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INTRODUCTION

The study of the action of different forms of radiation on
aqueous solutions is important chiefly because of the
marked similarity in the behaviour of the primary products
of the radiolysis of aqueous solutions and biological sys-
tems. On practical application is the construction of
chemical dosimeters, which are not only air-equivalent but
also simulate tissue behaviour. Moreover, the present
development of atomic energy makes it important to take
account of processes initiated by radiation and to examine
possible methods of carrying out various redox reactions
in inorganic and organic synthesis in aqueous solution. It
is important to make maximum use of the energy absorbed
when carrying out these processes.

These more general problems require the study of the
nature of the primary products, the ways in which the
energy absorbed by the solution can be transferred, and the
mechanism of the reaction of the primary products with one
another and with dissolved substances.

Although the effect of ionising radiation in aqueous solu-
tions has been known for more than 50 years, there is as
yet no single theory of the radiolysis of aqueous solutions.
In this paper we have tried to show the main directions of
development of the radiation chemistry of aqueous solu-
tions, to examine modern theories of the mechanism of
radiolytic changes, and to present what is in our opinion
some of the most interesting effects of radiolytic reactions,
We have taken into consideration the fact that the experi-
mental material on the radiolysis of aqueous solutions has
been presented fairly completely in a number of reviews
on radiation chemistry!-%7,
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1. MAIN STAGES IN THE DEVELOPMENT OF THEO-
RIES OF RADIOCHEMICAL PROCESSES IN AQUEOUS
SOLUTIONS

The decomposition of water to O, and H, when radium
salts are dissolved in it was first observed in the nineteen-
hundreds !8,1°. It was subsequently found that in aqueous
solutions radium salts yield hydrogen peroxide as well as
oxygen, the sum of the quantities of O, and H,0, evolved
being equivalent to the quantity of hydrogen formed?2°,2.

At that time it was considered that radioactive elements
(Ra, Rn) catalysed the decomposition of H,0 to H,, OQ,, and
H;0,, but it was not suggested that radiation supplied the
energy. In a review of data published up to 1907, Bragg?
established that when the same quantity of radon acts on
water and on air, the number of water molecules decom-
posed almost coincides with the number of ions formed in
air. In 1913 Duane and Scheuer? studied the action of
a-rays on water and formulated a general principle of
radiation chemistry, according to which the main process
in aqueous solutions is the action of the radiation on water.
It was implied that all radiochemical reactions in solution
take place as a result of the interaction of molecules of
“activated water” with the dissolved substances. The
nature of the activated water, however, remained unknown.

The formation of H, and H,0, in pure, thoroughly de-
gassed, water treated with X-rays and y-rays remained
undetected for a long time. This was apparently due to the
low sensitivity of the analytical methods employed. Later
Allen and Toulis showed that the steady-state concentration
of these products is extremely small (10 X 10 molecules X
x ml™ for the action of 2 MeV electrons and X-rays) 28,29,

Debierne (1914) and later Risse (1929) suggested that
the action of ionising radiation on water produces H and OH
radicals which participate in reactions 3°!. 1In 1944,
Weiss used the theory that H and OH radicals are formed
when aqueous solutions are irradiated to explain the oxida-
tion and reduction of a number of substances32, In 1948
Dainton analysed an aqueous solution of acrylonitrile irra-
diated with ultra-violet light, X-rays, and y-rays, and
detected the presence of OH groups in the polymer formed.
Dainton concluded that in this case the OH radical is the
chain initiator33. The existence of H atoms in liquid water
has not yet been confirmed by direct experiment. Such
data are available, however, for gaseous and solid phases,
where the existence of atomic hydrogen has been shown.
For example, the conversion of para-hydrogen to ortho-
-hydrogen under the influence of a-radiation takes place
via H atoms . '

In the nineteen-fifties, the e.p.r.{ spectra of irradiated,
frozen water and aqueous solutions were recorded at dif-
ferent temperatures. In some cases the presence of
atomic hydrogen was established® -4, The e.p.r. spectra
of frozen solutions are important in the chemistry of
aqueous solutions since the form of the primary products
of radiolysis (ions and excited molecules) and their distri-
bution in the track of the ionising particle in the initial
moment are evidently independent of the state of aggrega-
tion of the system (solid or liquid)®.

All theories of the production of radicals during the
radiolysis of water are based on the assumption that the
formation of a pair of ions when the ionising particle and
water molecule collide requires the same amount of energy

1 Electron paramagnetic resonance.
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in the liquid and gaseous phases. From mass-spectro-
metric data*? it is known that when an electron collides
with a water molecule, H,0*, OH-, H*, and H;O* are
formed, together with small quantities of O~ and Hj. A
minimum of about 12.5 eV is required for the removal of
an electron from a water molecule. After a thorough sur-
vey of all available data, Gray*® took the average value of
the energy necessary to form one pair of ions as 32.5 eV
for X-rays and y-rays and 35 eV for a-particles. This
shows that approximately three pairs of ions are formed
for every 100 eV absorbed by the solution.

The positive and negative ions produced (after a number
of collisions with water molecules, the velocity of the dis-
placed electron falls to thermal values and the electron is
captured by a water molecule with the formation of H,0~)
can be hydrated (the energy evolved is sufficient for the
rupture of an O-H bond) and converted to OH and H radicals
in times of the order of 107! sec * according to the schemej:

(a) H0 — o HiOt e

(b)  H0* 4+ H,O — Hz0* 4 OH

(c) e+ H,0 — H,0O- @
(d) H,0- + H;0 - OH-aq+ H

HiO ~MAns H 4 OH

According to this first theory of radical formation, they
should be formed at some distance from one another (Dale,
Gray, and Meredith*’ have estimated this distance as equal
to 70 times the diameter of the water molecule).

According to the theory put forward by Magee and co-
workers 8,4 the electron very rapidly gives up its energy
to the surrounding water molecules and thus cannot over-
come the force field of the H,O* ion§. As a result of the
subsequent neutralisation of the H,0*, the excited water
molecule which is produced should “break down” into Hand
OH radicals. According to Magee, this neutralisation step
takes not more than 103 sec. The energy evolved on
neutralisation of the ions is sufficient to enable the H and
OH radicals to overcome the cell effect and to move a con-
siderable distance apart.

According to the second theory, any radiochemical reac-
tion involves the reaction of excited water molecules, and
the radicals formed by their dissociation, with the mole-
cules of dissolved substances; ions do not take part in the
reaction since their lifetime is extremely small (1073 gec).

These theories of radical formation give different pic-
tures of the initial distribution of the product radicals.
According to the first theory, the H and OH radicals from
ionised water molecules in an irradiated system are formed
initially at a considerable distance from one another, and
according to the second theory they are formed in the same
place. According to the first theory, for strongly-ionising
radiation (¢ -particles), the track after the hydration of the
ions formed from the water molecules can be pictured as a
beam of radicals (1000 per 1 y of path) surrounded by a
“diffuse” cloud of H atoms. For weakly-ionising radiation,

I According to the most recent data *»%, the lifetime of the
H,O" ion in the liquid phase is 1.6 x 10" sec. Reaction (15) can
take place in ~10"¥-10"" gec.

§ Here no allowance is made for the fact that the movement of
the electron takes place in the force field of polar molecules,
which may weaken its interaction with the HyO" ion,
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the distance between the H and OH formed from one initially -
-ionised water molecule is greater than 15 mu. These
radicals are more uniformly distributed along the track
(from 3 to 1 per 1 u of path) and their concentration in the
region of the axis of the beam does not exceed 10™4 M (for
60 kV electrons %9).

According to the second theory, the OH and H radicals
are uniformly distributed in the volume of the track, that
is, the average concentration of H and OH is the same
throughout its volume, irrespective of the form of the ionising
radiation. It is difficult to verify either theory since our
knowledge of the nature of the product radicals and the
kinetics of their interaction is incomplete. To solve this
complex problem various theories of the properties of the
intermediate particles and their reactivity, based on the
behaviour of free radicals in the gaseous phase, are being
used. A further complicating feature is that an examina-
tion of the distribution of radicals in space and with time
inside the spur?¥ is required, with allowance for the dis-
tribution of the spurs relative to one another and for their
interaction with one another with time. Thus it is neces-
sary to allow for the fact that their distribution in the
volume of the track changes with time as a result of dif-
fusion and recombination of the radicals.

By limiting the conditions of the problem, results have
been obtained which agree satisfactorily with experimental
data only in a few cases. Thus Ganguly and Magee, starting
from a model giving uniform distribution of radicals in the
tracks and assuming that the distribution of radicals in the
spurs remains unchanged during the reaction (a doubtful
simplification), found that 80-100% of the radicals are re-
moved in reaction with the acceptorst at acceptor concen-
trations of the order of 1-10 M for weakly-ionising radia-
tion%, Schwarz and coworkers showed that Ganguly and
Magee's calculations agree with the results of experiments
on the determination of the number of recombining radicals
and radicals removed in reaction with acceptors for the
irradiation of aqueous solutions of KBr, KNO,, and C,H,OH
by v-rays, deuterons, and helium ions®%:%3. This agree-
ment between theoretical and experimental data is ob-
served, however, only at intermediate values of the con-
centration of radical acceptors. At high and low acceptor
concentrations, discrepancies between theory and experi-
ment appear 54, indicating either that the model is not com-
pletely satisfactory or that the assumptions made in sim-
plifying the problem are incorrect.

Armstrong, Collinson, and Dainton® established a dif-
ference in the values and in the directions of change in the
yield of radical and molecular products of radiolysis on
going from solutions of acrylamine in ordinary water to
solutions in heavy water. This phenomenon may be re-
lated to a difference in the initial distribution of the oxi-
dising and reducing components of radiolysis.

Filinovskii and Chizmadzhev solved the problem of the
recombination of H and OH radicals in the track for the case
of uniform distribution of these radicals in the track
(r ~1A) and for the case of “broad” distribution of H
radicals (» ~ 100 A), They allowed for the change of the
distribution of the radicals with time as a result of their
recombination: in their calculations they assumed that the
rates of radical reactions are identical®. Other workers®?

7 Spur — the track of the secondary electron, sometimes
called the 6-ray (Editor).

1 The term scavenger is used in place of acceptor by Western
radiochemists (Ed. of Translation).

obtained a solution for the case of the Samuel-Magee-
Burton model for the action of fast electrons on concen-
trated acceptor solutions.

Final verification of one or other of the theories of
radical distribution in the track can be made by accumu-
lating sufficient experimental data on the concentration de-
pendence of the conversion yields of H and OH radical
acceptors and balancing all the radiolysis products over
wide ranges of radical acceptor concentrations.

Even at this stage, data from an analysis of the yields in
the formation of the products of the “molecular decomposi-
tion of water” with change in the concentration of radical
acceptor give interesting information on the geometry of
the track. It has been established, for example, that the
order of the reactions involved in the formation of the
molecular products H, and H,0, in solutions depends on
specific features of the radiation (the density of ionisation
and the energy of the ionising particles) and hence on the
spatial distribution of the product radicalst.

A number of other concepts have been put forward and
are still used in one form or another to explain the nature
and distribution of the products formed in the radiolysis of
water.

The basis of theories of H atom formation is the assump-
tion that a thermal electron (whose energy is lower than
the excitation potential of water) is captured either by a
water molecule (Lea et al.'s mechanism) or by the H,0*
ion from which it was “torn” (Magee, Samuel, ef al.'s
mechanism), in a time less than that required for reaction
with dissolved substances. According to Platzman and
Frdhlich's data %, however, these two processes take
place slowly. A free electron is assumed to have a life-
time of the order of 107® sec. In this time the electron can
move from one water molecule to another (time of transfer
10-'5-10"%* gec; the dissociation of the H,O~ ion requires
~107% gec), since the energy levels of the electrons in the
water molecules are close and overlap. In this case, the
electron, when captured by a molecule of dissolved sub-
stance, would act as a weak reducing agent. This might
explain the predominant oxidising action of irradiated water
(since an OH radical is formed in the bulk of the solution
at the same time as the electron). No convincing indica-
tions that this model is completely satisfactory have yet
appeared, however.

From the conclusion that irradiated water has a high
redox potential, Dainton and Collinson? suggested that the
formation of H and OH radicals is accompanied by the for-
mation of OH* radical ions which are hydrolysed in time.
According to Weiss %, the high redox potential is caused
by reaction of atomic hydrogen with a proton to produce Hj.
This, of course, could only be the case for acid solutions.
It is known, however, that the predominant oxidising action
of X-rays and vy -rays is independent of the pH of the solu-
tion® and therefore cannot be due to formation of Hj
according to the scheme

H H*=HF. @)

1 This is reflected in the order of the equation giving the depen-
dence of the yield of molecular products on the acceptor concen-
tration. As pointed out by Magee and co-workers,?®%, the order
in acceptor concentration may vary from 0 to %, depending on the
density of ionisation and the energy of the particles.. When y-rays
with energies of the order of 1 MeV are used, the order is 1/3.
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According to Haissinsky and Magat®, H atoms are not
formed when aqueous solutions are irradiated (or at least
do not exist independently) and the decomposition of the H,0~
ion takes place according to the mechanism

H:O- — O-+H,

(3a)
0~ + H,0 — OH + OH-
or
H,0- — H-+OH
H- -+ H,0 — OH-+H, (3b)

H;0- +- H;0 — H; + OH + OH-

This scheme for the radiolysis of water assumes the
formation of two OH radicals for every hydrogen molecule
(that is, eight OH radicals from four ionised water mole-
cules) and might explain the high conversion yields for
dissolved substances (~8 equiv /100 eV) reacting with the
free hydroxyl.

The formation of molecular hydrogen from H,0~ is in-
consistent, however, with the experimentally observed de-
pendence of the yield of molecular products H, and H,O, on
the concentration of H and OH radical acceptors 52,84=72,
Moreover, Proskurnin and coworkers have found conditions
under which, as a result of a decrease in the yield of for-
mation of molecular products, there is an increase in the
yield of the products of conversion of the dissolved sub-
stances 73778,

To illustrate the development of the theories of the for-
mation of primary radical products, we must examine a
recently proposed mechanism for the molecular decom-
position of water.

In 1935, Fricke postulated the existence of two types of
activated water molecule™, (H,0)a: and (H,0)%ct, to ex-
plain conversion yield differences for substances in aqueous
solutions when irradiated with X-rays. The first forms
molecular products H, and H,0, with a yield of 0.43, and
the second type of activated water molecule exhibits the
unique properties of activated oxygen and is formed with a
yield of 1.96. By irradiating water with ultra-violet light
corresponding to the absorption band of water below 20004,
Fricke and coworkers initiated reactions which they believed
were characteristic only of (H,0)%:.

In 1948, Allen? suggested that the conversion of the
products of the interaction between the ionising particle and
the water molecule involved two processes which yield
molecular products (H, and H,;0,) and H and OH radicals§

(F)
(R)

H0 —v~~ 1/ Hp 1/, HiOp
H,0 —~~~— Hy 4+ OH

At the points of intense ionisation (hot points), the mole-
cules have energy in excess of that required for the forma-
tion of H and OH, so that the reaction H + OH = H,O may be
accompanied by recombination reactions

H + H=H, 4)
OH +- OH=H,0; . (5)

§ A number of workers ‘™ beljeve that molecular hydrogen and
hydrogen peroxide, together with H atoms, are formed as a result
of changes in the excited water molecules in the spurs, according
to the following reactions:

HO* + H,0* > H; + H;0, (8)
HO* + HiO* — 2H + H,0,  (Ea)
H,0* + H,O - 2H + H,0, (Eb)
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The yield of “molecular” products changes on goingfrom
one system to another. Allen and Johnson?® attributed the
lack of agreement between the “molecular” yields for the
irradiation of different solutions to a difference in the con-
ditions for the back reactions

H+ H,0, — OH+ H,0 6)
OH+4H; — H4H0 . (M

To explain the “high” yields of hydrogen peroxide ob-
served in the radiolysis of acidic solutions of iron sulphate,
Dainton and Sutton®°, in 1953, proposed a third general re-
action (E) for the decomposition of water molecules

Hy0 —~~~— H+ Y, HiOs, (E)

which means essentially a new distribution of radical and
molecular products. At the same time, Allen, onthe basis
of a critical survey of data obtained by different authors on
the kinetics of the radiolysis of certain systems, also con-
cluded that reactions F, R, and E take place®.

From the above it may be concluded that the action of
rapid particles on water and aqueous solutions leads to the
formation of ionisation products and excited states of the
water molecules, both of which may produce H and OH
radicals. Thus, although the nature of the primary products
has not yet been established by direct experiments, we can,
when considering radiolytic processes, speak of the primary
chemical interaction of H and OH radicals with one another
and with dissolved substances leading to the formation of
molecular products H, and H,O, and products of conversion
of the dissolved substances. The subdivision of the pro-
cesses involved in the formation of the products into reac-
tions F, R, and E, and the mechanism proposed by Hais-
sinsky, should, in our opinion, be regarded merely as a
method of balancing the radiolytic products, since G(H,)and
G (H,0,) change on going from one system to another. These
considerations can also to some extent be applied to cases
of radiolysis under the influence of a-radiation. There is
no fundamental difference between the processes involved
in the formation of the primary product radicals on ionisa-
tion by a-rays and by y- and X-rays. The only difference
is in the density of ionisation in the track in a-ray radioly-
sis, where the recombination processes (4) and (5) have a
higher probability.

H and OH radicals are formed in water in equivalent
quantities and may initiate both oxidation and reduction.
The fact that irradiated water has a predominantly oxi-
dising action is apparently due firstly to the difference be-
tween the “effective” concentrations of the OH and H radi-
cals, arising from the difference in the distribution of
these radicals in the track of the ionising particlef, and
secondly to the difference between the reactivities of the
H and OH radicals. For a long time no allowance was
made for the effect of the reverse reaction, which increases
with increase in the radiation dose, and the attainment of
equilibrium between the original substances and the pro-
ducts of their conversion in a number of systems (for ex-
ample, nitrate, nitride®?, was attributed to the definite
redox potential of irradiated water (+0.96 V)2, It was
assumed that a reversible equilibrium exists between the
hydrogen atoms and OH radicals.

1 In the estimation of the oxidising properties of irradiated
water in early studies on solutions saturated with air, no allow-
ance was made for the fact that the O;, an energetic H atom
acceptor, facilitates the removal of the reducing component of the
radiolysis of water from the reaction and thus prevents the reduc-
tion of other dissolved substances %5,
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This theory excludes the possibility of formation of re-
duction products whose potential is more negative than
+0.95 V. Moreover, it is inconsistent with experimental
observations on the conversion of a number of substances
(for example, methylene blue) which are capable of being
oxidised and reduced under conditions where competing
acceptors (oxygen) are absent?. As a result of the absence
of reversible equilibrium between the oxidising and re-
ducing components of the products of the radiolysis of
water, it is possible, using selective electrodes, to obtain
values for the redox potentials of the products of the con-
version of each of these components 83,84, It has been found
that the potential of a platinum electrode in irradiated 0.8 N
H,S0,, corresponding to the appearance of the products of
canversion of H atoms, is close to that of the normal hydro-
gen electrode®3,

It has been shown 74,76,83-86 that when one of the radicals,
for example H, is removed by an acceptor, the conversion
yield of another substance which is an acceptor of the con-
jugate radical (OH) increases. The absence of reversible
equilibrium between the products of oxidation and reduction
of a givenacceptor (for example, in the case of the nitrate—
nitrite system) means that the ratio of the concentration of
its oxidised and reduced forms depends on the experimental
conditions. The decrease in the accumulated yield of pro-
ducts with time of irradiation in such systems is due to an
increase in the rate of the reverse processes. With the
introduction of conjugated acceptors it is possible to sup-
press the reverse processes completely, in which case the
conversion yield of one of them reaches a value equivalent
to the utilisation of the products of conversion of all the
radiolysed water molecules”. The reactivity of the radical
products of radiolysed water molecules will now be con-
sidered.

2. THE CONCEPT OF RADICALS AS INTERMEDIATE
PRODUCTS IN THE RADIOLYSIS OF WATER

A. OH Radicals as the Oxidising Component of Radiolysis

As we have seen, OH radicals are evidently formed in
the dissociation of H,O* to H* and OH as a result of hydra-
tion of the positive hydrogen ion, since the time necessary
for this process has been calculated*® to be much less than
the time required for the neutralisation of H,O*f. The OH
radicals have not yet been detected by direct methods
in irradiated water. However, in a number of radiolyses 80 -1
of frozen aqueous solutions, the e.p.r. method and lumin-
escence analysis have established the existence of inter-
mediate products at temperatures below -160° (one type of
radical) and -120°, and in a number of cases it may be
assumed that OH radicals have been observed36:%0,%2, ]t
has not yet been possible, however, to identify OH radicals
precisely from these spectra. Kaitmazov and Prokhorov %
have described an attempt to obtain the e.p.r. spectrum of
the OH radical during the photolysis of aqueous H,0, solu-
tion. The identification of the OH spectrum reported can-
not be taken as conclusive, since OH radicals react readily
with H,0, to form HO,, whose spectrum is superimposed
on that of the OH. It was not until 1959 that the OH radical

t Weiss and coworkers T8 believe that in strongly acidic
medium HZO+ exists for a longer period (up to 1071-10" gec), as
does HyO~ in alkaline medium. These ions may react with dis-
solved substances if the concentration of the latter is sufficiently

high.

was identified in irradiated ice and the kinetics of its con-
version in the temperature range 77°-108 °K studied by the
e.p.r. method 4,95,

By recombining with one another, OH radicals are able
to form hydrogen peroxide, whose steady-state concentra-
tion % cannot exceed 1073 M. Increase in the pH of the
solution from ~0 to 12 decreases G(H,0,) by a factor of
2.5-3, in irradiation by X-rays®. A sharp decrease in
the H,;0, concentration at pH ~ 2.5 and a slight increase in
the H,0, concentration at pH ~ 12 has been reported?®8%,
This phenomenon is attributed to the possibility of dissocia-
tion of the OH radical to O™ and H* under these conditions
and its removal from the reverse reaction of peroxide oxi-
dation (6). The possibility of dissociation of OH radicals
in alkaline medium and the stability of O~ at pH 13.9 has
been reported by other authors -1, The e.p.r. spectra
of frozen nitrate solutions has revealed that on going from
alkaline solutions (1 M and 0.1 M NaOH) to neutral solu-
tions, one radical disappears and another is produced,
which may correspond to the process

OH -+ OH-=0-H,0 9)
O] ap .

The radicals (I) and (II) can exist only at temperatures
< -160°,1%¢

It is generally assumed that the fate of the free hydroxyl
in the radiolysis of water is its dimerisation with the for-
mation of hydrogen peroxide, but it is also necessary to
allow for the possibility of disproportionation of OH radi-
cals to H,O; and 0,.!® Kazarnovski and coworkers, using
potassium ozonide as a source of free hydroxyl radicals,
showed that the disproportionation of OH in aqueous solu-
tions should play a more important role than the dimerisa-
tion process.

The OH radicals have a high electron affinity (free
energy = 40 kcalmole~! 196,107) and hence may act as oxi-
dising agents. The electron affinity plus the solvation
energy is 147.6 kcalmole~1.1%® This may explain the
radiolytic oxidation of, for example, halide ionsi Cl-,
Br~ andI-, salts of uranium(IV), 121-117 tin(II), 377119 and
iron(II), 129s!2! oxy-anions such as SeQ;, TeO;, AsO;, NO;,
and PO}~,1227127 the gases CO, NH;, H,S, N,O, and N, dis-
solved in water!?8-132 (Taple 1), and a large number of or-
ganic compounds (alcohols, acids, ketones, aldehydes,
aromatic compounds, etc.). The oxidising power of OH
radicals is determined by the redox potential of the system
and depends on the acidity of the medium, decreasing with
increase in pH.32-135

It has been observed in a number of cases (the radio-
lysis of solutions of ferrous salts, the dye methylene blue,
etc.) that there is a sharp decrease in the conversion yield
of the substances in the pH range 2-3, due to a decrease in
the oxidising power of the OH radicals **!,'%6,137  Inapproxi-
mately the same pH range there is an increase in the re-
ducing power of H radicals 3. Since these two radicals
can be considered to have opposing effects, and both are
always present in solution, it is possible that the apparent
decrease in the oxidising power of OH and reducing power
of H is due to the same factor. It would be interesting to
examine this question for a large number of systems with
the action of the conjugated radical excluded in each case.

1 The reaction of ordinary OH radicals with CI” would be
accompanied by an increase in free energy (17 keal mole™Y), so

that it is assumed that excited OH radicals take part in this reac-
tion 106,108, 110
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A number of workers believe that OH radicals may ex-
hibit reducing properties towards strong oxidising agents.
Thus, Haissinsky and Lefort!3® consider that the reduction
of Ce* and Cr,0%~ 38-140 jnyolves reaction between OH and
these ions. It must be remembered, however, that the re-
duction of these compounds is caused not by the direct
action of OH radicals but by the formation and decomposi-
tion of intermediate compounds of the peroxide type pro-
duced as a result of the addition of hydroxyl to these
ions '3, Proof of this is provided by the fact that apparent
participation of OH radicals in reduction processes are
characteristic only of compounds capable of forming more
highly oxygenated derivatives.

B. The Participation of H Atoms in Radiolytic Reactions

H atoms, formed in aqueous solutions as a result of re-
action (1d) and also, in acid medium, by the reaction53, 4
(10)

are able to reduce a number of substances (Tables 1 and 2).

HyO* + e = H + H;0,

There is every reason to suppose that atomic hydrogen
(H radicals) in the condensed phase are present in the
hydrated state, that is, as H;O. We must also remember
that the hydrogen atom is able to form hydrogen bonds.
This may explain the rapid displacement of H and OH radi-
cals within the volume by the so-called relay mechanism of
active particle transfer and may thus explain the absence
from the e.p.r. spectrum of H atoms and OH radicals in
irradiated frozen aqueous solutions at low temperatures
(above -196° and -160°) when diffusion of the radicals is
hindered*4?. It is only comparatively recently that the
e.p.r. method has made it possible to detect H atoms in pure
frozen water at the temperature of liquid helium3. In
frozen solutions of oxy-acids, the doublet belonging to H
can be observed at higher temperatures®’-%. No attempt
has been made to observe directly H radicals in the liquid
phase, since their steady-state concentration during irra-
diation is extremely low.

Zalkind and Veselovskii suggested that the decrease in
the electrode potential-of a smooth platinum electrode in
acidified irradiated water was caused by the setting-up of
a redox potential corresponding to a definite concentration
of H atoms in the solution®3,84,243, Assuming that the life-
time of the H atoms in water is of the order of several
minutes, it is possible to estimate the steady-state concen-
tration of H atoms in the volume, the value found being
~3 % 107 M; 3 when an oxidising-component acceptor
(oxalic acid) is present in the solution, the steady-state
concentration of H is several times greater. This conclu-
sion for liquid solutions at ordinary temperatures, how-
ever, is inconsistent with the diffusion picture of the track
of the ionising particles and the recombination reactions of
H atoms. From a study of the isotopic exchange between
H, and D, in aqueous solutions, initiated by y-rays, and
assuming that the rates of the processes

(4)
(B)

H+ H,=H, 4+ H
H+Dy=HD 4D,

in the liquid phase are the same as in the gaseous phase,
Friedman and Zeltmann%* estimated the steady-state con-
centration of H atoms and obtained the value 2 x 10-8 M for
a dose power of 10 eV cm™sec™ §. In our opinion,

§ The effective lifetime of the H atoms under these conditions,
according to Friedman and Zeltmann, is 0.2 sec.
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this value for the steady-state concentration of H corre-
sponds more closely to the real value, although the assump-~
tion that the rate constants of processes (A4) and (B) in the
gaseous and liquid phases are equal is a considerable sim-
plification.

The decrease in the electrochemical potential of a plati-
num electrode in an irradiated acid may be due to the accu-
mulation of molecular hydrogen in the solution and resul-
tant supersaturation, or to the accumulation in the solution
of intermediate products (whose formation is possibly re- -
lated to the fate of the H atoms) which exist for a compara-
tively long time.

The hydrogen atoms take part in recombination reactions
with one another and with OH radicals, forming H, and H,O.
For the action of strongly-ionising radiation (for example,
o -particles) on water and aqueous solutions, Gu, remains
almost constant, irrespective of the composition of the
solution in the range of intermediate values of the concen-
trations. This is due to the high values of the local concen-
trations of radical products in the track. In the case of
y-radiation, the introduction of H-atom acceptors into the
irradiated water in comparatively small quantity may lead
to a sharp decrease in Gy, through competition for H atoms
in the recombination process H + H.? In the presence of
the conjugate OH-radical acceptor, the conversion yield of
the H-atom acceptor increasesand remains constantover a
wide dose range, througha decreased recombination of H with
OH radicals 7® and the reverse oxidising processes 73,86,132,137,
In this case Gu, shows aimost no change compared with its
value in the absence of OH acceptor, if the concentration of
H-atom acceptor ensures removal of the latter from the
recombination reaction H + H, that is if it is equal to or
greater than ~1 M.

The reducing power of the H atoms is determined by the
reactivity of the H-atom acceptor, and also by the pH of the
medium in which the reaction takes place. However, the
dependence of the reactivity of the dissolved substance on
the pH of the solution must be taken into account. This
dependence may be more clearly defined than in the H
atom case and the effect may exceed that in the latter, as,
for example, in the reduction of dichromate ion!2135, The
reducing power of the H atoms increases with increase in
the pH of the solution 1457147,

Some workers ¢ attribute oxidising properties to the H
atom in acid solutions. For example, Weiss suggests that
in acid medium, H atoms present in the form H} take part
in the oxidation of iron(Il) ions and organic compounds
according to the schéme

RH, + H} — RH-+H*+H, 1)

The theory that H atoms have an oxidising action is sup-
ported by experiment4-151,  Atomic hydrogen, prepared by
electrical discharge in H;, was passed into acidic solutions
of Fe** and Fe®*, and the kinetics of the oxidising and re-
ducing reactions of the Fe*-H,0 and Fe* —-H,0 systems
were studied. Under these conditions, however, the data4°
show that intermediate products of the conversion of sul-
phuric acid and H atoms, and not Hj, may take part in the
reactions.

Cottin studied the oxidation of phosphite and considers
that H atoms are capable of oxidising phosphite ions by the
formation of an H-H bond, which is stronger than the H—-HPO
bond !?7,

The question of the existence of the molecular hydrogen
ion H inacid medium (pH = 1-4) is of interest since in
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TABLE 1. Examples of radiolytic processes involving oxidation and reduction of inorganic compounds in aqueous
solution.
s died { | Maximum value of conversion yield
y::::,::‘: i:dbro:cu::'?)“ Experimental conditions Concentration range studied, M* °fm°'|?‘"°l:":‘::::" References**
00 eV
Fe2+ — Fe3t acid medium in the presence of O, | 2-10-6—1.10-2 (10-4—10-2) 15.6 (15.6)* 136,181--197,80
(OH) 67,120
acid medium, without O, 1.10-4—-1.10"2 ~8 136,182,155
Fedt — Fet (H) pH = 0.8 (without 0,) 1.10-8 0.07 140,147
_ pH =2.46 (with 0,) 2.2.10-4—-3.86-10-4 15 198,199
Fe (CN); — Fe (CN)?" (OH) pH = 2—11 (without O,) 1.10-4—1.10"1 (10-4—10-1) 1.02 (1.02) 122
Fe (CN)§- — Fe (CN)3- (H) pH = 0.5—7 {with 0,) 2.10-4—5.10-3 5 4 133
pH = 12 (without O’) 0.95 133
Fe’t 2, 2-blpynd)'l (OH) 0.8 N H,50, 1-10-3 15.6 200
Fe 3 2, 9%bipyridyl (H) H<7 1-40°3 9.4 200,201
+, m-pﬁenmmolme H) pH = 0.4-3.5 1-10 9.6 201
pH = 6 (with 0,) 1.10-4 4.0 198
Cett — Ced* (H) 0.8—1 N H,SO, in the presence 1-10~4—4.10-3 (1.10-3—4-.10-3) 2.2—2.4 (2.36) 203,199,202,82,204,205
of O, 2.10-4—1.40-3 5.2 140
Ced+ —» Cett (OH) I M IeCO, (alkaline solution) 1-10-8 1,7—1.9 138
Ci-— Cl (OH#) pH = 1-10-2—-7 3.2 109,206—208
Br- - Br (OH) pH= 7 1-10-5—4.5 (1.10-9—-1-10Y) 0.66 111,66,109,207,122
I"— 1 (OH) pH = 2-11 1.10-7—5 (1.10-5—1.10-9) 3(3) 111,122,112,209
BrO, - — Bro-40, (H 0.1 N H,S0, 6-10-4 2.0 202,210
10, = 1. r(ﬁi) s () pH =125 5.10-4—1.10-3 ~1.7 211,200,202
# pH = 0 5.10-4—1.10-3 ~0.6 211
Sn2+ — Sn#t (OH) |4 N HCI, 1 N NaOH 1.10-2—1 (1-10-2—1.10-1) 0.5; 0.6 (~0.5) 118,119
pH = 0.1 3.6-10-1 .49 212
Sn2+ » Sno (H) weakly alkaline medium, vacuum | 1-10-2 ~0.03—0.01 119
Tio+ = Tie+ (OH) 1—4 N HCI 1.40-2—1-10°1 (1.10-2—1.101) 5 (5) 19
1—4 N HySO, 1.10-2—1.40-1 4.2 (4.2) 19
Co?t — Co2t (H) pH~ 0.4 1.10-3 2.3 82
Tia* - TI* (H) pH ~ 0.4 1.10-4—2.40"3 (1.10-4—2-10-9) 1.18 (1.18) 213,82,214
Ut+ — Ut+ (OH) 3 N HiS0, 5.10-4—5.10-2 (2.10-2—5.10-%) 2,0 (2.0) 1i3-116
seoz—_. Sg():— (OH) + 1-40-4—1-10"1 (1-10-4—1.10-1) 0.6 (0.6) 122,11
TeQR- — TeQ- (OH) 1-10-8—1-10-1 (1.10-4—1.10-) 0.6 (0.6) 122
AsO-z — AsO~3 (OH) 1.10-6—1.10"2 (1.10-3—1.10 ?) 1.75; 2.2 withO,) (1.75) 124,111, 122,215
1:10-4—1-10-2 (1.10-2—5.10-2) 3.25; 15 (Oy) (3.25) 124
HyPO~5— PO:' (OH) pH=0.4; 3 2-10-5—1.10-1 (5.10-3—41.10-1) 3.8; 3 (3.8; 3) 127,216
PuO:‘*-—- Pust (H) 0.5 N HySO, 2.8-10-5—9-10-3(1-103—9-10-3) 1.7 (1.7) 217,218
VO*, —» VO** (H) pH~0.4 3:10-4—1-10-2 (3-10-4—1-10-2) 2. 7 2.7 134
HCI0, — ClO75+Ci- acid medium (with and without Q,)| 1-10-3--8.4 1.34 127,219
NaClO, — ClO=+Cl- pH =5.4—4.6 (with and without Cy)] 1—8 ~32 42 127
NH:OH — N+ NH34-N,QpH, pH = 4, vacuum 1.10-3—5.10-3 (1.10-2—5.10-9) 6.8 (6.8) 111,220
NH,OH - NH,+NO" pH = 3.3 in the presence of O, 1.10-2 3.5 1
N,H, — NHjz--Np-}- Hg (H4-OH) pH 0.3-12.3 5-10- 5——5 10‘“(1 5.10-2—5-10-2) 5.2 (5.2 221,111
NH, — NO—(OH) pH = 6.9-9.6 (with O,) 5.40-¢ 1-1 1.3 (pH—=12.5) 120
NO-3 = NO~, (OH) pH = 2—-11 (vacuum) 1.10-2—1. 11“ (1:10-4—1.101) 0.91 (0.91) 122,126,132
NO-,— NO 3(OH) pH =6 (vacuum) 1.10-4—1.10-3 1. 6 12
0-3-» NO-, (H) pH =~ 1.5-14 10-7—5 (5-10- 1_10 2); (2—6) 4.4 (2,2: 4.4) 75,70,208,222
Reduction of Mn() (H + OH) pH = 0.4-12 7.7.1074—2.6-1 8.5 (pH=0.4); G (._-MnVII) 223226, 205
Reduction of Cr,0$ (H + OH) pH =1-12 1-10-4—-1.10-38 (1 10 4—4.10-3) 3.8 139,135,140
pH = 0.4, with O, 2.40-4 0.78 (Crs+) 26
CO — CO, (O pH = 3.5 1.10-8—1.40-4 4 128
H;S— S (OhH) acid medium in the presence of 0, 2.4.10-°—6-10-3 high 111,25,130

* The figures in brackets in column 3 give the concentration range (M) with the observed constant conversion

yield of acceptor given

in brackets in column 4,

** The first references are to papers giving the most complete data.
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this range of pH values reaction (7) is possible, and this is
associated with “conversion” of OH radicals to H atoms and
participation of the latter in reactions involving oxidation,
for example, of Fe? ions!%¢, or reduction, for example, of
VvV and Ce#, 82,134

Let us examine this question briefly.

In a study of the kinetics of radiolytic reactions in sys-
tems containing H,O, H,, O,, and H,O, in various combina-
tions, Allen et al.!%%,1% generalised the results of a series
of investigations and concluded that two forms of H, differ-
ing in chemical character, exist. The H atom formed
directly during radiolysis appears rather to be a solvated
electron. The H atom exists in acidic or basic form, de-
pending on the pH of the medium; this can be represented

as follows
H+

—

H+

e 2 H = H.

(2a)

The solvated electron (H,0") can be captured by an atom,
molecule, or radical with a high electron affinity (for exam-
ple, O, or OH). It has been suggested?®” that at a suffi-
ciently high pH, H,O- exists in solution for at least 10-*!—
10~ sec and may react with a dissolved substance if the
concentration of the latter is sufficiently high. Allen!#
suggests that the H atom is able to take part in one of the
reactions (6) or (7), which decrease the accumulation yield
of molecular products

(6)
(M

H 4+ 8,0, =H,0 + 0

OH + Hy=H,0 + H +11.6 kcal mole™ ¥

A characteristic feature of the second form of H atom
produced according to reaction (7) is that kinetic data 162,253
shows them to react more readily with oxygen than with

1 From data given by Kondrat'ev
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TABLE 2.

Characteristics of some conjugated radiation-chemical reactions.

Conjugated acceptors Accumulation [Number of | Note: increase in yield
. . ield compared with conditions
Type of reaction and conditions of H aroms of OH rodicals* yield, Toholos| when ene of the conjvgared References
100 eV converted acceptors is absent
Reduction of Ce** jons in the Cett (~3.10-4) benzene (0.02) acetic acid ~ 2.3 times greater than 202
presence of air (2 x 10%-1 x 107) without acceptors
Reduction oI‘Ce't ions in the Cet* (4.10-4) 11 It 298
sresence of NO; and TI NaNO; (0.5)
-8 N H,50, .
R%dgc&i(ggé Ce*” ions Cett (10-45-10-2) benzene (107) 8.2 8.2 3.4 times 82
. 4y .
Reduction So(f)‘rl'* ions I8+ (1-10-%) benzene (10°) 8.1 8.4 | 3.5times P
s 250,
neodgc’:,i.ﬁ.soé Cr** ions Cry02- (1-10-3) benzene (10%) 8.2 8.2 3.4 times &
X |
Decomposition of AET** in neutral 0, (H40,—~HO0,) AET ~48 9 2 times 170
solutions in the presence of O,
Oxidation of Fe?* ions in acid medium| (Po,=70—150 atm) Fe?* (0.001) ~23 11.5 |~3 times 137
(0.8 N H,SO,) in the presence of
oxygen
Reduction of C(NG,), C (NO,), (4.2:10-3) ethyl alcohol 1-80% 5.85 5.85 1.6 times 136
Oxidation of amnﬁoni;lin the presence | O, (from air) NH, - NO; (0.15) 1.3(6.8equiv)| 6.3 no reaction without O, 129,245
of oxygen at pH =
Decolorisation of methylene blue Fe (NOy); (2.4-10-4) imethylene blue 3.9 7.8 [~100*** times 242
(oxidation) (2.4 x 107)
Decolorisation of methylene blue methylene blue glucose, sodium benzoate, 5.2 10.4  |~10 times 242,247,248
(reduction) 2.2x10 ethy] alcohol (0._§
Oxidation of the leuco-form of NaNOg (1) leuco-form (2 x 10° 5.0 10 10 times 7
indigo in the presence of nitrate
Reduction of nitrate ion in the NaNQ; (2) glycerol, glucose 6 12 2.6 times 75,86
presence of[ﬁlncose and glycerol (1 x 10°3}1 M KOH)
Reduction of U** 5 x 10 M in acid U0k Us+ glycerol, glucose (0.5) 5 10 20 times 249
medium
Formation of nitrite ion in the NaNOs (1) NHs (0,15) (KOH—1) 63 10.5 2.3 times 245
oxidation of ammonia and
reduction of sodium nitrate
Oxidation of the leuco-base of NaNOs (1) the leuco-base of 9 12 12 times 7%
methylene blue at pH 2 methylene blue
(2x107)
Oxidation of the leuco-base of 0O, the ]euco-b_gse 4.7 9.4 almost no reaction 250
malachite green in the presence of. (1.4 x 107 withort O,
oxygen .
Reduction of methylene blue methylene blue ethyl alcohol (0.5) 3.4 3.4 no reaction 141,251
22.9 N H,50, (1,6 x 10%)
Oxidation of indigo-carmine in O3 (po,=70 atm) indigo-carmine (2 x 10™) 12 12 1000*** times 168
the presence of oxygen,
1N 8,50,
Reduction of indigo-carmine to the indigo-cammine 1.7 3.4 17 times 168
leuco-base 2% 10"
1 N 1,50,
Oxidation of dye at pH ~ 4 sodium nitrate (1) indigo-carmine (2 x 107%) 2 4 200 times *** 168
Reduction of Fe**, pH =3 Fest (10-%) glycerol (1), glucose (1) 10—12 10—12 20 times 252
Reduction of UO:+ and oxidation Uog+ Uoz+ )
of U** in 0.8 N H,S0, (5-10-%) (5-10-3) 4 4 - 253

* Concentrations expressed in M.

** AET denotes S-(2-aminoethyl)-thiuronium dinitrate.

*** The value given represents the increase in the yield under conditions where the back reaction is suppressed.

hydrogen peroxide, unlike the H atoms formed directly on

radiolytic breakdown of the water molecules. In the latter
case no selectivity of action of the H atoms with respect to
O, and H,0, is observed. Allen concludes that the process
involved in reaction (7) is the removal of an electron from

the H; molecule, and not rupture of the H~H bond, so that

the “H atom” is in fact Hj.

Experiments on the role of reaction (7) in the oxidation
of phosphite !?? and iron(II) ions !*® and the reduction of
nitrate 1% in solutions at pH 0.4 and 2-14 respectively show
that saturation of the solutions with hydrogen and even in-
crease in the H, pressure above the solution to 180 atm?!58,1%6
has almost no influence on the conversion yield for these
substances. Cottin, and also Shubin and Dolin, assuming
that reaction (7) occurs at a high rate, concluded that
atomic hydrogen, like OH, takes partin oxidation reactions.
It is interesting that Dainton and Hardwick!®", in a kinetic
study of the action of Fenton's reagent (a source of OH radi-
cals) and Shubin and Dolin, in a radiation study of systems
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with Fe®*, H,0,, O;, and H, or CO, obtained almost iden-
tical relative rate characteristics for the fundamental re-
actions. Essentially identical initial assumptions were
made. This might indicate that the kinetic characteristics
of radicals obtained by different methods are identical.
G(-Fe*) does not change with increase in the pressure of
hydrogen above the system from 1 atm to 180 atm. Shubin
and Dolin suggest that the fundamental reactions in the sys-
tem are

OH + Fett — Fe't 4 OH" 12)

OH +H, — H+H,0 and B4+ H* —~ H}
. (13)
Fe** + HFf — Fe+ + H,

The small change in the value of G(-Fe*) (5%) on going
from degassed solutions to solutions saturated with H, indi-
cates that the rates of processes (12) and (13) are of similar
order of magnitude. This is also indicated by studies?®
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of the oxidation of Fe? in solutions of pH 0.2-3.0%, if
allowance is made for the displacement of equilibrium (2a)
to the right. The oxidation yield of salts of the Sn®* and
Ti3* type depends little on the acidity of the solution and in
these cases oxidation by H atoms (in the form of Hj, at
least) may be less probablei!s,1is,

In an examination of the part played by reaction (7) in
the radiolytic Fe? conversion, a suggestion of Hart and
Lefort!03,1% ig of interest. They state that, in contrast
with gas phase behaviour, where reaction (7) takes place
via H atoms, the oxidising action of H atoms (and not Hj
directly) in the liquid phase can be represented, owing to
the presence of the hydration shells, by the scheme

Fe(H,0™) + H = H, + Fe™* OH + (B,0)__, . (14)

As well as these examples on the oxidation of Fe®,
other experimental features can be interpreted by taking
into account the appreciable velocity of reaction (7) and the
reducing properties of H atoms. Thus in acid solutions
(pH > 1) saturated with hydrogen, the conversion yield of
Ce* and VV is greater than that for solutions saturated with
air®,13¢,  However, the oxygen molecule in the solution is
an active H-atom acceptor and may produce a sharp change
in the processes of radiolytic conversion of dissolved sub-
stances (Table 1). This effect of dissolved oxygen should
be particularly marked with solutions of substances at
relatively low concentrations i,

Generalisation of published data on the possible oxidising
properties of H atoms or the conversion of OH radicals into
H atoms according to reaction (7), or the similar reaction
(15) studied by Dainton and Hardwick?®>?,

OH 4 CO=CO0, + Hq - 21.2keal mole™§ « (15)

indicates that there is insufficient experimental proof of
these theories. All the proofs are based on the results of
the kinetic study of complex systems from the initial and
final products. The nature of the intermediate is not yet
clear. It is possible that as a result of certain character-
istics, e.g. ability to form “bulky” hydration sheaths, the
iron ion may facilitate the transfer of the excitation from
the H,O molecules in solution to the molecules in the
hydrate sheath. Some chemical reactions, including the
capture of an electron from an iron(Il) ion by an oxidising
agent!3,181  may involve participation of the molecules of
the hydration sheath.

C. The Part Played by HO, Radicals

At the 2nd Geneva Conference, Allen and Schwartz em-
phasised that one of the greatest recent achievements in
radiation chemistry is the conclusion reached by Hart162

t Rothschild and Allen %8 believe that the oxidation of iron(II)
ions by H," ion takes place at a pH of 0.4—2.

1 It may be concluded that molecular hydrogen plays a part in
determining the conversion yield of a given substance only by
comparison with the results of vacuum experiments (or with solu-
tions saturated with inert gases).

§ From data given by Elbe %0

and by Donaldson and Miller 18 that HO, can be regarded as
a primary product of the decomposition of water molecules
in the track of an ionising particle. This radical is formed
in the case of y-radiation with a yield of 0.02 and in the
case of irradiation of solutions with o -particles from polo-
nium with a yield of 0.25,2% by a reaction involving three
OH radicals

OH + OH = H,0,
H,0, + OH = HO, + H,0

1
30H = 1O, + 1,0 (16)

The HO, radical apparently may also be formed in solu-
tions containing molecular oxygen ®:

H+ 0, =HO,. (17)

since the latter has a high electron affinityy. Thus, in
mechanistic studies of solutions saturated with oxygen, it
is necessary to consider the possibility of reactions with
HO,. Direct methods of observing intermediate radical
products (e.p.r. and luminescence analysis) have not yet
enabled this radical to be identified in liquid media. In

the solid phase, however, this radical has been detected 95,464,
The form of the spectrum of this radical is analogous to
that of the spectrum observed in the salt NaO,. The HO,
radicals may reduce or oxidise dissolved substances,
depending on the pH of the medium and the redox potential
of the system. It has been estimated® that the sum of
the electron affinity of HO, and its solvation energy is 106 -
136 kcal. Lefort!3 concludes that if the redox potential of
the system is greater than 1.0 V, HO, may take partina
reduction reaction, so that its action does not differ from
that of H atoms, for example, in acid solutions (0.8 N
H,S0,) of Ce*. Cottin considers that in acid solutions HO,
oxidises the intermediate product of the oxidation of phos-
phite to phosphate ion, whereas in neutral medium O; and
PO}~ (HO, dissociates??® to O, and H*) do not react, due to
electrostatic repulsion of the ions!?”, The possibility of
dissociation of the HO, radical is indicated by observations
by Kulkes-Pujo® and Dolin!0?, on the formation of hydrogen
peroxide in aqueous solutions at pH values from ~0 to ~ 14,
These authors suggest that the decrease in the yield of
hydrogen peroxide with increase in pH is due to conversion
of the HO, radical to a more stable ionic form. The re-
ducing power of the HO, radical increases with increase in
pH 134,185,168 The HO, radicals recombine to give hydrogen
peroxide and molecular oxygen, and the hydrogen peroxide
may act as an oxidising agent or reducing agent, depending
on the pH of the medium and the reactivity of the substrate,
Thus it is difficult to determine, from the nature of the
final products, which reagent (HO, or H,0,) has reacted
with different substances. In a number of cases, however,
it has been shown that HO, apparently does not take part in
oxidation reactions. Thus, in the oxidation of benzene!®?
and the oxidation of indigo-carmine 198,469 it has been estab-
lished that HO, does not play a direct part in the oxidation
processes. Of particular interest is the study of the role
of this radical in the oxidation of iron(lI) ions. According
to Krenz and Dewhurst's scheme, HO, should have three
equivalents of oxidising power and should thus increase the

1 According to calculated data %%, the electron affinity of O, is
15.8 keal mole™ (calculated for compounds of the KO, type) and the
sum of the solvation energy and electron affinity for molecular
oxygen is 85.8 keal mole™,
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oxidation yield of iron in solution in the presence of oxygen
by a factor of 4 compared with the case when oxygen is
absent!#f.

Felt 4+ OH + H* — Fe’t 4+ H;0
H+ 0, —» HO,
Fe* ++ HO, — Fe** -+ HO
HOJ + H* — HO,
Fe** 4 H,0y — Fe*t 4 OH- + OH
H* + OH~ — H,0
4Fe*t 1 OH 4 HO, -+ 4Hr=4Fe®T + 3H,0 .

(18)

In the oxidation of iron(Il) ions (Fricke's dosimeter
solution) in the presence of oxygen, however, G(Fe3*) is
~1.9 times greater than in vacuo. Proskurnin?3! gug-
gested the following reaction scheme

Fe** + OH + HY . Fe'*+ H,0
H+0, - HO,
2HO, — H,0, + 0,
2Fe* + H,0, + 2H* - 2Fe** + 2H,0.

(19)

In Zansokhova and Orekhova's experiments with solu-
tions of Fe? and O, of different concentrations, it was
shown that at po, = 75 atm, G(Fe®) reaches a value of
~ 24 equiv. and remains constant with further increase in
pog to 150 atm, that is, it corresponds to the complete
utilisation of the radical products from 12 radiolysed water
molecules. The decomposition of §-(2-aminoethyl)-
-thiuronium dinitrate in the presence of oxygen under the
influence of y-rays from %Co takes place with a conversion
yield corresponding to the use of ~ 8.6 pairs of H and OH
radicals atacceptor concentrations of 2 X 10~3-5 x 10-3 M { 170

Thus, some workers suggest that the oxidising power of
HO, radicals is realised only indirectly via hydrogen perox-
ide formed by radical recombination.

Sfummarising our discussion of the characteristics of the
intermediate radical products controlling radiolytic reac-
tions, we must note the following points. Since there are
no direct experiments confirming the existence of H, OH,
and HO, radicals in the liquid phase in the exact form in
which they have been represented here, and since the
hydration of radicals is a problem in physical chemistry
which has been only slightly studied, all conclusions re-
garding their chemical characteristics should be regarded
as hypothetical. In our opinion, the further development
of radiation chemistry will depend on how well the inter-
mediate products are studied by a combination of kinetic
methods and such methods as ultra-violet, infra-red, and
radiowave spectroscopy, measurement of the magnetic
properties of the intermediate products, and electrochemi-
cal measurements. Kinetic studies, which by themselves
give information on the disappearance of the original radio-
lysis products and the accumulation of the final products,
cannot give unambiguous results on the intermediate stages
of the process.

t Here no allowance is made for the oxidation of Fe?* by atomic
hydrogen. The oxidising properties of H atoms have been con-
firmed by experiments in which the atomic hydrogen was prepared
by methods other than radiation methods 149,180 (mditor).

1 Anderson and Joseph '™ suggest that the conversion of the
original substance takes place by a chain mechanism, which does
not, however, explain the attainment of “limiting” values of the
conversion yields for the substances.
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By generalising data for different systems, efforts are
being made to reduce all kinetic characteristics of the con-
version of substances in the liquid phase to the character-
istics of several (perhaps even one) well-studied reactions
in the gaseous phase. It is assumed that a given reaction
is characterised by the same parameters in both the liquid
and gas phases. Undoubtedly, with greater precision, by
reducing the parameters of all radiolytic processes to one
“standard”, it may be possible to convert the relative rate
constants to absolute values, after studies have been made
of the characteristics of this “standard” reaction in the
liquid phase, for example the reaction H + D, = HD + D,
chosen by Riesz and Hart!",

3. IONISED AND EXCITED WATER MOLECULES IN
RADIOCHEMICAL REACTIONS OF DISSOLVED SUB-
STANCES

A. Routes for the Redistribution of the Energy Absorbed by
a Solution

If it is assumed that the average value of the energy of
formation of one pair of ions for y- and X-rays is 32.5 eV
and the ionisation potential of the water molecule is
12.59 eV,!? then only ~40% of the absorbed energy is used
in the ionisation step. Approximately 50% of the absorbed
energy is used in the excitation step. From ultra-violet
spectroscopy it is known that water vapour absorbs light in
the wavelength ranges 1785~1550 A and 1392-1000 A with
absorption maxima at ~1650 A and 1350 &, corresponding
to excitation of the bonding and non-bonding electrons 173,174,
Moreover, according to data obtained by the electron colli-
sion method, there is a further excitation level of the water
molecule, corresponding to an excitation energy of 5.6 eV .

A definite quantity of energy is removed by electrons
whose energy is less than the first excitation potential of
water for electron collision. The fraction removed by
these electrons has been estimated by Platzman® to be
approximately 15% of the absorbed energy and by others 59,7
to be ~10%.

To excite water vapour (bonding electron) in optical
studies requires ~ 7.5 eV. If allowance is made for the
fact that rupture of the H-OH bond requires ~5.2 eV,*? it
may be concluded that in both cases (excitation of the mole-
cules to the 7.5 eV and 5.6 eV levels with corresponding re-
distribution of energy) the water molecule may dissociate
to H and OH, so that for each ionisation step there are
approximately two excitation steps.

If the radical products are to react with the dissolved
substances, it is necessary, firstly, that the latter have a
sufficiently high chemical activity, and secondly, that they
are present in the solution in concentrations which at least
exceed the concentration of radicals in the track of the
ionising particle. The concentration of H and OH radicals
ensuring conversion of the dissolved substances depends on
the dose power of the radiation (the number of particles in
unit time) and on the density of the ionisation (the number
of ions per unit length of track of the ionising particle).
For aqueous solutions of Ce!l! and Fe!ll it has been shown
that the conversion yields of these substances change under
the action of accelerated electrons and high dose powers
reaching 10%* eVml-tsec™, This is due to overlap of the
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tracks and an increase in the role of radical recom-
bination!?6-178, The ionisation density and the recombina-
tion yield for the radicals increase* with decrease in the
path length of different types of ionising particle with the
same energy.

Analysis of data on the effect of the dissolved substance
concentration on its conversion yield shows that with
strongly-ionised radiation the initial conversion yield for
the substances increases with increase in the concentration
of reagent in the range of “intermediate” concentrations
(~10-4-10"! M) and reaches limiting values Gjion (ionised)
corresponding to the utilisation of the radical products from
the ionised water molecules. It has been shown, in a study
of the influence of ionisation density on the conversion yield
for a number of dissolved substances ;' in the concentra-
tion range 1076-10-2 M, that for electromagnetic forms of
radiation (y- and X-rays) G(-H,0) is of the order of 4.5.
The number of radiolysed water molecules drawn into the
reaction depends on the pH of the solution, as Schwarz and
coworkers have shown on the basis of their own work 52,53
and that of Schuler and Allen. In neutral medium G(-H,0)=
= 3.62 and in acid (0.8 N H,S0,) ~4.5, which Schwarz attri-
butes to a change in the mechanism of electron capture in
the track of the ionising particles§.

We have compared the results of various studies of the
dependence of the conversion yields of substances on their
concentration (Table 1). We assumed that the dissolved
substances are only acceptors for one or other of the radi-
cals, irrespective of the way in which the authors of the
studies regarded the conversion mechanism of a given sub-
stance. The data given in Table 1 lead to the following im-
portant conclusions.

1. With increasing concentration, the conversion yield
of the dissolved substances at first increases and then, in a
definite concentration range (10~¢—-10-* M) reaches “limit-
ing” values [the first “step” on the curve giving the depend-
ence of G(~-Ac) on the acceptor concentration], irrespective
of the nature of the dissolved substance. In most cases the
conversion yield of the substances in this concentration
range varies from 3 to 5 equiv. per 100 eV, that is, it cor-
responds to the utilisation of the conversion products from
the ionised water molecules (in Table 1 the values of the
yields are given per 100 eV).

2. It may be supposed that the limiting conversion yield
of a dissolved substance will be reached earlier the more
reactive the substance. The lack of data on the concentra-
tion dependences of the yields makes it impossible to ob-
serve this directly, except in 2-3 cases. Subsequently, by
collecting analogous concentration dependences of G(-Ac),
we may be able, by extrapolating them to the curve for the
most active acceptor of H and OH radicals, to estimate in
this purely chemical way the concentration of H and OH
radicals avoiding recombination in the track.

3. The presence in the solution, in addition to the accep-
tor, of a second substance which is also a radical acceptor,
for example molecular oxygen, has a considerable influence

§ It may be expected, contrary to Schuler and Allen's sugges-
tion 1, that the electric fields of the ions should also influence the
process of electron capture, since the introduction of ions (par-
ticularly polyvalent ions) into the solution creates a high local
intensity and thus changes the trajectory of the emitted electron.

on the conversion yield for the first acceptor. The influ-
ence of the second acceptor may be competitive or sensi-
tising, depending on the type of acceptor (see Table 2 for
the sensitising effect). To obtain information on the con-
version mechanism for a given acceptor then, it is neces-
sary to make allowance for the nature of the gas saturating
the solution. Unfortunately, until recently, research
workers often did not attach particular importance to the
presence of O, in the solution.

From published data it can also be concluded that in
some cases, particularly in concentrated solutions and in
solutions of certain substances, the conversion yield for
the reagents exceeds the utilisation of the radical products
from the ionised water molecules. With radical acceptor
concentrations from 1 M upwards, the conversion yield
of the substances sometimes also reaches limiting values
of 8-9 equiv. per 100 eV. Until recently, some workers
attributed this increase in the yield of radiolytic decom -
position to an increase in the part played by the direct
action of radiation on the dissolved substance 208,207,227,228
A number of non-Russian scientists also attributed this
phenomenon to “direct action”, but they signified by this
term the transfer of excitation energy from the water mole-
cule of dissolved substance, i.e. they were considering the
utilisation of the energy of excited water molecules.
Strictly speaking, the term “direct action of radiation”
should signify the effect of the interaction between the
ionising particle and the molecule, accompanied by ex-
citation or ionisation of this molecule. This is equally true
of the molecule of the solvent and the molecule of the dis-
solved substance. The effect of direct action is directly
proportional to the electronic fraction of the substances and
allowance must therefore be made for it in concentrated
solutions. In the estimation of this effect, the solutions
are often frozen, since in this case the rate of diffusion of
the radicals decreases and the part played by the direct
action is reduced to a minimum. It is also assumed that
the distribution of the primary products of the radiolysis
of water is independent of the state of aggregation of the
system (solid or liquid). Available data appear to confirm
the first assumption. For example, Duane and Scheuer
and Bonet-Maury observed a decrease in the yield of gas-
eous products from ice irradiated with o -rays, compared
with' that for the liquid phase. According to Haissinsky
and Lefort's data !4, the oxidation yield of arsenite on
irradiation of its frozen solutions (10-2-10"* M, -196°) by
a - and X-rays is from one-thirtieth to one-half of the yield
in the liquid phase. An analogous phenomenon is also ob-
served in the irradiation of frozen nitrate solutions by
y-rays 142,230,231

Even in frozen solutions, however, we cannot neglect
the diffusion of intermediate products and the possibility of
radical reactions, which have been shown to depend on the
temperature of the frozen system. Lefort found thatal-
most no H,0, is detectable between -196° and -120° on
irradiation of ice with X-rays. Increase in the temperature
to -4° increases G(H,0,) slightly, and it increases sharply
on melting (0°).%%2 In the work cited, the conversion yield
for the substances was determined after the solutions had
been thawed, so that during thawing, diffusion and recom-
bination of the radical products is possible. A fundamental
error has thus been introduced in the “estimation” of the
effect of direct action. Moreover, it has been shown by a
number of methods (radio- and optical spectroscopy) used
directly under low-temperature conditions that in frozen
aqueous solutions the H and OH and possibly HO, radicals
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formed can move freely at temperatures of -196° (H) and
-160° to -120° (OH and HO,)Y and react with one another
and with dissolved substances .

It has been found that the larger radicals formed from
the dissolved substances disappear rapidly at a higher tem-
perature (-70° to -90°), 194,142,231 1t should be noted that
the method of freezing the solutions, even with analysis of
the conversion products (under conditions where the tem -
perature at which the irradiation was carried out is main-
tained), is suitable for “estimating” the effect of the direct
action of irradiation only if the structure of the solutions
remains unchanged on freezing.

The increase in the conversion yields of dissolved sub-
stances in concentrated solutions should, in our opinion, be
attributed to the part played by excited molecules, in addi-
tion to the radical products formed from ionised water
molecules.

As already mentioned, an average of two excitation steps
take place for every ionisation step. Obviously, when
suitable conditions obtain, there may be a directed transfer
of excitation energy from the solvent molecules to the dis-
solved substances, increasing the efficiency of the action
of the radiation on the dissolved substances.

The excitation energy absorbed by the water molecules
can be transferred to the dissolved substances in various
ways: (1) by direct collision between an excited water
molecule and a molecule of dissolved substance; (2) by
direct transfer of a quantum of energy (emission and ab-
sorption); (3) by resonance transfer; etc.

The first method of energy transfer is possible since the
excited water molecules formed on radiolysis are present
in a higher excited state and may, in a time of the order of
10-1% sec and without altering their multiplicity, move to a
lower excited state. The molecules exist for a considerable
time in the lower triplet excited state®® (for some sub-
stances the lifetime may reach 1 sec). In this time these
molecules, by diffusing and colliding with molecules of dis-
solved substance, may transfer the excitation energy to the
dissolved substances and thus bring about their conversion.
Some workers 206,208 atribute the increase in the conversion
yield for substances in concentrated solutions to the colli-
sion between excited solvent molecules and molecules of
dissolved substances. The resonance transfer of excita-
tion energy from one solvent molecule to another requires
a time of the order of 1078 sec.”™ Resonance transfer of
energy (related to the transfer of electronic excitation
energy) may take place over a distance of up to 50 A.

These methods of transferring the excitation energy
from the solvent molecules to the molecules of the dis-
solved substances are not, in the final analysis, related to
the dissociation of the molecule to H and OH radicals and

1 Matheson and Smaller ® erroneously attribute the observed
spectra to combined atomic hydrogen (magnitude of the hyperfine
splitting ~30 G) and the OH radical. The spectrum of free atomic
hydrogen (splitting between doublet lines ~ 500 G %) in pure ice
disappears below -196° %, Comparison of various data 91-85,233-236
indicates that the spectrum observed® is probably due to the
presence of OH and HO, radicals.

1 By gradually increasing the temperature of the specimen 9,
Siegel et al. were able to detect the successive disappearance of
the doublet lines (g = 2.008 +0.002) due to the presence of the OH
radical at 100°K and the single broad line (g = 2.08) of a radical
identified as HO; at 145°K.
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hence cannot, in our opinion, explain why additives, in
solutions of certain substances which are radical acceptors,
influence their conversion yields. Nevertheless, certain
additives have a marked influence on the conversion yields
of substances which are radical acceptors, increasing or
decreasing the yield by a considerable factor, sometimes
amounting to several orders of magnitude (Table 2). The
surprising feature of the sensitising action of additives is
that it is shown in solutions containing the additives in con-
centrations of ~10~* M. Change in the viscosity or tem-
perature of the solution in this case does not influence the
magnitude of the limiting yield of a given radical acceptor.

In our opinion, these effects are satisfactorily explained
by Voevodskii's suggestion 23 that the transfer of excitation
energy in aqueous solutions can take place along systems
of hydrogen bonds or by a relay mechanism of active par-
ticle transfer.

The time required for the energy transfer is obviously
determined by the stability of the excited water molecule
(to H~OH bond rupture) and should apparently be of the
order of ~10-!® sec. Aninterestingfeature of Voevodskii's
mechanism of directed transfer of energy along a “chain”
at the ends of which there are conjugated acceptors (in the
terms of Proskurnin's conjugated acceptor theory) is that
the H and OH radicals formed from a single excited water
molecule appear at two different points in the volume of the
solution. Due to the high probability of formation, by the
water molecules, of different combinations of hydrogen
bonds, there are a large number of chains which might
transfer the excitation energy; the onechosenis thatatwhose
ends are situated an H-radical acceptor and an OH-radical
acceptor (conjugated acceptors). Thus one of the conju-
gated acceptors may, at a considerable distance from the
other i, facilitate the reaction between the conjugated
aqueous radical and its acceptor. It thus becomes clear
why a low concentration of one of the conjugated acceptors
is so effective in the process of conversion of the other and
why subsequent increase in the concentration of the first
acceptor in the solution does not change the conversion
yield for the second.

It may be assumed, following Proskurnin!®!, that in the
solutions there is directed transfer of excitation energy
from a water molecule in the depth of the solution to a
water molecule in the hydration sheath of a given radical
acceptor. At the same time it is assumed that the directed
transfer of energy takes place as a result of the fact that
the electronic levels of the water molecules are displaced
under the influence of the forces of interaction and decrease
in the direction towards the molecules of dissolved sub-
stances. According to this mechanism, the excited water
molecule formed in the hydration sheath dissociates under
the influence of the forces of the hydrolysed ion-acceptor
to H and OH radicals which then react with it.

In the transference of energy of the excited water mole-
cules by the radical method, it is necessary to take into
account the Frank-Rabinowitch cell effect?%?; the H and OH
radicals in this cell exist for approximately 10-!% sec %38
(time of one vibration). Thus if the recombination of H and
OH radicals is to be suppressed, the radical acceptor must

1 The distance is obviously determined by the probability of
formation of a system of hydrogen bonds via water molecules at a
given concentration of radical acceptors in the chain: H-radical
acceptor..... OH-radical acceptor, that is, the chain along which
the energy transfer can take place.
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be present in the solution in high concentration 238,

According to Firestone's data ¢ the yield of H and OH
radicals in water vapour is 11.7 per 100 eV of absorbed
energy. In the gas phase the Frank-Rabinowitch cell
effect is excluded and the recombination of H and OH is less
probable, so that G(H,OH) corresponds to the limiting value
of the decomposition yield for the water molecules G(-H,0) ~
~12,

B. Proskurnin's Concept of Conjugate Radiochemical Reac-
tions

According to Proskurnin et al.?®, conditions for the
suppression of the recombination of H and OH in the liquid
phase are produced when two conjugated H- and OH-radical
acceptors are introduced simultaneously into the solution§;
the concentration of one of the acceptors may differ from
that of the other by 2~ 4 orders of magnitude. Itisassumed
that the conjugated acceptors act as follows. In their
presence it becomes possible for the H and OH radicals
formed as a result of the “breakdown” of the excited water
molecules to overcome the cell effect and react with dis-
solved substances. Experiments on a number of systems
of conjugated acceptors have shown that with change in the
concentration of one of the conjugated acceptors (the con-
centration of the other should obviously be not less than the
concentration of radical in the track), given values of the
conversion yields of substances are reached at lower con-
centrations of the first acceptor than under conditions
where the conjugated acceptors were not introduced’®.

It is necessary to note that the introduction of the con-
jugated acceptors should first of all apparently also facili-
tate the removal, into the reaction, of radical products
from the ionised water molecules as a result of the favour-
able conditions for the suppression of the reverse process —
reactions (4) and (6). In this case the depence of G(accep-
tor) on the acceptor concentration should also show charac-
teristic “levels” of constant yields due to utilisation of the
radical products from the ionised water molecules; this
has been studied for the case of the glycerol-nitrate,
nitrate-glycerol, and glycerol (or glucose)-methylene blue
systems 75,86,241 -248.

According to this theory, substances which have differ-
ent individual chemical properties are identical as far as
their radiolytic behaviour as acceptors of H and OH radi-
cals is concerned. As a result, the limiting conversion
yield for a dissolved substance cannot (if this is not a chain
process) exceed the total conversion yield of the radiolysed
water molecules, that is, 129,74,131,137,168,242 Thjg theory

§ Another method of utilising the radicals produced from ex-
cited water molecules, which normally recombine with one another
as a result of the cell effect, is by increasing the temperature of
the irradiated mixture. Barelko and coworkers showed that with
increase in the temperature of an irradiated benzene~water mix-
ture, the initial rate of the yield of phenol formation increases
(that is, there is an increase in the probability of removal of radi-
cals from the cell into the reaction) *?. In the temperature depen-
dence, as in the case of the concentration dependence 75, G (con-
version of radical acceptor) should not be greater than the utilisa-
tion of 12 radiolysed water molecules.

T Clark and Coe studied the action of conjugated acceptors as
early as 1937. They suggestedthat additives (benzene, acetic acid,
etc.) by removing the energy of the activated water molecules,
facilitate, for example, the reduction of Cet 22,

can be proved, however, only from the results of an analy-
sis of the products of the conversion of the oxidising com-
ponent and the products of the conversion of the reducing
component.

The results of experiments carried out in the presence
of conjugated acceptors are given in Table 2, which also
gives data on the conversion of certain substances in the
presence of a number of organic and inorganic com-
pounds 66,82,170,202 . The authors of these papers explain
their results on the basis of various other mechanisms
differing from the conjugated acceptor mechanismf.

In our opinion, the processes in the various systems
can be readily incorporated in a general scheme of conju-
gated radiolytic reactions without any further particular
assumptions. The correctness of this suggestion will be
discussed in more detail for the case of the T1*-NO;-Ce*
system studied by Sworski??¢, who established that in sul~
phuric acid ([Ce*] = 4 x 10~¢ M) in the presence of the
thallium ion (TI*)as OH-radicalacceptor ((T1*]=10-5-10-2M),
G(Ce3) increases by a factor of 2.5. The introduction of
nitrate into the solution in sufficiently high concentration
(up to 0.5 M) increases G(Ce*) by 3 equivalents, both in the
presence and in the absence of Tl* (G(Ce*) equals 11 and
5 respectively). The nitrite ions formed from NOy reduce
Ce** to Ce*. The curves giving the dependence of G(Ce®)
on the NO; concentration are symbathic [change in the same
sence], and Sworski concludes that the reduction of the
nitrate is independent of the radiolytic conversion of the
Ce* and T1* ions. The mechanism of radiolysis of the NOg
ion involves the transfer to the nitrate ion of the excitation
energy from water molecules on collision, and also from
the superthermal electrons ?*%. The possibility that radical
products from the excited water molecules take part in the
reduction of the nitrate was not considered by Sworski,
although the concentration of the radical acceptor (NOy) is
fairly high. Sworski states that the formation of inter-
mediate products of reduction and oxidation of the nitrate
as a result of its reaction with H and OH radicals, and the
participation of these intermediate products in the reduction
of Ce* and oxidation of Tl*, would lead finally to the same
result as the action of H and OH on Ce* and T1*, that is,
to a result for which allowance is already made by the
action of the ionised water molecules. This conclusion is
incorrect in this respect, that if the nitrate ion is not
capable of oxidising T1*, and thallium of oxidising nitrite,
because the TI**/TI* potential is lower than the NO;/NO;
potential, then neither can the intermediate products of the
oxidation bring this about.

The effect of the direct action of radiation on the nitrate
ion under these conditions (up to 0.5 M NaNOy), in accord-
ance with the electronic fraction of the nitrate, does not
exceed 2% (in 0.5 M) of the total absorbed energy and, as
can be seen from the curve giving the dependence of G(Ce?*)
on [NO;], the most effective concentration range is that up
to 0.2 N; subsequently, the shape of the curve is typical of
that showing saturation. As far as the role of superthermal
electrons in the reduction of nitrate ion is concerned, their

T For example, the OH radical oxidises an organic substance
according to the reaction RH + OH — Hy0 + R, The radical R, by
reacting with another dissolved substance S, increases the conver-

S+ R} — reduc-

sion yield for the latter according to the scheme: S+ H

tion product. us
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fraction corresponds to the utilisation of about 10-15% of
the total quantity of absorbed energy. This shows that the
superthermal electrons cannot play a very important part
in the reduction of the nitrate.

In our opinion, the system studied by Sworski can be re-
garded as an example of the action of conjugated acceptors
of H atoms (Ce*) and OH radicals (TI*) as a result of which
a further quantity of H atoms are drawn from the excited
water molecules into the reduction reaction of Ce* due to
suppression of the recombination reaction H + OH = H,O0.
This is indicated by the sharp increase in G(Ce®) when very
small quantities of TI* (from 10-° M) are added. G(Ce®*)
remains constant with change in the thallium ion concentra-
tion from 10~ M to 10-2 M (compare, for example, the
nitrate—~glycerol system 7,1, where change in the concen-
tration of the latter in the range 5 x 10* M to 0.1 M has no
influence on G(NO;). With the introduction of the second
H-atom acceptor, the nitrate ion, in concentrations greater
than [Ce*], the conversion yield of the latter increases due
to the nitrite ions formed. In 0.5 M nitrate solution, the
value reached by G (Ce*) coincides with data on the yield of
nitrite T in the presence of glycerol ™,*!° corresponding ta
the combination of 10.5-11 H atoms from the ionised and
excited water molecules.

This theory of the mechanism of action of conjugated
acceptors may be confirmed only on the basis of an analysis
of the products of the conversion of both the oxidising and
the reducing components of the radiolysis of water. There
are at present a number of reports of the attainment of
limiting conversion yields of 12 for water molecules. Thus
Zansokhova and Orekhov have shown that under certain
conditions (high O, pressure above the solution), H atoms
take part in the formation of products (HO, or H,0,) which
are capable of oxidising Fe?* ions, so that in the radiolytic
reactions ~ 24 equivalents of oxidising power are realised,
that is 12 pairs of H and OH radicals '”. An analogous
picture has also been observed for the oxidation of indigo-
-carmine 88,

The limiting conversion yield, that is, with the partici-
pation of 12 radiolysed water molecules, can also be
reached in the radiolysis of solutions of substances which
are vigorous acceptors of both radicals (H and OH), such
as ON(SQ,)2- 246,255 or g,a~-diphenyl-g-picrylhydrazyl-p,p’
-disulphonic acid 26,

C. The Participation of Two Types of Excited Water Mole
cule in the Reactions

In some cases it has also been possible, without the
presence of conjugated acceptors, to observe a limiting
conversion yield for an ordinary acceptor of one of the
radicals equal to the utilisation, for example, of H atoms
from 12 radiolysed water molecules. Thus in the case of
the irradiation of molar nitrate solutions with y-rays from
%Co at low dose powers, the yield of nitrite reaches
12 equivalents per 100 eV, whereas at ordinary dose powers
G(NO;) = 8-9 equivalents per 100 eV.4? It may be assumed
that the lifetime of the excited water molecules (~4) taking
part additionally in the reaction at low dose powers is suf-
ficient for the purpose under these conditions. In the
range of high dose powers, these molecules are probably

1 At the most effective glycerol concentration (5 x 107 M to
0.1 M) and [NO3 ] = 0,5-1 M.
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deactivated by collision with one another. It may be con-
cluded that in aqueous solutions two types of excited water
molecule are formed, differing apparently in the ievel and
form of their excitation (dissociating or not dissociating in
the liquid phase to H and OH radicals). One type of excited
water molecule reacts in the general case in highly-concen-
trated solutions of radical acceptors on in dilute solutions
at high temperatures 75,243,244, A characteristic feature of .
this type of excited water molecule is that the radicals
formed at the moment of its dissociation may move apart
to a considerable distance from one another and react with
solute. For the second type of excited water molecule to
be drawn into the reaction, the solution must contain con-
jugated radical acceptors or substances which are simul-
taneously acceptors of H atoms and OH radicals 246,255,256,
However, in concentrated solutions of nitrate, which is an
acceptor of one of the radicals (H atoms), as already men-~
tioned, it is possible, in irradiation with y-rays of low§
intensity 42, to attain yields which also correspond to the
utilisation of approximately 12 H atoms from ionised and
excited water molecules.

Data have been published indicating that the excited
water molecules formed during radiolysis exist in an upper
excitation level for times of the order of 10-13-10-1¢ sec
and then move to a lower excitation level without altering.
their multiplicity. The lifetime of an excited water mole-
cule in the lower triplet excitation level is of the order of
1078 sec. The comparatively long lifetime of these mole-
cules evidently facilitates their reaction with dissolved
substances.

It is also possible that a slight additional interaction, for
example, a magnetic interaction, between the triplet-
-excited water molecule and the dissolved substance (nitrate
ion) becomes sufficient for reaction to take place in concen-
trated solutions and with irradiation with y-rays of low
intensity. It may therefore be assumed that excited water
molecules of the second type are in a triplet state. The
total number of excited water molecules reacting is thus 8.

Confirmation that the excited water molecules take part
in the reactions by a radical mechanism is provided by
experiments on the measurement of the yield of the “mole-
cular products” of the decomposition of water with change
in the concentration of an acceptor of one or other of the
radicals; in particular, the yield of H, with change in the
concentration of nitrate ion.

As already mentioned, in the case of irradiation of
aqueous solutions with y-rays from %°Co, the formation
yield of the products of the radical reactions in the presence
of a competing acceptor is proportional to the acceptor con-
centration to the power {. The nature of this dependence
is not yet clear. The generally-accepted qualitative inter-
pretation given by Sworski®® is that when the concentration
of radical acceptor in solution is sufficiently high (Sworski
studied Br~ solutions saturated with oxygen), the acceptor,
by capturing the radicals (OH) in the region of high ionisa-
tion density, decreases. their recombination yield. Sworski
concludes that the rate of the reaction of the bromide ion
with OH radicals should be related to the average distance
separating the bromide ion from the region of high ionisa-
tion density.

§ Invery concentrated solutions of NO; ions, heatedto ~70° -90°
and irradiated at ordinary (moderate) power doses, Gno,” also
reaches ~12 equiv. per 100 eV.



Vol.30 No.5

RUSSIAN CHEMICAL REVIEWS

May 1961

It may be assumed, on the basis of general theories of
reaction kinetics in the volume of the track, that in this
case the rate of molecular product formation depends on the
rate of the competing processes; the product of the rate-
constants of the main competing reactions and the corre-
sponding reagent concentrations evidently appears in the
general expression for the reaction rate, to the power 3,
and the conditions for the competing reactions are averaged
Thus the rate of the reaction R + R depends on the concen-
tration of one of the competing reagents to the power . In
the general form

Cp=A+5Acl%, (@)

where B obviously characterises the probability of the
reaction of the acceptor (Ac) with the radical product R,
and A is the accumulation yield of the product of recombina-
tion of the radicals under conditions where the acceptor
does not influence the formation of molecular products in
the track.

As Mahlman's observations on the NO;-Br~~H,0 sys-~
tem 257 have shown, the relationship (z) may remain linear,
that is the value of B does not change over a wide concen-
tration range, if the concentration of dissolved substance is
replaced in the expression by its activity. The value of A
corresponding to the yield of molecular products under
conditions where [Ac] = 0 has been shown to depend on the
composition, acidity, and temperature of the solution 8,67,
Further study of this type of dependence, in which a mutual
relationship between the chemical (activity, pH, and tem-
perature of the solution) and physical (the specific proper -
ties of the radiation and the energy of the ionising particles)
factors is found, together with a physical picture of the
interaction between ionising radiation and matter (des-
cribed by the previously-proposed models, which do not
make allowance for the chemistry of the radiolytic pro-
cesses and suffer from this fundamental shortcoming)
should make it possible to gain an insight into the nature
of the reactions in the track and radiolytic processes in
general.

In connection with the reactions by radical products
formed not only from the ionised water molecules but also
from the excited ones, it is interesting to consider experi-
ments in which the relationship Gzr-r « [Ac]d was studied
over a wide range of concentrations of radical acceptor
(nitrate ion). With increase in the concentration of radical
acceptor in the solution, as we have seen, conditions are
produced for the withdrawal, into the reaction, of radical
products first from the ionised and then from the excited
water molecules. Since the distributions of the radical
products for these cases are different, the conditions of
competition between the processes H+ Ac and H+H change
with increase in the acceptor concentration. This also
explains the inflection on the curve for the above relation-
ship Y, where the slope of the straight sections in this
case should correspond to the introduction of H atoms formed
from the ionised (at [NO;] < 1 M) and excited (at [NO;] >
> 1 M) water molecules. The fact that the section of the

7 Agreement is observed, within the limits of experimental
error, between the experimental data on the yield of hydrogen
obtained by Sowden 8 for the case of mixed n + y radiation and
data for y- and X-irradiation 10,283 of neutral and alkaline nitrate
solutions at 80° and 20° with change in the dose power of the radia-
tion over a range of about 8 orders of magnitude. This apparently
jndicates that the reaction taking place is the recombination of
H atoms, and not the recombination of other products which then
yield H atoms (for example H,O in alkaline medium).

curve in the range of high nitrate ion concentrations is
linear indicates that the conditions for the radical-radical
and radical-acceptor reactions do not change, although the
electronic fraction of theacceptor changes by approximately
2-1.5 orders of magnitude; in other words, the mechan-
ism of nitrate reduction is retained in solutions of concen-
trations of 1-15.9 M.

The fairly detailed data given here on the radiolysis of
the nitrate-water system, which is one of the most widely
studied, indicate that the method involving the Gr.r vs.
[Ac]? relation may be useful in a particular case in the
examination of the distribution in the tracks of different
forms of excited water molecule.

This review shows that the interpretations given by a
number of authors to explain radiolytic processes do not yet
explain unambiguously the accumulated experimental data
on different radiolytic processes.

Radiation chemists in recent years have begun to acknow-
ledge the decisive part played by the reactions of the
primary radical products of the radiolysis of water with the
dissolved substances. At the same time the urgency of the
problem of the molecular decomposition of water has dis-
appeared.

One of the fundamental problems in radiation chemistry
is the part played by excited states in the processes of
radiation conversion and methods for the transfer of ab-
sorbed energy between molecules in solution.
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I. SIMILARITY CRITERIA IN CHEMICAL PROCESSES

Design of reaction vessels for chemical processes
requires in general the simultaneous examination of the
following set of differential equations, for an infinitesimal
element of the vessel: (1) equation for mass balance; (2)
equation for the energy balance; (3) fundamental equation
of hydrodynamics or equation of motion; (4) rate equation
for the reaction; and (5) equations defining the conditions
for single-valuedness. Since even in the absence of chemi-
cal reactions it is impossible to solve this set of equations
for the general case, similarity theory is widely used for
such problems.

The application of similarity theory to chemical pro-
cesses requires the simultaneous consideration of all the
differential equations enumerated above supplemented by
terms taking into account the presence of point sources of
energy and mass, which considerably complicate this prob-
lem. The complexity lies in the fact that in general it is
impossible to observe simultaneously the hydrodynamic,
thermal, diffusion, and purely chemical similarity of pro-
cesses accomplished in apparatus differing in size. 1Itis
characteristic of chemical processes that one system can-
not be simulated by another, as would be the case with
physical processes.

Thus although in the case of hydrodynamic similarity we
can maintain the Reynolds number Re constant in the model
and in the prototype by changing the system, we cannot do
this in the case of chemical similarity since a chemical
reaction of a given group of compounds cannot in general
be reproduced in compounds of a different group.

As a result of this and other difficulties, similarity
theory is comparatively rarely used at present for the
simulation of chemical processes. It is quite widely used,
however, in the generalisation of experimental results for
a great variety of such processes!.

Transformations of the set of differential equations have
yielded the following criteria of chemical similarity:2-5

Damkéhler's Group 1

_u
P = (1)

where U is the reaction velocity in kmole m-3 h-!, / a
linear dimension in the direction of flow in metres, w the
linear rate of flow in metre h™*, and ¢ the concentration of
the reactant in kmole m-3,

Since 1/w measures the time of flow through the reac-
tion vessel, the ratio ¢/Uwill measure the duration of the
reaction at constant velocity. Consequently Dar can be
defined as the ratio of the residence time of the flow in the
reaction vessel to the duration of the reaction occurring at
a constant rate until the reactant is completely exhausted.
This dimensionless group can, of course, be treated also
as the ratio of the reaction velocity to the rate of flow, both
expressed in the same units{, as the ratio of the concentration
of substance which has reacted to the concentration intro-
duced by the flow, or finally as the ratio of the actual

t The group W = wy/Uy, deduced by Matz, & in which the react-
ion velocity Uy is expressed in flow-rate units, or for a first-order
reaction, as a rate constant; it follows from the definition of Day
that the Matz number is identical with it.
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