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Abstract

An electron spin resonance investigation demonstrates that radical cations indehydroxylated zeolites are intermediates of a catalytic oxida
tion reaction that consumes molecular oxygen and involves radical cation transients of unsaturated hydrocarbons. Radical cation
has often been attributed to the action of Lewis acid sites, generated by a thermal treatment of a proton-exchanged zeolite. The pr
of the conditions for radical cation generation and stabilization shows that the active centers are nonacidic, which means that se
cial single-electron redox-active catalytic sites are present in the zeolite. Simultaneous monitoring by ESR of theorganic radical cation, the
superoxide radical anion, and molecular oxygen in the reaction of 2,5-dimethylhexa-2,4-diene with O2 in dehydroxylated H-MOR reveale
in one case more than 4000 cycles per active center, demonstrating their catalytic activity.
 2004 Published by Elsevier Inc.
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1. Introduction

Brønsted acid sites (BAS) in the H form of zeolites ha
been well characterized and are generally thought to inv
bridging hydroxyl groups, Si–O(H)–Al[1–3]. Depending on
the postsynthesis treatment the H form of zeolites also
tains Lewis acid sites (LAS). They develop from BAS
elimination of water at temperatures above approximate
623 K. This dehydroxylation leads to a threefold coordina
silicon atom with a positive charge and a threefold coo
nated aluminum atom which is called Lewis acid site
cause it is coordinatively unsaturated and interacts stro
with bases[4,5]. Others suggested that there are no
saturated aluminum atoms in the lattice and proposed
existence of ions like AlO+, located at cation positions, a
the real sites created by the dehydroxylation process[6–8].
These species were called “True Lewis Sites.” There is g
eral agreement that in the presence of traces of water
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0021-9517/$ – see front matter 2004 Published by Elsevier Inc.
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-

mally treated H zeolites develop some kind of alumin
oxide ions or clusters outside of regular lattice positions
even amorphous aluminum oxide phases, but the exac
ture of LAS is still a matter of debate since they are elus
to direct spectroscopic observation. A comprehensive rev
has been given by Kühl[9].

One of the most intriguing properties of acid zeolites
their ability to generate spontaneously ESR-active rad
cations from unsaturated hydrocarbons, in particular c
densed aromatic hydrocarbons but also aliphatic and c
olefins (see, e.g.,[10]). There is limited experimental infor
mation on the nature of the active sites of single elec
oxidation since the transferred electron is ESR silent in z
lites. The common opinion is that LAS are responsible[11].
A hydrothermal treatment of the H form seems to be a n
essary condition. Radical cations are not formed in the
form except from hydrocarbons with very low ionization p
tentials[12]; they are also not observed with aluminum-fr
materials like Silicalite-I. Furthermore, molecular oxyg
seems to play an active role[10], but radical cations hav
also been obtained under argon[10] so that the exact role o
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oxygen is not clear. Most authors assume that chemiso
oxygen enhances the activity of the Lewis acid sites,
ers postulate the generation of positively charged oxy
species like O+· [13] or O+·

2 [14] in a high-temperature re
action.

Molecular oxygen also acts as a single-electron acce
and leads to the formation of the superoxide radical an
(O−·

2 ) when the gas is added to a zeolite which already c
tains radical cations[15,16]. This secondary-electron tran
fer also takes place with other substrates with a high elec
affinity, such as tetracyanoethene[16]. It has been suggeste
that O2 may serve as the final electron sink which rend
the overall process catalytic[10]. Free radicals play a role i
coke deposition which represents a severe problem in m
acid-catalyzed processes[17,18]. Radical cations are poss
bly involved in catalytic cracking reactions[19] but we are
not aware of any catalytic process in acidic zeolites w
neutral free radical intermediates in the conversion of
drocarbons.

The present investigation into single-electron transfer
the active sites involved is a continuation and full accoun
a preliminary communication[20]. It first focuses on the op
timum conditions for the generation of radical cations in
zeolites H-mordenite (H-MOR) and H-ZSM-5 (Section3.1).
Then the nature of the active sites and the role of mo
ular oxygen in single-electron transfer processes is stu
(Section3.2). Finally, the backtransfer of single electrons
gaseous oxygen was investigated. We conclude that si
electron oxidation is initiated by catalytically active sit
(Section3.3), and we demonstrate that both single-electron
transfers are included in a catalytic cycle. In the future this
might lead to a novel and environmentally benign appro
for the catalytic oxidation of unsaturated hydrocarbons.

2. Experimental

The Na form of the zeolites (with a molar ratio
(SiO2/Al2O3) = 12 and a crystal size of about 1–2 µ
in the case of Na-mordenite, or with a molar ratio
(SiO2/Al2O3) = 40 and a crystal size of about 0.2–1 µ
in the case of Na-ZSM-5, respectively) was supplied by
Chemie Uetikon AG, Uetikon, Switzerland. The raw m
terials were proton-exchanged three times with a 10-fol
excess of NH4NO3 (1 mol L−1) at 353 K in the case of Na
MOR, or with HCl (0.1 mol L−1) at room temperature in th
case of Na-ZSM-5, respectively, and predried at 363 K a
washing. Calcination was carried out at 973 K (using a h
ing rate of 100 K h−1), either in air or in vacuum for 15 h
unless otherwise stated. The subsequent preparation
were performed using an all-steel adsorption system cap
ble of reaching a vacuum of 10−7 hPa. The calcined zeolite
were degassed in ESR tubes at temperatures up to 5
in a dynamic vacuum of at least 10−6 hPa, measured ne
the vacuum pump, which corresponds to less than 10−4 hPa
-

s

measured directly on top of the ESR tube. Liquid hyd
carbons, previously degassed by freeze-pump-thaw cy
were vacuum-distilled onto the zeolite at room tempe
ture; O2 was used directly. The adsorption process w
monitored using pressure sensors (Kobold Messring Gm
Hofheim/Ts., Germany, and STSAG, Sirnach, Switzerland)
The loading of 2,5-dimethylhexa-2,4-diene (DMHD) w
usually adjusted to a range of 0.5 to 2.5% (w/w) which c
responds to 0.15 to 0.7 molecules per unit cell.

The emerging radical cations were observed using
ESR spectrometer (Bruker EMX series) operating at X-b
frequency. Quantitative measurements of ESR signals
related to a weak pitch standard.

The decay products of the DMHD radical cation we
determined by a GC/MS system (Agilent Technologies
Model 6850 Plus coupled with a Model 5973 mass-selec
detector). Mass spectra were interpreted with the help o
mass spectral library NIST ’98. The exact mass of relev
parent ions was determined using a high-resolution m
spectrometer (Finnigan MAT 95) to confirm the assignm
of some peaks in the total ion chromatograms.

3. Results and discussion

3.1. Generation of the DMHD radical cation

2,5-Dimethylhexa-2,4-dieneoffers several advantage
probing the electron, accepting capabilities of zeolites:

(i) The radical cation of DMHD is relatively long lived.
(ii) The gas-phase ionization potential of DMHD amou

to only 7.9 eV [21]. In the polarizing environmen
of a zeolite pore it is further reduced[10]. Radical
cations with high ionization potentials tend to tran
form quickly into more stable ones, which comp
cates spectroscopic analysis. Due to the high stab
of DMHD+· we never observed its transformation in
other ESR visible species.

(iii) DMHD +· shows a well-resolved ESR spectrum w
narrow lines in H-MOR (Fig. 1a). It is therefore eas
ily distinguished from superimposed spectra of ot
radicals which are usually much broader. The exc
tionally narrow lines are due to a high mobility of th
radical cations in the mordenite channels, which
sults in a relatively small anisotropy of the hyperfi
coupling tensors. The spectrum was analyzed in d
previously[22].

The diffusivity of the diene is high in mordenite, and t
distillation of a small amount of it into an ESR tube co
taining the zeolite powder leads to the evolution of the E
signal of DMHD+· in all regions of the powder within abou
15 min, even if the zeolite bed measures more than 10 c
height. We therefore assume that DMHD can access an
tive electron-accepting site within the mordenite channel
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Fig. 1. ESR spectra of air calcined H-MOR with adsorbed DMHD,
mediately before the addition of oxygen (a), and subsequently expos
oxygen with a partial pressure of 52 hPa, recorded 2 min (b), 36 min
and 100 min (d) after addition of the oxygen. ESR spectrum of the supe
ide radical anion, formed upon addition of 250 hPa of oxygen to a diffe
DMHD-loaded samples of H-MOR, measured some days after oxygen
dition (e).

Counterdiffusion is possible in mordenite for benzene
ethylbenzene[23]. Their cross section is comparable or ev
greater than that estimated for DMHD molecules, one m
therefore assume that DMHD molecules can pass each
in mordenite pores.

ESR spectra obtained with DMHD in H-ZSM-5 were n
as well resolved as in H-MOR. This is ascribed to a consi
ably restricted motion in the medium-pore zeolite. It ma
it much more difficult to quantify radical cation generation
We will therefore concentrate here on the results obta
with H-MOR, but all the main features were observed w
H-ZSM-5 as well.

HCl leads to extensive dealumination of H-MOR[24,
25], causing partial pore blockage by extraframework a
minum oxide. Better yields of DMHD+· are obtained with
NH4NO3 which does not cause measurable dealumination
[26]. This indicates that an extractive dealumination is
parently not needed to generate radical cations. Prov
that the migration of aluminum atoms is necessary for
creation of single-electron-accepting centers, it is sufficien
to perform calcination under self-steaming conditions in
shallow bed (see Section3.2).
r

The maximum concentration of DMHD+· is mostly
reached within 10 to 15 min after the adsorption of
hydrocarbon. This time depends mainly on the residual
midity in the zeolite channels; it is higher for less thoroug
dried samples. The half-life usually amounts to slightly l
than an hour at room temperature. Since CW ESR is a ra
slow method a lifetime of this order is impractical. The lif
time raises when the zeolite isloaded with greater amoun
of the hydrocarbon, but this is at cost of spectral resolu
due to a reduction of the dynamics of the guest species in
crowded channels. We take this finding as a hint that di
sion processes control the fading of the radical cation sig

3.2. Active sites for single-electron transfer

3.2.1. The role of oxygen for the generation and activation
of oxidative sites

Calcination was performed under shallow bed (2 m
conditions in flowing air in a horizontal quartz tube. Aft
transfer into an ESR tube and subsequent evacuation
loading with the hydrocarbon, a radical cation concentra
of 6× 10−8 mol g−1 (±25%) was obtained.

Alternatively, to evaluate the role of the oxygen, samp
were carefully dried in an ESR tube under deep-bed co
tions (80 mm) by evacuation at room temperature for 2
and then heating at a rate of 3 K min−1 up to 773 K, keeping
this temperature for 2 h, and evacuating for another 12
room temperature to reach a pressure of 3× 10−7 hPa. After
this initial drying calcination was conducted as usual, exc
that the sample was kept under vacuum. This resulted
radical cation concentration of 2.4 × 10−8 mol g−1 in the
middle of the zeolite bed (about 40% of what was obser
in air calcined samples). However, the top and bottom layer
were nearly inactive. Presumably, the top layer resembles
fully dehydroxylated zeolite. In the deeper parts of the po
der the effective vacuum is much poorer. A certain ext
of “steaming” with low water vapor pressures arising fro
dehydroxylation is necessary for the evolution of electron
accepting centers, but in this lower part the water conten
may be too high and cause moresignificant dealumination
and possibly also pore blockage.

In the intermediate zone of the vacuum-calcined zeo
it is possible to enhance the radical cation signal by a s
plementary addition of oxygen to a concentration which i
comparable to the value observed after calcination in air
This clearly demonstrates that oxygen plays an impor
role in electron transfer.

ESR spectroscopy has the advantage that gaseous
oxygen is detectable within a certain pressure range. Th
teraction of the rotational and the orbital angular mome
with the magnetic spin moment leads to a multitude of in
vidual lines. The single scan detection limit in an empty E
tube is around 10−3 hPa. Oxygen rotates freely in morden
above 200 K[27], but the lifetime of a molecular rotationa
state in the pore is too short for the molecule to be detect
by ESR. Nevertheless, the presence of intergranular ox
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Fig. 2. ESR spectrum of the lower part of a layer of H-MOR after a usua
drying and evacuating procedure (a), obtained with five CW scans and
olution enhanced by multiplying the inverse Fourier-transformed spec
with a sinebell function. For comparison, spectrum (b) shows the resonan
lines of gaseous oxygen with a pressure of 5× 10−2 hPa, scaled down t
the same height.

in equilibrium with the adsorbed state permits its obse
tion at room temperature with only slightly broadened lin
as shown inFig. 2. By comparing the ESR intensities
a calibration series with our samples we established th
pressure of the intergranular oxygen in a range of 10−3 to
10−2 hPa is best for generating a large quantity of DMH
radical cations. Higher pressures lead to the additional
lution of superoxide ions (see Section3.3).

3.2.2. ESR investigations with and without probe molecules
The concentration of active sites for DMHD+· genera-

tion is much too low to be detectable by NMR. Basica
ESR spectroscopy should be sufficiently sensitive, but in
only the radical cations were observed. Nobody has b
able to detect directly the active centers.

Ammonia interacts with all kinds of acid sites includi
the weak ones which are not catalytically active. Ammonia
adsorption therefore provides an upper threshold for ac
centers in zeolites[28,29]. Its adsorption enthalpies amou
to more than 120 kJ mol−1 for strong acid centers and b
tween 100 and 120 kJ mol−1 for weak ones. Strong cente
with adsorption enthalpies of more than 120 kJ mol−1 are as-
cribed to LAS arising from dehydroxylation and dealumin
tion [30–32]; cationic LAS such as Na+ do not significantly
interact with ammonia[33,34].

From ammonia adsorption a total of approximately
acidic centers per unit cell wasdetermined for our calcine
H-MOR samples, compared to nominally 7 per unit cel
the original H form. The reduced concentration is due to
tial transformation of BAS into LAS and corresponds w
with related literature data[35].
Complexation of the acid sites before or after admiss
of DMHD revealed no influence of ammonia for the dev
opment of DMHD+·. While it was found previously tha
radical cations are also formed on zeolites in their NH4

+
form [36], ammonia was not present in excess in that ex
iment so that there was no possibility of blocking the LA
From the present results we conclude that single-elec
transfer and acid–base interaction take place at differen
sorption sites, and neither LAS nor BAS are directly
volved in the single-electron transfer process. It also su
gests that it is essential to distinguish between the acidic
the redox active properties. This is consistent with the c
ventional definition that Lewis acid sites are electron p
acceptors whereas the formation of radical cations represen
the transfer of single electrons. We therefore call these s
rate sites which are responsible for radical cation genera
single-electron transfer sites (SETS).

The presence of SETS is obviously linked to mod
ate steaming during calcination and thus to the forma
of defect sites. The formation of oxygen vacancies at t
peratures above 643 K in H-ZSM-5 was demonstrated
cently by Balint et al.[37] based on AC conductivity tha
scaled asp1/4

O2
. While this is typical for many ionic solid ox

ides [38], it has not frequently been proposed to occu
zeolites. However, as the activity of the SETS in the pre
work on H-MOR obviously depends on the partial press
of oxygen we believe that the SETS are indeed relate
oxygen vacancies. In the absence of direct spectroscop
idence it remains somewhat speculative but is nevertheles
an attractive approach for understanding the nature of t
centers.

In a detailed investigation of the oxidation of benze
to phenol with N2O over steamed H-ZSM-5 Kubánek
al. [39] demonstrated that the catalytic activity was unc
related with the number of BAS or LAS but clearly co
related with relatively low concentrations of Fe in the
olite, and they implied that the ESR signals nearg = 6.0
and 5.6 arising from extra-framework Fe(III)-oxo cations
highly distorted coordination were particularly important
the hydroxylation activity. There was no evidence of rad
cation formation. In the present work, while the ESR sig
at g = 4.3 which is typical for Fe in near-tetrahedral coor
dination was always present we did not observe any sig
at higherg values; instead, there was a prominent signa
radical cation intermediates. These clear differences see
indicate that the Fe-oxo species in Kubánek’s work may
be the same as the SETS sites needed for the present s

3.3. The catalytic action of SETS in the oxidation of
unsaturated hydrocarbons

3.3.1. In situ ESR spectroscopic observation of the reaction
of the DMHD radical cation with oxygen

Oxidation activity of zeolites has been described fo
number of reactions involving oxygen or nitroxides as
idizing agents[10,39]. It is also not new that superoxid
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radical anions are formed[16]. A photocatalytic oxidation
process developed by Blatter, Frei and co-workers[40–42]
using hydrocarbons (HC) and molecular oxygen on cat
exchanged zeolites was postulated to lead to radical ca
and superoxide radical anionsas reaction intermediates:

[HC · O2]
(hν)
� [HC+·· · ·O−·

2 ]∗ → HC+· + O−·
2→ products.

As products, these authors detected hydroperoxide
high selectivities by IR spectroscopy. Here we focus o
very similar reaction in the absence of UV activation, and
demonstrate that it is catalytic and can have a high turn
number.

Addition of molecular oxygen to a calcined zeolite co
taining radical cations of unsaturated hydrocarbons lead
a reaction of the guest species, provided the oxygen pre
exceeds a certain limit. This limit was not determined ex
actly, but it was established that a partial pressure of 0.5
is sufficient but 10−2 hPa does not lead to a transformati
of the DMHD radical cations. The reaction can be monito
by ESR spectroscopy because it results in the formatio
superoxide radical anions due to a backtransfer of the
paired electrons from the SETS to oxygen molecules.

Superoxide ions adsorbed onthe surfaces of solid oxide
have been characterized in depth by ESR[43]. Their signal
is quite broad and shows a low resolution in most envir
ments. Because of the far higher resolution the DMHD+·
signal is well distinguishable from the broad features
O−·

2 . Theg and hyperfine tensors of O−·2 are resolved (se
Fig. 1e) and were analyzed previously[20]. The splitting
of each component into six lines shows that the supero
ions are adsorbed in the neighborhood of aluminum at
which posses a nuclear spin ofI = 5/2. The coupling con-
stants agree well with literature data[44]. These aluminum
atoms have to exist in a coordinatively unsaturated form
the lattice or in amorphous AlxOy phases which have bee
postulated to be formed in calcined as well as in hydrot
mally treated zeolites. Presumably, these aluminum site
responsible for the back transfer of the single electrons.

In the following we report three experiments with we
defined amounts of zeolite, DMHD, and O2 in sealed quartz
tubes which permit a simultaneous monitoring of DMHD+·,
O−·

2 , and O2 and give insight into the reaction of the syste
H-MOR/DMHD+· with oxygen. In the first experiment
sample of H-MOR was calcined in air and afterward load
with DMHD. The ESR signal of the corresponding radic
cation is shown inFig. 1a. After recording this spectrum
oxygen was added with a partial pressure of 52 hPa. Im
diately thereafter, a second spectrum (b) was taken w
shows that the number of radical cations has diminished
the same time, the broad superimposed superoxide anio
nal evolved. With time, the signal of the anion clearly do
inates the spectrum whereasthe signal of the cation fade
away (spectra (c) and (d)). The cation signal never vanis
e

-

Fig. 3. Quantitative analysis of the relative concentrations of all rad
species in the system H-MOR/DMHD+·/O2 (first described experiment
some spectra of this set are shown inFig. 2).

Fig. 4. Quantitative analysis of the relative concentrations of all rad
species in the system H-MOR/DMHD+·/O2 (vacuum-calcined zeolite) in
the second experiment described in the text with 68 hPa of added oxygen

entirely, even after weeks, although it adopts a very sm
amplitude.

A quantitative analysis of the ESR signal intensity of b
radical species is shown in a diagram monitoring inten
over time inFig. 3. The left side of this diagram (up to a r
action time of 2.5 h) shows the decrease of DMHD+· after
adding the oxygen as well as the evolution of O−·

2 . The con-
centration of the latter species is about constant in the fur
course of the reaction. A short time after adding the o
gen the total concentration of radicals reaches a maximu
which roughly corresponds to the maximum concentra
of DMHD+· before its reaction with oxygen. The right-ha
side of the diagram will be discussed later.

A second experiment differed from the first in that c
cination was performed in vacuo at 973 K for 15 h un
deep-bed conditions in the ESR tube. Exposure to an
gen pressure of 68 hPa after addition of DMHD leads t
significant increase of the initial radical cation concentrat
(Fig. 4). Simultaneously the superoxide anion develops,
again a few minutes later a nearly constant concentration o
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Fig. 5. Quantitative analysis of the relative concentrations of all rad
species in the system H-MOR/DMHD+·/O2 (air-calcined zeolite) in the
third experiment described in the text with 24 hPa of added oxygen.

this species is observed. The initial increase in DMHD+·
concentration turns into a decease after about 10 min.

In a third experiment we usedagain an air-calcined sam
ple of H-MOR. After the DMHD+· signal had fully devel-
oped oxygen was added with a partial pressure of 24
In this case one finds a very strong decrease in DMHD+·
concentration after a short reaction time, as shown inFig. 5.
Besides this, the concentration of the superoxide ions is q
low and does not anymore reach the initial DMHD+· con-
centration. This experiment shows that the extent of elec
backtransfer from the zeolitelattice depends on the oxyge
pressure. In contrast, the rate of decrease of DMHD+· is not
affected by the oxygen pressure.

After some hours of reaction time the concentration
the radical species in all experiments hardly changed an
more. The amount of DMHD+· stabilizes at a very low
level. However, after some days or weeks, depending on
amount of added oxygen, a noticeable increase was dete
accompanied by a simultaneous decrease in superoxid
ion concentration. The increase in DMHD+· concentration
was significant, although the initial values were not reache
by far. The effect is seen in all of the intensity diagra
(Figs. 3, 4, and 5) on the right-hand side. It reflects qui
a steep ascent followed by a slow and final decrease (
the logarithmic time scale).

The decline of the radical cation concentration after ad
dition of oxygen is clearly the result of a chemical reactio
into ESR-invisible reaction products. Furthermore we es
lished that the DMHD+· increase after long times alwa
took place exactly when all of the added oxygen was u
up. (It is possible to monitor the consumption of mole
lar oxygen in a range from 1 to 100 hPa concurrently w
the radical species by means of ESR in X-band by analyzing
the width of individual lines. The simplest way to do this
to compare the spectra of interest with a series of referenc
spectra, as reported previously[20].)
.

,
-

It is important to point out that in all experiments the m
lar amount of oxygen was many times the initial amoun
the radical cation, but only a fraction of the amount of
parent hydrocarbon. The evolution of the concentration
all three radical species is explained on the following ba

(i) The reaction between the two radical ions leads to
closed-shell reaction product.

(ii) The electron transfer at the active sites of the zeolit
reversible and takes place repeatedly.

In other words, the SETS arecatalytically active with re-
spect to single-electron transfer. This explains not only
increase of radical cation concentration simultaneously
the decrease of radical anion concentration but also that
small quantity of DMHD radical cations is always pres
during the reaction with oxygen. It is obvious that such a
alytic process enables the reaction of the hydrocarbon
oxygen at room temperature, a reaction that is not pos
under these gentle conditions in the absence of a cata
The catalytic cycle is illustrated in the reaction scheme[20]:

DMHD + SETS→ DMHD+· + SETS−· (1)

SETS−· + O2 → SETS+ O−·
2 (2)

DMHD+· + O−·
2 → products (3)

DMHD + O2 → products (1)–(3)

After complete oxygen consumption, SETS which
still accessible to DMHD molecules continue to form ra
ical cations, but they do no longer find superoxide ani
to react with, which leads to the described increase of t
concentration.

The same effect is observed when the catalytic reactio
stopped at an early stage by removing the oxygen thro
application of vacuum. Within a few minutes the radi
cation concentration raises and the magnitude of this
mediate increase depends on how thoroughly the oxyg
removed.

It is obvious from the diagrams inFigs. 3, 4, and 5that
except during the induction period the concentration of
peroxide anions clearly exceeds that of radical cations so tha
a simple charge balance in the form

cDMHD+· = c
SETS−· + c

O
−·
2

is not valid, not even in case of a negligible concentratio
the invisible SETS−·. This is possible when the above r
action scheme is extended by abimolecular termination o
DMHD+· which transforms the radical cations to diama
netic products and protons. The disappearance of DMH+·
in the absence of oxygen indeed appears to follow sec
order kinetics (not shown).
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Table 1
Molar amounts and concentrations of all observed species in the react
the system H-MOR/DMHD+· with oxygen, together with relevant figures
describing the catalytic activity of the SETS

Experimenta Unit A B C D E

Preparation methodb A A V V A

Weight of zeolite sample mg 189 166 165 130 16

Concentration of DMHD+· c 1016 g−1 2.96 3.07 2.94 1.11 1.9

10−8 mol g−1 4.92 5.09 4.88 1.85 3.1

10−4 (u.c.)−1 1.42 1.47 1.41 0.53 0.9

Adsorbed amount of DMHD µmol 34.3 25.1 29.9 58.5 45

(u.c.)−1 0.52 0.43 0.52 1.31 0.7

Converted amount of O2 µmol 5.22 1.92 3.37 9.95 1.1

Starting pressure of O2 hPa 260 52 68 337 24

Reaction timed days 218 6.5 20 172 12

Number of cycles – 562 226 419 4173 21

TON (turnover number) h−1 0.11 1.45 0.87 1.01 0.7

TOT (turnover time) h 9.31 0.69 1.15 0.99 1.3

min 559 41 69 59 81

a The time-dependent quantitative evaluation of the radical specie
given inFig. 3 for experiment B, inFig. 4 for experiment C, and inFig. 5
for experiment E.

b “A” designates shallow bed calcination in air, “V” stands for a vacu
calcination in the ESR tube under deep-bed conditions.

c Maximum number of radical cations, determined during the initiali
tion period of the system H-MOR/DMHD+· before addition of oxygen
related to the dehydrated form of H-MOR, “u.c.” designates a unit cell o
the zeolite.

d Time measured up to the entire consumption of the intergranular ox
gas.

3.3.2. Quantitative evaluation of the SETS activity
For the purpose of quantitative evaluation of the ab

catalytic system we carried out five experiments in which
added defined amounts of oxygen and established the n
sary time to completely turn over the oxidant. The samp
were kept in the dark at room temperature. The numbe
consumed oxygen molecules per unit time divided by
number of available active sites (approximated by the m
mum number of DMHD+· after adsorption of the olefin) i
the turnover number (TON). The results are given inTable 1,
along with the preparation method of the sample, the m
amounts of the reactants, and the total turnover.

The TON amounts to approximately 1.1 h−1 on average
in experiments B to E. Obviously it makes no differen
whether the zeolite was calcined in air or in vacuo. O
in experiment A we established a much lower turnover
time. In contrast to the other experiments, sample A was
pared in an ESR tube with a smaller diameter (2 mm ins
of 2.75 mm) resulting in a higher layer of the zeolite pow
in this tube (80 mm instead of 40 mm in samples B to
This may have lead to a less effective drying and there
to a greater remaining humidity in the sample.

Considering the early state of our experiments the
served number of reaction cycles is remarkable. It is e
cially noteworthy that even more than 4000 turnovers do
lead to a deterioration in catalyst activity. It is therefore
this point not necessary to worry about coke formation. T
-

is certainly a consequence of the moderate reaction tem
ture. Furthermore, after the harsh calcination procedure, o
zeolite samples contain only a very low quantity of Brø
sted acid centers. As the number of BAS directly contr
the extent of carbonization[45] their absence is certainly a
advantage as long as only the redoxactive properties a
interest.

Unfortunately it was not yet possible to determine
reaction products of the system because they could no
distilled off the zeolite. A GC/MS analysis of products e
tracted with a suitable solvent proved mainly oligome
DMHD species which have to be assigned to a chain r
tion of DMHD radical cations in the solvent, thus conceal
other possible products in low concentrations. Further
sight into the oxidation reaction may be obtained with a fl
reactor together with an online analytical method. We
pect hydroperoxides or cyclic peroxides as possible reactio
products, in analogy to the photocatalytic work by Blatt
Frei and co-workers[40–42].

4. Conclusions and outlook

We have shown that the single-electron transfer in
hydroxylated zeolites may be used to develop a new c
cept for the functionalization of unsaturated hydrocarbo
We demonstrate that the active sites are neither Brøn
nor Lewis acid sites, and therefore call them single-electro
transfer sites. The novel point is that these sites are cata
cally active, as demonstrated by the continuous consump
of O2 with up to 4000 cycles per active site and the recov
of the radical cation signal after the oxygen has been u
up. We are not aware that such an observation has been
before by ESR. The results suggest that it may be pos
to design closed-loop catalyticchemical reactions in whic
radical cations are activated intermediates. Since cata
oxidation is one of the key reactions for providing econom
benefits[46,47]it would be highly attractive to have a rea
tion that works with molecular oxygen in place of the mo
expensive peroxides. Further work is needed to extract
identify the products and to increase the turnover numbe
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