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Abstract

An electron spin resonance investigation dent@tss that radical cations @ehydroxylated zeolites are inteediates of a catalytic oxida-
tion reaction that consumes molecular oxygen and involves radical cation transients of unsaturated hydrocarbons. Radical cation generatior
has often been attributed to the action of Lewis acid sites, generated by a thermal treatment of a proton-exchanged zeolite. The present stud
of the conditions for radical cation generation and stabilization shows that the active centers are nonacidic, which means that separate spe
cial single-electro redox-active catalytic sites are present in the zeolite. Bameous monitoring by ESR of tlerganic radical cation, the
superoxide radical anion, and molecular oxygen in the reaction of 2,5-dimethylhexa-2,4-diene witdeébydroxylated H-MOR revealed
in one case more than 4000 cycles per active center, demonstrating their catalytic activity.
0 2004 Published by Elsevier Inc.
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1. Introduction mally treated H zeolites develop some kind of aluminum
oxide ions or clusters outside of regular lattice positions or
Bransted acid sites (BAS) in the H form of zeolites have even amorphous aluminum oxide phases, but the exact na-
been well characterized and are generally thought to involve ture of LAS is still a matter of debate since they are elusive
bridging hydroxyl groups, Si-O(H)-Al-3]. Dependingon  to direct spectroscopic observation. A comprehensive review
the postsynthesis treatment the H form of zeolites also con-has been given by Kif9].
tains Lewis acid sites (LAS). They develop from BAS by One of the most intriguing properties of acid zeolites is
elimination of water at temgratures above approximately their ability to generate spontaneously ESR-active radical
623 K. This dehydroxylation leads to a threefold coordinated cations from unsaturated hydrocarbons, in particular con-
silicon atom with a positive charge and a threefold coordi- densed aromatic hydrocarbons but also aliphatic and cyclic
nated aluminum atom which is called Lewis acid site be- olefins (see, e.g[10]). There is limited experimental infor-
cause it is coordinatively unsaturated and interacts stronglymation on the nature of the active sites of single electron
with bases[4,5]. Others suggested that there are no un- oxidation since the transferred electron is ESR silent in zeo-
saturated aluminum atoms in the lattice and proposed thejites. The common opinion is that LAS are responsitts.
existence of ions like AlO, located at cation positions, as hydrothermal treatment of the H form seems to be a nec-
the real sites created by the dehydroxylation progés8] essary condition. Radical cations are not formed in the Na
These species were called “True Lewis Sites.” There is 9en-¢om except from hydrocarbons with very low ionization po-
eral agreement that in the presence of traces of water ther‘tentials[lZ]; they are also not observed with aluminum-free
materials like Silicalite-I. Furthermore, molecular oxygen
~ " Corresponding author. Fax: +49 711 685 4495. seems to play an active ro[&0], but radical cations have
E-mail address: e.roduner@ipc.uni-stuttgart.d&. Roduner). also been obtained under argd0] so that the exact role of
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oxygen is not clear. Most authors assume that chemisorbedmeasured directly on top of the ESR tube. Liquid hydro-
oxygen enhances the activity of the Lewis acid sites, oth- carbons, previously degassed by freeze-pump-thaw cycles,
ers postulate the generation of positively charged oxygenwere vacuum-distilled onto the zeolite at room tempera-
species like O* [13] or O * [14] in a high-temperature re-  ture; O was used directly. The adsorption process was
action. monitored using pressure sensors (Kobold Messring GmbH,
Molecular oxygen also acts as a single-electron acceptorHofheim/Ts., Germany, and ST3, Sirnach, Switzerland).
and leads to the formation of the superoxide radical anion The loading of 2,5-dimethylhexa-2,4-diene (DMHD) was
(O, ") when the gas is added to a zeolite which already con- Usually adjusted to a range of 0.5 to 2.5% (w/w) which cor-
tains radical cationfl5,16] This secondary-electron trans-  "€Sponds to 0.15 to 0.7 molecules per unit cell. _
fer also takes place with other substrates with a high electron 1€ emerging radical cations were observed using an
affinity, such as tetracyanoethefdé]. It has been suggested ESR spectrometer (Bruker EMX series) operating at X-band
that O» may serve as the final electron sink which renders fréquency. Quantitative measurements of ESR signals were
the overall process catalyfjt0]. Free radicals play arolein ~ related to aweak pitch standard. , _
coke deposition which represents a severe problem in many | ne decay products of the DMHD radical cation were
acid-catalyzed processis,18] Radical cations are possi- detérmined by a GC/MS system (Agilent Technologies GC
bly involved in catalytic cracking reactiorj&9] but we are Model 6850 Plus coupled Wlth'a Model 5973 mass-selective
not aware of any catalytic process in acidic zeolites with detector). Mass. spectra were interpreted with the help of the
neutral free radical intermediates in the conversion of hy- Mass spectral library NIST 98. The exact mass of relevant
drocarbons. parent ions was d(_atermlned using a h!gh—resolun_on mass
The present investigation into single-electron transfer and spectrometer (Finnigan MAT 95) to confirm the assignment

the active sites involved is a continuation and full account of of some peaks in the total ion chromatograms.
a preliminary communicatiof20]. It first focuses on the op-
timum conditions for the generation of radical cations in the
zeolites H-mordenite (H-MOR) and H-ZSM-5 (Secti®n).
Then the nature of the active sites and the role of molec-
ular oxygen in single-electron transfer processes is studied
(Section3.2). Finally, the backtransfer of single electrons to . .
gaseous oxygen was investigated. We conclude that single- 2,5>-Dimethylhexa-2,4-diene offers several ad"af‘tages for
electron oxidation is initiated by catalytically active sites probing the electron, accepting capabilities of zeolites:
(Section3.3), and we demonstrate thiaoth single-electron
transfers are included in a catt cycle. In the future this
might lead to a novel and environmentally benign approac
for the catalytic oxidation of unsaturated hydrocarbons.

3. Resultsand discussion

3.1. Generation of the DMHD radical cation

(i) The radical cation of DMHD is relatively long lived.

h (i) The gas-phase ionization potential of DMHD amounts
to only 7.9 eV[21]. In the polarizing environment
of a zeolite pore it is further reducdd0]. Radical
cations with high ionization potentials tend to trans-
form quickly into more stable ones, which compli-
cates spectroscopic analysis. Due to the high stability
of DMHD™* we never observed its transformation into

2. Experimental

The Na form of the zeolites (with a molar ratio of other ESR visible species.

(SiO2/Al203) = 12 and a crystal size of about 1-2 um (jii) DMHD ** shows a well-resolved ESR spectrum with
in the case of Na-mordenite, or with a molar ratio of narrow lines in H-MOR Fig. 1a). It is therefore eas-
(Si0z/Al203) = 40 and a crystal size of about 0.2-1 pm ily distinguished from superimposed spectra of other
in the case of Na-ZSM-5, respectively) was supplied by CU radicals which are usually much broader. The excep-
Chemie Uetikon AG, Uetikon, Switzerland. The raw ma- tionally narrow lines are due to a high mobility of the
terials were proton-excihnged three times with a 10-fold radical cations in the mordenite channels, which re-
excess of NENO;z (1 molL~1) at 353 K in the case of Na- sults in a relatively small anisotropy of the hyperfine
MOR, or with HCI (0.1 mol 1) at room temperature in the coupling tensors. The spectrum was analyzed in depth

case of Na-ZSM-5, respectively, and predried at 363 K after previously[22].

washing. Calcination was carried out at 973 K (using a heat-

ing rate of 100 K 1), either in air or in vacuum for 15 h, The diffusivity of the diene is high in mordenite, and the
unless otherwise stated. The subsequent preparation stepdistillation of a small amount of it into an ESR tube con-
were performed using an allestl adsorption system capa- taining the zeolite powder leads to the evolution of the ESR
ble of reaching a vacuum of 10 hPa. The calcined zeolites  signal of DMHD'* in all regions of the powder within about
were degassed in ESR tubes at temperatures up to 573 KL5 min, even if the zeolite bed measures more than 10 cmin
in a dynamic vacuum of at least 19 hPa, measured near height. We therefore assume that DMHD can access any ac-
the vacuum pump, which corresponds to less tharf HPa tive electron-accepting site withthe mordenite channels.
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Fig. 1. ESR spectra of air calcined H-MOR with adsorbed DMHD, im-
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The maximum concentration of DMHD is mostly
reached within 10 to 15 min after the adsorption of the
hydrocarbon. This time depends mainly on the residual hu-
midity in the zeolite channels; itis higher for less thoroughly
dried samples. The half-life usually amounts to slightly less
than an hour at room temperature. Since CW ESR is a rather
slow method a lifetime of this order is impractical. The life-
time raises when the zeolite lisaded with greater amounts
of the hydrocarbon, but this is at cost of spectral resolution
due to a reduction of the dynamics of the guest species in the
crowded channels. We take this finding as a hint that diffu-
sion processes control the fading of the radical cation signal.

3.2. Active sites for single-electron transfer

3.2.1. Therole of oxygen for the generation and activation
of oxidative sites

Calcination was performed under shallow bed (2 mm)
conditions in flowing air in a horizontal quartz tube. After
transfer into an ESR tube and subsequent evacuation and
loading with the hydrocarbon, a radical cation concentration
of 6 x 108 mol g~ (+25%) was obtained.

Alternatively, to evaluate the role of the oxygen, samples
were carefully dried in an ESR tube under deep-bed condi-
tions (80 mm) by evacuation at room temperature for 24 h
and then heating at a rate of 3 K mithup to 773 K, keeping

mediately before the addition of oxygen (a), and subsequently exposed tothis temperature for 2 h, and evacuating for another 12 h at

oxygen with a partial pressure of 52 hPa, recorded 2 min (b), 36 min (c),
and 100 min (d) after addition of the oxygen. ESR spectrum of the superox-
ide radical anion, formed upon addition of 250 hPa of oxygen to a different
DMHD-loaded samples of H-MOR, measured some days after oxygen ad-
dition (e).

Counterdiffusion is possible in mordenite for benzene and
ethylbenzen@3]. Their cross section is comparable or even
greater than that estimated for DMHD molecules, one may

room temperature to reach a pressure af0~’ hPa. After

this initial drying catination was conducted as usual, except
that the sample was kept under vacuum. This resulted in a
radical cation concentration of2x 108 molg™?! in the
middle of the zeolite bed (about 40% of what was observed
in air calcined samples). Hower, the top and bottom layers
were nearly inactive. Presunigpthe top layer resembles a
fully dehydroxylated zeolite. In the deeper parts of the pow-
der the effective vacuum is much poorer. A certain extent
of “steaming” with low water vapor pressures arising from

therefore assume that DMHD molecules can pass each Othe'élehydroxylation is necessary fdret evolution of electron-

in mordenite pores.

ESR spectra obtained with DMHD in H-ZSM-5 were not
as wellresolved as in H-MOR. This is ascribed to a consider-
ably restricted motion in the medium-pore zeolite. It makes
it much more difficult to quantif radical cation generation:

accepting centers, but in thisvier part the water content
may be too high and cause maignificant dealumination
and possibly also pore blockage.

In the intermediate zone of the vacuum-calcined zeolite
it is possible to enhance the radical cation signal by a sup-

We will therefore concentrate here on the results obtained pjementary addition of oxygemta concentration which is

with H-MOR, but all the main features were observed with
H-ZSM-5 as well.

HCI leads to extensive dealumination of H-MJR4,
25], causing partial pore blockage by extraframework alu-
minum oxide. Better yields of DMHD* are obtained with
NH4NOs3 which does not cause meaable dealumination
[26]. This indicates that an extractive dealumination is ap-

comparable to the value obsed after calcination in air.
This clearly demonstrates that oxygen plays an important
role in electron transfer.

ESR spectroscopy has the advantage that gaseous triplet
oxygen is detectable within a certain pressure range. The in-
teraction of the rotational and the orbital angular moments
with the magnetic spin moment leads to a multitude of indi-

parently not needed to generate radical cations. Providedvidual lines. The single scan detection limitin an empty ESR

that the migration of aluminum atoms is necessary for the
creation of single-electron-acdém centers, it is sufficient

to perform calcination undere-steaming conditions in a
shallow bed (see Secti@?).

tube is around 10° hPa. Oxygen rotates freely in mordenite
above 200 K[27], but the lifetime of a molecular rotational
state in the pore is too short for the molecule to be detectable
by ESR. Nevertheless, the presence of intergranular oxygen
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Complexation of the acid sites before or after admission
of DMHD revealed no influence of ammonia for the devel-
opment of DMHD*. While it was found previously that
radical cations are also formed on zeolites in theirsNH
form [36], ammonia was not present in excess in that exper-
iment so that there was no possibility of blocking the LAS.
From the present results we conclude that single-electron

* transfer and acid—base interaction take place at different ad-

Q

volved in the single-electrorransfer process. It also sug-
gests that it is essential to distinguish between the acidic and
the redox active properties. This is consistent with the con-
ventional definition that Lewis acid sites are electron pair
acceptors whereas the formatidiradical cations represents
the transfer of single electrons. We therefore call these sepa-
rate sites which are responsible for radical cation generation
single-electron transfer sites (SETS).

Fig. 2. ESR spectrum of the lower parf a layer of H-MOR after a usual The presence of SETS is obviously linked to moder-
drying and evacuating procedure (a), obtained with five CW scans and res-ate steaming during calcination and thus to the formation
olution enhanced by multiplying the inverse Fourier-transformed spectrum of defect sites. The formation of oxygen vacancies at tem-
with a sinebell function. For compaas, spectrum (b) shows the resonance peratures above 643 K in H-ZSM-5 was demonstrated re-

lines of gaseous oxygen with a pressure of 502 hPa, scaled down to . ..
the Samg height ve P cently by Balint et al[37] based on AC conductivity that
’ 1/4

scaled ag, . While this is typical for many ionic solid ox-

ides[38], it has not frequently been proposed to occur in
in equilibrium with the adsorbed state permits its observa- zeolites. However, as the activity of the SETS in the present
tion at room temperature with only slightly broadened lines, Work on H-MOR obviously depends on the partial pressure
as shown inFig. 2 By comparing the ESR intensities of ©Of 0xygen we believe that the SETS are indeed related to
a calibration series with our samples we established that a0Xygen vacancies. In the absence of direct spectroscopic ev-
pressure of the intergranular oxygen in a range of31® idence it remains somewhatexmlatlve.but is nevertheless
102 hPa is best for generating a large quantity of DMHD an attractive approach for understanding the nature of these

radical cations. Higher pressures lead to the additional evo-c€nters. o o
lution of superoxide ions (see Sectidrg). In a detailed investigation of the oxidation of benzene

to phenol with NO over steamed H-ZSM-5 Kubanek et
al. [39] demonstrated that the catalytic activity was uncor-
related with the number of BAS or LAS but clearly cor-

. The concentration of active sites for DMHD genera- related with relatively low concentrations of Fe in the ze-
tion is much too low to be detectable by NMR. Basically, olite, and they implied that the ESR signals neae 6.0

ESR spectroscopy should be sufficiently sensitive, butin fact 5 5.6 arising from extra-framework Fe(lll)-oxo cations in
only the radical cations were observed. Nobody has beenpigny distorted coordination were particularly important for
able to detect directly the active centers. e hydroxylation activity. There was no evidence of radical
Ammonia interacts with all kinds of acid sites including - ¢ation formation. In the present work, while the ESR signal
the weak ones which are not catiatally active. Ammonia 4t ¢ — 4.3 which is typical for Fe in Bar-tetrahedral coor-
adsorption therefore provides an upper threshold for acidic gination was always present we did not observe any signals
centers in zeolitef28,29] Its adsorption enthalpies amount  at higherg values; instead, there was a prominent signal of
to more than 120 kJmot for strong acid centers and be-  ragical cation intermediates. These clear differences seem to
tween 100 and 120 kJ ol for weak ones. Strong centers  indicate that the Fe-oxo species in Kubanek’s work may not
with adsorption enthalpies of more than 120 kimla@re as-  pe the same as the SETS sites needed for the present study.
cribed to LAS arising from dehydroxylation and dealumina-
tion [30-32} cationic LAS such as Nado not significantly 3.3, The catalytic action of SETSin the oxidation of
interact with ammoni§33,34] unsaturated hydrocarbons
From ammonia adsorption a total of approximately 0.8
acidic centers per unit cell watketermined for our calcined  3.3.1. In situ ESR spectroscopic observation of the reaction
H-MOR samples, compared to nominally 7 per unit cell in of the DMHD radical cation with oxygen
the original H form. The reduced concentrationis due to par-  Oxidation activity of zeolites has been described for a
tial transformation of BAS into LAS and corresponds well number of reactions involving oxygen or nitroxides as ox-
with related literature dat@5]. idizing agents[10,39] It is also not new that superoxide

ﬂu sorption sites, and neither LAS nor BAS are directly in-

-

800 850 900
magnetic field (mT)

3.2.2. ESRinvestigationswith and without probe molecules
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radical anions are formefd6]. A photocatalytic oxidation
process developed by Blatter, Frei and co-workéfs-42]
using hydrocarbons (HC) and molecular oxygen on cation-

exchanged zeolites was postulated to lead to radical cations

and superoxide radical anioas reaction intermediates:

(hv) — .
[HC- O] = [HC*t*-..O,]* - HC™* + O,
— products.

As products, these authors detected hydroperoxides in
high selectivities by IR spectroscopy. Here we focus on a
very similar reaction in the absence of UV activation, and we
demonstrate that it is catalytic and can have a high turnover
number.
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Fig. 3. Quantitative analysis of the relative concentrations of all radical

_Add't'on_ of mo'_eCUIar oxygen to a calcined zeolite con- species in the system H-MOR/DMHD /O, (first described experiment;
taining radical cations of unsaturated hydrocarbons leads tosome spectra of this set are showrFig. 2.

a reaction of the guest species, provided the oxygen pressure
exceeds a certain limit. This lilnwas not determined ex-
actly, but it was established that a partial pressure of 0.5 hPa
is sufficient but 102 hPa does not lead to a transformation
of the DMHD radical cations. The reaction can be monitored
by ESR spectroscopy because it results in the formation of
superoxide radical anions due to a backtransfer of the un-
paired electrons from the SETS to oxygen molecules.

Superoxide ions adsorbed tre surfaces of solid oxides
have been characterized in depth by H88]. Their signal
is quite broad and shows a low resolution in most environ-
ments. Because of the far higher resolution the DMFD
signal is well distinguishable from the broad features of N S
o, *. Theg and hyperfine tensors of;O are resolved (see 10 150 200
Fig. 1e) and were analyzed previoug®0]. The splitting reaction time (mines)
of each component into six lines shows that the superoxideFig. 4. Quantitative analysis of the relative concentrations of all radical
ions are adsorbed in the neighborhood of aluminum atomsspecies in the system H-MOR/DMHD /O, (vacuum-calcined zeolite) in
which posses a nuclear spin b= 5/2. The coupling con- the second experiment describedhe text with 68 hPa of added oxygen.
stants agree well with literature dge4]. These aluminum
atoms have to exist in a coordinatively unsaturated form in entirely, even after weeks, although it adopts a very small
the lattice or in amorphous AD, phases which have been  gmpiitude.
postulated to be formed in calcined as well as in hydrother- A quantitative analysis of the ESR signal intensity of both
ma”y treated zeolites. Presumably, these aluminum sites areadical species is shown in a diagram monitoring intensity
responsible for the back transfer of the single electrons. over time inFig. 3 The left side of this diagram (up to a re-

In the following we report three experiments with well- - action time of 2.5 h) shows the decrease of DMHDafter
defined amounts of zeolite, DMHD, anc:@ sealed quartz  44ding the oxygen as well as the evolution gf'OThe con-
tubes which permita simultaneous monitoring of DMHD  centration of the latter species is about constant n the further
O, ", and @ and give insight into the reaction of the system course of the reaction. A short time after adding the oxy-
H-MOR/DMHD™** with oxygen. In the first experiment a gen the total concentratiorf cadicals reaches a maximum
sample of H-MOR was calcined in air and afterward loaded which roughly corresponds to the maximum concentration
with DMHD. The ESR signal of the corresponding radical of DMHD™* before its reaction with oxygen. The right-hand
cation is shown irFig. 1a. After recording this spectrum, side of the diagram will be discussed later.
oxygen was added with a partial pressure of 52 hPa. Imme- A second experiment differed from the first in that cal-
diately thereafter, a second spectrum (b) was taken whichcination was performed in vacuo at 973 K for 15 h under
shows that the number of radical cations has diminished. At deep-bed conditions in the ESR tube. Exposure to an oxy-
the same time, the broad superimposed superoxide anion siggen pressure of 68 hPa after addition of DMHD leads to a
nal evolved. With time, the signal of the anion clearly dom- significant increase of the initial radical cation concentration
inates the spectrum wheretige signal of the cation fades (Fig. 4). Simultaneously the superoxide anion develops, and
away (spectra (c) and (d)). The cation signal never vanishesagain a few minutes later a ngaconstant concentration of
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Fig. 5. Quantitative analysis of the relative concentrations of all radical
species in the system H-MOR/DMHD /O, (air-calcined zeolite) in the
third experiment described ihé 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 useafain 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 hPa.SETS* + O, — SETS+ O, "

In this case one finds a very strong decrease in DNMHD
concentration after a shimeaction time, as shown irig. 5.

Besides this, the concentration of the superoxide ions is quite

low and does not anymore reach the initial DM#HDcon-

centration. This experiment shows that the extent of electron DMHD + O, — products

backtransfer from the zeolitattice depends on the oxygen
pressure. In contrast, the rate of decrease of DMHI3 not
affected by the oxygen pressure.

T.M. Leu, E. Roduner / Journal of Catalysis 228 (2004) 397-404

Itis important to point out that in all experiments the mo-
lar amount of oxygen was many times the initial amount of
the radical cation, but only a fraction of the amount of the
parent hydrocarbon. The evolution of the concentrations of
all three radical species is explained on the following basis:

(i) The reaction between ¢htwo radical ions leads to a
closed-shell reaction product.

(i) The electron transfer at the active sites of the zeolite is
reversible and takes place repeatedly.

In other words, the SETS apatalytically active with re-
spect to single-electron transfer. This explains not only the
increase of radical cation concentration simultaneously with
the decrease of radical aniooreentration but also that a
small quantity of DMHD radical cations is always present
during the reaction with oxygen. It is obvious that such a cat-
alytic process enables the reaction of the hydrocarbon with
oxygen at room temperature, a reaction that is not possible
under these gentle conditions in the absence of a catalyst.
The catalytic cycle is illustrated in the reaction schg&:

DMHD + SETS— DMHD** + SETS™* (1)
2)
DMHD™** + O, " — products (3)
(1)-@)

After complete oxygen consumption, SETS which are
still accessible to DMHD molecules continue to form rad-

After some hours of reaction time the concentrations of ical cations, but they do no longer find superoxide anions

the radical species in all expments hardly changed any-
more. The amount of DMHD® stabilizes at a very low

to react with, which leads to the described increase of their
concentration.

level. However, after some days or Weeksl depending on the The same effect is observed when the Catalytic reaction is
amount of added oxygen, a noticeable increase was detectec§topped at an early stage by removing the oxygen through
accompanied by a simultaneous decrease in superoxide an@pplication of vacuum. Within a few minutes the radical

ion concentration. The increase in DMHD concentration
was significant, although theitial values were not reached
by far. The effect is seen in all of the intensity diagrams
(Figs. 3, 4, and pon the right-hand side. It reflects quite

cation concentration raises and the magnitude of this im-
mediate increase depends on how thoroughly the oxygen is
removed.

It is obvious from the diagrams iRigs. 3, 4, and Shat

a steep ascent followed by a slow and final decrease (noteexcept during the induction period the concentration of su-

the logarithmic time scale).
The decline of the radical catioconcentration after ad-
dition of oxygen is clearly theasult of a chemical reaction

peroxide anions clearly exceetist of radical cations so that
a simple charge balance in the form

into ESR-invisible reaction products. Furthermore we estab- cpyp+» = Cgpree T Co;‘

lished that the DMHD* increase after long times always

took place exactly when all of the added oxygen was used is not valid, not even in case of a negligible concentration of

up. (It is possible to monitor the consumption of molecu-
lar oxygen in a range from 1 to 100 hPa concurrently with
the radical species by meanf&SR in X-band by analyzing
the width of individual lines. The simplest way to do this is
to compare the spectra of intstavith a series of reference
spectra, as reported previougi0].)

the invisible SETS*. This is possible when the above re-
action scheme is extended bybanolecular termination of
DMHD™* which transforms the radical cations to diamag-
netic products and protons. The disappearance of DMHD

in the absence of oxygen indeed appears to follow second
order kinetics (not shown).
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Table 1 is certainly a consequence of the moderate reaction tempera-
Molar amounts and concentrations of all observed species in the reaction oftyre, Furthermore, after theatsh calcination procedure, our
the system H-MOR/DMHD * with oxygen, together ith relevant figures . - .
> Sl zeolite samples contain only a very low quantity of Bran-
describing the catalytic activity of the SETS . .
sted acid centers. As the number of BAS directly controls

Experimerft Unit A B C D E the extent of carbonizatiqd5] their absence is certainly an
Preparation meth&d A AV V A advantage as long as only the redoxactive properties are of
Weight of zeolite sample mg 189 166 165 130 165 interest

Concentration of DMHD * ¢ 1016 g—1 2.96 3.07 2.94 1.11 1.90
108 molg! 4.92 5.09 4.88 1.85 3.16
1074 (u.c.y ! 1.42 1.47 1.41 053 0.91

Unfortunately it was not yet possible to determine the
reaction products of the system because they could not be

Adsorbed amount of DMHD  umol 343 251 299 585 a50 distilled off the zeolite. A GC/MS analysis of products ex-
(u.c)l 052 043 052 1.31 079 tracted with a suitable solvent proved mainly oligomeric
Converted amountof ©®  pmol 522 1.92 337 9.95 1.11 DMHD species which have to be assigned to a chain reac-
Starting pressure of hPa 260 52 68 337 24 tion of DMHD radical cations in the solvent, thus concealing
Reaction timé days 218 65 20 172 12 other possible products in low concentrations. Further in-
Number of cycles - 562 226 419 4173 213 gjght into the oxidation reaction may be obtained with a flow
ig;‘ ((tt;r:;‘l’::t'i‘;gber) :1 0'91;1164:90'1815160;9 0'1725 reactor together with an online analytical method. We ex-
min 550 41 69 59 81 pect hydroperoxides or cyclic pexides as possible reaction

products, in analogy to the photocatalytic work by Blatter,
2 The time-dependent quantitative evaluation of the radical species is Frei and co—worker[a40—42}

given inFig. 3for experiment B, inFig. 4 for experiment C, and ifrig. 5
for experiment E.
b «A’ designates shallow bed calcination in air, “Vv* stands for a vacuum
calcination in the ESR tube under deep-bed conditions.
¢ Maximum number of radical cations, determined during the initializa- 4. Conclusions and outlook
tion period of the system H-MOR/DMHD* before addition of oxygen,
related to the dehydrated form of H-MRO “u.c.” designates a unit cell of

the zeolite. _ _ _ We have shown that the single-electron transfer in de-
Time measured up to the entire consumption of the intergranular oxygen .
gas. hydroxylated zeolites may be used to develop a new con-

cept for the functionalization of unsaturated hydrocarbons.
We demonstrate that the active sites are neither Brgnsted

For the purpose of quantitative evaluation of the above nor Lewis acid sites, and thereéocall them single-electron

catalytic system we carried out five experiments in which we transfer .sites. The novel point is that the;e sites are catalyti—
added defined amounts of oxygen and established the necesally active, as demonstrated by the continuous consumption
sary time to completely turn over the oxidant. The samples ©f Oz with up to 4000 cycles per active site and the recovery
were kept in the dark at room temperature. The number of of the radical cation signal after the oxygen has been used
consumed oxygen molecules per unit time divided by the Up- We are not aware that such an observation has been made
number of available active sites (approximated by the maxi- before by ESR. The results suggest that it may be possible
mum number of DMHD* after adsorption of the olefin) is  to design closed-loop catalytahemical reactions in which

3.3.2. Quantitative evaluation of the SETS activity

the turnover number (TON). The results are givetable ], radical cations are activated intermediates. Since catalytic
along with the preparation method of the sample, the molar oxidation is one of the key reactions for providing economic
amounts of the reactants, and the total turnover. benefitd46,47]it would be highly attractive to have a reac-

The TON amounts to approximately 1.1hon average tion that works with molecular oxygen in place of the more
in experiments B to E. Obviously it makes no difference expensive peroxides. Further work is needed to extract and
whether the zeolite was calcined in air or in vacuo. Only identify the products and to increase the turnover number.
in experiment A we established a much lower turnover per
time. In contrast to the other experiments, sample A was pre-
pared in an ESR tube with a smaller diameter (2 mm instead
of 2.75 mm) resulting in a higher layer of the zeolite powder Acknowledgments
in this tube (80 mm instead of 40 mm in samples B to E).

This may have lead to a less effective drying and therefore
to agreater remaining hum|d|ty in the Samp|e. The authors are greatly indebted to Dr. J. OpltZ (lnsti'

Considering the early state of our experiments the ob- tute of Organic Chemistry, University of Stuttgart) for mass
served number of reaction cycles is remarkable. It is espe-spectra and valuable advicedato Prof. G. Engelhardt (In-
cially noteworthy that even more than 4000 turnovers do not stitute of Technical Chemistry, University of Stuttgart) for
lead to a deterioration in catalyst activity. It is therefore at NMR spectra and fruitful discussions. We further thank CU
this point not necessary to worry about coke formation. This Chemie Uetikon for providing us with the zeolites.
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