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The formation, emission, and deactivation of electronically excited atoms and molecules in solid-gas systems have been
examined. The mechanisms of these processes and the influence of the nature of the solid on their course have been discussed.
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I. INTRODUCTION

In recent years there has been a marked increase in
interest in the study of excited states on a surface and in
particular electronically excited atoms and molecules in
heterogeneous systems. This is related to the development
of plasma and radiation chemistry, laser technology, and
photocatalytic processes, in which the participation of
electronically excited atoms and molecules is obvious,
although it has been insufficiently studied.1 Moreover, there
are experimental data which indicate that electronically
excited molecules are formed in thermal heterogeneous
processes. In particular, certain reactions take place by a
heterogeneous—homogeneous mechanism, that is electronically
excited atoms and molecules are emitted into the gas phase in
the course of the reaction. Thus it is clear that for an
understanding of the mechanism of many heterogeneous
reactions in a solid—gas system it is important to know the
properties and behaviour of electronically excited atoms and
molecules.

The present review deals primarily with long-lived species.

The long radiative lifetimes of some electronically excited
atoms and molecules in the gas phase suggest that on solid
surfaces also, their stability will be sufficient for them to
take part in surface processes such as the luminescence of
adsorbed molecules and the formation and emission of
electronically excited atoms and molecules from solid surfaces
under the influence of light, chemical, mechanical, and other
factors. The results of the study of the deactivation of
electronically excited atoms and molecules on solid surfaces
of different kinds are of considerable interest. The
deactivation is due to the exchange of the excitation energy
with the solid or with an adsorbed layer, and also to chemical
reaction with the surface of the adsorbent (chemisorption)
and with the adsorbed species—molecules and radicals.

Information of different kinds on the behaviour of various
electronically excited atoms and molecules at a solid-gas
interface has been published. The experimental data are
generally qualitative in character. The largest number of
publications in this field has been devoted to electronically
excited oxygen molecules (singlet oxygen 1O2); data have
also been published on electronically excited nitrogen
molecules, metal atoms, and metastable inert gas atoms.
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I I . THE FORMATION AND EMISSION OF ELECTRONICALLY
EXCITED ATOMS AND MOLECULES INTO THE CAS PHASE
FROM A SOLID SURFACE

Recent reviews 1" 1 1 contain varied information on the forma-
tion of electronically excited atoms and molecules and their
emission from solid surfaces. New data, not discussed in
these reviews, have recently been published1 2 '1 3 on the
mechanism of the photosensitised formation of singlet oxygen
in solid—sensitiser—oxygen systems. It has also been
found 1 5 " 1 8 that emission of singlet oxygen from solid surfaces
takes place in many dark and photo-heterogeneous processes.
The surface and the adsorption layers have been excited by
different methods: the chemical reaction of oxygen atoms
with metal oxides, 1 7 · 1 9 " 2 1 mechanochemical processes, 1 5 the
thermal decomposition of catalysts, 1 6 ' 2 3 the illumination of
catalysts containing transition metal ions,1 8 '2 1*'2 5 etc.

1. The Photosensitised Formation of Electronically Excited
Oxygen Molecules in Heterogeneous Systems

The idea that singlet oxygen (ΧΟ2) is formed in the reaction
of a triplet dye molecule with oxygen by the transfer of the
triplet excitation energy was first put forward by Kautsky,2 6

who observed the simultaneous quenching by oxygen of the
phosphorescence of trypaflavine adsorbed on silica gel and
oxidation of the leuco-base of Malachite Green, adsorbed on
other silica gel granules. The oxidation took place in a
narrow pressure range (1.56—3.12) χ 10~3 hPat oxygen. It
was suggested that the oxidation involved electronically
excited oxygen molecules, formed by the reaction

where Τ and So represent respectively the triplet-excited and
ground states of the dye molecule, and 3O2 and λΟ2 the
ground and singlet-excited states of oxygen. Since the
sensitiser and the substrate being oxidised were separated
in space, the singlet oxygen could pass into the gas phase.
It should be noted, however, that the oxidation stopped when
the distance between the particles with the adsorbed dye
sensitiser and with the substrate being oxidised was increased
to several millimetres.

The discussion of the nature of the oxidising agent in these
systems continued for many years. Thus according to the
hypothesis of Weiss,27 the oxidising agent could be the oxygen
radical-anion OJ. Later, Weiss adopted the views of Franck
and Livingston,28 who suggested that hydrogen peroxide is
formed in this process. The radical-anion removes a hydro-
gen atom either from the dye sensitiser2 8 or from a water
molecule adsorbed on silica gel. 2 9 As pointed out by
Terenin, 3 0 however, energy considerations indicate that the
OJ radical-anion cannot oxidise the leuco-compound, and the
formation of hydrogen peroxide should lead to an irreversible
chemical change in the dye sensitiser. The energy of the
triplet level of trypaflavine (48 kcal mole"1) is insufficient
for the removal of a proton from water molecules adsorbed on
silica gel. 3 1 In the opinion of other authors, 3 2 ' 3 3 the reactive
species is a metastable complex (moloxide) formed by the
triplet dye molecule with oxygen. Under the conditions of
Kautsky's experiment, however, this complex cannot leave
the surface and reach the substrate being oxidised.

Rosenberg and co-workers314'35 studied the influence of
gases on the quenching by oxygen of the phosphorescence of
trypaflavine adsorbed on silica gel, and suggested that a

t l hPa = 100 Pa s 0.75 Torr (Editor of Translation).

vibrationally excited oxygen molecule is formed in the reaction
of oxygen with the triplet sensitiser molecule.

Recently, a number of workers have interpreted the data
obtained in the study of systems of this kind in terms of
singlet oxygen formation.

Thus the dye-photosensitised (including trypaflavine-
sensitised) decrease in the strength of textile fibres has been
attributed 2 9 ' 3 6 to the participation of singlet oxygen. This
effect was observed in the absence of water at an oxygen
pressure of 10"3 hPa; the sensitiser (a film of dye or a
coloured fibre) was situated at a distance of several milli-
metres from the textile fibre being oxidised.

The dye- (eosin and Methylene Blue) sensitised oxidation
by oxygen of diphenylanthracene and rubrene, separated
from the sensitiser by layers of barium or cadmium stearate
with different thicknesses (up to 500 A), has been studied. 3 7

In the opinion of the authors cited, singlet oxygen is formed
in this case, and can diffuse through the stearate layers and
oxidise the substrate molecules.

The oxidation of various organic substances in solution,
photosensitised by dyes (Rose Bengal, eosin, fluorescein,
etc.) deposited on chloromethylated polystyrene, has been
studied. 3 8 Analysis of the products indicated that the
oxidation is brought about by singlet oxygen, formed in the
reaction of a triplet dye molecule with oxygen.

The oxidation of anthracene and 2-methylbut-2-ene in
solution, photosensitised by Rose Bengal and eosin deposited
on Amberlite IRA-400 ion exchange resin and by Methylene
Blue deposited on Amberlite IRS-200, has been observed. 3 9

From the fact that the compounds obtained were identical to
the products of oxidation by singlet oxygen, it was con-
cluded that singlet oxygen is involved in the reaction.

The oxidation of tetramethylethylene, 1,3-diphenyliso-
benzofuran, etc. in solution, photosensitised by Rose Bengal
and Methylene Blue adsorbed on silica gel and alumina gel,
has been studied.'*" The efficiency of the oxidation was
approximately the same in heterogeneous and homogeneous
systems. The experiments of Ref.26 were also repeated
using Rose Bengal adsorbed on silica gel as the sensitiser,
and 9,10-diphenylanthracene adsorbed on other silica gel
particles as the substrate being oxidised. When oxygen
(pressure 6 hPa) was passed through a "fluidised bed" of
the catalyst with illumination by a xenon lamp for 2.5 h, the
degree of oxidation was 50%. It was suggested that the
oxidation involves singlet oxygen.

The photosensitised formation of singlet oxygen has been
detected1*1'1*2 using a thin film of Rose Bengal as sensitiser.
The conclusion that singlet oxygen is formed was reached by
analysing the oxidation products of rubrene.

The photo-oxidation of the surface of a single crystal of
anthracene in an oxygen atmosphere has been studied.1*3

The composition of the products indicated that the reaction
takes place under the influence of singlet oxygen.

Thus the conclusion that singlet oxygen plays a decisive
role in photosensitised oxidation in heterogeneous solid—dye -
oxygen systems was based on the fact that the products of
the photosensitised oxidation and the direct action of singlet
oxygen were identical. The corresponding comparison for
solutions was first made in Refs.44 and 45. Other
workers1*6'1*7 studied the oxidation of substances deposited on
various supports (cellulose, silica gel, etc.) by singlet
oxygen, obtained in different ways. Thus in Ref.46, various
substances adsorbed on silica gel were oxidised by singlet
oxygen formed by heating the triphenyl phosphite—ozone
adduct. The products obtained by oxidising tryptophan,
thymine, and uracil, adsorbed on silica gel, by singlet oxygen
obtained in a radiofrequency discharge were also identified.
In Ref.47, 9,10-dimethylanthracene and other substances,
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adsorbed on cellulose and silica gel, were oxidised using
singlet oxygen formed in a ultrahigh-frequency discharge.
On the basis of these studies, it was suggested1*8 that photo-
sensitised oxidation in systems with the sensitiser and the
substrate being oxidised separated in space could be used
to test for the formation of singlet oxygen. It is only
recently, however, that is has been possible to observe the
luminescence of singlet oxygen C&g) in the gas phase with
photosensitisation by a dye film (Rose Bengal). 1*9>50

Recently, semiconducting detectors were used to detect
singlet oxygen in the gas phase. 1 7 ' 5 1 This method is based
on the change in the electrical conductivity of thin oxide
films (ZnO, TiO2, CdO, etc.) as a result of the adsorption
of atoms and molecules.Z2>11'*'13'* The procedure requires
the use of not only semiconducting films but also additional
apparatus and methods for the selective determination of the
concentration of the gas being determined. Singlet oxygen
is detected in the presence of oxygen atoms using an
apparatus in which the oxygen atoms are deactivated on the
surface of mercury or silver oxides. 1 7 ' 5 1 The influence of
ordinary (triplet) oxygen can be practically eliminated either
by lowering the temperature of the detector or by oxidising
it beforehand. 5 1 ' 1 1 3 InRef.12, semiconducting detectors,
and also calorimetry, showed unambiguously that the illumina-
tion of dyes (trypaflavine, Rose Bengal) adsorbed on quartz,
and a film of trypaflavine, leads to the formation and emission
of singlet oxygen into the gas phase.

The proof that singlet oxygen is formed when heterogeneous
solid—sensitiser—oxygen systems are illuminated, and the
quenching of the phosphorescence of the adsorbed sensitiser,
observed simultaneously, confirm the view26 that singlet
oxygen is formed by the reaction of oxygen with a triplet
molecule of the sensitiser. It should be noted, however,
that the quenching of the phosphorescence of the sensitiser
by oxygen indicates only that singlet oxygen is formed, and
to investigate its subsequent behaviour (the regular features
of emission into the gas phase) it is necessary to study its
desorption.

Since the concentration of singlet oxygen in the gas phase
is directly proportional to the intensity of excitation,1 2 the
change in the intensity of the phosphorescence of the
adsorbed sensitiser in the reaction with oxygen is apparently
given by an equation of first order with respect to the triplet
molecules of the sensitiser. 3"*>52 The change in the intensity
of the phosphorescence of the adsorbed sensitiser with change
in the oxygen pressure 3 5 corresponds to the change in the
concentration of singlet oxygen in the gas phase. Thus the
intensity of the phosphorescence of the sensitiser decreases,
and the concentration of singlet oxygen in the gas phase
increases, with increase in the oxygen pressure. With
further increase in the oxygen pressure, the intensity of the
phosphorescence of the sensitiser becomes close to zero (that
is all the triplet molecules of the sensitiser are quenched),
but the concentration of singlet oxygen formed is a maximum,
and its concentration in the gas phase is determined only by
homogeneous-heterogeneous deactivation processes.1 2-1 3

The rate constant for the reaction of a triplet molecule of
trypaflavine adsorbed on quartz is 5 χ 109 litre mole~1s~1.
The calculation was based on the assumption that the singlet
oxygen is formed by the transfer of the energy of the
sensitiser molecule to oxygen in a short-lived collision
complex. This value agrees satisfactorily with published
data 3 " ' 5 2 ' 5 3 obtained by measuring the quenching by oxygen
of the phosphorescence of trypaflavine adsorbed on silica gel.
In the works cited it was again assumed that the quenching
of the phosphorescence of the sensitiser by oxygen takes
place in a short-lived collision complex formed by the triplet
molecule of the sensitiser and oxygen.

In this case also, however, it is necessary to take account
of the specific features of heterogeneous systems. Thus the
quenching of the phosphorescence of trypaflavine adsorbed
on silica gel does not obey the Stern-Volmer relationship.
In Refs.53—59, the regular features of the change in the
intensity of the phosphorescence and the lifetime of the
triplets of trypaflavine adsorbed on silica gel with change in
the oxygen pressure in the gas phase were explained in terms
of the dynamic character of the quenching (according to
Terenin 6 0 ), that is the process takes place in a short-lived
collision complex. Thus from the practically instantaneous
and ready reversal of the quenching as far as -60 °C it was
concluded55 that the form of the quenching curves is indepen-
dent of the adsorption of oxygen. In Ref.53 it was estab-
lished that all the luminescence centres of trypaflavine
adsorbed on silochrome react with oxygen at the same rate at
all stages of the non-exponential quenching of the phosphor-
escence, and it was concluded that the quenching is dynamic
in character. In Refs.54 and 56-58 the deviations from the
Stern—Volmer relationship were attributed to the molecular-
sieve and trajectory effect. The sensitiser molecules may be
situated in macro-pores of the adsorbent, readily accessible
to oxygen, or in micro-pores (cracks), which are not readily
accessible. The distribution of the sensitiser in the macro-
and micro-pores determines what fraction of the triplet
molecules of the sensitiser will contribute to the phosphor-
escence, and what fraction will be quenched. It is difficult
to imagine, however, that a pore which is accessible to the
fairly large molecule of the sensitiser (trypaflavine) will not
be filled by oxygen molecules, whose dimensions are appreci-
ably smaller. Moreover, it was assumed that only part of
the trajectory of the random movement of the active product
of the photodissociation of the trypaflavine molecule (polaron,
H, exciton, etc.) in the matrix is accessible to oxygen
molecules. Thus in the opinion of the authors cited, the
nature of the solid on which the sensitiser is adsorbed has a
decisive influence on the quenching of the phosphorescence
of the sensitiser (and hence the formation of singlet oxygen).
As noted in Ref.53, the regular features of the quenching of
the phosphorescence of adsorbed trypaflavine can also be
explained by assuming that there is a distribution of the
luminescence centres with respect to lifetime. This view was
put forward in Ref.61. It was found that trypaflavine is
adsorbed as monomers and dimers, and that the lifetime of
the triplets in the dimeric form is shorter than for the mono-
meric form. Moreover, the lifetime of the triplets of the
adsorbed trypaflavine was independent of the oxygen pressure
over a wide range (10~6-l hPa), whereas the intensity of the
phosphorescence changed by several powers of ten. It was
therefore suggested that a decisive role in the quenching of
the phosphorescence of adsorbed trypaflavine is played by
adsorbed oxygen. In Ref.62, the quenching of the phos-
phorescence of biphenyl, naphthalene, and chloronaphthalene
on silica gel was brought about by adsorbed oxygen, that is
the quenching was static in character.

There are thus two views of the quenching of the phosphor-
escence of adsorbed molecules by oxygen and the associated
formation of singlet oxygen. Up to the present (see earlier
reviews2"1 1) the predominant view has been that singlet
oxygen is formed in a short-lived collision complex (triplet
sensitiser molecule-oxygen), that is the dynamic mechanism
of the quenching of the phosphorescence has been assumed.
Recently, however, direct proof that adsorbed O2 molecules
take part in the formation of singlet oxygen has been
obtained. Thus in Refs.12 and 13 it was shown that singlet
oxygen is formed with the photosensitisation of trypaflavine
adsorbed on quartz, or a film of trypaflavine, and previously
adsorbed oxygen.
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The formation and emission of singlet oxygen into the gas
phase was observed under conditions of continuous evacuation
at a residual gas pressure of 10~b hPa, and the intensity of
the emission decreased regularly with time. The emitting
power of these systems was preserved for several tens of
minutes, evidently due to oxygen adsorbed on the surface.
At an oxygen pressure in the gas phase of 10~b hPa, the
quenching of the phosphorescence of adsorbed trypaflavine
is not observed.35 Moreover, singlet oxygen is not formed
if the sensitiser is evacuated for several hours at a tempera-
ture of -100 °C.

Similar data were obtained using vanadium21* and molyb-
denum25 ions deposited on quartz as sensitiser. The results
of these experiments show convincingly that adsorbed oxygen
plays a decisive role in the formation of singlet oxygen in
heterogeneous systems. The residence time of the oxygen
molecule on the solid surface, even in the case of physical
adsorption, is greater by several powers of ten than the life-
time of the collision complex, so that the efficiency of the
formation of singlet oxygen should be greater by several
powers of ten in this case. Thus in the gas phase the
efficiency of the formation of singlet oxygen is ~10~3 (from
data on the quenching of the phosphorescence of the sensi-
tiser9) , whereas in solutions it is close to 1, because of the
cage effect.63~b5 i n Ref.40 it was shown that the efficiency
of the photosensitised oxidation in heterogeneous systems is
not lower than that under homogeneous conditions for
solutions. According to Ref.61, for trypaflavine adsorbed
on silica gel, the efficiency of the formation of singlet oxygen
is close to 1. The question of possible centres for the
adsorption of oxygen can be considered. It may be assumed
that oxygen is adsorbed on the surface of the solid, migrates
over the surface, and collides with triplet molecules of the
sensitiser. Simple calculation of the concentration of singlet
oxygen in the gas phase shows, however, that in this case
the efficiency of its formation should be much smaller than 1.
It is natural to assume that the oxygen molecules involved in
the quenching are adsorbed on the molecules of the sensitiser.

The quenching by oxygen of the phosphorescence of trypa-
flavine adsorbed on silica gel is a practically activationless
process.31*'53 On the other hand, in Refs.12 and 13 it was
found that the concentration of singlet oxygen in the gas
phase increases considerably with increase in the temperature
of the sensitiser. The concentration of singlet oxygen in the
gas phase is apparently determined by the desorption of
singlet oxygen from the surface. It is still not clear from
which centres the singlet oxygen is desorbed, that is whether
it is desorbed from a sensitiser molecule or from the quartz
surface. The increase in the concentration of singlet oxygen
in the gas phase with increase in the temperature of the
sensitiser, detected in Ref.13, can be attributed to a decrease
in the residence time of the singlet oxygen molecule either on
the quartz surface or on the sensitiser molecule. Corre-
spondingly, the activation energy of the effective rate con-
stant for the formation of singlet oxygen, 10 kcal mole"1,13

can be taken as the heat of adsorption of singlet oxygen on
the quartz surface or as the heat of adsorption on the
sensitiser molecule. In Ref.34, the quenching by oxygen of
the phosphorescence of trypaflavine adsorbed on silica gel
stopped at the temperature of liquid nitrogen. The heat of
adsorption of singlet oxygen, calculated with allowance for
this experimental fact, was found to be 6 kcal mole"1.
Unfortunately, there are no direct data on the adsorption
characteristics of singlet oxygen.

Thus it is not yet possible to give a definite answer to the
question raised. The estimated activation energy of the
desorption of oxygen from the surface of trypaflavine
(12 >^al mole"1),66 however, indicates that desorption of
singlet oxygen from the sensitiser molecule is more probable.

A possible scheme for the formation and emission of singlet
oxygen into the gas phase is given below:

'So + 3O2(gas) ? [ !S0 ...
3O2(ads)]

[1S0...
3O2(ads)]^[1S1...

3O2(ads)]
[V.^O^ads)] -+[3S1...

3O2(ads)]
[3S,...3O2(ads)] -••[V.^Ojiads)]
[1S0...

1O2(ads)] -> ̂ 0+ 1O2(gas)

where ^ S Q . . . 3O2(ads)], [1S1... 3O2(ads)], [3S1... 3O2(ads)],
and [1S0... 1O2(ads)] are the complexes of oxygen with the
sensitiser molecule in the ground state lS0, the singlet
excited state 1S1, and the triplet state 3SX, and 3O2(gas),
1O2(gas), 3O2(ads), and k^Cads) the ground and singlet
excited states of oxygen in the gas phase and in the adsorbed
phase respectively. The nature of the complex in which
singlet oxygen is formed must be determined in each specific
case.

Until recently it was usually assumed that singlet oxygen
is formed in a short-lived collision complex with transfer of
energy,9 and not in a complex with charge transfer, except
in the case of aromatic substances.67 It has been found,
however, that the formation of singlet oxygen in a complex
with charge transfer is characteristic of alkenes10 and a
number of other substances.1*'68 As noted in Ref.69, the
detection of magnetic effects (the influence of a magnetic
field and chemical polarisation of the nuclei) in a number of
cases helps to decide between energy transfer and electron
transfer processes. A detailed review of the influence of a
magnetic field on the reaction of triplet molecules with oxygen
has been published.70 There is apparently only one
published paper on the influence of a magnetic field on the
efficiency of the formation of singlet oxygen in heterogeneous
systems. This is a paper by Frankevich and Sokolik71 on
the solid-phase photo-oxidation of tetracene. The reaction
of oxygen with tetracene molecules in the triplet state gives
a charge-transfer complex with a lifetime of 10 s at room
temperature. The application of a magnetic field (H = 2 kOe)
increases the rate constant for the reaction of oxygen with
the triplet molecule of tetracene (that is the efficiency of the
formation of singlet oxygen) by 50 + 10%. The authors cited
consider that all the singlet oxygen formed is used up in the
oxidation of tetracene. The existence of emission by singlet
oxygen from the surface of tetracene into the gas phase does
not cast doubt on the main conclusions of the work cited, but
it must be taken into account in the explanation of the
temperature dependence of the rate of the photo-oxidation of
tetracene.

This work clearly demonstrates the important information
that can be obtained by studying the influence of a magnetic
field on the efficiency of the formation of singlet oxygen in
heterogeneous systems.

In Ref.4 it was suggested that singlet oxygen is formed via
an intermediate moloxide stage. In a recent theoretical
paper,72 the quenching of the phosphorescence of ethylene
by oxygen (and the formation of singlet oxygen) was also
attributed to moloxide formation.

It is also possible to use inorganic molecules deposited on a
solid surface as sensitiser. Thus when a quartz surface
promoted by vanadium18'21* or molybdenum25 ions is illuminated
in the presence of oxygen, singlet oxygen is formed and
emitted into the gas phase. From the regular features of
the emission of singlet oxygen in V/SiO2 and Mo/Si02 systems,
and also from data on the quenching by oxygen of the phos-
phorescence of transition metal (vanadium, molybdenum) ion
complexes on a quartz surface,73 the following mechanism can
be proposed for the formation and emission of singlet oxygen
into the gas phase in these systems.18'21* When the V/SiO2
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system is illuminated, surface charge-transfer complexes are
formed: l h

[V> + 0 2 •]•% [ V 4 + O 1 S *

where s = surface. In the quenching of the phosphorescence
of the complex on the surface of the adsorbent, the excitation
energy of the complex is transferred to the adsorbed oxygen
molecule to give singlet oxygen, which is subsequently
desorbed. In this case the dependence of the concentration
of singlet oxygen in the gas phase on the intensity of the
exciting light and the oxygen pressure is similar to that for
solid—dye—oxygen systems.12»13 A decrease in the concen-
tration of the metal—oxygen complexes on the quartz surface,
brought about by preliminary photo-reduction of the specimen
with hydrogen (when the V and Mo complexes decompose75),
leads to a decrease in the intensity of the liberation of singlet
oxygen.

With increase in the temperature of the sensitiser, the con-
centration of singlet oxygen in the gas phase increases.
The activation energy of this process is 1.5 kcal mole"1.
This value is appreciably lower than the activation energy of
the formation and emission of singlet oxygen into the gas
phase when a dye (trypaflavine) is used as sensitiser.1 3 It
has been suggested21* that the increase in the intensity of the
emission of singlet oxygen with increase in the temperature
of the sensitiser in this case is related to a decrease in the
residence time of the singlet oxygen on the surface of the
adsorbent, and to a consequent decrease in the rate of the
deactivation of singlet oxygen on the solid surface.

Thus in the investigation of the mechanism of photo-
oxidative processes on deposited catalysts it is apparently
necessary to take account of the extremely probable role of
singlet oxygen molecules. It also follows from Refs.15, 18,
24, and 25 that some oxidative photo-heterogeneous processes
may take place by a heterogeneous—homogeneous mechanism.

2. The Influence of the Nature of the Sensitiser Carrier on

the Efficiency of Formation of l02

There are practically no published data on the influence of
the solid on the photosensitised formation and emission of
singlet oxygen into the gas phase. In a number of cases it
is difficult to relate unambiguously the change in the
efficiency of the formation of singlet oxygen to a specific
mechanism of the influence of the solid.

Thus for example the quenching of the phosphorescence of
trypaflavine adsorbed on silica gel does not obey an expo-
nential law. 7 7 " 7 9 In Ref.77, the phosphorescence quenching
curves were represented as the sum of two exponents, cor-
responding to two metastable levels of the sensitiser molecule.
In Ref.79 this suggestion was rejected on the basis of the fact
that the phosphorescence quenching curve is non-exponential
at low temperatures, when the lifetime and phosphorescence
spectra are independent of temperature. The non-expo-
nential nature of the quenching of the phosphorescence,
which could not be represented as the sum of two exponents,
was attributed to a difference in the nature of the trypa-
flavine adsorption centres on the silica gel.

In Ref.82 it was found that the kinetics of the quenching
of the phosphorescence of naphthalene and anthracene
adsorbed on γ-Α12Ο3 at degrees of covering « 1 do not obey
an exponential law, but are described by a sum of two
exponents. The observed regular features were attributed
to a difference in the nature of the adsorption centres. In
Ref.78, a mechanism for the quenching of the phosphor-
escence was proposed, involving the reversible dissociation
of the excited sensitiser molecule and the migration of one of
the products (HO2, H + , exciton, etc.) in the cage. In

Ref.61, the deviation from the exponential relationship was
attributed to the presence of monomeric and dimeric forms of
the sensitiser. The phosphorescence which was quenched
rapidly was assigned to sensitiser dimers, and that which
was quenched more slowly was assigned to the monomers.
This view is confirmed by the fact that the changes in the
absorption and luminescence spectra of trypaflavine adsorbed
on silica gel are slight compared with aqueous solutions,
indicating that trypaflavine is physically adsorbed on the
silica gel surface. 7 7 This is also indicated by the fact that
the form of the phosphorescence quenching curve is indepen-
dent of the pH at which the adsorption is carried out . 7 9 In
Refs.80 and 81 it was shown that the chemisorption of the dye
takes place only if the overlap integral of the wavefunctions
of the adsorbate and the adsorbent is sufficiently large to
displace the hydrogen bond.

In Ref.61, therefore, the form of the curve for the quench-
ing by oxygen of the phosphorescence of adsorbed trypa-
flavine was attributed to a difference between the efficiencies
of the reaction of oxygen with the triplets of trypaflavine in
the monomeric and dimeric forms (and hence a difference in
the efficiences of the formation of singlet oxygen). The
values are 0.980 + 0.05 for the monomeric form, and 0.86 +
0.04 for the dimer.

A decrease in the sensitivity of the phosphorescence of
adsorbed trypaflavine to the presence of oxygen on
dehydroxylation of the silica gel has been observed.5 5 The
opposite conclusion was reached, however, in a study 8 3 of
the influence of the moisture content and nature of the
support on the quenching by oxygen of the phosphorescence
of various adsorbed organic substances (including substances
adsorbed on silica gel).

It was also found1 8 '2 5 that adsorbed vanadium and molyb-
denum ions are good sensitisers of the formation of singlet
oxygen, but when an oxide phase appears, singlet oxygen is
not formed. The quartz surface on which the ions are
adsorbed takes part in the formation of surface complexes
which photosensitise the formation of singlet oxygen. When
a bulk oxide phase is produced, these complexes are not
formed,11* and singlet oxygen is not generated.

Thus the carrier influences the nature and state of the
sensitiser, and this may be revealed by a change in the
nature of the deactivation of its excited states. In addition,
dimerisation or aggregation of the sensitiser and modification
of its electronic structure by the adsorbent are possible.
All this must be taken into account in the study of the photo-
sensitised formation and emission of singlet oxygen into the
gas phase in heterogeneous solid—gas systems.

The nature of the solid may also influence the formation and
emission of singlet oxygen into the gas phase. Thus the
formation of singlet oxygen has been studied in experiments
in which the support for the sensitiser (trypaflavine) was
zinc oxide, whose electronic properties could be altered.81*
The formation and emission of singlet oxygen into the gas
phase was observed only after extensive oxidation of ZnO.
After the reduction of the oxidised zinc oxide in the course
of the experiment, the formation of singlet oxygen stopped.
This result can be understood if account is taken of the
effect of the spectral sensitisation by dyes of the photocon-
ductivity of zinc oxide. 6 0 When oxygen is adsorbed on the
surface of zinc oxide, thermally activated capture of electrons
takes place on the surface levels of the adsorbed oxygen.
According to Ref.85, it is on these levels that effective
transfer of the excitation energy of the adsorbed sensitiser
takes place. In reduced ZnO, the concentration of surface
ionised zinc is high. 8 6 When oxygen is adsorbed, a high
density of surface levels is created, and effective transfer
of the excitation energy of the sensitiser (trypaflavine) to
the support (zinc oxide) takes place. When ZnO is treated
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with oxygen atoms (extensive oxidation), the quantity of
surface superstoichiometric zinc atoms and the density of
surface levels decrease sharply. 8 6 In this case the transfer
of the excitation energy of the sensitiser to oxygen, that is
the formation of singlet oxygen, becomes more effective.

In addition to the transfer of the energy of electronic
excitation of the sensitiser to the solid, its vibrational degra-
dation as a result of the interaction of the sensitiser molecule
with the solid is also possible. The formation and emission
of singlet oxygen into the gas phase with photosensitisation
by a film of dye (trypaflavine) has been detected. 1 2 ' 1 3 The
dye molecules in the solid phase to a large extent retain their
individual properties, since they are joined by weak disper-
sion forces.6 0 A film of this kind can be regarded as a
strongly absorbing surface layer on a support. It is
apparently these characteristic features of the behaviour of
the dye molecule in the solid phase that determine the regular
features of the formation and emission of singlet oxygen into
the gas phase. A hundred-fold increase in the rate constant
for the degradation of the energy of the triplet excitation of
the sensitiser compared with the adsorbed state has been
detected.81* This increase was related to the vibrational
degradation of the excitation energy of the sensitiser as a
result of reaction with the support. Thus in the study of
the regular features of the formation and emission of singlet
oxygen into the gas phase in heterogeneous solid-sensitiser-
oxygen systems it is necessary to take account of the distri-
bution of the excitation energy of the sensitiser between the
solid and oxygen.

The dependence of the concentration of singlet oxygen in
the gas phase on the oxygen pressure with sensitisation by
adsorbed trypaflavine differs considerably for silica and
quartz surfaces. 1 3 In the case of silica gel, the formation
and emission of singlet oxygen into the gas phase is observed
in a narrower range of oxygen pressures, and its maximum
concentration is displaced to low pressures. This difference
can be attributed to the effective deactivation of singlet
oxygen in the pores of the silica gel. Thus the efficiency of
sensitisers adsorbed on silica gel is low in photo-oxidation
processes.

The influence of the adsorption characteristics of singlet
oxygen on the efficiency of its formation and emission into
the gas phase has not been studied, since there are no data
on the adsorption of singlet oxygen.

The photosensitised formation of singlet oxygen when the
role of the sensitiser is played by the solid is of considerable
interest. Thus even in Ref.87 it was suggested that when
zinc oxide with oxygen adsorbed on its surface is illuminated,
the formation and emission of singlet oxygen into the gas
phase should take place in the intrinsic absorption band. It
has recently been suggested that singlet oxygen is formed in
the photo-desorption of oxygen from zinc oxide88 and in the
photocatalytic osidation of hydrogen on potassium bromide.8 9

No direct proof that singlet oxygen is formed was given,
however.

In addition to the mechanism examined (it can be described
as physical), which involves the transfer to oxygen, most
probably adsorbed, of the energy of optical excitation by
surface centres or adsorbed molecules, a chemical mechanism
also exists. Its chief characteristic is the chemical reaction
taking place on the surface to give singlet oxygen. Thus
data have been obtained,9 0 indicating that singlet oxygen is
formed when a highly hydroxylated titanium dioxide surface
is illuminated. The authors of the works cited, who had
previously carried out extensive work on the photo-desorption
of oxygen from the surface of TiO2, found that when titanium
dioxide, previously activated with chlorine and impregnated
with a solution of caesium anthracene-9,10-bis(ethanesul-
phonate) (AES), which is an effective absorber of singlet

oxygen, was illuminated, the quantity of oxygen desorbed
was much smaller than in the absence of AES. It was con-
cluded that in this system, singlet oxygen is formed on the
TiO2 surface. The mechanism of formation of XO2 includes:
1) the formation of H2O2 in the course of the photo-desorption
of 0 2 from the hydroxylated TiO2 surface; 2) the oxidation
of surface chloride ions to C1O~ when TiO2 is illuminated in
an O2 atmosphere; and 3) the reaction of surface C1O~ ions
with hydrogen peroxide:

CIO- + H2O2-»H2O + Cl- + Ό 2

Thus in this system the mechanism of formation of 1O 2 is
chemical in character, like the homogeneous production of λΟ2

as a result of the reaction of H2O2 with the C1O~ ion in
solution.9 1

The liberation of singlet oxygen after heating a sensitiser
previously irradiated with light at a low temperature has been
observed. 9 2 ' 9 3 Thus in Ref.93, alcoholic solutions of Rose
Bengal and Methylene Blue were illuminated at -60 °C, and
singlet oxygen was liberated after heating to room tempera-
ture. In Ref.92, illumination of polyvinylnaphthalene at
0 °C followed by heating without illumination to 30 °C also led
to the emission of singlet oxygen. In the opinion of the
authors cited, singlet oxygen is formed by the decomposition
of peroxides stable at a low temperature, which in turn are
produced as a result of the reaction of the substances
inidcated with singlet oxygen. Thus accumulation of singlet
oxygen, which is subsequently readily liberated, takes place.

Many questions have still to be answered. Thus it is not
clear whether the singlet oxygen in heterogeneous systems is
produced in the state xAg or 1Σ~, there are no accurate data
on the efficiency of its formation, the possible formation of
singlet oxygen by reaction with singlet-excited molecules has
not been studied, and a number of other problems, which
have been successfully resolved for homogeneous systems,
still remain.

The general character of the problems examined for the
case of singlet oxygen has been demonstrated9"* in a study of
the triplet—triplet transfer of energy from solid organic
substances (naphthalene, 9,10-anthraquinone, e tc . ) , excited
by light, to molecules of the gas phase (penta-l,3-diene),
leading to the cis—trans isomerisation of these molecules.

3. The Formation of Electronically Excited Oxygen Molecules
as a Result of the Adsorption of Oxygen, Chemical Reactions,
and Structural-chemical Transformations on Solid Surfaces

EPR has been used to study the reaction of oxygen with
chromium ions deposited on silica gel, and the formation of

the complex [Cr O2] was detected. The parameters of
the EPR spectrum of this system agreed with the suggestion
that the O2 molecule in this complex is in the singlet-excited
state. An analysis1 6 1 of a large number of EPR studies of
complexes of OJ radical-ions with Ίι*+ and V5+ ions showed
that the ground state of molecular oxygen in the coordination
sphere of these metals must be singlet.

The adsorption of oxygen on the (100) and (110) faces of a
single crystal of copper has been studied. 1 6 0 Ultraviolet
photoelectron spectroscopy identified several forms of
adsorbed oxygen, including a molecular form, stable at
temperatures of 100—300 K, whose photo-electron spectrum
consists of three bands. The authors cited consider that
this form is an electronically excited O2 molecule in the state
ΧΣ* (for the triplet O2 molecule the photo-electron spectrum
consists of five bands). This state of singlet oxygen, which
is unstable in the gas phase, in the opinion of the authors
cited is stabilised on the copper surface as a result of
adsorption, and can react with various molecules.
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The formation and emission into the gas phase of excited
oxygen molecules can take place during the recombination of
Ο atoms (a strongly exothermic reaction, Q = 118 kcal mole"1)
on solid surfaces. Thus it has been shown76 that an
appreciable proportion of the energy liberated in the recombi-
nation of oxygen atoms on metal surfaces is carried into the
gas phase. The authors cited, however, do not indicate
precisely in which energy state (vibrationally or electronically
excited) the oxygen molecules leave the surface. In Ref.21
it was proved spectroscopically that electronically excited
^ j molecules are formed during the recombination of Ο atoms
on nickel films. The authors cited consider that the
production of an electronically excited 1O2 molecule by the
reaction:

mercury atoms, leading to a decrease in the intensity of the
flux of λΟ2 molecules from the HgO surface:

NiO-f 0 (1)

is unlikely. The formation of the XO2 molecule in this system
may take place by the reaction of an adsorbed Ο atom and an
Ο atom leaving the gas phase:

NiO.O(ads) + O(gas)^NiO + lO2 (2)

Here, the excitation energy is determined by the dissociation
energy of O2 after subtraction of the energy of the bond
formed by O(ads) with the NiO surface.

The emission of singlet oxygen as a result of the recombina-
tion of Ο atoms on Pyrex has been detected. 1 5 8 The
probability of the formation of ΧΟ2 in this process is 0.2-0.4
(depending on the conditions of the experiment).

XO2 molecules can also be obtained as a result of the
reaction of oxygen atoms with metal oxides. Mercury oxide
has been studied in most detail in this connection. Even in
early studies of the formation of singlet oxygen in electrical
discharges in oxygen1 9 '2 0 it was noted that when the stream
of active particles from the discharge passes over a film of
mercury oxide there is a significant increase in the concen-
tration of singlet oxygen in the gas phase, determined from
the intensity of the spectral bands of 1 O 2 . The authors
cited2 0 consider that the singlet oxygen molecules are formed
as a result of the reaction of oxygen atoms with mercury
oxide.

In Ref.17, semiconducting detectors of singlet oxygen were
used for the first time to study the emission of ΧΟ2 in this
system. The Ο atoms were generated on a platinum filament
and diffused to a film of HgO.

The dependence of the intensity of the signal of the
detector (which was at room temperature) on the temperature
of the thermal-decomposition filament was used to calculate
the activation energy (53 kcal mole"1) of this process, which
was found to be approximately half the energy of rupture of
the bond in the oxygen molecule. The result indicates that
the magnitude of the signal in these experiments is pro-
portional to the concentration of singlet oxygen, and that the
emission of 1O2 from the HgO surface is a reaction of first
order with respect to oxygen. According to data on the
change in the electrical conductivity of the detector, the ratio
of the intensities of the fluxes of the Ο atoms falling on the
HgO surface and the XO2 molecules leaving is close to 1, that
is this reaction has a high efficiency.

The data obtained agree with the mechanism proposed in
Ref.20:

Hg+O2 (3)

whichThe activation energy of reaction (3) is 5 kcal mole
is characteristic of processes involving oxygen atoms.8 6

As shown by Eqn.(3), the oxygen atoms reduce the
mercury oxide surface, and this was observed visually from
the darkening of the HgO film. As reduction proceeds,
another process, competing with reaction (3), begins to
play a larger role, namely the oxidation of the newly formed

During the experiment, the high initial intensity of the XO2

flux decreased regularly to a stationary value. Thus with a
constant flux of primary active species, that is Ο atoms, the
state of the HgO surface reflects redox reactions taking place
simultaneously to establish a stationary flux of XO2 molecules
into the volume.

Comparison of the results with published data 2 0 ' 9 6 indicates
that metal oxides whose surface layers can be even partially
reduced by oxygen atoms (for example lead, silver, or
mercury9 6) liberate ΧΟ2 molecules in the course of this
reaction. This effect is observed because the energy of the
bond formed by oxygen in the surface layer of, for example,
PbO is half the standard enthalpy of formation of this oxide9 7

and amounts to 40 kcal mole"1. In other words, the emission
of ΧΟ2 in reactions of this kind is possible only for those
oxides whose surface oxygen atoms are relatively weakly
bound in the crystal lattice.

Zav'yalov and Myasnikov15 described for the first time a
study of the formation and emission of singlet oxygen when a
disordered quartz surface was heated in an oxygen atmos-
phere. In this case the energy necessary for the excitation
and emission of the oxygen molecules is accumulated during
the preliminary disordering of the surface layer of the solid,
and is liberated during the relaxation of the disordered
surface. It was discovered for the first time that singlet
oxygen is liberated when quartz, freshly ground in oxygen
(0.13 hPa) or in a vacuum, is heated in O2. The temperature
dependence of the intensity of the 1O2 flux from the quartz
surface in the range 200—600° is given by a curve with a
maximum at 400 °C. The ascending branch of the curve
corresponds to an intensification of the ordering of the
structure of the surface layer (annealing of defects) with
increase in temperature, and the descending branch is
possibly related to a decrease in the concentration of defects
in the surface layer of the adsorbent. It was noted that the
emission of ^ 2 molecules is accompanied by a decrease in the
intensity of the EPR signal, apparently as a result of the
annealing of paramagnetic defects in the quartz. It is
significant that the emission of XO2 molecules was not
observed on fused quartz (which does not contain surface
paramagnetic defects).

On isothermal heating, the rate of the liberation of singlet
oxygen gradually decreases, and the kinetics of this process
do not obey the equation for a unimolecular reaction. Thus
the formation and emission of singlet oxygen molecules from
the quartz surface are more complex than the simple decompo-
sition of surface compounds with the liberation of XO2 into
the gas phase, and are apparently determined by the
annihilation of defects in the quartz layers next to the
surface in the presence of O2.

Another method can also be used to activate a quartz
surface with respect to ΧΟ2 emission. In Ref.98 it was
discovered that when a quartz vessel in which a stoichiometric
H2 + O2 mixture had previously been exploded was heated
under programmed conditions to temperatures of 400—500 °C
at an Ο2 pressure of 0.13 hPa, emission of singlet oxygen
into the gas phase begins. The temperature dependence of
the emission of XO2 in this case is similar to that for the
surface of ground quartz. Thus for quartz surfaces
"perturbed" in different ways, the relaxation of the disorder-
ing of the surface layers in the presence of O2 is accompanied
by the production of singlet oxygen. The result is also of
interest in relation to the participation of the walls of a
reaction vessel in the production and emission of excited
species in chain processes taking place at low pressures.
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The conditions of the formation and emission of singlet
oxygen from the surface of an Li—Sn—Ρ catalyst have been
studied. 1 6 When oxygen (4 hPa) or air is blown through a
U-shaped quartz reaction vessel containing tablets of an
oxide catalyst (58.4% Sn, 10% P, and 1.5% Li), heated to
650 °C, singlet oxygen is liberated into the volume, as
established from the change in the concentration of a solution
of rubrene in hexadecane, placed in a cell separated from the
reaction vessel (rubrene is a specific reagent for singlet
oxygen7). More than 20 oxide catalysts were studied. The
intensity of the emission of singlet oxygen from the catalyst
surface was estimated from the degree of transformation of
rubrene 1 h after the start of the experiment. This quantity
was 30-50% for the lithium-tin—phosphate catalysts, and 1%
in the absence of lithium, as in the case of manganese and
cobalt oxides.

The rate of the liberation of 1O 2 increased with increase in
temperature. The duration of the emission was 4 h. The
process did not stop when oxygen was replaced by argon.
The authors cited concluded that this indicates that 1O2 is
formed with the participation of surface oxygen on centres
which break down in the course of the reaction or on the
decomposition of unknown impurities in the catalyst. It is
suggested that lithium in this system is converted into the
superoxide, facilitating the generation of singlet oxygen.
Singlet oxygen was not liberated when other catalysts, ZnO,
Ag/Al2O3, CaO/Al2O3, Cr2O3/Al2O3, etc. were heated.

The emission of singlet oxygen from the surface of vanadium
pentoxide, a widely encountered oxidation catalyst, has been
observed. 2 3 ΧΟ2 molecules are emitted into the gas phase
when V2O5 powder is heated in an atmosphere of ordinary
oxygen to 300-500 °C. The initial intensity of the liberation
of ΧΟ2 increases with increase in temperature. At a constant
Ο2 pressure (0.13 hPa) and a constant temperature, the
emission of 1O 2 continues for several hours. The activity of
the catalyst is restored after heating in O2 at a temperature
of 600 °C and atmospheric pressure. In contrast to the
experiments at low O2 pressures, the intensity of the 1O2

flux remains unchanged with time at atmospheric pressure.
From this the authors cited conclude that the emission of
singlet oxygen from the V2O5 surface may be due to reversible
structural-chemical transformations in the catalyst, taking
place at high O2 pressures and high temperatures. The
observation that continuous emission of lO2 from a V2O5

surface takes place at atmospheric pressure of oxygen is
important for an understanding of the mechanism of stationary
oxidation reactions on this catalyst.

This is confirmed by the results of a comparison" of the
regular features of the emission of singlet oxygen from a
vanadium pentoxide surface and the oxidation of naphthalene
on the same catalyst. The intensities of the two processes
(the emission of XO2 and the formation of phthalic anhydride)
changed in the same sense with change in the conditions of
the experiments (treatment of the catalyst with the reaction
mixture, heating in a vacuum, e t c . ) . It was also established
that naphthaquinone, one of the intermediate products of the
oxidation of naphthalene, is formed at a low concentration of
singlet oxygen. Thus the participation of singlet oxygen in
the heterogeneous catalytic oxidation of organic substances
was proved experimentally for the first time for the case of
the oxidation of naphthalene to phthalic anhydride on a
vanadium catalyst. These data indicate that singlet oxygen
plays an important role in oxidation processes taking place by
both heterogeneous and heterogeneous—homogeneous
mechanisms.

Finally, it is appropriate to draw certain conclusions about
the regular features of the emission of singlet oxygen from
solid surfaces into the gas phase. The improvement of old

methods for detecting singlet oxygen and the development of
new methods, in particular the use of semiconducting 1O 2

detectors, 1 7 ' 5 1 have made it possible to extend considerably
the range of the study of physico-chemical processes leading
to the formation and emission of singlet oxygen and to
establish various characteristic features of their mechanism.
In all cases, singlet oxygen is formed as a result of the
transfer of excitation energy from a solid or an adsorbed
layer to oxygen molecules. The source of this energy may
be light (photochemical reactions), the energy of the recom-
bination or reaction of atomic oxygen with metal oxides
(chemical reactions), thermal energy (the decomposition of
various metal oxides), or energy liberated in the disordered
surface layers of a solid during their ordering (structural-
chemical processes). All this indicates that it is highly
probable that singlet oxygen also appears in other processes
in which a solid is excited in the presence of oxygen, for
example under the influence of electrons, ions, radiation of
different kinds, and in general as a result of reactions lead-
ing to marked and reversible breakdown of the structure of
the surface layers of solids.

Particular mention may be made of the as yet limited
data 1 5 9 ~ l b l on the possible formation of singlet oxygen on the
surface of solids as a result of the adsorption of O 2. An
early suggestion,1 6 2 subsequently discussed repeatedly, 1 ' 1 6 3

proposed that the surface compounds formed on the chemi-
sorption of molecules could be regarded as electronically
excited states of these molecules. This idea has been con-
firmed for the case of 1 O 2 . In a number of cases, marked
perturbation of the adsorbed oxygen molecules takes place,
and the singlet-excited state of O2 is produced. Thus in the
case of oxygen there is apparently an analogy between the
properties of electronically excited and surface-coordinated
molecules.

4. The Formation and Emission of Electronically Excited
Metal Atoms and Nitrogen Molecules from Solid Surfaces

There are few published data on the emission of electron-
ically excited nitrogen molecules from solid surfaces.

A number of papers by Mannella and co-workers, 1 0 0" 1 0 2

published in the nineteen-sixties, described the luminescence
of the surfaces of cobalt and nickel during the simultaneous
recombination of nitrogen and oxygen atoms. The experi-
ments were carried out in a flow system at a pressure of
1.3 hPa. The stream of nitrogen and oxygen atoms, obtained
in a discharge, was passed over the surface of metallic nickel
or cobalt inserts embedded in a glass tube. The lumin-
escence of the gas was recorded at the outlet from the
reaction zone. The luminescence spectra in the case of
cobalt showed the first positive bands of nitrogen. The
authors cited consider that electronically excited N2(B3IIg)
molecules, with an excess of vibrational energy (v = 6,8),
are formed on the cobalt surface and are desorbed into the
gas phase, where they emit light as a result of the transition:

Ν2(β3ΠΕ)^Ν.,(Λ3Σ;)+ήν
In the case of nickel, the luminescence spectrum of the gas

shows both the first positive bands of nitrogen and the
3-bands of nitric oxide. The authors cited suggested that
the species desorbed from the nickel surface are electronically
excited ΝΟ(Β2Π) molecules, which subsequently either lose
energy:

ΝΟ(β2Π)+ΝΟ(Χ2Π) +/ιν (/3-band of NO)

or react with nitrogen atoms:

ΝΟ(β2Π)+Ν(45)-νΝ2(β3Πβ)+Ο(;Ρ)

N2 (β3!^)-» Ν, (Α3Σα) + ftv (first positive band of nitrogen)
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In Ref.102, the luminescence of Νf molecules above a nickel
surface was observed only in the presence of Ο atoms.

The emission of various electronically excited atoms and
molecules from solid surfaces also takes place as a result of
electron bombardment. The extensive literature on electron-
ically stimulated desorption (ESD) includes recent papers on
the ESD of excited species. The ESD of excited Na, K, and
Li atoms from NaCl, KC1, and LiF surfaces has been
studied. l o 3 . i e S 1 6 1 · The intensity (7) of the resonance
emission of the excited atoms was measured, and the depend-
ence of / on the energy (£) of the electron beam (20-1000 eV)
determined. The I = f(E) curves for NaCl showed
characteristic features which correlate with the energies of
the electron levels of Na and Cl ions in the halide lattice.
For example, for Na the luminescence appearance threshold
(32 eV) is close to the 2p level of Na (31 eV), and the
increase in I at 65 eV is associated with the 2s level of Na
(63 eV). The fine structure at 200 eV on the ί = f(E) curve
corresponds to the 2p level of Cl (200 eV and 202 eV).
A mechanism was proposed for the ESD of Na*, according to
which Na2 + ions are formed in the first stage. Subsequently,
an Auger process produces Na+ ions, which pass through the
matrix next to the Cl~ ions in the surface layer and are
neutralised with the formation of a resonance excited Na*
atom. The radiative deactivation of Na* takes place beyond
the NaCl surface.

A characteristic feature is that the excitation of the Na, K,
and Li atoms takes place on the surface of the crystals, and
not in the gas volume. This conclusion is based on the
following facts: 1) the vapour pressure of the metals, deter-
mined by the temperature of the surface in the electron
emission zone, is too low, and 2) slight displacement of the
crystal target from the direction of the electron beam leads
to disappearance of the effect.

The authors cited also found that excited hydrogen atoms
and hydroxyl radicals are emitted in addition to metal atoms.

An energy analysis of the ESD relationships for excited
alkali metal atoms1 6 5 established that the transfer of the
energy of the electrons takes place as a result of the forma-
tion of holes in the inner levels of the atoms. In subsequent
stages, various electronic processes produce excited metal
atoms, which are ejected from the surface. A characteristic
feature is that the atoms are desorbed in the first (lowest)
excited state.

The ESD of excited atoms and ions from different surfaces
was described in Refs. 166—168. When a glass surface was
irradiated with an electron beam (300 eV) at low cadmium
vapour pressures (10~3 hPa), emission of excited cadmium
ions took place, detected by the luminescence at 441.6 nm and
537.8 nm. 1 6 6 The same authors 1 6 7 previously detected the
emission of excited cadmium ions from the surface of silvered
copper.

Mass spectrometry has been used 1 6 8 to study the ESD of
hydrogen ions and atoms from an Ni (111) surface covered
with a film of water. It was found that at an electron energy
of 22—30 eV, H+ ions are ejected into the volume, whereas at
35 eV, electronically excited metastable Η atoms in the (2s)
state are ejected. It is emphasised that the metastable
hydrogen atoms are not formed from H+ ions, since the
energy of the ejected Η atoms is 4—5 eV higher than the
energy of the desorbed H+ ions.

Finally, emission in an electronically excited state takes
place during the ionic sputtering of materials. Charged and
neutral species in different states are formed on the surface
and ejected into the gas phase.

Data on the emission of the species produced when solid
surfaces are bombarded by inert gas or hydrogen ions with
energies from 1 to thousands of eV have been reviewed.1 6 9

Spectroscopic methods have been used to detect the excited
species formed in various processes: 1) the scattering of the
excited state of the atoms of the primary beam; 2) the
emission from the excited state of atoms, molecules, or
complexes formed from the atoms of the target; and 3) the
formation of excited states of adsorbed molecules. The
materials studied were mainly metals, and some metal
oxides. 1 7 0 The mechanism of the emission by excited atoms
and ions has recently been studied using a new spectroscopic
method, involving the measurement of the Doppler shift of the
fluorescent atoms ejected from metal surfaces during ionic
sputtering (the fluorescence is excited by a laser light beam).
For example, the yields and velocity distribution of sputtered
barium atoms in the ground and metastable states Ba(1S) and
Ba(1D) have been measured, and the influence of oxygen on
these characteristics studied. 1 7 1 In Ref.172, a similar study
was carried out using metastable Fe* atoms sputtered from an
iron surface. Studies in this field are developing rapidly.

The reported observation1 7 3 of the formation of excited Na
atoms on an NaCl surface during the recombination of
deuterium atoms is of interest. On thin films of NaCl, for
which the coefficient of the heterogeneous recombination of D
atoms is high, the spectrum of the luminescence observed
corresponds to the D line of sodium atoms. It is not clear,
however, whether emission of Na* atoms takes place in this
case.

Overall, it appears that published data on the emission of
excited metal atoms deal only with the cases of the "strong"
perturbation of solid surfaces by electron or ion bombard-
ment. There are practically no published data on the
emission of these species under "mild" conditions (chemical
and structural-chemical processes, ultraviolet irradiation,
etc . ) .

I I I . THE DEACTIVATION OF ELECTRONICALLY EXCITED
ATOMS AND MOLECULES ON A SOLID SURFACE

In the reaction of electronically excited atoms and molecules
with a solid surface, their deactivation can take place by the
following paths: 1) relaxation of the excited state as a result
of the dissipation of the excitation energy in the adsorbed
layer and in the surface layers of the solid, which may
involve both phonons and the electronic sub-structure of the
crystal; 2) chemical reaction with atoms of the surface or the
adsorbed layer; and 3) luminescence of electronically excited
molecules in the adsorbed layer.

From a comparison of the values of the coefficients of the
heterogeneous deactivation γ of electronically excited atoms
and molecules (the terms deactivation, relaxation, or accom-
modation coefficient are also used), it is difficult to decide
which deactivation channel predominates, since the value of
γ gives a representation of the overall activity of different
materials with respect to their reaction with excited species.

As shown below, in a number of cases it is possible to
reach a conclusion about the mechanism of deactivation from
the dependence of the value of γ on the conditions of the
experiment, which alter the properties of the solid which are
"sensitive" to the transfer of the energy of the excited atoms
and moelcules. There have been practically no studies of
the microscopic mechanism of the heterogeneous deactivation
of electronically excited molecules.

Data have been published on the reactions of various solid
surfaces with singlet oxygen, metastable inert gas atoms and
nitrogen molecules, and triplet molecules of organic sub-
stances .
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1. Electronically Excited Oxygen Molecules

The heterogeneous deactivation of singlet oxygen has been
studied in most detail. It is appropriate to examine three
classes of surface differing in their activity with respect to
the deactivation of ^ 0&g) molecules: dielectrics (γ =
1Ο~5-1Ο~3), metal oxides (γ = 10~"-l), and metals (γ =
10-5-l).

Most values of γ on glass and quartz surfaces have been
obtained by studying the gas-phase reactions of singlet
oxygen, since the reaction vessels are usually made of these
materials. The studies are usually carried out in a flow
apparatus, and the singlet oxygen is obtained by a discharge
in oxygen. This procedure has a number of significant
unsatisfactory features: firstly, in a flow apparatus it is
difficult to achieve the necessary cleanliness of the surface,
since lubricant vapour is present, contamination from the gas
phase is possible, etc.; secondly, in the generation of
singlet oxygen in a discharge there are active products
(oxygen atoms, ozone, etc.), which modify the surface.
Moreover, at a high concentration of singlet oxygen the
surface may again be modified, and this should lead to a
change in the heterogeneous deactivation coefficient. For
example, in Refs. 106-109, 118, and 158, the coefficient of
the deactivation of singlet oxygen on Pyrex varied from
7.6 χ 10~6 to 5 χ 10~5. These results show convincingly that
the magnitude of the coefficient of the heterogeneous deacti-
vation of singlet oxygen is influenced considerably by the
conditions of the experiment. This conclusion is confirmed
by studies2'1"40 in which a change in γ in the course of the
experiment was observed, indicating that the surface is
modified during the measurements. In Ref.105, the value of
γ on silicon increased slowly with time. In the works cited,
no mechanism was proposed for the deactivation of singlet
oxygen, and all the values were obtained only for room
temperature.

Thus to investigate the mechanism of the deactivation of
singlet oxygen on a solid surface, it is necessary to carry
out studies under clean conditions (high vacuum, absence of
surface contaminants, a selective source of singlet oxygen)
and at low concentrations of singlet oxygen.

Attempts have been made to satisfy these conditions.112

The experiments were carried out under diffusion conditions,
and the surface was treated by heating at 250-300 °C in a
high vacuum (10"7 hPa), achieved using oil-free magnetic-
discharge and zeolite pumps. Singlet oxygen was obtained
by photosensitisation by an adsorbed dye (trypaflavine).
The gas phase did not contain any other active species. The
concentration of singlet oxygen in the gas phase (1010 cm"3)
was measured using semiconducting detectors. With increase
in the temperature of the surface, the deactivation coefficient
of singlet oxygen on glass decreases, and at 373 Κ is equal
to 10~6 (γ = 10~5 at 293 K). The activation energy of the
change in γ is negative and equal to 6 kcal mole"1, γ is
independent of the oxygen pressure in the range 1-10"2 hPa.
These data indicate that on a glass surface, singlet oxygen
is deactivated as a result of physical adsorption with sub-
sequent transfer of energy to the solid; this process is
analogous to the relaxation of vibrationally excited nitrogen
molecules on silver and Teflon at low temperatures.111 The
mechanism of the deactivation corresponds to the following
scheme:

O-j + Ζ ;=ϊ Ό,Ζ

Ό,Ζ -i-' "Ο2Ζ

where Ζ is an adsorption centre.

If the rate of deactivation of XO2 is much lower than the
rate of desorption (k2 « k_l), the adsorption of singlet
oxygen on the surface can be regarded as a qua si-equilibrium
process, and described by the Langmuir isotherm. Since
the concentration of singlet oxygen is low, it can be assumed
that the adsorption takes place in the Henry range. Thus

V=
4kHk2kT S

where kfj * s the Henry constant, S the surface area, V the _
volume, k the Boltzmann constant, Ρ the temperature, and ν
the average velocity of the particles.

The scheme describes the experimental results satisfac-
torily. The activation energy for the change in γ in this
case is equal to the heat of adsorption of singlet oxygen on
the glass surface.

The Henry constant can be estimated by the method of
Ζweitering and Krevelen:1<fl

kH = 4 — τ0 exp (Q/RT)
(2nMRT)A

where N^ is Avogadro's number, Λί the molecular mass of the
gas, R the gas constant, τ0 the period of one vibration of the
adsorbed molecule in a direction perpendicular to the surface,
and Q the heat of adsorption.

The measured coefficient of the heterogeneous deactivation
of the species (10~5 at room temperature) and the heat of
adsorption (6 kcal mole"1) can be used to estimate the relaxa-
tion time of the energy of singlet oxygen on the glass surface:

T r e l = k? =
Ak

= y \ exp(Q//?D

For τ0 = 10"12-10~13 s, x r e l = 10~3-10"'1 s. This value is
very much higher than the relaxation time of vibrationally
excited nitrogen molecules on glass (10~8 s ) , 1 1 1 apparently
because of the difficulty of the relaxation of the comparatively
high energy (1 eV) on the surface.

In Ref .89, the relaxation time of singlet oxygen on a KBr
surface was found to be greater than 10"2 s. In Refs. 110
and 142, the factors influencing the heterogeneous deacti-
vation of singlet oxygen were investigated by another method.
The temperature dependence of the coefficient of the hetero-
geneous deactivation of singlet oxygen on quartz was deter-
mined by the standard method (flow system, XO2 produced by
an ultrahigh-frequency discharge in oxygen) at temperatures
of 350-900 K. In addition, the surface was modified by the
adsorption of gases, as in Refs. 143 and 150. The value of γ
was measured by estimating the degree of deactivation of 1O2

on a quartz rod introduced into the reaction vessel or directly
on the walls of the cylindrical quartz reaction vessel. In the
first case, in the temperature range 520-830 Κ at an O2

pressure of 0.6 hPa, γ = (7.4 + 0.5) χ 10"3exp (18.5 ±
1.0/JRT), where the activation energy is given in kJ mole"1.
In the second case, with increase in temperature from 350 Κ
to 600 Κ, γ increases from 1.1 χ 10"1* to 1.8 χ 10~3 (the
activation energy is 18.5 kJ mole"1), but with further
increase in temperature it remains unchanged up to 900 K.
The values of γ differ by a factor of approximately 10,
apparently due to a difference in the concentration of deacti-
vation centres. Under the chosen conditions, the value of γ
was independent of the oxygen pressure. When H2O, NH3,
or oxygen atoms were added to the stream of oxygen, the
concentration of :Ο2 increased, indicating a decrease in the
deactivation of 1O2. The addition of Ar, H2, CO, or C2H,,
had little influence on the deactivation. These data confirm
the chemisorption mechanism of the deactivation of XQZ on the
surface centres of quartz. When the quartz has been
heated, the number of free centres increases (and γ
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increases), and when active gases are introduced, the
centres are blocked (γ decreases). The nature of these
centres has not yet been determined. The authors
cited110'11*2 consider that these centres may be radical
peroxide forms of oxygen.

After the adsorption of benzene on the glass surface, γ
was found to be 4 χ ΙΟ"5.11*3

When all the material on the deactivation of λΟ2 on quartz
and glass surfaces is reviewed, it is possible to make some
generalisations. At temperatures close to room temperature,
the deactivation coefficient is 10"5, and the deactivation
mechanism apparently involves the physical adsorption of 1 O 2 .
At higher temperatures and concentrations of singlet oxygen,
deactivation takes place by a chemisorption mechanism. The
nature of the adsorption centres and the mechanism of the
relaxation of the energy of 2O2 on the glass surface is still
not clear.

The deactivation of singlet oxygen on the surface of metal
oxides has been studied for the case of zinc and oxide. 1 1 2

With increase in temperature, the value of γ increased from
10"1* to 10"2, and the activation energy of the change in γ
was 25 kcal mole"1. γ decreased with increase in the oxygen
pressure (in the range 5 χ 10~2—2 hPa). It was suggested
that in this case the deactivation of singlet oxygen takes
place as a result of its chemisorption on the zinc oxide
surface:

XO2 + Ζ £ »O2Z

3O2 -f Ζ τ± 3O2Z

where Ζ is an adsorption centre.
According to this scheme, the loss of the energy of

electronic excitation is due to the formation of a chemical
bond, that is chemisorption. If the residence time of the
singlet oxygen molecule in the adsorbed state is greater than
the time for the loss of the excitation energy, that is
fc_3 « k5, then in accordance with the method of stationary
concentrations it is possible to write:

v=
4*_4 (5)

«iPcg/pcy+s, κ[»ο2]

where s1 and s 2 are the adhesion coefficients of 1 O 2 and 3 O 2 ,
and ν the average velocity of the particles. It follows from
Eqn.(5) that γ should decrease with increase in pressure, in
agreement with the experimental data. The temperature
dependence of γ is determined by the rate constant of the
desorption of O2 from the zinc oxide surface (that is k_h).
Increase in temperature leads to an increase in the number of
free centres for the chemisorption of 1 O 2 , and γ increases.
The measured value of the activation energy of the change in
γ (25 kcal mole"1) agrees with published data for the acti-
vation energy of the desorption of oxygen from a ZnO surface
(23 kcal mole" 1). 1 1" Under the conditions of the experiment,
equilibrium chemisorption of oxygen on the zinc oxide surface
is achieved, since γ changes little with time. The nature of
the centres for the chemisorption of singlet oxygen is of con-
siderable interest. Thus the electrical conductivity of a film
of zinc oxide decreases under the influence of X O 2 . 1 7 The
decrease in the concentration of conductivity electrons may
take place as a result of the formation of a chemical bond
between a singlet oxygen molecule and a superstoichiometric
ionised surface zinc atom. In this case the coefficient of the
heterogeneous deactivation of singlet oxygen on the zinc
oxide surface should decrease with decrease in the concen-
tration of zinc atoms, as observed experimentally.

In the reaction of electronically excited molecules, which
are chemically inert with respect to zinc oxide (for example
the triplet molecules of benzophenone or diacetyl and excited
inert gas atoms), the excitation energy of the molecules is
transferred to the layer of zinc oxide next to the surface,
and the electrical conductivity of the film increases.^V1*5

If the surface of the zinc oxide film is deactivated with
respect to the chemical action of singlet oxygen, that is if the
concentration of zinc atoms acting as chemisorption centres is
decreased considerably, a similar effect should be observed.
In fact, it has been found1 1 3 that when a source of 1 O 2 (an
ultrahigh-frequency discharge, a photochemical source, or
the reaction HgO + O) is included, the electrical conductivity
ο of the film at the initial moment increases, passes through a
maximum, and then decreases. The result can be understood
if it is assumed that in the reaction of ^ 2 with the ZnO film,
two processes take place simultaneously (but at different
rates), one of which (the more rapid) is associated with the
transfer of the energy of the 1O2 molecule to zinc oxide and
hence with an increase in σ, while the other (the slower) is
associated with the chemisorption of XO2 on the zinc atom
impurity centres responsible for the impurity conductivity of
ZnO. The extremal character of the change in σ is attributed
to the competition between these two processes. This system
is characterised by chemical deactivation of XO2. These
experiments lead to certain conclusions about the mechanism
of the transfer of the excitation energy of singlet oxygen in
ZnO. The existence of the donor signal of the change in the
electrical conductivity σ on the adsorption of 1 O 2 , 1 1 3 which
was also observed in the reaction of XO2 with a single crystal
of ZnO in a solution of electrolytes,11+5 indicates that the
excitation energy is transferred to the surface layers of ZnO
and brings about the ionisation of fine traps and the ejection
of electrons into the conductivity band. The same results
were obtained in experiments with zinc oxide photo-currents
photosensitised by dyes. 8 5 Two mechanisms of the photo-
sensitisation have been discussed. One assumes that the
excitation energy is transferred to the semiconductor, and
the other that the excited dye is ionised. When singlet
oxygon is adsorbed on the surface of the semiconductor, the
second mechanism is unlikely, since it is difficult to imagine
the formation of positive oxygen ions.

There are few published data on the reaction of 1O2 with
other metal oxides. The adsorption of XO2 on magnesium,
nickel, and cobalt oxides has been studied. 1'*7>1'*8 On MgO
there is weak adsorption of 1 O 2 , which decreases with
increase in temperature from -78 °C to 20 °C (the adsorption
of ordinary triplet oxygen on MgO increases with increase in
temperature). The adsorption of lO2 on NiO takes place
with a greater intensity than on MgO, and is independent of
temperature. In the case of 0ο3Ο,,, no differences in the
adsorption of singlet and triplet oxygen could be observed.
The authors cited did not examine the mechanism of the
reaction of XO2 with the oxides. On the surface of cobalt
oxides, the coefficient of the heterogeneous deactivation of
XO2 is high (~1).1 5 2 This property has been made the basis
of a calorimetric method for measuring the concentration of
1 O 2 . The mechanism of the reaction of singlet oxygen with
cobalt oxides is not clear. The strong heating of the CO3O4
film may be due not only to a thermal mechanism of deacti-
vation but also possibly to a chemisorption mechanism,
involving the heat of chemisorption.

The heterogeneous deactivation of singlet oxygen on a dye
surface (trypaflavine) has been studied. 6 6 With increase in
temperature from 293 Κ to 343 Κ, γ increases from 1CT3 to
10~2. The same dependence of γ on the O2 pressure was
observed for zinc oxide, so that the deactivation of singlet
oxygen takes place by a chemisorption mechanism, and the
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activation energy of the change in γ is the activation energy
of the desorption of oxygen from the dye surface.

The heterogeneous deactivation of 1 O 2 on metal surfaces
has been the subject of a number of studies. The concentra-
tion of ΧΟ2 was measured from the singlet oxygen lumin-
escence. The experiments were carried out at pressures of
from tenths to several hPa, in a flow system. The following
values of γ were obtained at room temperature: 1 0 5 Al (5.9 χ
10~5), Ti (6.5 x 10" 5), Mo (8.0 χ 1(Γ5), Nb (1.2 χ ΙΟ"1*),
Pt (4.0 χ 10""), Cu (8.5 χ 10"1*), Ni (2.7 χ 10~3), Fe (4.4 χ
10~3), and Ag (1.1 χ 10~2). The results of the measurements
for Ag, Pt, and Al agree with the data obtained by other
authors, for example in Ref.115. On a stainless steel
surface, γ varied from 7.6 χ 10"6 to 1.3 χ 10"5 at room
temperature.1 1*9 The coefficient of the heterogeneous deacti-
vation of singlet oxygen on a gold surface with previously
adsorbed HC1 is (1-3) χ 10~3.1 5 0 On an annealed Au
specimen, the value of γ changed from 5 χ 10"2 to 2 χ 10"λ in
the temperature range 300—900 K. The adsorption of water
at 300 Κ led to a decrease in γ by a factor of 20. 1 4 2> 1 5 1 In
the opinion of the authors cited, these results confirm that
the deactivation of 1 O 2 on an Au surface takes place by a
chemisorption mechanism:

AuO -J- O2 (
χΔβ) -»• AuO—O2 fAg) -> AuO + O2 (

3Σρ

It was suggested that the bond formed by the chemisorbed
XO2 with gold oxide is strong, and that its energy is t rans-
ferred to some degrees of freedom of the metal. Ordinary
oxygen is not chemisorbed on these centres, and is readily
liberated into the gas phase. By analogy with the gas-phase
reactions of excited species, the proposed mechanism was
described as an excimer mechanism. On a strongly hydroxy-
lated gold surface, the chemisorption of XO2 is impossible,
the value of γ is much lower, and the deactivation mechanism
is different.

Other regular features were observed for platinum. On
the surface of a Pt wire, γ increases from 10"3 to 10"λ with
increase in temperature from 300 Κ to 450 K. The value of γ
is almost independent of the O2 pressure in the range
0.17—6.0 hPa. The effective activation energy decreases
with increase in temperature, from 46.5 kJ mole"1 at 300 Κ to
0 at 450 K. The addition of water and hydrogen does not
influence the rate of the deactivation of ^ 2 , but the intro-
duction of CO (7%) decreases γ at 400 Κ by a factor of ten.
The authors cited consider that these results are consistent
with a chemisorption mechanism. The increase in γ with
temperature was related to an increase in the number of
active centres on the surface, and the limiting stage is the
adsorption of singlet oxygen on the free centres. These
centres may be various forms of adsorbed oxygen. The
action of CO involves either the blocking of these forms of
oxygen or their removal from the surface as a result of a
chemical reaction.

The value of γ for nickel was found to be close to I . 1 5 7

Thus on metal surfaces the values of the coefficients of
the heterogeneous deactivation of 1 O 2 differ by several
powers of ten, from 10"5 for Al to 1 for nickel. It should be
noted that these values relate rather to the oxidised surface
of the metals, since the measurements were made under fairly
"severe" conditions (a high concentration of λΟ2 in a stream
of oxygen). The results of the measurements depend on the
conditions of the evacuation and the treatment of the
specimens, particularly at high temperatures, and also on the
composition of the adsorption layer. Thus in the discussion
of a particular value of γ it is necessary to specify clearly
the conditions of the experiments. There are few published
data on the heterogeneous deactivation of the XO2 molecule in
the state ( 1 Σ ΐ ) . The deactivation coefficient of this species
was determined by measuring the intensity of the 7618 A line

in a stream of oxygen, passed through a discharge and
mercury oxide, after reaction with a metal insert. According
to Ref.115, for 1 Ο 2 ( 1 Σ + ), γ has the values 0.3 (Fe), 0.25
(Al), 0.9 (Cu), 0.6 (Ag on P t ) , and ~0 for pure Pt. Thus
on all these metals (except Pt) the deactivation coefficient is
very high. For a glass surface, the following values of γ
were obtained: 10" 3 -10" 2 , 1 1 6 1.5 χ 10~2,1 1 7 0.9 χ 10" 2 , 1 1 8

10" 2 , 1 1 9 and 2 χ 10" 2 . 1 0 7 The average value of the deacti-
vation coefficient of 1O2(

1lg) on glass is 10~2, which is 103

times that for the state Chg)· The lowest value of γ was
obtained for a glass surface covered with a halocarbon
lubricant, 1.1 χ 10"3.151* The shrot lifetime and the high
efficiency of the deactivation of 1Ο2(

1ΣΧ) are the chief
reasons for the considerable experimental difficulty of
measuring γ, and this explains why few papers on this topic
have been published. The published data indicate that the
efficiency of the deactivation of singlet oxygen depends
markedly on the excitation energy. The deactivation coef-
ficient is higher (by a factor of 102-103) for the Czg) state
which has a higher energy than O 2( 1Ag), and this is related
to the high efficiency of the conversion of the state ( x £g)
into (xAg) on collision with the surface, and probably to the
high chemical activity of the state C^g) · For oxygen in the
Α Σ^ state with even higher energy, the deactivation coef-
ficient on glass is ~ 1 . 1 5 3

In spite of the progress made in the study of the median-*-
isms of the deactivation of singlet oxygen on solid surfaces,
all the studies discussed above have a significant unsatis-
factory feature. In these studies the state of the surface
was not examined by structure-sensitive methods, and this is
necessary in the determination of the singlet oxygen adsorp-
tion centres.

2. Metastable Inert Gas and Mercury Atoms and Nitrogen
Molecules

The heterogeneous deactivation of the metastable atoms of
inert gases (MAIG) on metal surfaces is accompanied by
secondary electron emission (SEE). There are two SEE
mechanisms:1 2 0 '1 2 1 a two-stage mechanism based on the
resonance ionisation (RI) of an incident excited atom, followed
by Auger neutralisation (AN) of the ion formed, and a single-
stage mechanism involving Auger deactivation (AD).

The mechanism predominating is determined by the position
of the excitation level of the incident atom relative to the
Fermi level of the metal, and by the ratio of the work function
of the electron and the ionisation potential of the excited
atom. For clean metal surfaces with a high work function,
deactivation takes place by an RI + AN mechanism. If the
ionisation potential is smaller than the work function, the
process takes place by an AD mechanism. It should be noted
that the presence of an adsorbed layer, which changes the
work function and the conditions on the metal surface, may
lead to a change in the deactivation mechanism, and in a
number of cases to the existence of both mechanisms.95 An
important feature is that, irrespective of the deactivation
mechanism, the SEE efficiency is high. This makes it
possible to use the magnitude of the emission of secondary
electrons to estimate the intensity of the heterogeneous
deactivation on metal surfaces. No systematic quantitative
determinations of the coefficients of heterogeneous deacti-
vation γ for different metals have been carried out.
Published data 9 5 indicate that on metals, the value of γ is
close to 1.

The study of the scattering of atoms and the ejection of
electrons has recently been described. Thus the reflection
of a beam of He* atoms from different surfaces has been
studied by measuring the concentration of He(1S) atoms in
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the gas phase. 1 2 1 The reflection coefficient of the He* atoms
was 1(Γ6 for Cu (110), 5 χ 1(Γ6 for Pd (110), 1.5 x 10"1* for
polycrystalline W, 3 χ 10"3 for Pd covered with CO, and
5 χ 10"1* for oxidised Pd. Thus only a negligible fraction of
the incident metastable He atoms are reflected from the
surfaces of these metals, and the deactivation coefficient γ is
close to 1. In the same work it was found that the reflection
coefficients of He*, Ne*, and Ar* atoms from the surface of
single crystals of LiF and NaCl are also extremely low and are
respectively 2 χ 10~\ 4.6 χ 10~2, and 2 χ ΙΟ'4 (LiF), and
1.2 χ 10~\ 2.8 χ 10"3, and 10"1* (NaCl), that is for the
surfaces of these dielectrics, as in the case of metals, the
deactivation coefficient is close to 1. The authors cited con-
sider that these similar values of the reflection coefficients of
the excited atoms for metals and dielectrics indicate that
these quantities are independent of the nature of the
surfaces. This conclusion, however, does not agree with
the data obtained by other workers.

The reaction of beams of He atoms with the surface of the
(110) face of a single crystal of tungsten was studied in
Ref.122. It was established that the quantity of atoms
reflected depends on the angle of incidence of the beam
(θ is the angle between the direction of the beam and the
normal to the surface). At low values of Θ, a small fraction
of the atoms (less than 10%) is reflected, and the coefficient
γ > 0.9. At high values of θ (70-80°), 50-60% of the
incident metastable atoms are reflected, and γ is 0.4—0.5.
It was also found that for a clean surface, the yield of
emitted electrons also depends markedly on the angle of
incidence of the excited species, amounting to 5—8% at low
angles of incidence and increasing markedly at high values
of θ (60-80°). For an oxidised W surface, the yield reached
40%.

Comparison of published data1 2 0""1 2 2 shows that: 1) the
deactivation coefficient on metals may be lower than 1;
2) the yield of secondary electrons depends on the magnitude
of the angle of incidence of the atoms and the presence of an
adsorbed layer on the metal surface, so that the determination
of the value of γ from the emission of secondary electrons
and the comparison of these values for different metals must
be carried out with great care; and 3) the presence of an
adsorbed layer on the metal surface leads to an increase in
the yield of secondary electrons and the reflection coefficient
of the metastable atoms.

It should be noted that in the works cited, the experiments
were carried out with beams of atoms only on metal single
crystals. It may be assumed that the coefficient γ will not
always be equal to 1 in the case of polycrystalline metal
surfaces under flow or diffusion conditions.

There are very few published data for non-metal surfaces.
The deactivation coefficients of metastable atoms on semi-
conductors and dielectrics have not bee measured, and there
is no method for studying heterogeneous deactivation for
non-metals which is an informative as the SEE method for
metals.

Optical methods for recording metastable atoms (MA) in the
gas phase, for example laser-induced fluorescence spectros-
copy, 1 2 3 have not yet been used to study the heterogeneous
deactivation of MA, and the traditional absorption-spectros-
copic method for measuring rhe concentrations of these
species in a flow system has been found to be unsuitable. 1 2 S 1 2 5

For these reasons, there are few published papers on the
heterogeneous deactivation of MA on non-metal surfaces.
Apart from the work examined,1 2 1 there are only a few pub-
lished studies. In Ref.124, the radial concentration gradient
of MA of helium in the flux leaving a glow discharge was
measured from the intensity of the luminescence (in the
visible range) of different forms of helium MA. It was found
that the He* atoms are not completely deactivated on the

walls, and the deactivation coefficients on glass are 0.35 for
He 21S and 0.11 for He 23S. In Ref.125, an optical method
was also used to determine the radial distribution of MA in a
tube through which a stream of gas was passed after a dis-
charge, and it was found that for Pyrex, YHe* K O·'7^ and
0.12 < γ Α Γ * < 0.5.

The reflection of a beam of inert gas MA from different
surfaces has been studied. 1 2 6 The SEE was measured inside
a metal cylinder when the MA struck the end face, which
consisted of targets of different materials. The values of
the reflection coefficients of the MA on glass and stainless
steel were 0.01 for He*, 0.02 for Ne*, and 0.03 for Ar*, that
is the values of γ were close to 1. In Ref.155, the deacti-
vation of excited argon (3P2) atoms in the gas phase was
studied, and the deactivation coefficient on the walls of the
quartz reactor estimated (γ > 0.4).

A new method was recently proposed 1 2 7 ' 1 2 8 ' 1 3 5 for measuring
the coefficients of the heterogeneous deactivation γ of
metastable atoms, based on the use of semiconducting
detectors of the active species. 1 2 9 A reversible change in
the electrical conductivity of a film of ZnO activated by gold
micro-crystals was detected on reaction with MAIG.127

Comparison of the values of the initial rate of change in the
electrical conductivity of the detector (v) and the emission
current of the magnesium plate J m (the detector and the
magnesium target were placed in the same vessel) under the
conditions of the generation of MA of helium or krypton (a
low-voltage discharge with an incandescent cathode, at 1O~2

hPa and room temperature) showed that there is a linear
relationship between ν and 7m . The emission current is
proportional to the concentration of MAIG in the gas phase. 1 3 0

Thus a ZnO/Au film can be used as an MAIG proportional
detector. In these experiments, the MAIG concentration was
ΙΟ7—108 cm"3. The range of concentrations measured can be
extended considerably both into the range of lower MAIG
concentrations (by increasing the sensitivity of the measuring
scheme) and into the range of higher concentrations (by
strobing the flux of MAIG reaching the ZnO/Au film).

This detector was used to determine the values of γ on
various surfaces. 1 2 7 The change in the concentration of
MAIG was measured along a cylinder whose inner surface was
covered with the substance being studied, with increase in
the distance from the MAIG source. The coefficient γ was
calculated from the equation

2γ 4Da I, (ar)

'2 — y~~ c !„ (ar)

where D is the diffusion coefficient, c the thermal velocity of
the atoms, r the radius of the vessel, Ιλ and Io the Bessel
functions of first and zeroth orders, α the slope of the
straight line (n/n0 - h), h the distance from the detector to
the inlet into the cylinder, η the MAIG concentration at a
distance h, and n0 the MAIG concentration at the inlet into
the cylinder. To confirm that the constant obtained does in
fact characterise the heterogeneous and not the homogeneous
deactivation of the MA, the values of γ in helium were deter-
mined at different pressures (10"2—10~3 hPa). It was found
that in this range, γ is independent of pressure, that is
under the chosen conditions the homogeneous quenching of
the excited atoms is not significant. The coefficients γ on
glass are 2.0 χ 10~3 (He*), 7.3 χ 10~3 (Kr*), 3.5 χ 10"3 (Xe*),
and those on polycrystalline zinc oxide 3.4 χ 10~3, 4.1 χ 10~3,
and 4.4 χ 10"3 respectively.

The authors cited1 2 7 concluded that the method of detecting
MA using semiconducting detectors is highly sensitive,
produces little perturbation in the system being studied, and
is most suitable for measuring γ under diffusion conditions at
low MA concentrations. The deactivation of inert gas MA on
glass and ZnO is described by an equation of first order with
respect to the MA concentration in the gas phase.
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The same method was used to measure the values of γ for
discontinuous films of gold on glass and zinc oxide. 1 2 8 It
was found that γ depends on the gold concentration (the
covering coefficient f) on the surface of the support. Thus
for the Au/glass system, the value of γ was 0.17 {f — 0.13)
or 0.37 (f = 0.45), whereas for Au/ZnO the corresponding
values of γ were 0.11 and 0.38. The heterogeneous deacti-
vation of the metastable atoms of inert gases on discontinuous
films of gold apparently takes place on the surface of the
metal particles, since the values of γ and f coincide. In this
case the deactivation of the excited atoms takes place with an
efficiency close to 1, whereas it is lower by a factor of 100 on
the surface of the support, irrespective of the electronic
structure of the carrier (dielectric, semiconductor).

Thus the results of the measurement of the coefficients of
the heterogeneous deactivation of the metastable atoms of
inert gases on non-metals are few and contradictory. For
example, for glass the following values of γ have been
obtained: 0.35 and 0.11, 1 2 1 0.75, 1 2 5 I , 1 2 6 and 2 χ 10~3.1 2 7

These marked differences are apparently related to the fact
that in Refs.121, 125, and 126 the MA concentration was much
higher than in Ref.127. In the deactivation of MA on non-
metals, the excitation of the surface at sufficiently high con-
centrations of the excited species apparently facilitates the
more effective loss of the energy of the excited atoms collid-
ing with it.

Thus the deactivation of MA on non-metal surfaces takes
place with a lower efficiency than on metal surfaces. In the
last case the loss of the energy by the metastable atoms takes
place chiefly in their reaction with the electronic system of
the metal, leading to the emission of electrons. It is as yet
difficult to say anything definite about the mechanism of the
reaction of these species with non-metals.

The heterogeneous deactivation of electronically excited
nitrogen molecules has been s tudied. 1 3 2 ' 1 3 3 The longest-
lived state was found to be Ν 2 ( ^ 3 Σ ^ ) with a radiative lifetime
of 2 s. In Ref.133, the concentration of N* was measured
from the photo-ionisation in a mass spectrometer, and also
using a platinum calorimeter with a stream of nitrogen passed
through a discharge (p = 0.6—7 hPa). The coefficient of
heterogeneous deactivation was found to be 3 χ 10~5, that is
the efficiency of the deactivation of Ν * on the glass walls is
very low. The dependence of the value of γ on the concen-
tration of excited nitrogen molecules was established; 1 3 2 the
coefficient γ is low (7 χ 10"1*) at low concentrations, and high
(0.5) at high concentrations. Thus the concentration
dependence of γ obtained for metastable nitrogen molecules
was the same as that for metastable inert gases on a glass
surface.

There are practically no published data on the deactivation
of excited metal atoms on solid surfaces. Only a few papers
have dealt with the reaction of excited mercury atoms with
semiconducting films of zinc o x i d e . 1 3 6 " 1 3 8 The change in the
electrical conductivity (σ) of ZnO films under the influence of
mercury atoms (Hg*), obtained by photo-excitation in the gas
phase (non-excited Hg atoms have no influence on σ), was
studied. At room temperature the reaction with Hg* atoms
produces a marked increase in σ for the ZnO films, and at
"saturation" of the signal, σ increases by 80%. The authors
cited attributed the effect of "saturation" of the change in σ
to two processes taking place simultaneously on the ZnO
surface: 1) the formation on the surface of zinc atoms, which
bring about an increase in σ for ZnO:11"*

ZnO + Hg· -* (HgO)s + Zns (6)

(s = surface); and 2) the formation of surface zinc
mercurides, which, like metal molecules (for example Ag2),11'*
apparently have no influence on the electrical conductivity of
semiconducting films

Zns + Hg* -> (HgZn)s
(7)

The simultaneous processes (6) and (7) are responsible for
the establishment of the stationary value of σ for ZnO on
bombardment of its surface.

The proposed scheme was verified by experiments in which
zinc atoms were deposited on the ZnO surface, or oxygen was
adsorbed on it. On the films activated by zinc atoms, the
magnitude and the sign of the change in σ depend on the
concentration of Zn atoms; at high zinc concentrations, the
value of σ for ZnO decreases under the influence of Hg*
atoms (process 7). On ZnO films treated with oxygen, the
magnitude of the change in σ for ZnO increases (process 6).

In Refs. 136-138 it was established that at a definite con-
centration of previously deposited zinc atoms, the value of σ
for ZnO remains unchanged under the influence of Hg* atoms.
From the change in the electrical conductivity of the
adsorbate, the authors cited reached conclusions about the
dissociation of the molecules adsorbed on ZnO in their
reaction with excited mercury atoms. A marked increase in
σ took place after the adsorption of hydrogen on bombard-
ment with Hg* atoms, indicating that H2 is dissociated to
atoms, since it was previously shown111* that Η atoms are
electron donors on a ZnO surface. The same effect was
detected for adsorbed isopropyl alcohol.

Thus the action of excited mercury atoms (and possibly
other metal atoms) leads to a change in the chemical compo-
sition of the clean surface of oxide semiconductors, and also
of the adsorbed layer.

REFERENCES

1. V.F.Kiselev and O.V.Krylov, "Adsorbtsionnye
Protsessy na Poverkhnosti Poluprovodnikov i
Dielektrikov" (Adsorption Processes on the Surface
of Semiconductors and Dielectrics), Izd.Nauka,
Moscow, 1978, p.216.

2. R.P.Wayne, Adv.Photochem., 1967, 7, 311.
3. E.A.Ogryzlo, Photophysilogy, 1975, 5, 35.
4. D.R.Kearns, Chem.Rev., 1971, 5, 395.
5. C.S.Foote, in "Free Radicals in Biology" Edited by

W.A.Pryor, Acad.Press, New York, 1975.
6. B.Ranby and J.F.Rabek, "Photodegradation, Photo-

oxidation, and Photostabilisation of Polymers.
Principles and Applications" (Translated into
Russian), Izd.Mir, Moscow, 1978, p.294.

7. V.Ya.Shlyapintokh and V.B.Ivanov, Uspekhi Khim.,
1976, 45, 202 [Russ.Chem.Rev., 1976(2)].

8. S.D.Razumovskii, "Kislorod—Elementarnye Formy i
Svoistva" (Oxygen—Elementary Forms and
Properties), Izd.Khimiya, Moscow, 1979.

9. V.L.Ermolaev, E.P.Bodunov, Ε .Ν .Sveshnikova, and
Τ. A.Shakhverdov, "Bezyzluchatel'nyi Perenos
Energii Elektronnogo Vozbuzhdeniya" (The Non-
radiative Transfer of Electron Excitation Energy),
Izd.Nauka, Leningrad, 1977, p. 190.

10. Ν. V. Shinkarenko and V. Β .Aleskovskii, Uspekhi
Khim., 1981, 50, 406 [Russ.Chem.Rev., 1981(3)].

11. Ν.V.Shinkarenko and V.Β.Aleskovskii, Uspekhi
Khim., 1982, 52, 713 [Russ.Chem.Rev., 1982(5)].

12. E.I.Grigor'ev, I .A. Myasnikov, and V.I.Tsivenko,
Zhur.Fiz.Khim., 1981, 55, 2907 [Russ.J.Phys.Chem.,
1981(11)].

13. E.I.Grigor'ev, I.A.Myasnikov, and V.I.Tsivenko,
Zhur.Fiz.Khim., 1982, 56, 1748 [Russ.J.Phys.Chem.,
1982(7)].

14. V.B.Kazanskii, Kinetika i Kataliz, 1977, 18, 43.
15. S.A.Zav'yalov and I.A.Myasnikov, Zhur.Fiz.Khim.,

1982, 56, 2616 [Russ.J.Phys.Chem., 1982(10)].



Russian Chemical Reviews, 55 (2), 1986 63

I.A.Myasnikov, and V.I.Tsivenko,
1985, 59, 756 [Russ.J.Phys.Chem.,

16. J.P.Guillory and C.M.Shiblom, J.Catalysis, 1978,
54, 24.

17. S.A.Zav'yalov and I.A.Myasnikov, Dokl.Akad.Nauk
SSSR, 1981, 257, 392.

18. I.A.Myasnikov, V.I.Tsivenko, and M.V.Yakunichev,
Dokl.Akad.Nauk SSSR, 1982, 267, 873.

19. L.Elias, E.A.Ogryzlo, and H.I.Schiff, Canad.J.
Chem., 1959, 37, 1680.

20. S.H.Whitlow and F.D.Findlay, Canad.J.Chem., 1967,
45, 2087.

21. G.G.Mannella and P.Harteck, J.Chem.Phys., 1961,
34(6), 2177.

22. I.A.Myasnikov, Zhur.Fiz.Khim., 1981, 55, 1278
[Russ. J.Phys.Chem., 1981(5)].

23. S. A. Zav'yalov, I.A.Myasnikov, and L.M. Zav'yalova,
Zhur.Fiz.Khim., 1984, 58, 1532 [Russ. J.Phys.Chem.,
1984(6)].

24. M.V.Yakunichev, I.A.Myasnikov, and V.I.Tsivenko,
Zhur.Fiz.Khim., 1985, 59, 442 [Russ.J.Phys.Chem.,
1985(2)].

25. M.V. Yakunichev,
Zhur.Fiz.Khim.,
1985(3)].

26. H.Kautsky, H.de Bruijn, R.Neuwirth, and
W.Baumeister, Chem.Ber., 1933, 66, 1588.

27. J.Weiss, Trans.Faraday Soc, 1939, 35, 48.
28. J.Franck and R.Livingston, J.Chem.Phys., 1941,9,

184.
29. G.S.Egerton, J.Soc.Dyers Colorist., 1949, 65, 764.
30. A.N.Terenin, "Fotonika Krasitelei" (The Photonics

of Dyes), Izd.Akad.Nauk SSSR, Moscow-Leningrad,
1947, p.138.

31. N.Uri, Chem.Rev., 1952, 50, 375.
32. G.O.Schenk, Naturwiss., 1948, 35, 28.
33. A.Schonberg, Ann.Chem., 1935, 518, 219.
34. J.L.Rosenberg and D . J.Shombert, J.Amer.Chem.

Soc, 1960, 82, 3257.
35. J.L.Rosenberg and F.S.Humphries, Photochem.

Photobiol., 1965, 4, 1185.
36. G.S.Egerton, Nature, 1964, (204), 1153.
37. B.A.Schnuriger, J.Bourdon, and J.Bedu, Photochem.

Photobiol., 1968, 8, 361.
38. E.C.Blossey, D.C.Neckers, E.L.Thayer, and

A.P.Schaap, J.Amer.Chem.Soc, 1973, 95, 5820.
39. J.R.Williams, G.Orton, and L.R.Unger, Tetrahedron

Letters, 1973, 4603.
40. R.Nilsson and D.R.Kearns, Photochem.Photobiol.,

1974, 19, 181.
41. R.C.Petterson, S.M.Kalbag, and C.S.Irving, Ann.

New York Acad.Sci., 1970, 171, 133.
42. W.C.Eisenberg, A.Snelson, R.L.Butler, J.Veltman,

and R.W.Murray, Tetrahedron Letters, 1981, 22,
377.

43. S.E.Morsi and J.O.Willians, In "Singlet Oxygen.
Reactions with Organic Compounds and Polymers",
Edited by B.Ranby and F.Rabek, Wiley and Sons,
New York-Toronto, 1978, p . 147.

44. C.S.Foote and S.Wexler, J.Amer.Chem.Soc, 1964,
86, 3879.

45. E.J.Corey and W.C.Taylor, J.Amer.Chem.Soc,
1964, 86, 3881.

46. A.S.U.Shougholey and M.S.Shadha, In "Singlet
Molecular Oxygen.", Proc.Sympos., Bombay, 1975,
p.153.

47. J.R.Scheffer and M.D.Ouchi, Tetrahedron Letters,
1970, 223.

48. S.F.Wolf, C.S.Foote, and Rabek Jr , J.Amer.Chem.
Soc, 1978, 100, 7770.

Izv.Vys.Ucheb.
1964, 7, 517.

Zhur.Fiz.Khim.,
1966(5)].

49. W.C.Eisenberg, A.Snelson, J.Veltman, and
R.W.Murray, Tetrahedron Letters, 1981, 1949.

50. W.C.Eisenberg, K.Taylor, J.Veltman, and
R.W.Murray, J.Amer.Chem.Soc, 1982, 104, 1104.

51. E.I .Grigor'ev, Candidate's Thesis, Karpov Physico-
chemical Scientific Research Institute, Moscow, 1982.

52. S.Kato, Bull.Soc.Chem.Japan, 1957, 30, 34.
53. I.A.Zakharov and V.A.Savel'ev, Optika i Spektrosk.,

1981, 50, 695.
54. I.A.Zakharov and V.B.Aleskovskii,

Zaved.SSSR, Khim.i Khim.Tekhnol.
55. I.A.Zakharov and V.B .Aleskovskii,

1966, 40, 985 [Russ.J.Phys.Chem.,
56. I.A.Zakharov, T.I.Grishaeva, and V.B.Aleskovskii,

Zhur.Prikl.Khim., 1971, 44, 2734.
57. I.A.Zakharov, T.I.Grishaeva, and V.B .Aleskovskii,

Optika i Spektrosk., 1974, 36, 925.
58. I.A.Zakharov and T.I.Grishaeva, Optika i

Spektrosk., 1976, 41, 598.
59. I.A.Zakharov and T.I.Grishaeva, Optika i

Spektrosk., 1977, 42, 355.
60. A.N.Terenin, "Fotonika Molekul Krasitelei" (The

Photonics of Dye Molecules), Izd.Nauka, Leningrad,
1967, p.501.

61. J.L.Rosenberg and F.S.Humphries, J.Phys.Chem.,
1967, 71, 330.

62. H.Ishida, H.Takahashi, and H.Tsubomura, Bull.
Chem.Soc.Japan, 1970, 43, 3130.

63. U.Yoshihari, Chem.Letters, 1973, 743.
64. V.B.Ivanov, G .B. Kuprashvili, and I .L.Edilashvili,

Khim.Vys.Energ., 1980, 14, 280.
65. G.P.Gurinovich, Izv.Akad.Nauk SSSR, Ser.Fiz.,

1982, 46, 362.
66. E.I .Grigor'ev, I.A.Myasnikov, and V.I.Tsivenko,

Zhur.Fiz.Khim., 1982, 56(6), 1558 [Russ.J.Phys.
Chem., 1982(6)].

67. H.Tsubomura and R.S .Mulliken, J.Amer.Chem .Soc,
1960, 82, 5966.

68. L.S. Bum garner, F.A.Cebul, K.A.Kirk, D.N.Lupo,
L.H.Pittenger, D.Schuh Merly, P.Thomas,
D.F.Williams, and G.C.Winston, J.Photochem., 1981,
17, 19.

69. T.V.Leshina, S .G .Belyaeva, V.I .Mar'yasova,
R.Z.Sagdeev, and Yu.N.Molin, Dokl.Akad.Nauk
SSSR, 1980, 255, 141.

70. A.P.Buchachenko, R.Z.Sagdeev, and Κ .M.Salikhov,
"Magnitnye i Spinovye Effekty ν Khimicheskikh
Reaktsiyakh" (Magnetic and Spin Effects in Chemical
Reactions), Izd.Nauka, Sibir.Otd.Akad.Nauk SSSR,
Novosibirsk, 1978, p . 182.

71. E.A.Frankevich and I.A.Sokolik, Khim.Vys.Energ.,
1977, 6, 433.

72. B.F.Minaev, Zhur.Strukt.Khim., 1982, 23(2), 717
73. M.Anpo, C.Yun, and Y.Kubokawa, J.Chem.Soc

Faraday Trans. I, 1980, 76, 1014.
74. A.M.Gritskov, V.A.Shvets, and V.B .Kazanskii, in

collected papers "Fotosorbtsionnye i Foto-
kataliticheskie Yavleniya ν Geterogennykh Sistemakh"
(Photosorption and Photocatalytic Phenomena in
Heterogeneous Systems), Izd.Inst.Kataliza Sibir.Otd.
Akad.Nauk SSSR, Novosibirsk, 1974, p. 120.

75. A.A.Konnov, A.N.Pershin, Β .N.Shelimov, and
V.B.Kazanskii, Kinetika i Kataliz, 1983, 24, 161.

76. G.A.Melin and R.J.Madix, Trans.Faraday Soc,
1971, 67, 198.

77. S.Kato, Bull.Chem.Soc.Japan, 1957, 30, 27.
78. I.A.Zakharov and V.B .Aleskovskii, Optika i

Spektrosk., 1969, 26, 92.



64

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

J.L.Rosenberg and D.J.Shombert, J.Amer.Chem. 109.
Soc, 1960, 82, 3252.
E.A.Nechaev, Zhur.Fiz.Khim., 1978, 52, 1494 [Russ. 110.
J.Phys.Chem., 1978(6)]. 111.
E.A.Nechaev and L.Μ.Smirnova, Kolloid.Zhur.,
1981, 43, 494.
R.W.Kessler, S.Uhl, W.Honnen, and D.Oelkrug, J.
Luminescence, 1981, 24-25, 551. 112.
E.M.Schulman and R.T.Parker, J.Phys.Chem., 1977,
81, 1932.
E.I.Grigor'ev, I.A.Myasnikov, and V.I.Tsivenko, 113.
Zhur.Fiz.Khim., 1982, 56, 2600 [Russ.J.Phys.Chem.,
1982(10)].
A.Z.Akimov, Yu.A.Cherkasov, and M.I.Cherkashin, 114.
"Sensibilizirovannyi Fotoeffekt" (The Sensitised
Photo-effect), Izd.Nauka, Moscow, 1980, p.255. 115.
G. V. Malinova and I. A. Myasnikov, Kinetika i Kataliz,
1970, 11, 715. 116.
I.A.Myasnikov, Izv.Akad.Nauk SSSR, Ser.Fiz.,
1957, 21, 192. 117.
A.A.Lisachenko and D.F.Skornyakov, Poverkhnost',
Fiz., Khim.Mekhan., 1982 (9), 54. 118.
Yu.Ρ.Solonytsin, L.O.Basov, and V.Κ.Ryabchuk,
Zhur.Fiz.Khim., 1980, 54, 2619 [Russ.J.Phys.Chem., 119.
1980(10)].
G.Munuera, A.Navio, and V.Rives-Arnau, J.Chem. 120.
Soc.Faraday Trans. I, 1981, 77, 2747.
A.M.Held, D.J.Halko, and J.K.Hurst, J.Amer. 121.
Chem.Soc, 1978, 100, 5732.
I. Saito, R. Nagata, and Τ. Matsuura, Tetrahedron
Letters, 1981, 22, 4231. 122.
J.Canva, C.Balny, P.Douzou, and J.Bourdon,
Compt.rend., C, 1969, 268, 1027. 123.
R.L.Daubendiek, H.Magid, and G.R.McMillan, Chem.
Communs., 1968, 218. 124.
C.Boiziau, In "Inelastic Particle—Surface Collisions",
Edited by E.Taglauer and W.Heiland, Springer 125.
Series in Chemical Physics, Berlin-Heidelberg-New
York, 1980, 17, p.48. 126.
G.V.Malinova and I.A.Myasnikova, Dokl.Akad.Nauk
SSSR, 1974, 217, 859. 127.
V.A.Popovskii and G.Κ.Boreskov, Kinetika i Kataliz,
1969, 10, 786.
S.A.Zav'yalov, I.A.Myasnikov, and E.A.Karmanova, 128.
Khim.Fiz., 1984, 3, 297.
I. A.Myasnikov, in collected papers "Fizicheskaya 129.
Khimiya. Sovremennye Problemy" (Physical
Chemistry. Present-Day Problems), Izd.Khim., 130.
Moscow, 1984, p.212.
G.G.Mannella, R.R.Reeves, and P.Harteck, J.Chem. 131.
Phys., 1960, 33, 636.
G.G.Mannella, R.R.Reeves, and P.Harteck, J.Chem. 132.
Phys., 1960, 32, 946.
M.P.Weinreb and G.G.Mannella, J.Chem.Phys., 133.
1969, 51, 4973.
T.R.Pian, N.H.Tolk, J.S.Kraus, M.M.Traum,
J.C.Tully, and W.E.Collins, J.Vac.Sci.Technol., 134.
1982, 20, 555.
N.H.Tolk, L.C.Feldman, J.S.Kraus, R.J.Morris, 135.
M.M.Traum, and J.C.Tully, Phys.Rev.Letters,
1981, 46, 134.
M.E.Ryskin, and B.R.Shub, React.Kinetics and 136.
Catal.Letters, 1981, 17, 41.
A.M.Winer and K.D.Bayes, J.Phys.Chem., 1966, 137.
70, 302.
S.J.Arnold, N.Finlayson, and E.A.Ogryzlo, J.Chem. 138.
Phys., 1966, 44, 2529.
I.D.Clark and R.P.Wayne, Chem.Phys.Letters, 139.
1969, 3, 93.

Russian Chemical Reviews, 55 (2), 1986

R.P.Steer, R.A.Ackerman, and J.N.Pitts, J.Chem.
Phys., 1969, 41, 843.
M.E.Ryskin and B.R.Shub, Khim.Fiz., 1982, 1, 212.
Yu.M.Gershenzon, V.Β.Rozenshtein, and
S.Ya.Umanskii, "Problemy Kinetiki i Kataliza"
(Problems of Kinetics and Catalysis), Izd.Nauka,
Moscow, 1978, Vol.17, p. 36.
E.I.Grigor'ev, I.A.Myasnikov, and V.I.Tsivenko,
Zhur.Fiz.Khim., 1983, 57, 505 [Russ.J.Phys.Chem.,
1983(2)].
I.A.Myasnikov, S.A.Zav'yalov, E.I.Grigor'ev,
V.I.Tsivenko, and L.Yu.Kupriyanov, Zhur.Fiz.
Khim., 1981, 55, 1840 [Russ.J.Phys.Chem., 1981(7)].
I. A. Myasnikov, Zhur. Vses. Khim. Obshch.
D.I.Mendeleeva, 1975, 20, 19.
R.J.O'Brien and G.H.Myers, J.Chem.Phys., 1970,
53, 3832.
R.A.Young and G.Black, J.Chem.Phys., 1965,
42(10), 3740.
T.C.Frankiewicz and R.S.Berry, J.Chem.Phys.,
1973, 58, 1787.
R.G.Derwent and B.A.Thrush, Trans.Faraday Soc.
I, 1971, 67, 2036.
T.P.J.Izod and R.P.Wayne, Proc.Roy.Soc, 1968,
308(1492), 81.
H.Conrad, G.Ertl, J.Kuppers, W.Sesselmann, and
H.Haberland, Surface Sci., 1982, 121(1), 161.
H.Conrad, G.Ertl, J.Kuppers, W.Sesselmann,
B.Woratshek, and H.Haberland, Surface Sci., 1982,
117(1-3), 98.
D.J.Titley and T.A.Delchar, Surface Sci., 1981,
103(2-3), 438.
J.M.Cook, T.A.Miller, and V.Ε.Bondybey, J.Chem.
Phys., 1978, 68, 2001.
V.N .Lisitsyn, A.S.Provorov, and V.P.Chebotaev,
Optika i Spektrosk., 1970, 29, 226.
N.Sadeghi, and J.C.Pebay-Peyroula, J.Phys.
(France), 1974, 35(4), 335.
W.Allison, F.B.Dunning, and A.C.H.Smith, J .Phys.
B, Atom.Molec.Phys., 1972, 5(6), 1175.
L.Yu.Kupriyanov, V.I.Tsivenko, and I.A.Myasnikov,

Khim.Mekhan.Fiz. 1982, (8),Poverkhnost'
139.
L.Yu.Kupriyanov, V.I.Tsivenko, and I.A.Myasnikov,
Poverkhnost', Fiz., Khim.Mekhan., 1983, (9), 50.
V.I.Tsivenko and I.A.Myasnikov, Zhur.Fiz.Khim.,
1984, 58, 1218 [Russ.J.Phys.Chem., 1984(5)].
F.B.Dunning, J.Phys., Ε (Sci.Instr.), 1972, 5(3),
263.
N.N.Semenov, Acta Physicochim., URSS, 1943, 18.
93.
A.A.Tabachnik and B.R.Shub, Khim.Fiz., 1983,
2(9), 1242.
P.H.Vidaud, R.P.Wayne, M.Yaron, and
A.von Engel, J.Chem.Soc.Faraday Trans. II, 1976,
72(7), 1185.
A.I.Myasnikov, Zhur.Fiz.Khim., 1981, 55, 2059
[Russ.J.Phys.Chem., 1981(8)].
L.Yu.Kupriyanov, Candidate's Thesis, Karpov
Physicochemical Scientific Research Institute,
Moscow, 1985.
A.M.Panesh and I.A.Myasnikov, Zhur.Fiz.Khim.,
1971, 45, 261 [Russ.J.Phys.Chem., 1971(2)].
A.M.Panesh and I .A. Myasnikov, Zhur.Fiz.Khim.,
1971, 45, 2644 [Russ.J.Phys.Chem., 1971(10)].
A.M.Panesh and I.A.Myasnikov, Dokl.Akad.Nauk
SSSR, 1971, 200, 1136.
Y.Liang, A.M.Ponte Goncalves, and D.K.Negus,
J.Chem.Phys., 1983, 87(1), 1.



Russian Chemical Reviews, 55 (2), 1986 65

140. K.Furukawa, E.W.Grey, and E.A.Ogryzlo, Ann.New
York Acad.Sci., 1970, 171(1), 175.

141. S.J.Gregg and K.S.W.Sing. "Adsorption, Surface
Area, and Porosity" (Translated into Russian), Izd.
Mir, Moscow, 1970, p . 252.

142. M.E.Ryskin, Candidate's Thesis, Institute of
Chemical Physics, Moscow, 1983.

143. F.D.Findlay, C.J.Fortin, and D .R.Snelling, Chem.
Phys.Letters, 1969, 3(4), 204.

144. I.A.Myasnikov and E.V.Bol'shun, Dokl.Akad.Nauk
SSSR, 1978, 240, 906.

145. A.M.Panesh and I .A. Myasnikov, Zhur.Fiz.Khim.,
1972, 46, 1902 [Russ.J.Phys.Chem., 1972(7)].

146. H.Kokado, T.Nakayama, and E.Inoue, J.Phys.
Chem.Solids, 1971, 32(12), 2785.

147. V.I.Vladimirova, Yu.N.Rufov, and O.V.Krylov,
Kinetika i Kataliz, 1977, 19, 809.

148. O.V.Krylov, V.I.Vladimirova, and Yu.N.Rufov,
"V Sovetskoyaponskii Seminar po Katalizu" (Fifth
Soviet—Japanese Seminar on Catalysis), Tashkent,
1979, p.20.

149. K.H.Becker, W.Groth, and U.Schurath, Chem.Phys.
Letters, 1971, 8(3), 259.

150. R.G.O.Thomas and B.A.Thrush, Proc.Roy.Soc,
1977, 356A(1686), 283.

151. M.E.Ryskin, B.R.Shub, J.Pavlicek, and Z.Knor,
Chem.Phys.Letters, 1983, 99(2), 140.

152. S.J.Arnold and E.A.Ogryzlo, Canad.J.Phys., 1968,
72, 2113.

153. R.D.Kenner and E.A.Ogryzlo, Int.J.Chem.Kinetic,
1980, 12(7), 501.

154. R.F.Heidner, C.E.Gardner, Τ .M.El-Sayed,
G.I.Segal, and J. V. V. Kasper, J.Chem.Phys., 1981,
74(10), 5618.

155. A.A.Tabachnik, S . Ya.Umanskii, and B.R.Shub,
Khim.Fiz., 1983, 2, 938.

156. D.J.Giachardi, G.W.Harris, and R.P.Wayne, J.
Chem.Soc.Faraday Trans. II, 1976, 72.. 619.

157. G.A.Fisk and G.N.Hays, Chem.Phys.Letters, 1981,
79(2), 331.

158. G.Black and T.G.Slanger, J.Chem.Phys., 1981,
74(11), 6517.

159. V.M.Berdnikov and P.V.Schastnev, Kinetika i
Kataliz, 1975, 16, 83.

160. A.Spitzer and H.Luth, Surface Sci., 1982, 118(1-2),
121.

161. Ν.I.Lipatkina, L.K.Przheval'skaya, V.A.Shvets, and
V.B.Kazanskii, Dokl.Akad.Nauk SSSR, 1978, 242,
1114.

162. R.Ugo, Proc.V Intern.Congr.Catal., North Holland
Publ.Co., Amsterdam, 1972, 19.

163. A.A.Tabachnik and B.R.Shub, in collected papers
"Problemy Kinetiki i Kataliza" (Problems in Kinetics
and Catalysis), Izd.Nauka, Moscow, 1978, Vol.17,
p.59.

164. N.H.Tolk, L.C.Feldman, J.S.Kraus, R.J.Morris,
T.R.Pian, M.M.Traum, and J.C.Tulley, Inelastic
Particle—Surface Collisions, Edited by E.Taglauer
and W.Heiland, Springer Verlag, Berlin-Heidelberg-
New York, 1981, 112.

165. T.R.Pian, N.H.Tolk, M.M.Traum, J.S.Kraus, and
W.E.Collins, Surface Sci., 1983, 129(213), 573.

166. I.P.Bogdanova and S . V.Ryazantseva, Optika i
Spektrosk., 1983, 54, 752.

167. I.P.Bogdanova, S . V.Ryazantsev, A.B.Tsyganov,
and V.E.Yakhontova, Optika i Spektrosk., 1981, 50,
1009.

168. R.H.Stulen, J.Vac.Sci.Technol., 1983, 20(6), 1163.
169. E.W.Thomas, Progress in Surface Sci., 1980, 10(4),

383.
170. R.J.McDonald, C.M.Loxton, and P.J.Martin,

"Inelastic Particle—Surface Collisions", Edited by
E.Taglauer and W.Heilland, Springer Verlag, Berlin—
Heidelberg-New York, 1981, p. 224.

171. D.Grischkowsky, M.O.Yu, and A.C.Balant, Surface
Sci., 1983, 127(2), 315.

172. B.Schweer and H.L.Bay, Appl.Phys., 1982, 29A(2),
53.

173. S.A.Kovalevskii, Candidate's Thesis, Institute of
Chemical Physics, Academy of Sciences of the USSR,
Moscow, 1977.

174. H.D.Hagstrum, Phys.Rev.Letters, 1979, 43(1), 1050.
175. J.Roussel, Phys.Scr., 1983, 4, 96.

Karpov Physicochemical Scientific
Research Isntitute,
Moscow


