ton high-power decoupling was used during the second half of the evolution period
and acquisition time. The increment in ¢, between experiments was 0.5 ms. The
increment in 7, was synchronized with an integer number of rotor periods. Rate of
the sample spinning was 2000 Hz. The length of both !3C and "H 90° pulses was
4.9 ps. The number of experiments recorded was 32 with a 4 s recycle delay. 1200
transients were accumulated per experiment. A sweep width in F1 dimension was
500 Hz. Free induction decays (FIDs) in F1 dimension were zero-filled to 128 points
to give digital resolution of 7.8 Hz per point. Gaussian apodization in the F1 and
F2 dimensions and power calculation were used for the data processing, followed
by a symmetrization. The temperature of the samples was controlled with BVT-1000
variable-temperature unit.
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