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1. INTRODUCTION

The essential features of the EPR method (electron
paramagnetic resonance) have been described in detail in
many monographs and reviews -6,

The efficiency of this method in the study of catalysts
is because in most cases the catalysts are paramagnetic.
The nature of the paramagnetic centres may be different
but they are all, in the final analysis, produced by un-
paired electrons, which give EPR signals. The intensity
and shape of the lines in the EPR spectrum can give in-
formation on the concentration and state of the paramagne-
tic centres, with which the catalytic activity of the contacts
is usually associated (at any rate in reactions taking place
by a radical mechanism). Here it must be borne in mind
that both the bulk properties and the surface properties
are reflected in the EPR. It is known that the paramag-
netism of catalysts, which are most frequently studied in
the isolated state at room temperature, does not reflect
completely the paramagnetic state of the contacts during
catalysis. Moreover, new paramagnetic centres may be
produced during catalysis, so that in the comparison of the
dynamic paramagnetism of the contacts with their catalytic
activity, allowance must be made for the fact that the
correlations will be justifiable only if the above features
are taken into account.

Inanumber of studies it has been shown that the irradia-
tion of catalysts by y-rays, a neutron beam, etc., alters
their catalytic activity”. Other work, often carried out
with the same materials, has established that this irradia-
tion generally leads to the production, in the catalyst, of
defects which can be detected using the EPR method. It is
convenient to compare the data obtained by different
authors on the change in catalytic activity after irradiation
on the one hand with the parameters of the EPR signals of
the same catalyst on the other. This is particularly
necessary since a simultaneous comparison of these two
parameters has been made in very few studies.

In the discussion of the factual material, we have used
the classification of catalytic reactions proposed by Polya-
kin®, who divides all catalytic reactions into three main
types: reactions involving the pairing and unpairing of
electrons; reactions taking place with electron transfer
(oxidation); and reactions involving the donation and with-
drawal of an electron pair (acid-base reactions).

II. REACTIONS INVOLVING THE PAIRING AND UNPAIR-
ING OF ELECTRONS
Reactions of this type which have been studied by the

EPR method include deuterium exchange in molecular hy-
drogen, hydrogenation, dehydrogenation, and radical poly-
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merisationf. For these reactions to take place, it is
usually necessary that the catalyst surface have paramag-
netic centres (“free valencies”!?) or, at least, that such
centres be readily produced under the catalysis conditions
by the influence of heat and the reaction mixture. The
interaction between the surface paramagnetic centres in
this case is not significant. Since the completion of the
catalytic act in this type of process does not require the
transfer of electrons, dielectric substances (for example,
Si0, or Al,0,) with paramagnetic centres on their surface
may also act as catalysts here. If the catalytic act takes
place on those paramagnetic centres which are detected by
the EPR method, we should expect that the intensity of
these signals and the catalytic activity should change in the
same sense.

1. Deuterium Exchange in Molecular Hydrogen

The reaction H, + D, = 2HD takes place at a satisfactory
rate on a number of catalysts. In recent years it has been
studied on silica gel and on alumina as a model reaction for
determining the influence of the irradiation of these oxides
on their catalytic activity.

It has been established !® that thoroughly dehydrated and
ignited (8 h at 200~300°C in a vacuum) silica gel containing
less than 0.1% Fe and Al, after irradiation at room tem-
perature by y-rays from Co (5-10 Mrad), gives a rela-
tively weak EPR signal [a quintet with g-factor equal to the
g-factor of diphenylpicrylhydrazyl (DPPH) and splitting
22 G]. It is suggested that the observed paramagnetic
centre is formed by the removal of a hydrogen atom from
a surface hydroxyl group and that the hyperfine structure
(HFS) is due to the interaction of the unpaired electron with
the protons of neighbouring OH-groups or adsorbed water
molecules. It is considered that the increased catalytic
activity of irradiated silica gel in the isotopic exchange
H, + D, = 2HD may be associated with these paramagnetic
centres. It is also suggested that the EPR spectrum after
irradiation does not reveal all the paramagnetic centres
produced by irradiation.

Silica gel which has been degassed at 500°C and then
irradiated at room temperature with the same dose gives
a narrow singlet (g-factor = 2,0004). In Molin and Voevod-
skii's opinion %, shared by Kazanskii, this signal is due
to electrons trapped in oxygen vacancies of the lattice.
Kohn 5 also studied the paramagnetic resonance absorption
of silica gel which had been degassed at ~ 500°C and then
irradiated at 50°C by y-radiation from %Co (dose 10!® eV X
X g=!) or by X-rays with an energy of 50 keV. The work
was carried out with silica gel in which the concentration
of impurities (Fe, Al, Mg) did not exceed 0.1-0.01%. Kohn,
like Kazanskii, detected an EPR signal (singlet) stable at
room temperature (in a vacuum). Kohn also attributed the
signal to the trapping of electrons in the oxygen vacancies
of the lattice, but whereas Kazanskii and coworkers identi-
fied the paramagnetic centres observed in the EPR spec-
trum with the colour centres of the silica gel (the so-called
F -centres), Kohn showed that the F-centres, which are
also produced after irradiation, are not associated with the
paramagnetic centres. Similarly the F-centres are not
associated with the catalytic activity with respect to the
reaction H, + D, = 2HD. In actual fact, as noted by

T The o-H, = p-H, process is not considered, since it takes
place on all paramagnetic substances Late
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Taylor and Kohn!®-18, the main bulk of the hydrogen is
chemisorbed on the F-centres so strongly that these
centres cannot react further with hydrogen. Only ~ 5% of
the sorbed hydrogen is capable of undergoing exchange with
gaseous H, or of removal by evacuation at room tempera-
ture. Calculations show that this quantity of mobile hydro-
gen would be sufficient to ensure the increased catalytic
activity of the irradiated silica gel. According to Taylor
and Kohn's data!?, however, the rate of the exchange of
this mobile fraction of the sorbed hydrogen is not suffici-
ently high for the exchange to be a stage in the catalytic
process H, + D, = 2HD.

In Kazanskii's experiments, the EPR line did not be-
come broader when oxygen was admitted, and from this it
was concluded that the signal is due to bulk defects. Kohn,
however, found that this signal disappears when oxygen is
added (“the oxygen effect”). The accumulated data suggest
that some of the paramagnetic centres are also present on
the surface of the contact.

Kohn and Taylor !? studied the change in the catalytic
activity of silica gel which had been degassed at 450—-
600°C and subjected to y-irradiation with a dose of approx-
imately 10'? eV g~* (concentration of Fe, Al, and Mg im-
purities less than 0.1-0.01%) with respect to the reaction
H, + D, = 2HD at room temperature (static method), and
established that after irradiation the silica gel is 100~
2000 times more active than before irradiation. At the
same time, the activation energy is reduced from 9 kcal X
X mole~! to 2 kcal mole~!, From this it might be con-
cluded that the increase in the catalytic activity of the
silica gel after irradiation is associated with the generation
of the defects responsible for the appearance of the narrow
EPR signal. In a recent paper, however, Taylor 8,
referring to Kohn's results?°, points out that when the
silica gel is heated at a temperature close to its melting
point, its catalytic activity approaches that of the irradiated
contact. The heating was carried out 2 for 16 h at 920°C.
After this treatment, the rate constant for the reaction
H, + D, = 2HD on commercial silica gel, even at -78°C,
was equal to 5x 10~7 min~!* m~2 — for comparison it should
be noted that the rate constant for the reaction H, + D, =
= 2HD at room temperature on an analogous silica gel
specimen after irradiation with y-rays from ®Co (activity
600 c for 1 min at 35°C) is equal to 5.5 X 10-5 min-! m~2,
Unfortunately, Kohn does not give the value of the rate con-
stant at room temperature for silica gel which had been
heated at 920°C, and this makes comparison difficult. On
other modifications of SiQ,, this thermal treatment gives
an even greater effect: the rate constant is equal to
1073 min~! m~2 on quartz, and 10~* min~* m~2 on quartz
glass and cristobalite (these substances have a surface
area of approximately 6—-8 m? g=*).

Kohn 2° also showed that the catalytic activity of silica
gels is directly proportional to the concentration of alumi-
nium present. After degassing at high temperature
followed by irradiation (35°C, 600 c, %Co y-radiation,

1 min), the rate constant at 25° on silica gel shown by
spectroscopic analysis to contain no aluminium, was equal
to 3.7% 107 min~* m~2, whereas for silica gel specimens
containing 0.01% Al%*, 0.1% Al*, and 0.5% Al%*, the values
(min-! m-2) were 3.5%x 1075, 5,5x10-5, and 1.6 X 10~* res-
pectively. An analogous direct relationship between the
activity and the aluminium content is observed for silica
gel specimens degassed at 500° and 625°C, but in this case
the absolute values of the rate constants are smaller by
1-2 orders of magnitude. (An increase in the catalytic

activity of silica gel after the introduction of additional
quantities of Al was established by Kohn and Taylor*"). It
may also be noted that silica gel with maximum purity,
even after extensive irradiation (6 X 10?° eV g~!), adsorbs
very little hydrogen, the quantity adsorbed being smaller
by a factor of ~ 100 than the quantity adsorbed by irra-
diated commercial silica gel!6,17,

On the basis of these facts, Kohn?® suggests that the
increased catalytic activity of irradiated silica gel is due
to a complex consisting of adsorbed hydrogen and a positive
hole, trapped on an aluminium atom. Kohn himself, how-
ever, considers that this suggestion is only a rough ap-
proximation, since it does not explain a number of facts:
the increase in activity after irradiation by ultraviolet
light 18,17 or by y-rays followed by ultraviolet light 16:17, or
the poisoning of the catalyst by dry oxygen?2:.

The facts indicate that the catalytically active centre in
silica gel contains aluminium. In Kohn and Taylor's
opinion??, it cannot be assumed that the aluminium im-
purity in the silica gel forms a y-ALO, phase and that it is
the presence of this phase which determines the catalytic
activity of the silica gel. This cannot be assumed chiefly
because pure y-ALQ,, ignited at 520°C, shows almost no
change in activity after irradiation, whereas the catalytic
activity of silica gel containing aluminium impurity and
heated at the same temperature, increases after irradiation
by a factor of 100-2000, as already noted. Kohn and
Taylor 7 conclude that the aluminium must be introduced into
the silica gel structure. At the same time itis undoubtedly
true that heating (degassing) the silica gel increases its
activity, the values of the catalytic activity after high-tem-
perature treatment and irradiation being of the same order
of magnitude. On this basis, Taylor !® suggested that the
observed changes in catalytic activity are more probably
associated with the sorbed molecules (that is, with the
removal of water or with the interaction of radiation with
the complex catalyst — “poison”), than with the actual
solid.

1t is generally assumed ?2 that the thermal dehydration of
silica gel leads to the formation of so-called “siloxane
O
bridges” > i-o}(
It may be suggested that the catalytically active centres
of silica gel with respect to the reaction H, + D, = 2HD are

on its surface.

O~
alumesiloxane “bridges” (—AI—O—S'1<> formed during the

thermal or radiation dehydration of the contact. Hydrogen
is probably activated on these strained energy-rich struc-
tures.

The ability of these “bridges” to activate hydrogen
should naturally decrease with decrease in the temperature
of catalysis. At the temperature of liquid nitrogen, these
“bridges” are apparently almost inert with respect to this
reaction. At the same time, the y-irradiation of pre-
viously calcined silica gel at the temperature of liquid
nitrogen will probably activate these “bridges”, making
them able to activate hydrogen even at -196°C. At low
catalysis temperatures therefore, we should expect that
previously calcined silica gel specimens will have a much
lower catalytic activity than contacts which have been
calcined and then irradiated. The difference in the cata-
lytic activity of silica gel after thermal treatment, and also
after thermal treatment followed by irradiation (at the
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temperature of liquid nitrogen) should increase with de-
crease in the temperature of catalysis. This is probably
the reason for the observed marked difference in the cata-
lytic activity of silica gel at -196°C after thermal treat-
ment on the one hand and after irradiation at the tempera-
ture of liquid nitrogen on the other hand. In fact, for
example, the rate constant for deuterium exchange on
silica gel containing 0.01% aluminium, after irradiation for
16 h at -196°C, is greater than 3 X 10~¢ min~! m~2 (at
-196°C), whereas the rate constant for the same silica gel
specimen after heating at 900°C amounts to less than

3 X107 min—! m-2,

The suggestion regarding the possible part played by
alumosiloxane “bridges” as active centres for the reaction
H, + D, = 2HD on the surface of a silica gel catalyst can-
not be taken as proved. It is definitely established, how-
ever, that the higher the calcining temperature, that is,
the more complete the dehydration of the silica gel, the
higher the catalytic activity with respect to the reaction
H, + D, = 2HD. After thermal treatment the silica gel
does not show EPR signals, so that the catalysis here is
not associated with paramagnetic centres.

Analogous relationships are observed for the catalysis
of the reaction H, + D, = 2HD on alumina. Here also it
has been established that the higher the temperature of
preliminary heating (activation) of the catalyst in a vacuum,
the less marked the effect of subsequent irradiation 18,2825
(the irradiation was carried out in a vacuum for 3 min at
-78°C from a %°Co source at a rate equal to 2 X107 eV X
X g=! min-!; the catalytic activity was also measured at
-78°C). For a catalyst previously heated at 650°C, how-
ever, the activity decreased by almost one-half after
irradiation. The lower the temperature of preliminary
heating of the catalyst, the more rapid the decrease in the
catalytic activity induced by the irradiation: the time
taken amounted to 2-4 d (at room temperature) for a cata-
lyst heated at 400°C, and to several hours, even at -78°C%
(“annealing”) for a catalyst heated at 200°. At the same
time, alumina gives an intense EPR signal after irradia-
tion (both after irradiation at the temperature of liquid
nitrogen in a vacuum 28 and after irradiation by ®Co y-rays
with an energy of 1.25 MeV at room temperature 23),

Kazanskii 26 observed a correlation between the de-
crease in the intensity of one of the components of the
complex EPR signal observed at -196°C and the decrease
after annealing in the induced catalytic activity of catalysts
previously heated at 200-500°C. On this basis it was
suggested that “the additional activity of the irradiated
alumina gel and the labile EPR signal are produced by the
same centre”.! It is quite probable that the irradiation
of y-AlL O, previously heated at 650°C also leads to the
appearance of EPR signals. At the same time, the cata-
lytic activity of y-AlL,O; decreases after this thermal
treatment, as already noted. There are thus grounds for
assuming that the above suggestion is erroneous.

Taylor !8 considers that the increase in catalytic activity
after irradiation is associated with the removal of sorbed
molecules of “poisons” (for example, water) from the
surface, not only for silica gel but also for all non-metallic
catalysts. This applies particularly to y-Al,0;. Kolbanov-
skii and coworkers 25 also point out that the activation of
y-ALQ, is most probably due to the removal of sufficient
quantities of water from the catalyst.

It may be assumed that dehydration of the alumina gel
surface leads to the formation of aloxane “bridges”

704
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for the reaction H, + D, = 2HD. This assumption makes
it possible to explain the regularities observed. In fact,
if the preliminary heating of y-ALQ;, is carried out at an
insufficiently high temperature, this leads to the formation,
on the surface of the catalyst, of a certain quantity of
aloxane “bridges” and thus to the production of a definite
stable catalytic activity. If this catalyst is then irradiated
at low temperature (~78° or -196°C), newaloxane “bridges”
are formed, accompanied by the liberation of water. In the
process, the catalytic activity evidently increases. It must
be assumed, however, that under these conditions the
water remains in the catalyst. The aloxane “bridges” are
probably less stable than alumosiloxane bridges. (For an
approximate estimate of the bond strength, we may note
that the energy of rupture of the Al-O- bond at 298°C is
116 kcal mole™!, whereas that of the Si-O- bond is
193 kcal mole~™%;%7 the rate of rehydration of calcined
alumina gel is greater than that of calcined alumina-silica
and, more particularly, silica gel?8), It may therefore be
assumed that the aloxane “bridges” will react more readily
than alumosiloxane bridges with the water remaining in the
catalyst, particularly with increase in temperature (the
so-called “low-temperature annealing”). If, however, the
heating is continued until the water is almost completely
removed and formation of the aloxane “bridges” on the
surface takes place to the maximum extent, subsequent
irradiation can only break down these bridges and thus de-
crease the catalytic activity. This interpretation explains
why the effect of irradiation is greater, the lower the tem-
perature of preliminary heating of the catalyst. On the
other hand, it also explains why the irradiation of alumina
gel specimens heated at 650°C leads to a decrease in cata-
lytic activity. The phenomenon of the “annealing” of the
induced catalytic activity is also explained.

), which can probably act as active centres

1t follows that the increase sometimes observed in the
catalytic activity with respect to deuterium exchange in
molecular hydrogen on silica gel and alumina gel after
irradiation is not due to defects giving an EPR signal. The
fact, observed in a number of instances, that the intensity
of the signal and the catalytic activity change in the same
sense, does not reflect their correlation as cause and
effect but merely indicates that both these parameters are
determined by the same factor (in this case radiation
dehydration). It is not excluded, however, that some para-
magnetic centres produced during irradiation may catalyse
the isotopic exchange.

A parallelism between the intensity of the signal and the
catalytic activity with respecttothe reaction H, + D, + 2HD
is not observed on sugar carbons?®, The maximal activity
is shown by carbon heated at 905°C, for which the intensity
of the EPR signal is 2 minimum. The maximal intensity
(and minimal width) is shown by the EPR signal for carbon
heated at 607°C. In Turkevich and Laroche's opinion, the
high activity of carbon heated above 607°C is because
treatment of the carbon in this way produces antiferromag-
netic regions on which hydrogen is readily chemisorbed.
Activation of hydrogen in the catalysis of the reaction
H, + D, = 2HD also apparently takes place on these regions.

The intensity of the EPR signal induced by irradiation is
found to change in the same sense as the activity with res-
pect to the reaction H, + D, = 2HD for two catalysts:

ZnO and TiO, (anatase). Thus Kohn and Taylor * showed
that after irradiation with °Co y-rays (10¥¥-10% eV g,
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at -78°C) the activity of pure zinc oxide for this reaction
increases by a factor of 3-10, the time required for the
induced activity to decrease by half being greater than one
month. Terenin and coworkers3! detected the gradual ap-
pearance of two EPR signals after the irradiation of zinc
oxide with ultraviolet light (and even with visible light) at
T77°K, in air: one signal had g-factor 1.964 and line width
AH = 4.5 G, and the second had g-factor 2.018 and AH =
=3.0 G. Analogous signals gradually appeared after
irradiation in a vacuum at the same temperature.

Schneider 32 also detected an EPR signal with a g-factor
1.657 and AH = 4.6 G after the irradiation of zinc oxide
with ultraviolet light in a vacuum at room temperature.

Terenin3! suggests that the singlet with g-factor 1.914
is produced by centres freed from oxygen during photo-
desorption — unpaired electrons in donor levels — and
that the singlet with g-factor 2.018 is due to chemisorbed
oxygen atoms. The intensity of these signals decreases
rapidly when irradiation is stopped.

It can be seen that soft irradiation which does not lead
to the displacement of atoms in the lattice, on the one hand
increases the catalytic activity of ZnO in the reaction
H, + D, = 2HD, and on the other induces EPR signals in
the catalyst.

Mishchenko and coworkers 33 established that changes in
the same sense are shown by the intensity of the EPR
signal induced in titanium dioxide (anatase) by y-irradiation
with ®Co (at -196°C in a vacuum, integral dose 1.7x 107 r)
and its catalytic activity in deuterium exchange in mole-
cular hydrogen at -196°C. An interesting feature is that
Kohn and Taylor 3° detected an increase in the catalytic
activity of TiO, (rutile) with respect to this reaction, only
after treatment by irradiation in a reactor. Here, however,
the catalysis was carried out at -78°C, that is, a signifi-
cantly higher temperature.

The above examination suggests that in pure ZnO and
TiO, (anatase) the centres responsible for the EPR signals
are simultaneously the centres for the activation of hydro-
gen in the reaction H, + D, = 2HD.

2. Hydrogenation-Dehydrogenation Reactions

A number of recent papers have compared the paramag-
netic properties, influence of irradiation, and catalytic
activity for platinum and palladium catalysts deposited on
various carriers, and also for other catalysts, with res-
pect to hydrogenation-dehydrogenation reactions.

(a) Hydrogenation reactions. Nicolau and co-
workers34 studied the hydrogenation of p-nitroanisole and
crotonic acid on a catalyst consisting of 5% Pt on diamag-
netic carbon, and showed that this catalyst gives a narrow
EPR signal (singlet with AF = 2-5.4 G). Nicolau and co-
workers 3% had previously established that this signal is due
to the introduction of the electrons of the platinum into a
so-called “pseudo-sandwich” complex with carbon. It was
shown that not all of the electrons of the platinum enter
complexes of this type, since the observed intensity of the
signal is smaller than the calculated value by approxi-
mately four orders of magnitude.

Specimens of the catalyst were heated in air in the
range 50-500°C. It was found that the higher the tempera-
ture of preliminary annealing, the lower the intensity of
the EPR signal and the catalytic activity. After heating at

500°C, both quantities decrease to zero. Distinctchanges
in the same sense are thus shown by the catalytic activity
with respect to the hydrogenation of these compounds and
the concentration of unpaired electrons bound in the
“pseudo-sandwich” complexes. In the hydrogenation of
nitrobenzene and p-nitrotoluene on catalysts consisting of
Ni on zeolite, 1% Pt on active carbon, and 5% Pd oncarbon
black, Graham3® observed an increase in the activity of the
catalysts after irradiation by X-rays, B-rays, deuterons,
or neutrons. He found that the lower the melting point of
the metal catalyst, the more ready its activation during
irradiation and the more rapid the decrease in this induced
catalytic activity. In Graham's opinion, the generation of
active centres involves the creation of defects on the sur-
face, and the decrease in catalytic activity is due to their
elimination by surface diffusion and annealing. It is quite
probable that under appropriate conditions these defects
may be revealed in the EPR spectrum, although Graham
unfortunately did not carry out these measurements.

At the same time, Minachev?3” did not observe an in-
crease in the catalytic activity of a catalyst consisting of
0.5% Ptonalumina-silica withrespect to the hydrogenation
of cyclohexane, after irradiation of the contact with ®Co
v-rays (energy of y-quanta 0.6 MeV).

A parallelism between the appearance of a narrow EPR
signal and catalytic activity with respect to hydrogenation
is also observed for titanium dioxide.

According to the data of Gray and coworkers?38, TiO,
with maximum purity does not catalyse the hydrogenation of
benzene, and Chester 3 reports that thoroughly oxidised
titanium dioxide does not give an EPR signal. TiO, which
has been partly reduced by hydrogen is a satisfactory cata-
lyst for the Fischer—Tropsch synthesis38, At 4.2-2.16°K,
this catalyst gives an EPR spectrum consisting of 2-4 lines
(AH = 18-30 G).3® With increase in temperature the signal
is converted into an asymmetric singlet. (It should be
noted that Nicolau also detected a narrow singlet in TiO, at
room temperature,) The nature of this signal is not
clear. In Chester's opinion3® the signal may be due to Ti3*
ions in the interstices or at lattice sites in the Ti lattice,
perturbed by adjacent oxygen vacancies. It may also be
due to electrons (trapped spontaneously) in the interstices,
It is not excluded that the signal is given by certain un-
identified centres produced as a result of the introduction
of hydrogen (but not H and OH). In any case, the signal
from a catalyst with oxygen content reduced as a result of
heating in a vacuum is quite different.

It was pointed out above that the catalytic activity of
pure zinc oxide with respect to the reaction H, + D, = 2HD
increases after irradiation. At the same time, previously
irradiated zinc oxide (8°Co source, 6—10X10° r min~! in a
vacuum at 15° + 5°) shows a lower catalytic activity in the
hydrogenation of ethylene at 0° than a non-irradiated
specimen?!. The probable reason for this is that the
activation of the ethylene necessary for its hydrogenation
does not take place on the hydrogen-activation centres
induced by irradiation and revealed in the EPR spectrum.

The irradiation of zinc oxide during catalysis (¥°Co
source, 2.5x10® eV g™ h™}) increases its catalytic activity
with respect to the synthesis of methanol from hydrogen
and carbon monoxide 4?: the effect was maximal at the
lowest catalysis temperature (201°C) — catalytic activity
increased by a factor of 4-5.

Kohn and Taylor 7 tried to hydrogenate ethylene on
irradiated industrial silica gel. Moderate activity was
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detected. For example. after irradiation (1 g silica gel,
dose rate 2 X107 eV g~! min™!) all the ethylene was hydro-
genated in 4 d at room temperature (the catalytic activity
was measured by a static method in a system with a volume
of 30 cm®, and the molar ratio of hydrogen and ethylene in
the mixture was 2:1). There is no sense in relating this
induced catalytic activity to the EPR signal induced by
irradiation and observed at room temperature. It is
known 43 that ethyl radicals adsorbed on the surface of
irradiated silica gel are destroyed even at -70°C.

The intensity of the narrow EPR signal and the catalytic
activity do not always change in the same sense. An im-
portant part is played by the chemical character of the
paramagnetic centre. The intensity of the EPR signals
and the catalytic activity will change in the same sense
only when the paramagnetic centres are chemically capable
of catalysing the hydrogenation (or dehydrogenation) of a
given substance. In addition to the examples examined
above where a change in the same sense does not take
place, no parallelism is observed between the intensity of
the narrow and broad signals for alumina—-chromium oxide
catalysts and their activity with respect to the hydrogena-
tion of ethylene. The maximal activity with respect to this
reaction was shown by chromium oxide which had been
heated to 700°C and exhibited antiferromagnetic proper-
ties4, The intensity of the EPR signals of this catalyst
was low, however, and its width was approximately 500 G.

(b) Dehydrogenation reactions. Inthe
dehydrogenation of cyclohexane on silica gel, alumina,
alumina-silica catalyst, ZrO,, MgO, ZnO, or NiO irra-
diated with electrons (energy 0.8 MeV) or with Co
v-radiation (dose rate 400 r s~!), a correlation was ob-
served between the appearance of the EPR signal and the
induced catalytic activity *>. The irradiation was carried out
in ampoules containing the catalyst and cyclohexane (the
ampoules were first evacuated and heated at400°C). After
thistreatment, a signal due to the CgH radical was detectedin
8i0,, Al,0,, and Al,0,-SiO,, unidentified weak signals were
detected in ZrO, and MgO, and no EPR signal was detected
in ZnO or NiO. From this it was concluded that SiO,,
ALQ,, and Al,0,-SiO, exhibit maximal catalytic activity
and ZrO, lower catalytic activity, and that in ZnO and NiO
there is almost no induced catalytic activity. At the same
time, as the authors of the paper point out, NiO and ZnO
have a high “thermal” catalytic activity (at 300°C) with
respect to the dehydrogenation of cyclohexane, whereas
the other oxides examined above do not catalyse this reac-
tion at all at the same temperature.

Nicolau“® showed that platinum, deposited on a carrier
containing diamagnetic carbon (the carrier was first im-
mersed in sugar solution and then heated for 1 h at 800°C),
brings about intensive catalysis of the dehydrocyclisation
of 1,1,3-trimethylcyclopentane, whereas the catalytic
activity of Pt/ALO, and Pt/SiO, is smaller by a factor of
3.5-9. The catalytic activity of the Pt/C + ALO, catalyst
is higher than that of Pt/C + SiO,. It is significant that
only catalysts containing carbon give EPR signals (concen-
tration of paramagnetic centres 9x 10! spin g~*, AH =10 G
and 2.3 X 10'¢ spin g~!, AH = 12 G respectively). It can be
seen that here also the intensity of the narrow EPR signal
and the catalytic activity with respect to the dehydrogena-
tion change in the same sense.

Summarising the results for hydrogenation—dehydro-
genation reactions, it may be noted that in most cases a
parallelism is observed between the intensity of the narrow
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EPR signalsandthe catalytic activity. We would emphasise
again, however, that a significant part is played by the
chemical character of the centre responsible for the ap-
pearance of the signal. Thus the centres responsible for
the catalysis of the dehydrogenation of cyclohexane on SiO,,
ALO,, and Al,0,~SiO, are evidently not identical to the
centres which are responsible for the catalysis of

H, + D, = 2HD. In actual fact, it was shown that the reac-
tion H, + D, = 2HD takes place on previously calcined
silica gel and alumina gel which give no EPR signal, where-
as the dehydrogenation of cyclohexane does not take place
on these catalysts even at high temperature. Hydrogen
and cyclohexane are apparently activated on different
centres in these catalysts.

As already noted, irradiated zinc oxide is inactive with
respect to the dehydrogenation of cyclohexane but effec-
tively catalyses deuterium-exchange in molecular hydrogen
(see above). In this case also the hydrogen-activation
centres produced during irradiation are probably not
capable of activating cyclohexane (the statement that here
there is a rapid decrease in the intensity of the EPR signals
of zinc oxide*5 is apparently without foundation, since the
entire catalyst-—hydrocarbon system is subjected to irra-
diation).

3. The Radical Polymerisation of Ethylene

The polymerisation of ethylene is catalysed by a number
of catalysts containing transition metal ions4’. Some of
these catalysts have recently been studied by the EPR
method. Chromium oxide catalysts have been studied in
most detail in this connection. These catalysts are usually
prepared by impregnating carriers (alumina or alumina—
silica) with chromic acid solution with subsequent activa-
tion.

Sometimes the catalyst was activated by heating for 4 h
at 350°C, followed by reduction with hydrogen at the same
temperature 48,4%; sometimes the catalyst was activated by
heating in air at 500°C for 4 h 5 or at 350°C %, or ina
vacuum at 350°C for 4 h %, or at 400°C for 3 h 52; some-
times the catalyst was treated with organic solvents 53,5,
O'Reilly and Maclver 5 prepared an alumina-~chromium
oxide catalyst by impregnating y-Al,O; with chromium
nitrate, followed by roasting and reduction at 500°C. Some
reduced specimens were activated by heating at 500°C. An
analogous catalyst can also be obtained by coprecipitating
chromium and aluminium nitrates, followed by roasting at
500-1400°C. In this work®® some specimens were reduced
by hydrogen at 500°C.

The concentration of chromium in the catalysts was
varied from 0.5 wt.% to ~67 wt.%, calculated as Cr,0;.
Usually, however, the total chromium concentration
amounted to 2.5-3 wt. %, and then, after activation by heat-
ing in air or in a vacuum, the catalysts prepared by the
impregnation method gave an EPR spectrum at room tem-
perature containing signals of two types: a broad line
(AH = 500-1300 G, g-factor 1,97-1.98) and a narrow line
(AH = 16.7-50 G, g-factor 1.97-1.99)32,48,49,51=83,85  Tp g
reduced alumina—-chromium oxide catalyst prepared by the
impregnation method (in this case the chromium concentra-
tion calculated as Cr,0, was varied from 0.078 wt.% to
10.1 wt. %), O'Reilly and Maclver 55 detected an additional
asymmetric signal, whose parameters were not given (it
is merely stated that at a frequency of 9.5 Gc s™* this
signal has a maximum close to 1500 G). The intensity of
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this signal is a maximum at low chromium concentrations
and changes little on oxidation. Moreover, the quantity of
chromium responsible for this signal is independent of
temperature in the range from -195° to +162°C.

The EPR spectrum of a coprecipitated alumina—~chrom-
ium oxide catalyst® at Cr,0, concentrations of 8.05—~
66.4 wt.%, in addition to a broad absorption line, shows
another signal with parameters: AH = 200-750 G, g-factor
1.975 + 0.01. After heating at 500~900°C, specimens with
a low Cr,O, concentration (8.05 wt. %) show only the
broadest line, whereas specimens with a high Cr,0; con-
centration (66.4 wt. %) show only the narrower absorption
line (AH = 200-750 G). After roasting at 1400°C, how-
ever, at all Cr,0, concentrations, only this last signal is
observed.

Let us now consider how different authors explainthe origin
of the observed EPR signals. It is suggested 1:48+9,51,53
that the broad signal of the impregnated contacts is due to
Cr,0; microcrystallites. O'Reilly and Maclver 5 consider
that the state of a-Cr,0, responsible for the broad signal
corresponds more closely to Cr,0, gel, which is para-
magnetic at room temperature (a-Cr,0, is antiferromag-
netic and has a Curie point of +30°C. 57) Inthe coprecipi-
tated catalyst, the broad signal is again, in the opinion of
Maclver and coworkers 58, due to Cr,0, microcrystallites,
amorphous towards X-rays. The narrower signal (AH =
= 200~750 G), observed only for the coprecipitated contact,
is given by a solid solution of Cr,0, in ALO,. %®

Finally, in the opinion of Maclver and coworkers 55,58,
the asymmetric signal on both types of catalyst is due to
Cr* ions which are interacting weakly with one another
and are situated in the lattice sites of the carrier, both on
the Al,O, surface and close to the surface.

As will be shown later, however, the narrow EPR signal
is of the greatest interest from the viewpoint of the cata-
lytic properties of deposited chromium oxide contacts, so
that we shall examine its nature in more detail.

The narrow line is symmetrical on alumina gel and
asymmetrical on Al,0,-8i0,.% O'Reilly?, and also
Kossee and van Reijen3, consider that the narrow line is
due to Cr% ions. O'Reilly considers that this line cannot
be due to diluted Cr®* or Cr* ions, since then the spectra
should have shown a fine structure, but this was not ob-
served. Kossee and van Reijen33, who observed only a
narrow signal with careful reduction (by boiling in organic
solvents) of CrO, deposited on alumina, established that
these specimens have a magnetic moment which is very
close to the value corresponding to the spin of one unpaired
electron. These authors therefore conclude that the
narrow signal is due to quinquevalent chromium ions.
Kazanskii and coworkers 5!, in their latest work, also con-
cluded that this signal is due to Cr% ions. They consider,
with some justification, that O'Reilly's proof is inadequate,
and give additional data in support of this conclusion. A
constant value for the y-factor at different frequencies
(3.2 cm and 21,8 cm) can be observed only if the narrow
signal is due to Cr% ions. If the signal were due to Cr** or
Cr3 ions, the value of the g-factor should have increased
on going from high to low magnetic fields. The detection
of HFS [hyperfine structure (Ed.of Translation)] for the
narrow signal on an alumina-silica catalyst®® is also a
weighty argument in support of the suggestion that the
narrow line is due to Cr5 ions. In actual fact, the HFS
indicates the absence of strong exchange interaction, so
that the fine structure, if it had been observed (in this

case, if the signal had been due to Cr® or Cr?* ions),
should have been clearly defined.

Further support for this conclusion regarding the origin
of the narrow line in the EPR spectrum of the chromium
oxide catalyst for the polymerisation of ethylene is pro-
vided by the fact, established by a number of authors, that
the narrow signal is not shown by the catalysts after inten-
sive reduction by hydrogen 50,5185 and that this signal ap-
pears after contacts which have been previously completely
reduced are oxidised5!»5, Moreover, the narrow signal
is never observed from activated CrO, in the absence of
carrier, so that stabilisation of the Cr% ions takes place
on the surface of the carrier 51,52,

Evidence that the Cr® ions are situated on the surface
of the carrier is provided by the oxygen effect (for the
narrow EPR signal) detected by Kazanskii and coworkersSt,
Moreover, Nicolau and Thom % established that at constant
surface area of the carrier (y-ALQ,) the intensity of the
narrow signal remains constant with change in the chrom-
ium concentration from 1 wt.% to 20 wt.%. In their
opinion, this indicates that the paramagnetic centres res-
ponsible for the signal are situated chiefly on the surface
of the catalyst. There is no agreement regarding the
state in which the Cr®% ions are present on the surface of
the chromium oxide catalyst. O'Reilly®, on the basis of
the fact that the width of the narrow line remains constant
with change in the concentration of chromium in the
alumina~chromium oxide catalyst, suggests that the Cr®
ions form a phase, Kazanskii and coworkers 5! agree with
this conclusion and support it with the fact that the value of
the Weiss constant which they calculated for the alumina~
chromium oxide catalyst is +25, that is, it is greater than
zero, This means that exchange interaction takes
place between the Cr% ions, which therefore form a
phase 5%,

Maclver % states that Cr® ions are Cr® ions on which
an electron is “trapped”. For coprecipitated alumina—
chromium oxide catalysts® he gives some evidence that
the Cr% ions are present in small Cr,0, crystals on
the surface of the carrier. The maximum intensity of
the narrow signal is observed at a chromium concen-
tration of 4.55 wt.%, which corresponds to the maximal
Cr,0, surface area. The intensity of the signal de-
creases at a chromium concentration greater than
7.6 wt.% Cr,0;, that is, in the range where an appreci-
able increase in the dimensions of the Cr,O; granules
takes place.  Maclver and coworkers also established
that the asymmetric signal attributed to isolated Cr%*
ions remains unchanged under conditions in which
reduction of Cr* ions takes place. In their opinion,
both facts indicate that the Cr% ions are situated on the
catalyst surface not in isolation but in small Cr,0,
crystallites. = We have already noted, however, that
the narrow signal has never been observed from acti-
vated CrO; in the absence of a carrier. In our opinion,
this fact can be reconciled with Maclver's suggestion
that the Cr®* ions are situated on the Cr,O, surface only
if it is assumed that the Cr% ions are distributed on
the interface between the Cr,0, microcrystallites and
the carrier.

Comparison of the results of statistical calculations
with experimental data, in particular with data on the EPR
of alumina—-chromium oxide catalysts, established ¢ good
agreement between experiment and calculation for a model
with random distribution of isolated Cr5 ions on the sur-
face.
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Thus Maclver's results, contrary to O'Reilly and Kazan-~
skii's suggestion, indicate that Cr® ions do not form a
phase on the surface of the alumina.

As already noted %8, Cr® ijons on the surface of an
alumina-silica carrier do not give an HFS and thus do not
form a phase; the signal is anisotropic. To explain these
facts it was postulated %8 that Cr5 ions are introduced into
the alumina-silica support, in other words, that replace-
ment of some of the Si** ions by Cr% ions takes place in the
tetrahedra of the surface layer of the alumina-silica. The
quinquevalent chromium ions form a surface compound
with the alumina—-silica support®. The quantity of Cr5
ions formed in an alumina-silica catalyst after its activa-
tion is small®? and amounts to 3—-4%; 85-88% of the
chromium remains in the form of Cr® ions.

It can thus be seen that on an alumina-silica carrier
the quinquevalent chromium ions are present in the form
of a dilute solid solution on the surface, whereas on
alumina, in the opinion of some authors, they form a
phase, while in the opinion of others a phase is not formed.
The evidence in support of the suggestion that a Cr® phase
is not formed on the surface of an alumina-chromium
oxide catalyst is more convincing.

The Cr* ions may, in fact, be distributed on the surface
sufficiently closely for the observed exchange interaction
to take place between them 5! but at the same time at such
a distance from one another that no formation of a phase
takes place at this stage. The Cr® ions may, for example,
form a sufficiently “concentrated” two-dimensional surface
solution. It is evident, moreover, that even if the appear-
ance of HFS indicates unambigously that the Cr5" ions are
present in the form of a dilute solid solution, the absence
of HFS cannot be taken as proof that these ions form a
phase.

Let us examine the relationship between the EPR signals
of deposited chromium oxide catalysts and their catalytic
activity with respect to the polymerisation of ethylene 5.

Kossee and van Reijen® were the first to suggest that
the Cr# or Cr* ions, which give a narrow EPR signal, are
the active centres of the catalyst. Recent experimental
results indicate a correlation between the intensity of the
narrow EPR signal of original chromium oxide-alumina-
silica catalysts and their catalytic activity with respect to
the polymerisation of ethylene. Kazanskii and coworkers 52
showed that the maximal catalytic activity is given by cata-
lysts containing 2.5-4 wt. % of chromium. These are the
catalysts which give the most intense narrow EPR signal
(we are speaking of the original catalysts). Antuf'ev and
coworkers® also established that the catalytic activity and
intensity of the narrow EPR signal change in the same
sense. In the opinion of these authors, Cr% ions are the
active component of chromium catalysts for the polymeri-
sation of ethylene. This conclusion is confirmed by data
on the chemisorption of the reaction components on the
catalyst. Recent work by Kazanskii and coworkers % has
shown that the Cr% ions are the centres for the chemi-
sorption of ethylene on the one hand and of water vapour — a
poison which inhibits polymerisation — on the other.

It is significant that in the works cited the catalytic
activity was compared with the intensity of the narrow
signal of the original activated catalysts. At the same
time, it can be seen from published data 52 that the inten-
sity of the narrow signal has decreased by approximately
one-half 3 h after the start of the reaction, reaching a
steady value for the given experimental conditions.
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It has been established that sexivalent chromium ions
do not take part in the catalysis of the polymerisation of
ethylene: disappearance of Cr® ions from the catalyst
produces almost no change in its activity 52,8, Similarly,
intermediate oxides are not the active component: their
presence in the catalyst has no influence on the catalytic
activity of the catalyst52, A catalyst without carrier,
containing after activation only Cr,0,, is inactive with
respect to the polymerisation of ethylene 5281, so that
chromium sesquioxide is also inert with respect to this
reaction. In accordance with this, catalysts in which the
narrow EPR signal disappears after reduction by hydrogen
are catalytically inert 5,

The EPR method has recently been used to study de-
posited molybdenum catalysts for the polymerisation of
ethylene ®2, It was suggested that in this case the cata-
Iytically active component consists of quinquivalent molyb-
denum ions formed during the reduction of the catalysts.

It should be noted that here also, as in the study of the
chromium catalysts, the EPR measurements were made
before catalysis. During catalysis, further reduction of
the catalysts takes place, but according to the published
data this additional reduction is not extensive.

The formation of Mo% ions is related to the reaction of
the molybdenum oxides with the carrier, in the course of
which these ions are stabilised. It is pointed out that the
nature of the carrier has a significant influence on the
shape of the absorption line: thus on alumina gel the
signal (molybdenum concentration 8 wt. %) is symmetrical
(g-factor = 1,933, AF = 80 G) but on an alumina-silica
carrier the signal is asymmetric (AH = 60 G, g, = 1.879,
g1 =1.933). Asymmetric signals are also formed in
catalysts based on ZrO, and ZrO,.SiO,.

In the case of alumina—molybdenum oxide and molyb-
denum oxide-alumina-silica catalysts, the catalytic
activity of the catalysts and the intensity of the original
EPR signal change in the same sense. Both quantities
reach a maximum at a concentration of 20% MoOQ; in the
catalysts.

The correlation between the intensity of the narrow EPR
signal and catalytic activity was observed not only in the
case of chromium and molybdenum catalysts but also in
the polymerisation of ethylene on a Ziegler catalyst
[TiCl, + Al(C,H,),C1]. s

The course of the reaction between TiCl, and Al(C,H,),Cl
was followed continuously: the reaction mixture — TiCl, +
+ Al(C,H,),Cl1 in heptane at room temperature — was
circulated through the resonator. After some time, a
narrow EPR signal (singlet) was detected. It was estab-
lished that in this system, reduction of TiCl, to TiCl takes
place and part of the TiCl; is precipitated. This precipi-
tate does not give an EPR signal at room temperature.

The authors tried to attribute this to the possible dimerisa-
tion of TiCl, in the solid phase but it is not excluded that
the absence of resonance absorption by the precipitate at
room temperature may also be due to the too-rapid spin-
-lattice relaxation of the Ti* ions. In this connection a
recent paper devoted to the study of an analogous system is
of interest #; itwas established that the precipitate formed
0.5 hafter the components TiCl, and Al(C,H,),Cl were mixed
contains no aluminium, has the composition Ti(C,H;)Cl,,
and gives no EPR signal at room temperature. At the
same time, the precipitate removed 4 h after the com-
ponents were mixed has the overall formula Ti,Cl,Al(C,H;),
contains Ti%*, and gives an EPR signal at room tempera-
ture.
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It is pointed out that “the curves giving the time depend-
ence of the rate of polymerisation of ethylene and the time
dependence of the concentration of unpaired electrons have
identical shapes”. The addition of 10% of water or oxygen
(relative to the aluminium) increases the intensity of the
signal by a factor of approximately 2, According to the
data given in a patent®8, to which the authors refer, the
same quantities of water and oxygen bring about maximal
increase in the yield of polymer.

The nature of the signal was examined in subsequent
work. A study of the TiCl, + Al(C,H,)CL, system in
heptane % ([TiCl,] = 0.108 M, [AL(C, Hs)Clz] = 0.055 M) esta-
blished that here also an EPR signal (singlet) appears
some time after the components are mixed (at room tem-
perature). The intensity of this signal corresponds to ap-
proximately 2% of the concentration of alkylaluminium
chloride. This signal consists of two superimposed sing-
lets: a symmetrical singlet with AH = 22 G and g -factor
1.925, and a weaker asymmetric signal with AH approxi-
mately 10 G and g-factor 1.933. After the components
are mixed, the intensity of the signal increases, at first
very rapidly, and then, after the precipitation of TiCl,,
which in this case gives an EPR signal, very slightly.
After examining possible mechanisms, the authors con-
cluded that the observed EPR signals are due to Ti%* ions
which are formed as a result of complex formation by
TiCl, with the alkylaluminium halides and reduction of the
TiCl, in this complex to Ti**. The greater the strength of
the alkylaluminium halide as a Lewis acid — the acid
strength increases in the order Al(C,H,),Cl, Al(C,H,)CL,,
AICL; — the greater the concentration of this soluble com-
plex and the greater the intensity of the EPR signal.

The symmetrical signal is assigned to the complex
(TiCl,),.[Al(C,H;)CL,] and the asymmetric signal to the
complex TiCl,.[Al(C,H,)CL,], obtained by the decomposition
of the first complex, particularly when the ratio Al/Ti is
less than unity. In a study of the closely related systems %’

(CsHy)a TiCly + Al (CHa)s {1]; (CsHy)a TiCl, -+ A1(CHa)a CILI};
(CsHy)s Ti (CH;) CI + Al (CHy) Clg [I1);
(CsHy); TiCly + Al (CHy) Cl, [IV];
(GsHg)s Ti (CHy) Ct + AICH, [V,

however, it was shown that the analytically determined
Ti3% ion concentration is equal to the concentration of un-
paired electrons given by measurement of the signal inten-
sity, experimental proof is thus obtained that in these
systems the EPR signal is due to Ti* ions. At a high con-
centration of the complex (not less than 1 X 10~ M) the
spectrum shows a singlet, but at a low concentration (less
than 1 x10-2 M) an HFS is observed (HFS in analogous sys-
tems at low concentrations of the complex was previously
observed by Shilov and coworkers %8 and Maki and Ren-
dall®), The conversion of the HFS into a singlet at in-
creased concentration of the complex is accompanied by an
opposite decrease in the width of the line.

An interesting phenomenon is observed in work with
dilute solutions of the complex (< 1x10-2 M). As the Cl
atoms on the aluminium are gradually replaced by CH,
groups, the shape of the spectrum changes from one with
a distinct HFS through a shape with an indistinct HFS to a
broad singlet (the observed HFS, consisting of six compo-
nents, indicates a high electron density at the aluminium
nucleus, for which the spin is equal to 5/2). It may there-
fore be assumed that the localisation of the unpaired
electrons on the aluminium decreases with decrease in the

acidity of the complex, that is, the alkyl groups increase
the delocalisation of the unpaired electrons inthe complex.

From the fact that the g-factor is almost constant in the
different complexes studied, it is concluded that the elec-
tron in the complex is localised to only a slight extent on
R, R’, and R”, and that its density is a maximum on Ti,
Al, and Cl in

R .
\ .
[R/n.,

a, .
R
Al ]
ar

ke

A detailed investigation of the nature of the active com-
ponent of the Ziegler catalyst is described by Varodi and
coworkers®, who established that the solubility in hydro-
carbons shown by the above precipitates separating in the
TiCl, + Al(C,H,),Cl system is low but increases by a factor
of about 1000 in the presence of TiCl,. Dissolution leads to
the formation of a complex of the type (C,H,)TiCl,—-
Al(C,H,)Cl. This complex is found in the filtrate after
separation of the precipitate.

A suspension of the precipitate in heptane is catalytically
inactive. The system also remains catalytically inert after
the addition of TiCl,. The system formed by the precipi-
tate + A1(C,H,),Cl also has a low activity. The catalytic
activity increases sharply by a factor of about 3 only after
the precipitate is mixed with a filtrate containing the
soluble complex compound. At the same time, the cata-
lytic activity of the filtrate itself is also low.

The catalytic activity is thus shown by the entire preci-
pitate—soluble complex system, the presence of TiCl, in
the system playing a particularly important part and leading
to the maximal formation of the soluble complex compound
which is the active cocatalyst.

It can be seen that on all three types of ethylene-poly-
merisation catalyst studied by the EPR method, it has been
possible to establish that the catalytlcally active component
of the catalysts contains M"™ ions, where 7 is the highest
valency of the transition metal. This is probably a general
feature, although it cannot be explained at present.

III. REACTIONS INVOLVING ELECTRON TRANSFER

Typical reactions of this group include the decomposi-
tion of hydrogen peroxide and dinitrogen oxide, and also
oxidation by molecular oxygen. Catalysts for reactions of
this type 7° exhibit a high electrical conductivity, which is
necessary in order to ensure the possibility of electron
transfer, through the catalyst, between the molecules
reacting on the catalyst surface (from the molecule being
oxidised to oxygen, or from one H,0, (or N,0) molecule to
another). Paramagnetism (or ferromagnetism) is not,
however, a necessary property of catalysts for this group
of reactions. In recent years it has indeed been shown that
there exists a whole class of catalysts for reactions involv-
ing oxidation — semiconductors containing no transition
elements — which do not exhibit paramagnetism?. There
are, moreover, a number of oxidation processes on
transition metal oxides (in particular, on vanadium pentox-
ide), which take place without the reduction of V,0,, and
in which paramagnetic ions (for example, V* ions) play no
significant part’. Most oxidations, however, at any rate
those involving aromatic substances and alkenes, take
place in the steady state on partly reduced oxides, which
contain unpaired electrons and are therefore revealed in
the EPR spectrum. The study of these spectra may give
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some information on the structure and properties of these
catalysts., For example, Nicolau and Thom°® made a
comparative study of the EPR spectra of powdered man-
ganese oxides (MnO, and Mn,O;) and of the same oxides
deposited on y-alumina. The conductivity electrons may
lead to broadening of the paramagnetic resonance absorp-
tion lines for oxide powders which are not in the highest
valency state. In actual fact, the width of the absorption
spectrum of MnO, powder amounts to 1600 G (the signal
shows HFS containing four components); with Mn,O,
powder, AH is also equal to 1600 G. Deposition of these
oxides on y-Al,O, leads to a sharp decrease in the width
of the EPR signals (for MnO,/y-ALO,, AH = 8 G and for
Mn,O,/y-ALOQ,, AH =5 G), disappearance of the HFS (for
MnO,), and a decrease in the intensity of the signals (from
10'" to 10'¢ unpaired electrons per gramme with MnO,,
and from 10*" to 10*% unpaired electrons per gramme with
Mn,O;). This sharp change in the signal parameters was
attributed to the dispersal of the paramagnetic oxides in
the form of aggregates (agglomerates) over the y-ALO,
surface. The decrease in the width of the lines is attri-
buted to the magnetic dilution of MnO, by the diamagnetic
v-ALQ,, and the particularly sharp decrease in the inten-
sity of the signal with Mn,O, is attributed primarily to the

forma.tion_ of a covalent bond between the Al®* and Mn®" ions.

A common feature of the signals observed by Nicolau
and Thom is their asymmetry. This asymmetry was
attributed to the anisotropy of the crystal and also to the
influence of active oxygen. Unfortunately, a comparative
study of the catalytic properties of different manganese
catalysts was not carried out.

1. The Decomposition of Hydrogen Peroxide and Dinitrogen
Oxide

Many organic polymeric materials have a low electri-
cal conductivity activation energy, that is, they are semi-
conductors with a narrow forbidden zone. They thus serve
as models of a semiconducting oxide. Semiconductors,
however, are effective catalysts for the decomposition of
hydrogen peroxide. It is thus not surprising that organic
semiconductors such as polyacenequinone (PAQ), poly-
(acrylonitrile) (PAN), copper polyphthalocyanine (CPP),
and poly(aminoquinone)s are active catalysts for the de-
composition of hydrogen peroxide ™", The decomposition
of dinitrogen oxide also takes place on organic semicon-
ductors ™, the maximal activity being shown by PAN,
pyrolysed at 350°C in an atmosphere of argon. PAN
pyrolysed in air has an extremely low activity with respect
to this process. Here, therefore, oxygen has a significant
influence on the catalytic properties of this semiconductor.
It is probable that as this reaction proceeds, the activity
should decrease as a result of the chemisorption of oxy-
gen, which is one of the products of the decomposition
of N,O. An interesting feature is that in the decomposition
of H,0, there is no indication of a difference in the activi-
ties of PAN pyrolysed in air or in an atmosphere of argon.
H,0, is probably sorbed on the surface no less strongly
than oxygen, so that the latter cannot displace H,O, from
the catalyst surface.

The decomposition of N,O also takes place intensively
on poly (isoprenechloranil) (PICA) and poly (benzimidazole)
(PBIA). All three polymers PAN, PICA, and PBIA, are
semiconductors with a long system of conjugated double
bonds and nitrogen atoms with a lonepair of electrons,
Phthalocyanines (free phthalocyanine and CPP) and also
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polyacenequinone have almost no catalytic influence on the
decomposition of N,O. This is apparently due to the
absence of a long system of conjugated double bonds in the
case of phthalocyanines, and in the case of polyacenequi-
none to the absence of N atoms which apparently act as
centres for the chemisorption of dinitrogen oxide mole-
cules.

2. The Oxidation of Organic Substances

As already noted, the oxidation of hydrocarbons on the
oxides of transition metals in their highest valency states
is accompanied by partial reduction of the latter. The
activity of the catalyst increases in the process and the
concentration of paramagnetic centres also increases,
Examples of this parallelism are familiar: for example,
the maximal catalytic activity with respect to the oxidation
of benzene (flow-circulation method) is shown by a vanad-
ium-molybdenum catalyst containing 30% molybdenum, and
the same catalyst also shows the maximal intensity and
width for the EPR signal (singlet) observed at room tem-
perature (AH =190 G).”™ At a molybdenum concentration
less than 30%, MoO, forms a solid solution with V,0,. To
preserve electrical neutrality in the system, the Mo® ions
must be converted into Mo% ions, or some V* ions must
be converted into V* ions. At an Mo concentration less
than 5%, the EPR spectrum of the catalyst shows an aniso-
tropic HFS (two groups of lines with eight components in
each, g, =1.99, g, =1.90, aAH, =50 G, AH; =145 G),
characteristic of the V#* ion.’® From this it was con-
cluded that the second mechanism is involved, that is, the
addition of Mo® ions to the catalyst leads to the production
of V* jons in an amount which, at an MoOQ; concentration
< 30%, is approximately equal to the quantity of added
Mo® ions. At a higher MoO, concentration, however, the
latter react with V,0; to form a chemical compound in
which only every fifth vanadium ion is converted into V**,
It is considered that the V** ions act as impurity levels
which influence the electronic properties of the semicon-
ductor (V,0;) and hence its catalytic activity. Ioffe and
coworkers " consider that the results provide experimental
proof of “the general influence of lattice defects on the
catalytic properties of semiconducting catalysts”.

Ioffe considers that the addition of ions of higher
valency, for example, Mo% ions, to V,O, is not necessary
for the oxidation of naphthalene or o-xylene on V,0O;, be-
cause here, as a result of the intensive reduction of the
catalyst, there is spontaneous generation of defects (in the
form of V* ions) responsible for the increase in the cata-
lytic activity of the vanadium oxide catalyst .

The V* ions apparently act as centres for the activation
of the molecules of the hydrocarbon being oxidised (in
particular, benzene?). In order to bring about this acti-
vation, that is, to displace the electron density from the
hydrocarbon to the catalyst, it is necessary to ensure that
the Fermi level of the catalyst is sufficiently low-lying ™.
These conditions are satisfied”® in the oxidation of benzene
on a vanadium-molybdenum catalyst, which is a solid
solution of MoOy in V,0,.

It is probably possible in principle, by introducing sexi-
valent impurity ions (for example, Mo%), to create such a
high concentration of V¥ ions in the V,0; lattice that the
rate of transfer of electrons from the hydrocarbon (benz-
ene or naphthalene) to the catalyst becomes equal to the
rate of transfer of electrons from the catalyst to oxygen.



Vol.34 No.9

RUSSIAN CHEMICAL REVIEWS

September 1965

The operation of the catalyst (in the oxidation of the given
hydrocarbon) will thus reach a steady state and no change
will take place in its chemical and phase composition. The
quantity (~30 mole %) of Mo® ions (and hence the equi-
valent quantity of V* ions) which can be introduced into
V,0, without breaking down its crystal structure is insuffi-
cient to bring about this equalisation of the rates of the
donor and acceptor stages in the oxidation of aromatic
hydrocarbons: this is indicated by the partial reduction of
the vanadium-molybdenum catalyst in the oxidation of
benzene ", naphthalene, and xylene ™. 1t is for this
reason that the catalytic oxidation of benzene, xylene,
naphthalene, and, apparently, other aromatic hydrocarbons,
takes place in the steady state on lower oxides. The latter are
thus the active components of vanadium oxide catalysts for the
oxidation of aromatic compounds. This is alsoindicated by
results obtained in a study of the oxidation of naphthalene on
“sodium vanadium bronze”. This “bronze” has a crystal
structure close to that of vanadium pentoxide, exhibits a
high electrical conductivity, contains V* ions®, andgivesan
EPR spectrum with a signal analogous to the signal of a
partly reduced vanadium oxide catalyst® and the optimal
vanadium-molybdenum catalyst?. Nevertheless, the
“sodium vanadium bronze” is quite inactive with respect

to the oxidation of naphthalene (under the ordinary con-
ditions of catalysis for this process) until partial reduction
takes place with the formation of lower oxide phases on

its surface®. It was also shown that the active component
of the vanadium oxide catalyst is a mixture of the oxides
V,0, and Vg0,;, the V,0, playing the leading parts2, Of the
two modifications of vanadium(IV)oxide studied — the grey
crystalline form and the black form amorphous towards
X-rays — thegrey has the higher catalytic activity. It is the
black modification, however, which exhibits intensive reson-
ance absorption at room temperature (singlet with AH =

= 166 G), whereas the grey modification gives no signalunder
analogous conditions 8. Finally, Ioffe and coworkers™
themselves emphasise that the line width of the EPR signal
of used vanadium oxide catalysts is almost independent of
the chemical composition of the catalyst. This is attri-
buted to the fact that during catalysis, diffusion of V** ions
to the surface of the catalyst takes place, with the forma-
tion of lower oxide phases on the surface.

All these facts indicate that the activity of the vanadium
oxide catalyst with respect to the oxidation of naphthalene
is due not simply to the presence of defects in its struc-
ture, even if these defects are V* ions, but to the forma-
tion, on the catalyst surface, of definite chemical com-
pounds V,0, and V40,, for which the “defect character” of
the crystal lattice is not significant for catalysis.

It appears from published data that the nature of the EPR
signals (singlets) observed at room temperature for vanad-
ium pentoxide, partially reduced vanadium oxide catalyst,
vanadium(IV) oxide amorphous towards X-rays, and
“vanadium bronze”, has not been finally established.
and coworkers”® attributed the EPR signal which they
observed at room temperature for vanadium-molybdenum
catalysts to the presence of V* ions.

Ioffe

Ragle # considers that the EPR signals (singlets) ob-
served at room temperature for commercial vanadium
pentoxide, vanadium bronzes, and partly reduced vanadium
catalysts, are due to an electron localised close to the
vanadium. The absence of HFS is attributed to the
mobility of these electrons. An analogous conclusion
regarding the nature of the paramagnetic centres in V,04
was reached by Ioffe and Patrina 85,

However, this cannot explain the difference in the
behaviour of crystalline V,0, and the form amorphous to-
wards X-rays. This may be due to differences in the
degree of dispersion of these modifications of V,0,.

Crystalline V,0, is antiferromagnetic at room tempera-
ture®. In amorphous V,0,, however, because of its high
degree of dispersion and the marked departure from order-
ing in the structure, the antiferromagnetism is probably
removed to some extent and this makes it possible to ob-
serve EPR signals from V* ions at room temperature.

This interpretation explains a number of other facts.
During catalysis, the surface of the vanadium oxide cata-
lyst disintegrates, becomes amorphous, and almost doubles
in area®. The disintegration of the catalyst surface is
accompanied by an increase in the intensity of the EPR
signal; at the same time, the catalyst may not be chemi-
cally reduced. For example, the intensity of the signal
from V,0, after catalysis of the oxidation of phthalic
anhydride increases® by a factor of approximately 30, but
no reduction of the catalyst is observed®, Moreover, it
was established that the intensity of the EPR signal from
amorphous V,0, increases after catalysis by a factor of
approximately 2, with the simultaneous partial oxidation of
the catalyst (the experiments were carried out in gradient-
-free conditions and measures were taken to eliminate the
possible influence of inner-diffusion retardation, which
might have led to oxidation of V,0, inside the granule ).
Special experiments showed that the intensity of the V,0,
signal decreases after remelting: by a factor of 2 for
“analytical reagent” grade V,0; and by a factor of 5 for
“pure” grade V,0,. At the same time, the concentration
of V* ions in the oxides decreases by factors of only 1.5
and 2 respectively. Thus “annealing” of the defects takes
place much more readily than the decrease in the concen-
tration of V* ions. All these facts can be explained only
by relating the EPR signals observed at room temperature
to the presence, in the catalyst, of defects (dislocations)
which are centres for the localisation of electrons.

The fact that the signal with maximal intensity is ob-
served from amorphous V,0, and not from the other oxides
studied can be attributed firstly to the fact that only V,0,
could be obtained in the most highly dispersed state, and
secondly to the fact that this oxide contains the maximal
number of mobile electrons, of which a definite proportion
may be localised on the dislocations in the solid.

It should be emphasised again that the nature of the
signals observed at room temperature is the subject of
discussion. For us, however, it is significant that the
intensity of these signals is not correlated with the activity
of the vanadium oxide catalysts with respect to the oxida-
tion of aromatic hydrocarbons.

The EPR method has also been used to study the vanad-
ium-potassium-sulphate-silica gel (VKSS) so-called
“complex” catalyst for the oxidation of naphthalene to
phthalic anhydride ®, This catalyst is prepared by im-
pregnating coarsely-porous silica gel with an aqueous solu-
tion of vanadyl sulphate and potassium sulphate with subse-
quent roastingatabout 400°C. It was previously considered
that this treatment converted the vanadyl sulphate com-
pletely into V,0, °%,%2 and hence that in principle any
soluble vanadium salt, for example, ammonium metavana-
date, could be used for the preparation of the catalyst.
Vanadyl sulphate was convenient simply because it pene-
trates more evenly into the silica gel and ensures regular
formation of V,0, throughout the whole volume of the
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carrier. According to these ideas, the high selectivity of
the oxidation of naphthalene to phthalic anhydride on the
VKSS catalyst was due to the particularly favourable dis-
tribution of the vanadium oxides in the bulk of the carrier.
The vanadyl sulphate was merely the starting material for
their formation.

In the study of this type of vanadium catalyst, use was
made of the fact that of all the vanadium compounds whose
presence might have been expected in the VKSS catalyst —
vanadyl sulphate, V,0;, V0,5, and V,0, — only vanadyl
sulphate gives an intense EPR signal at room tempera-
ture 777,83 whereas special experiments established that
the vanadium oxides deposited on silica gel are not revealed
in the EPR spectrum at room temperature. It was found
that the catalyst prepared by impregnating silica gel with
an aqueous solution of vanadyl sulphate and potassium
sulphate, with composition corresponding to that used in
industry, after heating at 400°C exhibits maximal selec~
tivity with respect to phthalic anhydride and gives an EPR
spectrum with HFS. The EPR signal is also preserved
after the catalysis has been carried out for a prolonged
period. Moreover, contacts prepared by impregnating
silica gel with vanadyl sulphate solution without potassium
sulphate, which after roasting do not give a signal and
hence do not contain VOSO,, give an intense broad EPR
signal after catalysis of the oxidation of naphthalene for
several minutes. The appearance of this signal can be
attributed to the regeneration of vanadyl sulphate in the
catalyst during catalysis. Infact, during the oxidation of
the original vanadyl sulphate to V,0, on the catalyst, SO, is
liberated and may be retained by the carrier. In the
reduction of V,0, during catalysis, the V,0, formed reacts
with the sorbed SO, to form vanadyl sulphate.

It was found that a catalyst prepared by impregnating
silica gel with a solution of ammonium metavanadate and
potassium sulphate, that is, a catalyst not containing
vanadyl sulphate and hence not giving an EPR signal at
room temperature either before or after catalysis, shows
extremely low selectivity. After this catalyst has been
treated in SO, vapour at room temperature, however, it
begins to oxidise naphthalene much more selectively, and
the concentration of the products of extensive oxidation
decreases sharply. This catalyst, like that with composi-
tion corresponding to that used in industry, also gives a
signal with HFS}.

The observed facts indicate that the outstanding proper-
ties of the VKSS catalyst are due chiefly to the charac-
teristic features of its chemical composition, namely the
presence of vanadyl sulphate (which gives an EPR signal
detectable at room temperature).

Since in the catalysts examined the vanadyl sulphate
gives a signal with HFS, it is present in the catalyst and on
its surface in the form of a dilute solid solution. The
operation of a VKSS catalyst which has not been heated and
which, before and after catalysis, contains an appreciable
quantity of the original vanadyl sulphate, revealed in the
EPR spectrum by the intense singlet characteristic of the
VOSO, phase, is completely analogous to that of a pre-
viously heated catalyst in the catalysis of the oxidation of

i Treatment with SOy vapour naturally cannot alter the distribu-
tion of V,05 in the bulk of the carrier, so that the high selectivity
with respect to phthalic anhydride shown by the VKSS catalyst
cannot be attributed entirely to the difference in the regularity of

the distribution of V,0;5 in the bulk of the carrier during its impreg-

nation with vanadyl sulphate and metavanadate,
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naphthalene. This can be interpreted in different ways .
It is possible that in order to obtain the “optimum” VKSS
catalyst, the form in which the VOSO, is present — as a
separate phase or in the form of a dilute solid solution —
is not important and that only its presence in the system is
important.

It has recently been reported that the oxidation of organic
substances can also be catalysed by organic semicon-
ductors. Thus it is stated that tetralin is oxidised by a
stream of oxygen bubbles in the presence of poly(acrylo-
nitrile)™, It is suggested that the action of the poly-
(acrylonitrile) involves the catalysis of the decomposition
of hydroperoxides formed during the autoxidation of the
hydrocarbon.

IV. REACTIONS INVOLVING THE DONATION AND WITH-
DRAWAL OF AN ELECTRON PAIR

Catalysts for this type of reaction are protonic or apro-
tonic acids or bases. Solid aprotonic catalysts generally
show neither electrical conductivity nor paramagnetism,
so that the possible applications of the EPR method in the
study of catalysts of this type are extremely limited. Here
also, however, its application may be useful sometimes,
for example, in the examination of the influence of irradia-
tion on the catalytic activity of silica gel and alumina-
silica catalysts with respect to the reactions of cracking
and isomerisation. In particular, Weisz and Swegler93
established that pure silica gel heated for 16 h at 550°C
and then irradiated with fast and slow neutrons (20 h, dose
7.5 X 10'® cm=-2 for each type of neutron) shows no catalytic
activity with respect to the cracking of isopropylbenzene
(the catalytic activity was measured in a Schwab reactor
at 420°C and a pressure of 1 atm). At the same time, the
activity with respect to the isomerisation of hex-1-ene to
hex-2-ene and hex-3-ene (measured in a flow assembly at
350°C) increases appreciably. Mikovsky and Weisz %
also showed that irradiation with a large neutron dose
(102° ¢cm-2) increases the activity of silica gel in the iso-
merisation of but-1-ene by a factor of approximately 50,
butincreases the activity of an alumina~silica catalystby a
factor of 1.5-3 (the catalytic activity was measured in a
flow microreactor after storage for 6 months to ensure
removal of the induced radioactivity). The heat of activa-
tion on irradiated alumina—silica is 9.7 kcal mole~?,
whereas the value for the original catalyst is 11.4 kcal X
X mole-!, The selectivity of the process remains unchanged
after irradiation. It is also noted that the specific surface
of the irradiated catalysts is smaller by 10-20% than that
of the original catalysts.

Contrary to the results of Weisz, earlier work by
Lucchesi and coworkers #5:9 established a decrease in the
catalytic activity of an alumina-silica catalyst (87% SiO,),
previously heated at 540°C (16 h) and 675°C (3 h), in the
isomerisation of the double bond in but-1-ene after elec-
tronic irradiation (fast neutron beam 8.9 X 10'® cm~2, slow
neutron beam 6.1 X 10'8 ¢cm~2, y-radiation dose 1.2x10r),
The catalytic activity measured 30 d after irradiation
at 65°C.

We have already pointed out that the irradiation of
anhydrous silica gel leads to the generation of an EPR
signal which can be related to the appearance of defects in
the structure of the catalyst. Panchenkov and coworkers ®’
studied the cracking of isopropylbenzene in a flow assembly
at 400°C on an irradiated alumina-silica catalyst with
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composition: ALO, 12.8, SiO, 87.1, Fe,0; 0.07%. The
catalyst was irradiated with protons (energy 1.5 MeV,
intensity of beam 20 pA at the temperature of liquid nitro-
gen) and y-rays (dose 48 million r) at room temperature,
and it was established that an EPR signal (singlet) appears
after irradiation. At the same time, judging from the
degree of conversion, the catalytic activity increases by
25-40% after irradiation with protons and by 77-93% after
y-irradiation.

Comparison of the results obtained by Weisz and Pan-
chenkov shows that irradiation generates EPR signals in
these catalysts and influences their activity with respect
to the reactions of cracking and isomerisation. It isknown
that y-Al,0,, which is a strong aprotonic and weak protonic
acid, is a comparatively poor catalyst for the cracking
reaction and that alumina-silica and silicon-zirconium
catalysts, which are strong protonic and aprotonic acids,
are effective catalysts for this reaction®. It may thus be
concluded that cracking takes place actively on protonated
surfaces and much less readily on aprotonic catalysts.
This explains the inertness of roasted irradiated silica gel
(a weak protonic acid) in the cracking of isopropylbenzene.
In actual fact, irradiation creates defects in the lattice
(EPR signals) but it cannot create the protonated surface
necessary for cracking. The increase in the activity of
roasted irradiated SiO, with respect to the isomerisation
of hex-1-ene and but-1-ene can probably be attributed to
the fact that this reaction, unlike cracking, also takes
place on an aprotonic catalyst such as Si0,. Irradiation,
by producing defects in the surface, naturally leads to an
increase in the number of aprotonic active centres on unit
surface area of the catalyst. Similarly, as we have
already seen, irradiation increases the activity of a cata-
lyst with protonic acidity — the alumina-silica catalyst —
with respect to the process catalysed by protonic surfaces,
that is, the cracking process.

The decomposition of the oxygen-containing compounds
formic acid and propan-2-ol involves simultaneous
dehydrogenation and dehydration of the starting material.
Dehydrogenation is a reaction taking place by a radical
mechanism, whereas dehydration involves an acid-base
reaction. It is thus natural to expect that the decomposi-
tion of the above substances should take place on catalysts
of the radical type ®® which exhibit acidic properties simul-
taneously. For example, dehydration takes place readily
on silica gel, which is a relatively strong aprotonic acid.
It was shown above that irradiated silica gel gives a strong
E PR signal and catalyses the dehydrogenation of cyclohexane.
It was thus expected that irradiated silica gel would cata-
lyse the decomposition of the oxygen-containing compounds
in two directions — with dehydrogenation and with dehydra-
tion. It was in fact shown 1% that irradiated silica gel
(Xerogel R) begins to catalyse not only the dehydration of
formic acid, but also its dehydrogenation.

Slinkin and coworkers 9! studied the EPR signals of
alumina-chromium oxide catalysts with a wide range of
compositions (1.5-93 wt.% Cr) after roasting at 450°, 600°,
and 1000°C, and after catalysis had been carried out on
them. In agreement with data obtained by other authors,
it was found that the original catalysts at room temperature
show two signals: a narrow signal with AH = 40-55G, and
a broad signal with AH = 1000 G. After catalysis, at a
chromium concentration < 14%, the narrow signal (Cr%
ions) disappears. With increase in the roasting tempera-
ture, the intensity of the broad line increases and its
width decreases to 500 G. It was concluded that the active

centres of the catalyst are not Cr% ions but a number of
centres containing Cr®, Al*, and O?- ions. The actual
catalytic process studied is not reported, however, and
an earlier paper referred to by the authors merely notes
that the decomposition of propan-2-ol was studied. It is
not clear from the text whether dehydrogenation, or dehy-
dration, or both took place. It may be assumed that both
processes should take place on this catalyst, which after
catalysis gives an intense EPR signal and which contains
a strong aprotonic acid - AlLO,.

The decomposition of propan-2-ol and cyclohexanol on
certain organic semiconductors was recently studied™. On
three of these — poly(benzimidazole), poly(acrylonitrile),
and poly (isoprenebenzoquinone) — decomposition involves
dehydration and dehydrogenation simultaneously; dehydra-
tion of the alcohols takes place almost exclusively only on
the most “acidic” compound - polyacenequinone.
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