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Abstract

The kinetics of hydrogen exchange between the molecules of propane-d8, propane-1,1,1,3,3,3-d6, propane-2,2-d2, and Brönsted acid sites o
the zeolite H-ZSM-5 have been monitored in situ by1H MAS NMR spectroscopy in the temperature range of 230–280◦C. The intramolecular
hydrogen transfer was estimated by in situ13C MAS NMR spectroscopy of the kinetics of13C-label scrambling in adsorbed propane-2-13C. The
hydrogen exchange was found to occur directly between methyl or methylene groups of the alkane and the zeolite acid sites via a penta
carbonium ion. The exchange with the methyl groups is faster than that with the methylene group. This accounts for the earlier obse
selectivity of the hydrogen exchange for propane on acidic zeolites (J. Am. Chem. Soc. 117 (1995) 1135). The intramolecular hydroge
between methyl and methylene groups is one order of magnitude slower than the hydrogen exchange of the both groups with the zeolit
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Alkane conversion on solid acid catalysts like isomeri
tion, cracking, dehydrogenation, or aromatization is prece
by the molecule activation on the active sites of the cataly
Some reaction intermediates appear and provide further al
conversion. Initial steps of the alkane activation are usually
companied by hydrogen exchange with Brönsted acid site
the catalyst[1]. Valuable information about the reaction inte
mediates could be obtained by studying the isotopic excha
using1H-, 2H (D)-, or 13C-labeled molecules and in situ spe
troscopic techniques like NMR.

Different mechanisms of the hydrogen (H/D) exchange
alkanes on various solid acid catalysts have been discusse
small alkanes with one and two carbon atoms, the H/D
change proceeds at high temperatures. The mechanism s
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to have no alternative to the direct proton transfer between
solid surface and the alkane molecule in a concerted ste
volving a pentacoordinated carbon atom[2–6]. For alkanes with
three and four carbon atoms, an alternative mechanism (t
pentacoordinated transition state) has been described th
cludes a carbenium ion intermediate in equilibrium with
alkene. This mechanism is based on the experimentally
served regioselectivity for the H/D exchange[7–9], similar to
regioselectivity of the exchange for isobutane in concentr
sulfuric acid[10].

For isobutane, the H/D exchange is regioselective on
lites [8,9], sulfated zirconia (SZ)[9,11], and amorphous silica
alumina[7]. Regioselectivity of the exchange for isobutane
been also confirmed by in situ1H MAS NMR [12]. A reported
suppression of the exchange by CO also favors carbenium
in equilibrium with olefin as the key intermediates of the e
change[12]. Haouas et al.[11,13] offered arguments for re
gioselective exchange of propane on SZ as well as the p
ble formation of propene in equilibrium with isopropyl catio
providing the regioselective exchange on SZ. Supporting
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guments included that only methyl groups are involved in
exchange at moderate temperature; that at higher tempera
the rate of the exchange for the methyl groups is notably hig
than that for the methylene group; that an induction period
the exchange exists; that essentially different activation e
gies of the exchange for methyl and methylene groups ca
found; and that similar activation energies for carbon-13 an
scrambling exist for the adsorbed propane.

On the basis of the results obtained for SZ, Haoua
al. [11,13] claimed that the mechanism should be sim
for the exchange of propane on other solid acids, proc
ing at higher temperatures. However, the experimental
[9,11,13] do not provide a reliable evidence of the sim
larity of the mechanism for propane on H-ZSM-5. The
gioselectivity is not as evident as it is for isobutene, a
the degree of exchange is too low at low temperature to
low reliable identification of the regioselectivity. It should
noted that the statistical distribution of1H isotope in propane
favors protium in the methyl groups for the exchange
tween deuterated propane and acidic OH groups of the
lite. This implies that at a low degree of exchange, the1H
intensity of methyl groups is always three times higher t
that of the methylene group. This may be why the obs
able amount of exchange into the methyl group is appare
higher and gives the impression that regioselectivity occur
a low degree of exchange[9]. At higher temperatures, whe
the degree of exchange is notable, the regioselectivity
ishes[13].

We previously demonstrated that both methyl and methy
groups of propane on H-ZSM-5 are equally involved in
exchange, with similar rates and similar high activation en
gies [14], in contrast to propane on SZ, where the excha
occurs with different rates and activation energies for CH3 and
CH2 groups[11]. Moreover, carbon monoxide did not suppre
the exchange of propane on H-ZSM-5[14]. This implies an-
other mechanism of hydrogen exchange for propane—nam
that the methyl and methylene groups exchange without
mation of a common carbenium ion intermediate, and eac
these groups exchanges via a concerted mechanism thro
pentacoordinated carbonium ion transition state, in which
exchanging hydrogen atoms are allocated between the ox
atom of the zeolite and the carbon atom of either the methy
methylene group of propane[6].

In this paper we provide further arguments that the hyd
gen exchange of propane on H-ZSM-5 zeolite occurs ma
by a direct interaction between the zeolite acid sites and
ther methyl or methylene groups, probably in concert with
formation of the intermediate pentacoordinated transition s
Our arguments are based on the analysis of the kinetics o
exchange obtained with in situ1H MAS NMR monitoring the
protium isotope transfer from the zeolite acid sites into deu
ated propane. Propane was labeled with deuterium isotope
ther methyl or methylene groups or entirely deuterated. In
monitoring of the kinetics of the13C-label scrambling in ad
sorbed propane was also performed to show a negligible co
bution of the accompanying intramolecular H scrambling to
observed kinetics of the H/D exchange.
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2. Experimental

2.1. Materials and sample preparation

Zeolite ZSM-5 (Si/Al = 13.2) was kindly provided by Tri-
cat Zeolites. The template-free synthesized ammonium f
was transferred into the H form by the activation proced
The 27Al MAS NMR spectrum showed the absence of ext
framework aluminum species, because only one narrow s
at 54 ppm could be observed. The quantity of the acidic AlO
groups of 1200 µmol g−1, which was estimated by the adsor
tion of a calibrated quantity of benzene and the compariso
the intensities of the OH and benzene signals, was in a g
concordance with the expected quantity of 1170 µmol g−1, cor-
responding to 6.8 groups per unit cell, which was derived fr
the framework Si/Al ratio. The latter was determined by d
convoluting the29Si MAS NMR spectrum[15] and compar-
ing the intensity with that of27Al MAS NMR using a well-
characterized reference sample. Thus, the1H MAS NMR in-
tensity measurement of the bridging AlOHSi groups in
activated fused sample was in good agreement with the
centration of the framework aluminum atoms of the hydra
sample determined by29Si MAS NMR.

Propane-d8 (99.4% D), propane-1,1,1,3,3,3-d6 (99% D),
and propane-2,2-d2 (98% D), all purchased from Aldrich
Chemical Company, and propane-2-13C (99%13C), purchased
from ICON, were used without further purification. The sa
ples for the NMR measurements were activated by hea
60 mg of the zeolite sample in 5.5-mm-o.d. glass tubes u
vacuum. The temperature was increased from 298 K to 67
at a rate of 10 K h−1. The samples were further maintained
673 K for 24 h under vacuum (<10−2 Pa), then cooled to room
temperature. The loading of the zeolite with propane was
formed at room temperature with 4 propane molecules per
cell (ca. 600 µmol g−1). Then the glass tube (12-mm long) w
sealed off. The NMR probe including the sample was prehe
at 180◦C for 20 min before the start of NMR measuremen
H/D exchange does not occur at this temperature. The
perature was rapidly increased over 3–10 min by 50–120
the temperature of the exchange measurement, equilibrate
1–2 min, after which signal acquisition was started. Note
the chemical conversion of propane via cracking or dehy
genation did not occur to a notable degree under the condi
of our experiment, so H/D exchange and13C-label scrambling
were the main transformations of the propane.

2.2. NMR measurements

In situ 1H and 13C MAS NMR measurements were pe
formed on a Bruker Avance 400 spectrometer at 230–280◦C us-
ing a Bruker high-temperature probe. Larmor frequencies w
400.13 MHz for1H nuclei and 100.619 MHz for13C nuclei.
The rotation frequency of a 7-mm rotor with the inserted sea
glass tube was 3–4 kHz. For1H NMR, free induction decay
(FIDs) were recorded with the 45◦ preparation pulses of 3.6 µ
duration, 25 µs ring-down delay, 4 s recycle delay, and 24 s
for signal accumulation. For13C NMR, FIDs were acquired
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with the 90◦ flip angle preparation pulses of 3.6 µs durati
25 µs ring-down delay, 6 s recycle delay, and 96 scans fo
signal accumulation. Proton high-power decoupling was u
during 70 ms of the acquisition time. The accuracy of the de
mination of the relative line position with respect to TMS w
0.05 ppm. The sample temperature was controlled by a Br
BVT-1000 variable-temperature unit. Calibration of the temp
ature inside the rotor was performed with an accuracy of±2 K
by means of a lead nitrate sample as a207Pb MAS NMR chem-
ical shift thermometer[16].

2.3. Analysis of reaction rates

The apparent rate constant,k, for the H/D exchange betwee
deuterated propane and acidic OH groups of the zeolite, w
is usually identified with the rate for H/D exchange[1], has
been determined by simple exponential fits:

(1)It = I∞
[
1− exp(−kt)

]
, It = I0

[
exp(−kt)

]
,

whereI t , I∞, andI 0 denote the integral intensities of signa
from CHn groups (n = 2 or 3) in the1H MAS NMR spectra at
the observation timet , t = ∞ (equilibrium), ort = 0, respec-
tively. The timet = 0 corresponds to the start of the experime
when the temperature is rapidly increased from room temp
ture to the desired temperature. Similar expressions were
to estimate the rate constants for13C-label scrambling in the
adsorbed propane-2-13C.

Kinetic data were simulated in accordance with either c
secutive or parallel schemes of the exchange (vide in
Schemes 3 and 4). The first-order kinetic equations were us
for the modeling. The solution of the system of kinetic eq
tions within each of the kinetic schemes contained four varia
parameters: rate constantsk1 andk3 and equilibrium constant
Keq1 and Keq2. The equilibrium constants were assumed
correspond to the expected statistical distribution of prot
isotope after the exchange is finished. The rate constants
adjusted to fit the observed kinetic curves.

3. Results and discussion

Adsorbed propane exhibits two distinct signals from
methyl groups (1.0 ppm) and methylene group (1.5 ppm
the 1H MAS NMR spectrum at the temperature range of 18
300◦C, where hydrogen exchange is observed for propan
zeolite H-ZSM-5 (see Fig. 1 in[14]). These two signals cor
respond to propane molecules in the NMR time scale in a
exchange between the locations in the zeolite pores and th
phase in the intercrystalline space of the zeolite sample.
separate signals from propane means that a transfer of th
drogen isotope, protium, from the acidic (bridging) SiOH
groups to the deuterated propane can be monitored for
methyl and methylene groups in situ with1H MAS NMR. Se-
lective or preferential exchange to either methyl or methyl
groups can be clearly distinguished by monitoring the reac
kinetics, because the selective exchange would imply an es
tially faster rate of the protium transfer to one of the two grou
e
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Fig. 1. Kinetics of hydrogen exchange between acidic OH groups of H-ZS
and methyl (!) and methylene (1) groups for deuterated propane. The curv
were fitted (solid lines) with apparent rate constantsk(CH3) andk(CH2) on the
basis of Eq.(1).

Fig. 1a shows the kinetics of the protium transfer from
zeolite to the methyl and methylene groups of propane, w
initially was fully deuterated (propane-d8). It is seen that the
intensities of the1H MAS NMR signals for both methyl an
methylene group increase with time. The 3:1 ratio of the sig
intensities of methyl to methylene groups is retained from
start until the end of the observed time interval. The appa
rate constants for the protium transfer to both methylk(CH3)
and methylenek(CH2) groups are also similar (Fig. 1a). These
results confirm our previous findings that there is no evid
selective or prevailing protium transfer into any fragment of
deuterated propane molecule[14]. Both methyl and methylen
groups are equally involved in the exchange.

We can use two mechanisms, 1 and 2, to rationalize
experimental results. Mechanism 1 assumes that hydroge
change occurs through the formation of propene and isopr
carbenium ion as intermediates in a catalytic cycle, propo
by Haouas et al.[13] (seeScheme 1). Mechanism 1 implies a
regioselective exchange into the methyl groups (process
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Scheme 1. Catalytic cycle providing regioselective H/D exchange (proce
and the loss of regioselectivity by skeletal rearrangement (process B
propane-d8 on solid acids. Adopted from Ref.[13].

Scheme 2. Transition state for the direct hydrogen exchange betweenn

(n = 2,3) groups of propane-d8 and acid sites of H-ZSM-5.

Scheme 1) and the loss of regioselectivity by intramolecu
H scrambling (skeletal rearrangement, process B inScheme 1)
with involvement of the protonated cyclopropane intermedi
This mechanism means aconsecutive scheme of hydrogen ex
change; that is, the exchange occurs first from the zeolite
groups into the methyl groups and then from the methyl gro
into the methylene group. The nonselective exchange obse
for propane-d8 on H-ZSM-5 [14] could imply that process B
proceeds at a much higher rate than process A.

For mechanism 2, either the methyl groups or the methy
group exchange with the acidic OH group independently
each other, without the formation of a common intermed
(isopropyl cation inScheme 1). Each of the groups exchang
directly through the formation of a pentacoordinated transi
state, with the exchanging hydrogen atoms at a halfway p
tion between the carbon of the methyl or methylene group
the zeolitic oxygen atoms (seeScheme 2). Mechanism 2 was
concluded for methane and ethane in theoretical considera
of the exchange in alkanes[6] and suggested for propane in o
previous NMR study[14] and in IR studies by others[4,17].
This mechanism implies aparallel scheme of exchange of th
SiOHAl group with the methyl and methylene groups.

Next we discuss consecutive and parallel schemes of th
change to rationalize the experimental kinetics for variou
deuterated propane.
)
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Scheme 3. The consecutive scheme for hydrogen exchange.

3.1. The consecutive scheme for hydrogen exchange

Similar apparent rates for protium transfer from the bri
ing OH group into methyl and methylene groups of propaned8
(seeFig. 1a) should imply that the rate of intramolecular
scrambling from methyl into the methylene group is sign
cantly higher that into methyl groups, if the consecutive sch
of the exchange is considered. The kinetic data were simu
to verify the ratio between the rate constant for the excha
into the methyl groups and the constant for H scrambling
tween the methyl and methylene groups under the conditio
equal apparent rate constants of the exchange into both m
and methylene groups. A simple reaction scheme (Scheme 3)
was chosen to follow the consecutive transfer of protium fr
the zeolite OH groups first into the deuterated methyl gro
and then into the methylene groups.

In Scheme 3, A denotes protons of the acidic (bridging) O
group, and B and C are the protons of the methyl and methy
groups, respectively. The rate constantsk1 andk3 describe the
exchange into methyl and methylene groups, respectively. E
librium constantsKeq1= k1/k2 andKeq2= k3/k4 are defined
by the statistical distribution of the protium isotope and
equal to 3.0 and 0.33, respectively, under our conditions.

The simulation shows that experimental curves inFig. 2a
with similar apparent rate constantsk(CH3) andk(CH2) could
be well fitted withk1 andk3 for mechanism 1, provided tha
k3 � 5k1. This implies that the growth of the signal intensiti
from the methyl and methylene groups with similar appar
rate constants could be possible via mechanism 1 if the
constantk3 for the intramolecular H scrambling is at least fi
times higher than that for hydrogen exchange with the me
groups.

For the kinetics of the exchange for propane-1,1,1,3,3,3d6
(propane-d6) and propane-2,2-d2 (propane-d2) with k3 � 5k1,
one can expect a priori a very rapid increase in the intensit
the 1H NMR signal from the formerly deuterated group and
rapid decrease of that from the formerly protonated group
the beginning of the reaction, if intramolecular H scrambl
occurs. A further slow variation in intensity should be cau
by the exchange between the methyl groups and the zeolite
groups.Fig. 1b shows the kinetic curves of protium enrichme
in the methyl groups and protium depletion in the methyl
group of propane-d6. It can be seen that the1H concentration
in the methyl groups increases faster than it decreases i
methylene groups,k(CH3) > k(CH2). The rapid increase in th
intensity of the methyl groups and rapid decrease in the in
sity of the methylene group expected for the conditionk3 � 5k1,
which has been found for propane-d8, is not observed. This i
also valid for propane-d2 (seeFig. 1c). Therefore, simulation
of the experimental kinetics for propane-d6 and propane-d2
in accordance with the consecutive scheme of the exch
(Scheme 3), which uses a ratio ofk3 to k1 similar to that of
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Fig. 2. Simulation of the kinetics of the hydrogen exchange between acidic
groups of H-ZSM-5 and methyl (!) and methylene (1) groups for differently
deuterated propane in accordance to consecutive scheme of hydrogen ex
andk1 = 0.055 min−1 andk3 = 0.28 min−1. The solid curves are the kinetic
which are expected for the exchange in accordance with theScheme 3, provided
thatk3 � 5k1.

propane-d8, clearly demonstrate that the simulated curves
not fit experimental kinetics (seeFigs. 2b and 2c). To meet
conditionk3 � 5k1 and the consecutive scheme, a depletion
protons of the methylene group for propane-d6 and the methy
groups for propane-d2 should occur much faster than the exp
imentally observed rate (see the solid curves inFigs. 2b and 2c).

Experimental curves for propane-d6 were well fitted with
k1 = 0.12 min−1 and k3 = 0.012 min−1 (seeFig. 3b). This
could imply faster enrichment of the methyl group with protiu
compared with the protium depletion in the methylene gro
This k1/k3 = 10 ratio would imply a regioselective exchan
for propane-d8. Almost exclusive growth in the intensity of th
methyl groups would be observed within the first 10 min of
exchange reaction (see the simulated solid curve inFig. 3a).
For propane-d2, protium depletion in the methyl groups wou
also occur faster (see the solid curve for the methyl gro
in Fig. 3c). So it follows from the experimental kinetics fo
nge

f

.

s

Fig. 3. Simulation of the kinetics of the hydrogen exchange between acidic
groups of H-ZSM-5 and methyl (!) and methylene (1) groups for differently
deuterated propane in accordance to the consecutive scheme of hydrog
change andk1 = 0.12 min−1 andk3 = 0.012 min−1. The solid curves are th
kinetics, which are expected for the exchange in accordance with theScheme 3,
provided thatk1 = 10k3.

propane-d8 and propane-d2 that the conditionk1 = 10k3 does
not describe the consecutive scheme of the exchange.

Thus, an analysis of the kinetics of hydrogen excha
shows no consistency among the kinetics of the exchang
the three differently deuterated propanes in the frame of
consecutive scheme. The consecutive scheme, in which
exchange would occur first to the methyl groups of prop
and then essentially faster to the methylene group by an
scrambling mechanism, is not in agreement with the experim
tal kinetic data.

3.2. The parallel scheme for hydrogen exchange

The parallel exchange of the methyl and methylene gro
of propane with acidic OH groups can be described by the
pleScheme 4. In this scheme, A denotes protons of the zeol
bridging OH groups, and B and C are the protons of the me
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Scheme 4. The parallel scheme for the hydrogen exchange.

Scheme 5.13C-label scrambling in propane adsorbed on H-ZSM-5.

and methylene groups, respectively. The rate constantsk1 and
k3 describe the exchange into methyl and methylene group
spectively. The equilibrium constants areKeq1 = k1/k2 = 3.0
andKeq2= k3/k4 = 1.

Similar apparent rates of the exchange for the methyl
methylene groups for propane-d8 would imply similar ratesk1
and k3 for the parallel scheme of the exchange. Slower
parent rates of protium depletion in the initially nondeutera
groups in propane-d6 and propane-d2 can be explained by th
fact that theScheme 4does not consider the bimolecular ch
acter of the exchange. Indeed, the apparent rate constan
protium depletion in the CH2 and CH3 groups are proportiona
to the concentration of acidic OD groups, which are not initia
present in acidic sites but appear there only after exchange
deuterated methyl or methylene groups.

A simulation of the experimental kinetics in accordance w
Scheme 4in Fig. 4 shows that for each of the three diffe
ently deuterated propanes,k1 is larger thank3, with a k1/k3
ratio ≈ 3. This demonstrates the apparent consistency o
kinetics for the three differently deuterated propanes and
favors the parallel scheme of hydrogen exchange for prop
The difference in the absolute values ofk1 andk3 for the dif-
ferently labeled propane molecules can be explained by a
plified model for rate constant estimation. It does not take
account a particular distribution of deuterium and protium i
topes during the exchange and ignores the involvement of a
OH/OD groups of the zeolite in the considered model of the
change. Disregarding the intramolecular transfer between
methyl and methylene groups can also contribute to the
served difference of thek1 and k3 values. A contribution of
the 1H intramolecular transfer can be estimated by analyz
the kinetics of13C-label scrambling in adsorbed propane,
we discuss next.

3.3. Kinetics of 13C-label scrambling

It has been demonstrated that13C-label scrambling occur
for propane on H-ZSM-5 at about 300◦C [18]. 13C-label scram-
bling in the adsorbed propane can provide information
propyl cation formation[19,20]. It has been shown that13C-
label scrambling is accompanied by H scrambling for isopro
cation in a superacid[19–21]. Both H and C scrambling have
common intermediate, isopropyl cation. Their activation en
gies are similar, but H scrambling occurs three times faste
a hydride shift reaction than13C-label scrambling through pro
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Fig. 4. Simulation of the kinetics of the hydrogen exchange between the a
OH groups of H-ZSM-5 and the methyl (!) and the methylene (1) groups
for differently deuterated propane in accordance to parallel scheme of th
change. The solid curves are the fits to the kinetics, which are expected f
exchange in accordance with theScheme 4and k1 and k3, indicated nearby
each pair of kinetic curves.

tonated cyclopropane[19–21]. The rate of the13C-label scram-
bling can be used to estimate how intramolecular H scramb
reduces regioselectivity in the second step of the consec
scheme of hydrogen exchange. Therefore, we performed
situ 13C MAS NMR monitoring of the kinetics of the13C-label
scrambling in the adsorbed propane.

Fig. 5shows the kinetics of the transfer of the13C-label from
the methylene group of propane into its methyl groups.
rate constantkC

1 for the13C-label transfer from the CH3 groups
into the CH2 group is estimated as 0.0036 min−1 at 281◦C. If
we assume that intramolecular H scrambling occurs with a
constant three times as high askC

1 , similar to the ratio of H and
C scrambling in superacids[20], then the rate constantk3 for
the consecutive scheme of the exchange should be 0.011 m−1.
This is at least one order of magnitude less than the valu
intramolecular H scrambling,k3 = 0.28 min−1, expected for
propane-d8 within a frame of the consecutive scheme of
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the
Fig. 5. Kinetics of13C-label scrambling for propane adsorbed on H-ZSM-5. Propane was initially13C-labeled in the methylene group, therefore, the intensity of
methylene group signal (1) decreases, whereas that of the methyl groups (!) increases. The solid curves are the fits to the kinetics with the sumkC

1 + kC
2 expected

for the exchange in accordance with theScheme 5.
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Fig. 6. Arrhenius plot of the rate constantkC
1 for the 13C-label scrambling in

propane on zeolite H-ZSM-5.

exchange (Fig. 2a). This implies that intramolecular H scram
bling, supplementary to13C-label scrambling, cannot provid
protium transfer from the methyl group into the methyle
group at a sufficiently high rate to satisfy the similar appar
rate of exchange for propane-d8 or the conditionk3 � 5k1 for
the consecutive scheme of the exchange.

The Arrhenius plot inFig. 6 yields the activation energy o
38 kcal mol−1. This value is higher than the activation ener
of hydrogen exchange for both methyl and methylene gro
(Ea = 28± 3 kcalmol−1) determined from the temperature d
pendence of the apparent rate constants of the exchang
propane-d8 within the temperature range 230–280◦C. The dif-
ferent values of the activation energies for13C-label scrambling
and H/D exchange into the methylene group hint at differ
transition states for these two processes[20]. Moreover, as we
have already noted (vide supra), too low a rate of13C-label
t

s

for

t

scrambling cannot provide similar apparent rate constants
the methyl and methylene groups of propane-d8 to satisfy the
consecutive scheme of the exchange.

Thus the present study provides evidence that the con
utive scheme of the hydrogen exchange is not realized
propane adsorbed on zeolite H-ZSM-5. The exchange oc
for both methyl and methylene groups via the parallel sche
Intramolecular H scrambling with the formation of a prop
cation as an intermediate or transition state can contribu
the transfer of the protium atom from the methyl groups i
the methylene group, but this contribution is at least one
der of magnitude slower than the rate of direct exchange o
methylene group with the zeolite acid sites.

4. Conclusions

Based on in situ by1H MAS NMR and 13C MAS NMR
spectroscopy in the temperature range 230–300◦C, we can
draw the following conclusions about the hydrogen excha
between the Brönsted acid sites of zeolite H-ZSM-5 and
ferently deuterated propane molecules (propane-d8, propane-
1,1,1,3,3,3-d6, and propane-2,2-d2), and also about13C-label
scrambling in13C-labeled propane Both the methyl and meth
ene groups of propane are involved in the exchange dire
with acidic groups of the zeolite. Either the methyl or t
methylene group of propane molecule exchanges via a
certed mechanism with a pentacoordinated carbonium io
the transition state, rather than via the formation of a carben
ion intermediate. The exchange into the methyl groups oc
faster than the exchange into the methylene groups within
framework of the established carbonium ion mechanism. T
accounts for the regioselectivity of the exchange for prop
on acidic zeolites as reported by Sommer et al.[9]. Intramole-
cular H scrambling is one order of magnitude slower than
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hydrogen exchange for both methyl and methylene groups
the zeolite acidic OH groups. Intramolecular H scrambling c
not provide a loss of regioselectivity of the exchange into
methyl group of deuterated propane at temperatures>100◦C
by the fast intramolecular transfer of the protium atom fr
the methyl groups into the methylene group in the skel
rearrangement process of carbenium ion intermediate, as
suggested earlier[13].

Acknowledgments

This work was supported by the Russian Foundation for
sic research (grant 04-03-32372), INTAS (grant 03-51-52
and the Deutsche Forschungsgemeinschaft (project FR 902
M.V.L. acknowledges financial support from the Russian S
ence Support Foundation.

References

[1] A. Ozaki, Isotopic Studies of Heterogeneous Catalysis, Kodansha, To
1977.

[2] G.J. Kramer, R.A. van Santen, C.A. Emeis, A.K. Nowak, Nature
(1993) 529.
h
-

l
as

-
)
5).
-

,

[3] G.L. Kramer, R.A. van Santen, J. Am. Chem. Soc. 117 (1995) 1766.
[4] B. Lee, J.N. Kondo, F. Wakabayashi, K. Domen, Catal. Lett. 59 (1999
[5] W. Hua, A. Goeppert, J. Sommer, J. Catal. 197 (2001) 406.
[6] S.R. Blaszkowski, M.A.C. Nascimento, R.A. van Santen, J. Phys. Ch

100 (1996) 3463.
[7] S.G. Hindin, G.A. Mills, A.G. Oblad, J. Am. Chem. Soc. 73 (1951) 27
[8] J. Engelhardt, W.K. Hall, J. Catal. 151 (1995) 1.
[9] J. Sommer, M. Hachoumy, F. Garin, D. Barthomeuf, J. Vedrine, J.

Chem. Soc. 117 (1995) 1135.
[10] J.W. Otvos, D.P. Stevenson, C.D. Wagner, O. Beeck, J. Am. Chem. So

(1951) 5741.
[11] M. Haouas, S. Walspurger, F. Taulelle, J. Sommer, J. Am. Chem. Soc

(2004) 599.
[12] J. Sommer, D. Habermacher, R. Jost, A. Sassi, A.G. Stepanov, M.V.

gin, D. Freude, H. Ernst, J. Martens, J. Catal. 181 (1999) 265.
[13] M. Haouas, S. Walspurger, J. Sommer, J. Catal. 215 (2003) 122.
[14] A.G. Stepanov, H. Ernst, D. Freude, Catal. Lett. 54 (1998) 1.
[15] G. Engelhardt, D. Michel, High-Resolution Solid-State NMR of Silicali

and Zeolites, Wiley, Chichester, 1987.
[16] D.B. Ferguson, J.F. Haw, Anal. Chem. 67 (1995) 3342.
[17] J.A. Lercher, R.A. van Santen, H. Vinek, Catal. Lett. 27 (1994) 91.
[18] E.G. Derouane, S.B.A. Hamid, I.I. Ivanova, N. Blom, P.E. Hojlundniels

J. Mol. Catal. 86 (1994) 371.
[19] M. Saunders, E.L. Hagen, J. Am. Chem. Soc. 90 (1968) 6881.
[20] M. Saunders, A.P. Hewett, O. Kronja, Croat. Chem. Acta 65 (1992) 6
[21] M. Saunders, P. Vogel, E.L. Hagen, J. Rosenfeld, Acc. Chem. Re

(1973) 53.


	In situ 1H and 13C MAS NMR study of the mechanism of H/D exchange  for deuterated propane adsorbed on H-ZSM-5
	Introduction
	Experimental
	Materials and sample preparation
	NMR measurements
	Analysis of reaction rates

	Results and discussion
	The consecutive scheme for hydrogen exchange
	The parallel scheme for hydrogen exchange
	Kinetics of 13C-label scrambling

	Conclusions
	Acknowledgments
	References


