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INTRODUCTION

1t is well known that radiolytic transformations in dilute
aqueous solutions result from reactions of the solutes with
products of the radiolysis of waterf. Until recently,
research workers considered that these products were the
H atom, the OH and HO, radicals, molecular hydrogen,
and hydrogen peroxide. The latest stage in the develop-
ment of the radiation chemistry of water and aqueous solu-
tions has been marked by the discovery of yet another pri-
mary product of the radiolysis of water —the hydrated
electron ezq.

In recent years, considerable progress has also been
made in the study of the kinetics of radiation reactions in
aqueous solutions. The absolute values of the rate con-
stants of many reactions involving intermediate products

1 The radiolysis of water and aqueous solutions has been
examined in detail by a number of authors 14,
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of the radiolysis of water have now been determined. It
is thus possible to compare their properties, and also
(which is particularly important) their reactivities towards
various dissolved substancesi.

1. THE FREE-RADICAL THEORY OF THE RADIOLYSIS
OF WATER

In 1944 Weiss® put forward the hypothesis that the action
of ionising radiation on water produces H and OH free
radicals. Subsequently, this hypothesis was confirmed
in many studies and was developed further.

The free radicals appear as a result of a number of
physical and chemical processes, taking place after the
passage of the ionising particle through the water. These
processes can be characterised briefly by the following
time parameters®, Transfer of the energy of the ionising
radiation to the water takes place in 107%6-10-!8 s, with
the production of excited water molecules, H,O" ions, and
secondary electrons. The last of these have considerable
energy, and ionise and excite more water molecules. Ulti-
mately, with y-radiation, X-rays, or electron irradiation,
individual isolated groups of ionised and excited molecules
(“spurs”) are formed, where the primary stages of the
chemical action of the ionising radiationdevelop. Withheavy
charged particles, these spurs lie close to one another,
and immediately after their appearance they merge toform
a continuous cylindrical column.

After about 10-13-10-** s, dissociation of the positive
ion takes place:

H,0% 4+ H,0 — H,0* 4 OH. 1)

Reaction (1) in the gas phase has a rate constant” of
5 x 10 litres mole~* s™%.

Opinions differ regarding the fate of the secondary elec-
tron. Most authors, following Lea® Gray?® and Platz-
man!®-t” consider that the electron, before undergoing
thermalisation, moves a considerable distance from its
point of origin. At this distance, it is almost uninfluenced
by the coulombic field of the mother ion (more accurately,
the H O ion), so that this electron becomes, as it were,
free. It polarises the medium and as a result is “trapped”
by the latter, i.e. it becomes hydrated, and in this form
takes part in the radiolytic transformations of dissolved
substances. The process of “self-capture” of the electron
is complete in about 10-1°-107%! s, It should be empha-
sised that the concepts of polarisation “self-capture” of
the electronby the medium were first developed by Landau !$
and by Pekar 4 in the physics of solids, where such an
electron is called a polaron. This theory was modified
and applied to liquids by Davydov!® and by Deigen¢, It
was extended by Platzman'°-12, with some limitations, to
the radiation chemistry of water and aqueous solutions.
The suggestion that an important part in the radiolytic
transformations of dissolved substances is played by eiq
was first put forward by Stein!7 18 and by Weiss!®.

Another hypothesis has recently been developed by
Magee?® and by Sworski?!., At the instant of formation
of the HyO* ion [reaction (1)], the dielectric relaxation of

i Except where otherwise stated, the present review deals with
radiolysis under the influence of X-rays, y-radiation, and fast
electrons,

the water is not complete, so that this ion is not the
ordinary solvated ion, In the opinion of these authors,
the electron is attracted to this ion:

H;0* + &= > H0. ()
The H,O particle may undergo thermal dissociation in two
ways:
HO — H4+H,0 3)
H,0 — ex; + HO* (4)

According to Sworski?, the formation of OH and H;O par-
ticles takes place as a result of the ionisation of one of two
water molecules joined by a hydrogen bond:

H
H / H /1t

N oo H— —_— - “se g

O H=0 H>o [H ) ] +e. (5)

This is followed by transfer of a proton:

H Y
[H>O—H] i @ e

and neutralisation of the charges:

:>O—H .- O—H.

The main difference between these two hypotheses lies
in the initial distribution of the ezq and OH radicals.
According to the first hypothesis, the hydrated electrons
aredistributed more diffusely thanthe OH radicals. Accord-
ing to the Magee—Sworski hypothesis, the two types of
radicals have identical initial distributions§. It is difficult
to give preference to either of these hypotheses. In order
to settle this question, it is necessary to carry out accu-
rate diffusion-kinetic calculationsY of the initial dimensions
of the spurs for the OH radicals and reducing-agent radi-
cals, using up-to-date values for the rate constants of the
reactions of H atoms, ez, and OH radicals.

Thus about 10719-107!! s after passage of the ionising
particle, the track contains OH radicals, ez, HyO" ions,
and excited water molecules. Their concentration is
fairly high (~ 0.1-1.0 M), so that, with the track becoming
broader as a result of diffusion, they react extremely
rapidly with one another:

¢ -+ OH — OH- (M

e+ HO* — H4H,0 (®)
€+ e+ HiO — Hy+20H" (9)
€3 +H+H0 — H, 4 OH- (10)
OH 4 OH — H,0, (11)
H+H - H, 12)

H4OH — H0 (13)

H,0* 4 OH- — 2H,0. (14)

§ Recently, Peers and Cottin?® have studied the production of
HgO* ions on electron collision (energy of the electrons 11-20eV)
in water vapour. They find that these ions are formed chiefly
from H,O*. Some of the ions, however, appear at a rate which is
independent of the field intensity in the ion source. These workers
conclude that the precursor of this fraction of the HyO* is “excited
water”:

Hy0* +H;0—HsO* + (OH+e"). (6)
It may therefore be assumed that in liquid water some of the hyd-
rated electrons may be produced by the breakdown of HyO*.

1 The problems of diffusion kinetics in the radiolysis of water
have been examined in various reviews 2326,
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The above processes have high rate constants (5 X
10°-10%! litres mole * 87! 27-52), Reactions (9)-(12) lead
to formation of the so-called molecular products of the
radiolysis of water (H, and H,0,), and reaction (8) leads to
the production of H atoms. Kuppermann®® made appro-
priate diffusion-kinetic calculations and found that the
value of Gy, determined on the assumption that the Hatoms
are formed in the “spurs” by reaction (8), is close to the
experimental value.

The reactions in the tracks take place in an interval
1078-107'° s after passage of the ionising particle. When
the time interval exceeds 1078 s, the “spurs” havebecome
so broad, and the concentration of particles in them has
decreased to such an extent, that some of their reactions
with dissolved substances in the bulk of the solutionbecome
significant.

2. THE HYDRATED ELECTRON

The formation of ¢z during the radiolysis of water has
been proved many times. The proofs can be divided into
the following categories. )

1. Proof by the method of competing acceptors 5102,
This method has revealed that the reducing radicals can
exist in two forms.

2. Proof using the kinetic salt effect 2%55,103-111 Tt jg
found for a number of reactions that the chief reducing
species in the radiolysis of water has a charge of -1.

. 3. Proof by the pulse radiolysis method 31,42,112-117,
This method has revealed short-lived optical absorption
with 2 maximum at 720 nm for H,O 34%116,117 and 630 nm
for D,0 17 in irradiated liquid waterf. This absorption
does not appear in acid medium and disappears in the pre-

sence of electron acceptors.

4. Proof by electron spin resonance (e.s.r.)26-127,
Trapped electrons have been identified by this method in
alkaline 126138 gnd neutral 136,137 vitreous frozen aqueous
solutions subjected to the action of radiation at 77°K,

5. Proof by measurement of the electrical conductivity
of irradiated water138-140,  This method has shown, in
particular, that the electrical conductivity of water
“induced” by radiation disappears in a time interval which
is approximately the same as that for the corresponding
optical absorption.

Thanks to efforts in many laboratories, the properties
of e3q have been studied in considerable detaill. The first
point ‘to be noted is that this species is a powerful reducing
agent. It reacts with ions of the type M?*, where M re-
presents a metal, to give ions M* having an anomalous
valency62716¢,  This has been demonstrated for Zn?*, Mn?*,
Ni**, Co?*%, Cd*, etc.

t An identical absorption band has been observed in the flash
photolysis of aqueous solutions of various inorganic ions (C17,
Br~, 1", CNS7, Fe(CN)é‘, and OH") and organic compounds
(phenol, alanine, etc.)118-123, In these examples, ezq is pro-
duced by excitation of the solute by light. Similar phenomena are

observed with solutions in ethanol 124,125, .
1 The properties of e3q have been examined in a book by

Pikaev4 and in various reviews 41161,
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When the water does not contain e ;q acceptors, the
hydrated electron, at low dose rates, reacts with water
with the production of an H atom 31s42,44,115,154, 165,166,

exq + H0 = H+OH-, (15)

Reaction (15) is slow. According to the latest data 18
ks = 16 litres mole™ s™, The reaction is reversible,
and the value of pK for the equilibrium is 9.6.1% The
conversion of the H atom into ez in alkaline medium was
demonstrated by Matheson and Rabani*, who measured the
optical density of ea2q in neutral medium and in a solution
of alkali (pH 13) saturated with hydrogen at pressures
up to 100 atm, for equal radiation doses per pulse, and
found that the optical density of ezq is greater by a factor
of about 2.2 in the second system than in the first. In
alkaline solution reactions (15) (the reverse reaction) and
(16) take place:

H; 4 OH— H 4 H,0.
Thus G(e;q) = Ge;q + Gy + Gouy = 2.2Ge;q.

In acid medium, eyq is effectively converted into the H
atom [reaction(8)]. The rate constant for this reactionis
2 X 100 litres mole™ s71,27731,42,  This transformation
also takes place in the reactions of ez with ions which are
proton donors (e.g. H,PO;, HPOZ™, etc.)8154,165,

The reactions of the hydrated electron can be divided
into three groups?®, The first group corresponds to
simple addition, e.g.

(16)

am
(18)

The second group corresponds to simple reduction, of the
type

e;q +0,— 0]
€5+ CroHa = CyoHy.

€5q + Cut* — Cut. (19)
The third group corresponds to dissociative addition:
€5 -+ CICH;COOH — [CICH,COOH]" - CI~ - CHyCOOH. (20)

The pulse radiolysis method has identified many-short-
lived species which are products of the reactions of ezq
with dissolved substances. The characteristics of the
optical spectra of these species are given in Table 1.

The rate constants for the reactions of ez with about
400 compounds have now been determined, chiefly by the
pulse radiolysis method. Scheme 1, prepared from pub-
lished data27-32,42,44,50,92,106,114,117-158,165,166,171,176-180,183-205
characterises the reactivity of e zq with respect to various
substances§. Most of these constants have been found
from the rate of disappearance of the optical absorption
of eaq in the presence of the given compound.

On the basis of published data, some general conclu-
sions may be reached regarding the reactivity of this
reducing species.

1. The hydrated electron is highly reactive towards
molecules which have unpaired electrons, e.g. H, OH, and
NO.

2. In the reactions of ezq with cations, the rate con-
stants are generally greater the greater the charge and
dimensions of the cation.

§ A large number of absolute values of the rate constants for

the reactions of ¢z are given in Pikaev's book? and in various
reviews 141-143,152,204,205
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TABLE 1, Characteristics of the optical spectra of the species TABLE 2,
produced in the reactions of ez, with dissolved sub- . )
tance Property of euq“ Numericol value Ref.
Substance Reaction product p— ¢ ul',:'.":"' Ref. —1 27,65,103—111
lo”* C 720 nm 31,42,116,117
_ o )X:'.: inD, C; 690 nm ur
O o, 240—250 92,25‘9; at 12,167,168 G:','oo 15 800 lLitres mole™ cm™ 179
-4 nm
- E° 2.58 V X
l L 370390 - 165 Hydration energy LI e eV 106,207 206
CO, CO, 250 2.4-10% 169 Free energy of formation A G % —37.5 kcal mole™ 207
Agt Ag° 313 2.3-10% 106,170,171 Entropy of hydration AS$ Rydr —1.9 calmole™ deg" 207
T T ~400 — 172 Entropy in 1 M ideal soln. S ° 3.1 calmole™ deg 207
Mn+ Mn* 300 — ws,162  Diffusfon cooff. 4.7-1078 cm s 120
Co?+ Cot* 300 - 106,162 Mean radius of distribution of charge 2.5—3.4 A 207,209,210
Ni+ Ni+ 300 2.1.10% at 106:178 k (€gq + H;0) 16 lizru_l‘nole" s 166
313 am Ty, >7.8.107¢ s 166
Zn®* Zo* 300 5.2.10% at | 108102 PK(e,q +H,02H+OH) 9.6 166
c+ car 313 am G,- (pH 7.0) 2.6 (+10%) 79
300 7.gi10'nl:t 106,162 q, _‘1 (H 13.0) 3.6-3.8 55.00,117
P+ Pb* 300 - 182 A
Eut* Eut* 320, 250 - 174
cor” crv) 265 _ 6 * In this and subsequent tables, €, E°, and 7,5 denote re-
PiCIE PH() 450, 300 1 spectively the molecular extinction coefficient, standard redox
4 —
- _ ! ential, and half-life.
$,03 SO, 444 — 175 pot i
CHil I~ 220 — 176
{CHy),CO {CH,),COH* ebsorption —_— 177
in the range
am
CH;NO, CH,yNO; 270 2.8-10 178
C(NOg), C(NOy); 350 1.48.10 92,179 have given values for the yield of ez of 2.2-2.9. These
e e contradictory values are evidently due to the fact that the
\N(CHy)s \N(CHy), 380 - 180 yields were not determined under comparable conditions.
C¢H,COO0™ [CeH;CO0™ ]~ 444, 322 _ 1 This might have led to differences in the values of Ge;, as
/C00~ 1= a result of the suppression of reaction (7) in the spurs to
Fhthalate [/— \—coo-] 310 - 177 different extents?%,2%%, or to differences in the con-
N—=" : tribution made by “excited water” to the reaction with the
cgo- acceptor 54:55,107,108,218  depending on the concentration of
Isophthalate -y 430, 330 - w the latter and its reactivity. Moreover, it is not excluded
N== that oxygen atoms, which, as postulated by Allen?®, may
Terephthalate [-ooc—/\___>—ooo-]‘ 520, 360 _ 7 be produced as a primary product of the radiolysis of water,
Benzophenone (CuHyoCO~ 610 _ - may react with some substances and be inactive towards
N othersT. It has recently been found by the pulse radio-
Methylene |/\/ NN . lysis method that in neutral medium Ge, = 2.6 (accuracy
Tlue | 420 1.04-10 183 +10%)17, In these examples the yield was found directly
NcHy,” Y N8N Nyeny, from the measured values of €G¢ 3, and €.

* Produced with the intermediate formation of (CHg),CO™.

3. Thereactivity of e 3o with respect to anions decreases
with increase in the charge on the anion. The hydrated
electron reacts slowly with the anions of elements in
higher oxidation states, and with anions whose central
atom has no vacant orbital accessible to the electron.

4, The reactivity of complex compounds towards eaq is

parallel to their reactivity in outer-sphere redox processes.

Here, however, the hydrated electron is a much more
powerful reductant than most ordinary chemical reducing
agents.

5. The hydrated electron reacts with organic substances
as the strongest nucleophilic reagent, and it generally
reacts at the positive centre of the molecule.

The chief properties of the hydrated electron are sum-
marised in Table 2.

The question of the magnitude of Ge ;, 7 hasbeenthe subject

oflively discussion for a number of years. For aneutralme-
dlum, Va.rlous authors 55 60 72'75, 77, 81 82 89"91, 9’1 101 107 110,211 -236
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Pubhshed data 55,107’ 108,221’224,238,284,240-250 on the magni_
tude of Ge 3, in alkaline medium are also contradictory.
Most authors consider, however, that the yield of e3q is
greater in alkaline than in neutral medium. This is con-
firmed by direct measurement of G¢;_at various pH-values,
using the pulse radiolysis method!!%?5!, There may be
several reasons for the increase in G¢ -, in alkaline
medium. Firstly, the H atom (if it is Pormed as a pri-
mary product of the radiolysis of water) is converted in
alkaline solution into e3. This process alone, however,
can increase Ge . to only 3.2-3.4. Secondly, it is pos-
sible that hydrated electrons are produced by the reaction
of OH "~ ions with excited water molecules or radical pairs
(H + OH) in the cell%,55:

OH- + H,0%  ¢;, + OH + H,0
OH- + (H + OH) — ¢, + OH -+ H,0.

(21)
(22)
Thirdly, Ge;, may increase as a result of the partial sup-

pression of reactlon (7) in the spurs by OH™ ions 2%,
Fourthly, it is not excluded that Ge;, under these condi-

tions may increase partly as a result of the excitation of

1 The prablem of the value of G,-_ in various media has been
discussed in detail by Haissinsky 239.
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OH™ ions by radiation, followed by breakdown of the (OH")*
formed:

(OH™)* - OH + ¢,,. (23)

In the theory of the self-capture of an electron by a polar
medium, use is often made of a model in which the solvent
is regarded as a continuous dielectric medium, charac-
terised by macroscopic properties (static and optical di-
electric constants, Dy and Dey). The additional electron
interacts with the polarisation field of the medium. The
equation for the energy of bonding of the electron to the
medium contains the term 1/Dgy = 1/Dg.  Since Do is
generally close to unity, capture of the electron by the
medium requires that Dg > 1. Calculations based on

this model can be made in two ways—(1) by using the
electronic —adiabatic theory, and (2) by using the self-
consistent field theory—in the first of which it is assumed
that the mean velocity of an electron which is weakly bound
to the medium is low compared with the velocity of the
valency and inner electrons of the solvent molecules. This
method has been used by Weisg ¢1,%52, who finds that the
mean radius of e3q is about 5 A. A sphere with this radius
can contain ~ 10 water molecules. The second theory
considers the influence of the mean charge distribution of
the additional electron on the electrons of the medium.
Jortner 2!° considers that this theory is more applicable
than the first theory to this problem. The chief results
of his calculations are as follows: (1) the radius R, of the
cavity containing the electron is much smaller for water
than for ammonia (it is possible that for water R, = 0);

(2) the mean radius of the distribution of the charge of the
electron in the energy ground state is 2.5-3.0 A; and

(3) the optical absorption maximum of ¢34 is due to a

1s — 2p transition. Since according to the Franck—-Condon
principle the water molecules retain their orientation
during the transition, the excited 2p-state is not an equili-
brium state, and A for ezq corresponds almost exactly
to the hydration energy of this radiolysis product (720nm =
1.72 eV).

A number of experimental data, however, provide evi-
dence in support of the so-called “cavity” theory 185,253-259
which has often been used to explain the characteristic
features of the optical absorption spectra of halide ions
in solution?537258,  According to this theory, the halide ion
(in our case e ) is present in a spherical “cavity” (i.e. in
a certain volume accessible to the ion in solution), whose
radius depends on the nature of the ion and the solvent.
The absorption maximum is determined chiefly by the
energy required to remove the ion from the cavity into
the bulk of the solvent. Contraction of the cavity leads
to displacement of A nx towards shorter wavelengths. De-
crease in the dimensions of the cavity takes place with
fall in temperature and with the addition, to the solution,
of anions which bind firmly the protons of water molecules.
The optical absorption maximum of ez for concentrated
electrolyte solutions is displaced towards shorter wave-
lengths compared with pure water18, Decrease in tem-
perature also displaces Ay for this species towards
shorter wavelengths %%, this effect is observed not only
for water, but also for alcohols?%0, Similar relationships
are observed in the radiolysis of vitreous aqueous solu-
tions at 77°K, 137,261

Natori and Watanabe 262 have recently developed a struc-
tural theory for ¢7q. On the assumption that the electron
is trapped in a quasi-tetrahedron of the icelike structure
of water and interacts with the nearest four oxygen atoms
and eight hydrogen atoms, they calculated the energy of

the optical transition at the absorption maximum and the
oscillator strength as 0.8 and 0.26 eV respectively (com-
pared with experimental values of 1.72 and 0.6-0.7 eV).

3, THE HYDROGEN ATOM

In 1954 Livingston and his coworkers 283264 yging the
e.s.r. method, detected the formation of H atoms in the
radiolysis of aqueous solutions of the acids HC10,, H,SO,,
and H,PO, at 77°K. Later the production of H atoms in
frozen aqueous solutions of acids was observed by many
workers 2657277,  The spectrum of atomic hydrogen con-
sists of a doublet with a splitting of 500 oersteds and a
g-factor close to that of the free electron. The spectrum
of the D atom for a solution of an acid in D,O consists of a
triplet with a separation between the components of ~ 78
oersteds. The yield of H atoms depends on the nature of
the anion and the concentration of the acid, and also on the
state (crystalline or vitreous) in which the frozen solution
is irradiated.

Atomic hydrogen is not detected in pure ice irradiated
at 77°K. Its spectrum has been recorded at 4.2°K, 273-27
The initial yield of H atoms amounts in this instance to
0.5-0.9 27,274,  Rexroad and Gordy?”™ consider that the
H atoms in ice irradiated at 4.2°K are produced as a re-
sult of the capture of electrons ejected from water mole-
cules by H,O" ions present in the matrix, The probability
of such capture is obviously increased considerably in acid
solutions. This probably explains the increase in the
yield of H atoms in frozen solutions of inorganic acids, to
2.0-2.2 in perchloric acid solution at 77°K, 27,277

The e.s.r. spectrum of H atoms has also been observed
in solutions of alkalis and various inorganic salts, irra-
diated at 77°K, 126,127,125,137,272  Tp this instance, however,
the yield of H is low; it is higher in crystalline alkaline
ice than in the vitreous material*?®,

At present there is no direct proof of the formation of
H atoms in the radiolysis of liquid aqueous solutions.
There is only indirect evidence for the production of this
species, It has been shown®2~% that the kinetic charac-
teristics of the reducing species in the radiolysis of acid
solutions are identical to those of atomic hydrogen pre-
pared by non-radiative methods.

The part played by H atoms is most significant in the
radiolysis of acid solutions. This is due to the fact that,
gince &, is high, ezq is converted into H even in dilute acid
solutions.

In neutral medium the greater part of the reducing radi-
cals consist of hydrated electrons. The yield of H atoms

is 0.5-0.6. This value has been found for Gu by many
workers 82, 83,86, 88,90, 97,100,213,278

When neutral solutions do not contain acceptors of
hydrated electrons, the latter, at low dose rates, are
transformed by reaction (15) into H atoms, which can evi-
dently take part in corresponding processes. This pheno-
menon is observed, for example, in neutral solutions of
methanol. In this system G(H,) is almost equal?!® to the
sum Gu, + Gu + Ge;q.

According to Baxendale 27 the reactions of H atoms can
be divided into three main groups. The first group
corresponds to simple reduction, e.g.

H+ Cutt — H* 4 Cut. (24)
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The second group comprises the addition of H to unsatu-
rated bonds, e.g.

CHy+ H ~ C,H,. (25)

The third group involves the detachment of H with the for-
mation of H,. Reactions of this group are extremely
characteristic of saturated organic compounds, e.g.

CH,OH + H - CH,0H -+ H. (26)

The H atom is characterised by strong reducing pro-
perties. Its reactivity is indicated in Table 3, which
includes data obtained using pulse radiation. The Hatom is
generally a weaker reducing agentthanezq. Thisistruefor
the reactions with NOg, NO;, H,0,, N,O, Ag*, Cu®**, Zn?*,
Cd2*, Mn?*, Ni?*, Co?*, etc,58) %64, 65,84,95,146,212,275,285 300
The reactivities of H and ezq towards O, and OH are almost
identical. These reactions involve simple addition of H
and e;q. The H atom is more reactive than e 73 towards
certain organic compounds, e.g. alcohols. The redox
potential of H is 2.1 V, 208

The rate constants for the reactions of H atoms in
aqueous solution are greater (by not more than one order
of magnitude) than the constants for the analogous gas-
phase reactions. This is in accordance with the theory of
chemical kinetics 301,

Hydrogen atoms and e zq often give the same reaction
products. There is one characteristic property of H
atoms, however, by means of which they can be distin-
guished on the basis of an analysis of the final products.
Unlike e 3q, they exhibit a dehydrogenating action in reac-
tions with saturated organic compounds.

The yield of H atoms is 3.65! in acid medium (pH < 2)
and 0.5-0.6 in neutral medium?38, In alkaline medium
this species is effectively transformed into ezq [reverse
reaction (15)].

In 1950 Weiss 32 postulated the formation of H} radical-
ions in acid medium:

H4+ H* — H* (27)

Later various characteristic features of the radiolysis of
acid solutions were also attributed to the production of
this radical-ion™:7. As shown subsequently, however,
the rate constant for reaction (27) is comparatively low,
10%-2.6 X 10° litres mole~! s, 3%2% It has been shown %03
that G(Fe®*) in aqueous Fe?* solutions is independent of the
acid concentration, indicating that H; plays little part,
even in strongly acid solutions According to certain

TABLE 3. Rate constants for the reactions of H atoms with dis-
solved substances at 20-25°C.
Solute| K, litres mole™ 57 Ref. Selute k, litres mole™* s** Ref.
Fe?+ 2-107 35 HO. 2.101 147
Fe+ 9.107 a7 H;O: (0.9—1.6)-108 | 3. 3, 97
Agt 1.15.1010 171 e 2.5.1010 28, 44
H 1.0—1.5.101° U—46 aq_ 3
O, 0.53—2.6-1010 33, M4, 37, 45, 280 MnO‘ 2.36-1010 28;
OH 0.7—4.5-10% 33, 34, 45, 5t CH,OH 1.6-108 171
Br, ~1010 281 CH,OH 101 283
OH™ | (1.8—2.3)-107 4, 22 CcNoy. | (0.55—2.6).100 | 2. 179
Hy (+Hy)* <5108 4

* Rate constant for the recombination of Hf radical-ions.
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authors 82,303,304 the oxidation of Fe**by atomic hydrogen
involves the intermediate formation of hydride complexes:

Fe'T +H 2 FeH't (28)

FeH!t+ -~ H* — Fe®t 4 H,. (29)
The Hj radical-ion apparently does not oxidise methanol in
sulphuric-acid solutions 395,

There are two hypotheses regarding the mechanism of
formation of H atoms as a primary product of the radio-
lysis of water, Accordingtothefirst, these particles are
producedby reaction (8), taking place inthe spurs 53,79,80,308,
The second hypothesis 76-78,307-309 gyggests that H atoms
are produced from highly excited water molecules. Accor-
ing to Anbar and Meyerstein 38 substances which are effi-
cient excitation-quenching agents (in particular ions of
variable valency) can apparently react directly with the
possible precursors —H,0* molecules—of the H atoms.
These authors regard3® the second hypothesis as con-
firmed by the results of a study of H/D isotope effects in
the radiolysis of water. They find %°° that the isotope
effect in the formation of H atoms is much greater in acid
medium than in neutral medium. At present, however,
there are no direct experimental data in support of either
hypothesis. )

4, THE OH RADICAL

The formation of OH radicals by the action of radiation
on water has been observed repeatedly. Dainton and
Collinson %, in a study of the radiation polymerisation
of acrylonitrile in water, observed in the infrared absorp-
tion spectrum of the polymer a broad band due to OH groups.
A large number of products of the reactions of OH radicals
with dissolved substances have now been identified by the
pulse radiolysis method. A list of these products and
some characteristics of their optical spectra are given in
Table 4.

Recently, Hart, Matheson, et al.5!, using the pulse
radiolysis method, have recorded the optical absorption
spectrum of the OH radical in irradiated liquid water. It
is found that A mx for this radical lies at < 230 nm.

One of the most important pieces of evidence for the
formation of OH radicals in the radiolysis of water is pro-
vided by data obtained from the e.s.r. spectra of irradiated
ice. The e.s.r. spectrum of OH radicals radicals in ice
irradiated at 77°K was first observed by Matheson and
Smaller 265,267 The e.s.r. spectrum due to OH radicals
(in H,0) and OD radicals {in D,0) has since been observed
by many workers 126,127,137,271 -277,328=338  The e.s.r. Spec-
trum of the OH radical consists of a doublet with a separa-
tion of ~ 40 oersteds between the components and a g-factor
of 2,01, and that of the OD radical consists of a triplet with
a separation of ~ 6 oersteds between the components,

The chief source of OH radicals is H,O" ions (reac-
tion 1). Weiss?52 guggested that H,O" (or, in histermino-
logy, the positive polaron) in liquid water has a lifetime
which is sufficient to enable it to take part directly in the
radiolytic transformation of various substances. Later,
Weiss and Moorthy 339,340 have reported that they were able
to record the e.s.r. signal of this ion in a study of the
radiolysis of frozen solutions of various acids. Hummel
and Allen*! found, however, that the ionic strength does
not influence the rate of the reaction between the oxidising
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TABLE 4. Characteristics of the optical spectra of short-lived
species which are products of the reactions of OH
and O~ radicals with dissolved substances.

Solute Reaction product Anaxs M ":': hr:,’, emt Ref,
o, 430 1,9.10% 52, 67, 168, 311—313
O, (alkaline 3
medium) NO, 400 — 314
NO, CNS 500 7.4.10% 49, 52, 168, 313—316
CNS™ c; 340 1.25.10¢ a
a Br, 360 9.6-10° " 189, 281, 318, 319
Br I 370390 _ a7, 117, 314, 345
- AsO, 335 _ 314, 315
AsO; coZ 600 1.9—-2.0).108 | 160, 311, 315, 320
. 3 ( )
€O, $i0; 625 - 3, 315
g
$10, $e0; 435 1.34.10% a4, 315
-
Se03 TeO, 350 3.5.10° 3. 3l
TeO§ S,0; 375 4.02-408 314, 315
.05 HSOF™ 730 - an
o
SOy HSQ, (or SOJ) 450 ~08 a1, %22
50: Agit 270 —_ 171
Ag culll 300 (pH 7) {1.1-10°for Cu’*end| 106, 323
Cu?+ or 265(pH 2) 5.7-107 for
CuOH?*+
Mnlll ~450 8.3.4102 170
Mn2+ Tiz+ 260 — 182
T FelV 345 6-10° a
Fed+ CH;CHOH | 266, 257, 247 | (2.3—2.4)-10° 3, 325
C,HsOH at 296.7 nm
(CH,),COH absorption — 177
(CHg)yCHOH inthe range
200—300 am
CO, (COOH) 250 2.4-10% 169
HCOO~ or CO, NH,\
(NH,),C=S C=$ 400 —_ 194
2] 2 NH 7/
o )
NH,
~c—s
NH7
CgHs CgHgOH 313 3.5.10% 226, 327"
CgH,Cl OHC,H;Cl 324 - 326
C¢HsBr OHCgH;Br 326 — 36
CoHyOH OHCgH,OH 320 — 26
CoH,CH; OHCgHCH, 317 — 3%
C4HyCOOH OHCgHCOOH 350 — 327
C4HsCOO~ (07) C¢HgCOO~ 328 — 181
(alkaline medium)

species in the radiolysis of water and bromide ion. Hocha-
nadel 28 found that in the pH range 2-7 the oxidising species
in the radiolysis and the OH radical obtained photochemi-
cally have the same reactivity towards hydrogen and hydro-
gen peroxide. From this it follows that the species being
considered is not charged. Moreover, the e.s.r. signal
observed by Weiss and Moorthy 339340 has later been

shown 137,277 {0 be dué most probably to the OH radical.
Nevertheless, it is not excluded that H,O" ions may take
part in radiolytic transformations in strongly acidic or
highly concentrated solutions, when the reactions of the
substances with this species may take place at a greater
rate than reaction (1).

The OH radical is a strong one-electron oxidant. On
reaction with a solute it oxidises one equivalent of the
latter. It can sometimes act as a reducing agent, e.g. in
the radiolysis of potassium permanganate solutions 32,

The most characteristic reactions of OH radicals can
be divided into three groups, The first group corresponds
to ordinary oxidation, e.g.

Ce¥t 4 OH — Ce*t + OH-. (30)

The second group comprises the addition of OH to unsatu-
rated bonds. The third group involves the abstraction of
H with the formation of H,O.

In alkaline meédium the OH radical dissociates 343:

OH 2 O~ +H* (31)

The value of pK for this dissociation®® is 11.9 + 0.2. Like
the OH radical, the O~ radical-ion absorbs in the wave-
length range below 300 nm, 3 The ozonide ion Oy has
been observed during the pulse radiolysis of alkaline solu-
tions of oxygen!¢%31 (see Table 4). This ion may be
formed by the reaction

040, » 07 (32)

which provides evidence for the existence of O~ in alkaline
medium. The dissociation of the OH radical according to
Eqn. (31) is also confirmed by measurements of the e.s.r.
spectra of irradiated frozen alkaline solutions 26-135,344,

The O~ radical-ion is a weaker oxidising agent than the
OH radical. In alkaline medium the yields of a number of
oxidation processes—G(AsQj") for the oxidation of arse-
nite #5386 G(CO,) for the radiolysis of oxalic acid solu-
tions 3#7-351 G(I,) for the radiolysis?®* and photolysis?% of
KI solutions in the presence of N,O, etc. —show a decrease.
On the other hand, there is an increase in the yields for
reductions, when the product undergoes reconversion into
the starting material as a result of reaction with OH. For
example, G(NO;) for NaNO, solutions increases sharply in
alkaline medium®., Sometimes it is even necessary to
assume that the O~ radical-ion has a reducing action 22!,2%,

Scheme 2, which indicates the reactivities of OH and O~
radicals, uses data 30-34, 36,38, 39, 44, 47,49, 51,52,117,147,167-1.70,177,
179,181,182,189,194,200,202,311 -327,352—354 obtained in studies in
which the reaction rate constants for these radicals were
determined by means of pulsed radiation. In addition, a
large number of relative rate constants for the reactions
of OH and O~ have been determined by the method of com-
peting acceptors 38,205238,293, 341,355 ~369,

An important feature of the kinetics of reactions involv-
ing OH radicals is that the rate constants for reactions of
type (13) have much larger values in aqueous solution than
in the gaseous phase. Thus kon + u, for the gaseous phase
is 370,371 ghout 10% litres mole-! s-1; for aqueous solutions,
this constant has the value 3 (4-6) X 107 litres mole~* s,
There are as yet, however, insufficient experimental data
for a rigorous explanation of this effect.

The yields of OH radicals are greater in acid and alka-
line media than in neutral medium. Since the processes of

TABLE 5,

Property of OH radicals Numerical value Ref,
Apax RO (25°C) 230 am 51
ee0 370 litres mole™ cm™ 51
E° (pH 0) —21V a2
E® (pH 14) —1.25V 372
Hydration energy 0,26 eV 372
Diffusion coeff. >2.3-10°% cm® 8™ 202
;:!( {OH+OH~50"+H,0) 11.9 9
Goy (PH 0) 2.95 1
Goy (PH 7) 2.6 (+10%) *
G- (pPH 13) 3.0—3.1 54, 55, 79

* Mean value from results given in a large
aumber of papers.
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OH and ez formation are interrelated, the reasons for the
increase in Goy in alkaline medium are for the most part
the same as those for the increase in Ge,.

The chief properties of OH radicals in water are sum-
marised in Table 5.

5. THE HO, RADICAL

A study of the radiolysis of the Fe?*-Cu?** system by
Hart in 1956 showed 37337 that the perhydroxyl radical HO,
is formed as a primary product. It is produced in the
spurs as a result of reaction between H,0, and OH. The
yield of HO, for ®Coy-radiation is extremely low (~ 0.02) 373,
For heavy particles, however, Guo, is much greater. For
210po a-particles, Guo, = 0.23.

The HO, radical is formed very efficiently in solutions
containing oxygen, by reaction between O, and H or e.q.
Since kn+ 0, and ke3, + 0, have extremely high values, it
may be concluded that the HO, radical plays an important
part in these solutions.

Formation of the perhydroxyl radical has been demon-
strated by many methods. Schmidt 37,378 observed an in-
crease in electrical conductivity due to the presence of
O; —a product of the dissociation of HO,—in irradiated
water containing oxygen. The pulse radiolysis method has
been used 167177,311,313 to record the optical absorption
spectra of HO, and O; radicals. The absorption maximum
of the HO, radical lies at 230 nm, and that of the O; radi-
cal-ion at 240 nm. Proof of the formation of HO, radi-
cals was also obtained in a study of the e.s.r. spectra

of irradiated frozen water and various aqueous solu-
tiOnS 126, 127, 328, 829, 883.

The HO, radical is amphoteric. In neutral and alkaline
media it dissociates according to the equation
HO, 2 H*+40;. (33)

The pK value for this dissociation is 4.4-4.5, 167,179,379
According to Bielski and Allen3®, the perhydroxyl radical
is present in strongly acidic medium in the form H,O;3:

HQ, +H* 5§ H,0,*
the pK value for this equilibrium being 1.0 + 0.4, 38

(34)

The perhydroxyl radical may act as either an oxidising
agent or a reducing agent, depending on the conditions and
the nature of the dissolved substance. Under ordinary
conditions, the oxidising power of HO, 2°8 is close to that
of Ce**, In oxidations HO, is converted into H,0,, and in
reductions it is converted into H,O* and O,.

The reactions of HO, with the OH radical require special
mention. Until recently it was assumed that this reaction
takes place as follows:

HO, + OH — H,0 + 0. (35)

Kinetic proof has been obtained 3™, however, of the forma-
tion of H,O, by the combination of HO, and OH. The yield
of H,0, at pH 2-3 is 1.7. The pK value for the dissocia-
tion

H,0; 2 H* + HO} (36)
is 9-10. The disappearance of H,0O, depends on the acidity
of the medium. Its half-life is ~ 2 s in 0.02 M acid, and
less than 0.1 sin 1 M and 10™ M acid. This substance

does not react with Ce**, tetranitromethane, or KI in
neutral solution, but it oxidises Fe®**, The formation and

TABLE 6. Rate constants for the reactions of
perhydroxyl radicals in aqueous
solution at 20-25°C.

lit
Reaction Medium "I:; Io"' :f; Ref.

HO,+Fe+ 0.5 M H,SO,|  7.3-108 382

HO,+Cu?+ pH 2.3 1.5.107* 383

HO,+MnO; pH 3 8.108 280

HO,+Bry pH 2 (1.6—6.4)-10° 21, 318, 319

HO,+Br; pH 2 108 319

HO4+Bry pH 2 1.5.108; <4-108 281, 319

HO,+CNS~ pH 1 1.6-10° 36

HO,+C (NO,), acidic <1.9.104 179

0; +C(NOy), [pH 5.6—6.2] (1.9—2.0)-10° 179, 92

HO,+HO, PHS3 | (1.9—-2.7)108% | 167, 379, 360,

0,40, pH>5  |(1.35—1.7).107**) 167, 377, 380, 23R4

H,0;+H,0; pH<1 0 5-108 378

* Determined by the pulse radiolysis method.
** Includes the value of constants obtained
without using ionising radiation,

TABLE 7, Properties of perhydroxyl radicals
in water,
Property \ Numerical value I Ref,
A ax for HG, in B0 (25°C) 230 mm 167
el 1.15-10% Jjtres mole? 167
.. cm
)‘m_ux for G in B0 (25°C) 240 nm 167
£ 1,06-10% litres malet | 167
cm
£° (HO,, H*/H;0,) (oxidant) —4.7V 285
E°(H*, O,/HO,) (reductant) +0.3V s
pK (HO,2H++0;) 4.4—4.5 167, 172, 379
pX (H,0; 2H*4-HOy) 1.0 380

the stabilisation of compounds of the type H,O, are
observed?®® in various free-radical reactions on cooled
surfaces.

Table 6 gives absolute reaction rate constants for HO,,
O;, and H,0} radicals in aqueous solution, determined by
various authors. The chief properties of perhydroxyl
radicals in water are summarised in Table 7.

6. THE OXYGEN ATOM

The possible formation of atomic oxygen as a primary
product of radiolysis has been postulated by a number of
workers 235385, Allen?®8 gives some indirect evidence for
the production of O atoms in the decomposition of neutral
water under the influence of radiation. He argues that,
if it is assumed that H atoms are produced in yield 0.55 in
neutral medium, G(-H,0) becomes 4.3, In this case,
however, the oxidising products do not balance. To pre-
serve the balance, it is necessary to assume the forma-
tion of another oxidising radiolysis product, which, from
results for radiolytic transformations in a number of sys-
tems, should not react with hydrogen or ethanol, but is
reactive towards hydrogen peroxide. Since in neutral
medium Gon = 2.2 and GH,0, = 0.7, the yield of this pro-
duct should be 0.7 equiv.. eV‘f. If this product is atomic
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oxygen, Go = 0.35. Allen uses this hypothesis to explain
various features of the radiolysis of a number of sys-
tems—H,0,-0, %", NO 2%, formate solutions 3, and H,O,
in H,0, 18,387

Allen 238 suggests the OH* ion as a possible source of
atomic oxygen. Mass-spectroscopic data 388 in fact show
that H,O" and OH* ions (ratio 100: 23.2 28%) are formed in
largest quantities in water vapour as a result of electron
collisions (energy of electrons 100 eV). Baxendale and
Gilbert ** consider that OH* ions react in the gaseous phase
with H,0 to give OH radicals:

OH* -+ H,0 —~ H,0* + OH (37)
but it has recently been shown experimentally 3! that this
reaction produces H,O" ions:

OH*+ Hy0— H,0* 4 0. (38)

According to the data of Thynne and Harrison®, in the

gaseous phase ky; = 2.9 X 10 litres mole™ s,

It is of course difficult to suppose that the relative pro-
portions of H,O* and OH* should be the same in the gaseous
phase and in the liquid, but it may be assumed that the OH*
ion is also produced by the action of radiation on liquid
water. It may evidently then be a precursor of atomic
oxygen. It is probable that in neutral medium OH* disso-
ciates with the formation of O and H;O* [reaction (38)]. In
this connection it is interesting to note that the proposed
ratio Gou/Go is close to the ratio of the quantities of H,0*
and OH* in the gaseous phase. It should be emphasised
that the production of O by this mechanism should be
accompanied by the formation of the same quantity of H:

H.O ms> OH* + H+ €. (39)
In acid medium, because of the presence of H,O" ions,
different routes for the disappearance of OH* are possible.

Another source of O atoms may be the recombination of
OH radicals 392

OH+OH — H,0+0. (40)

Experiments 399,39 on the radiolysis of acidic and neutral
water at high absorbed dose rates—i.e. under conditions
where the recombination of radicals is highly probable—
show, however, a significant increase in G(H,0,) compared
with low dose rates. It is thus unlikely that atomic oxygen
is formed by the recombination of OH radicals.

There are at present no quantitative data on the pro-
perties of atomic oxygen in aqueous solutions. Taube 35,
in a study of the reactions of excited O atoms (in the
1D -state), showed that these atoms react readily with
water to form hydrogen peroxide. In the ground state
O atoms do not react with water. Katakis and Allen 3%,
studying the radiolysis of concentrated perchloric acid
solutions, have observed not an increase but a decrease
in Gu,o0, with increase in the HC1O, concentration. In
these soﬁutions the direct action of radiation on perchloric
acid produces excited perchlorate ions, which decompose
to Cl10; and O. From the observed dependence of the
yield of H,O, on [HC10,], these workers conclude that the
O atoms produced are in the ground state. Formation of
O atoms is possible in the radiolysis of concentrated solu-
tions of various other oxygen-containing anions (NOj,
KMnO,, etc.).

612

7. EXCITED WATER

As already noted, the passage of ionising radiation
through water leads to ionisation and excitation of H,O
molecules. The fate of the “excited water” and the part
it plays have not yet been elucidated, however.

Excited water molecules may be formed **7 intwo ways —
(1) by capture of the ejected electron by the H,O" ion
(Samuel-Magee hypothesis), and (2) by collision of slow
electrons with water molecules—and Magee % considers
that water molecules in the singlet and triplet states may
be produced in a spur, in the ratio 1:3, as a result of the
first process.

Platzman 3% suggests that, in the gaseous phase, irra-
diation produces both ionised and excited molecules in
equal yields. In the condensed phase “superexcited”
molecules (their energy exceeding the ionisation potential)
use up the excess of energy, not only for ionisation but
also for other processes. For example, breakdown of
the molecule into two radical fragments is possible. In
Allen's opinion?!, however, excitation of H,O to an upper
electronic level in liquid water may lead to ionisation.
According to Voevodskii 40940 the excitation in liquid water
may be transferred through hydrogenbonds and be localised
at impurities, leading to the formation of H, OH, H,, and
H,0,. If the excitation of water does not lead to ionisa-
tion, the H and OH radicals formed by the breakdown of
H,O* will be produced close to one another and will pos-
sibly, as a result of the “cage effect”*%?, recombine for
the most part, to re-form water. It is of course not
excluded that a certain proportion of the H atoms, because
of their very small dimensions, will escape from the
“cages” into the bulk of the liquid, through the cavities
in the quasi-crystalline water lattice. If, however,
excitation of the water leads to ionisation (see footnote on
p. 603), the H (or ¢-) and the OH formed from the H,0*
produced as a result of the capture of the ejected electron
by H,0" will be in the same small spur as the H;O* and OH
(from the H,0%), as is assumed by Matheson%3, This also
facilitates the H + OH reaction. These considerations
lead to the conclusion that, in dilute solutions of ordinary
substances, the part played by excited molecules is small.
The radiolysis of concentrated solutions is quite different.
As first postulated by Proskurnin0¢-407  at high concen-
trations a solute can penetrate into the “cage”, as a re-
sult of which its reaction with radicals becomes possible.
Later, Bakh and his coworkers08, Pikaev4%®, Kabakchi0,%11
Sowden*1%413  and Katakis and Allen3% attributed various
features of the radiolysis of concentrated solutions to
reactions in which H,O* takes part. Dainton and his co-
workers %55 put forward similar explanations for the in-
crease in the yields of radical products of the radiolysis of
water in acid and alkaline media, and also in relatively
concentrated N,O solutions. Shubin and Dolin 414,458
observed a considerable increase in yields in a number
of systems when these were saturated with inert gases
under very high pressures. It was suggested that in
these experiments ordering of the water structure takes
place. This creates favourable possibilities for the trans-
mission of excitation along a chain of hydrogen bonds. In
the opinion of these authors, the excitation here appears
in the form of exciton-like formations (electron-positive-
hole pairs).

Recently, the idea that “excited water” takes part in
radiation reactions has been introduced into the interpreta-
tion of certain features of the radiolysis of dilute aqueous
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solutions of a number of substances. Hayon7’® considers
that, in the radiolysis of neutral solutions, certain sub-
stances (e.g. O,) may react directly with H,0*. Shinohara
and his coworkers4!%47 in a study of the radiolysis of
neutral or weakly acidic HgX,~NaN; and HgX,-NaNO, solu-
tions, conclude that under the most favourable conditions
about five excited water molecules per 100 eV absorbed
energy may take part in radiolytic transformations. Anbar
and Meyerstein 307,308,418 in an investigation of the influ-
ence of ions of the type Zn?*, Cd?*, Co**, Ni?*, and Mn?*

on the magnitude of G(HD) in irradiated solutions of
2-deuteriopropan-2-ol and methanol (0.01-0.1 M), have
been forced to postulate the possibility of reactions be-
tween H,0* and these ions and alcohols. Shagisultanova
et al,*!® attribute the hydrolytic decomposition of oxalato-
complexes of Co™ in aqueous solution under the influence
of 8Co y-radiation to the penetration of excited water
molecules into the coordination sphere of these compounds.
Getoff?° assumes that the carboxylation of amines in
aqueous solution is due partly to reactions involving H,O*.
Kabakchi et al.*#';422 attribute the characteristic features
of the radiolysis of the H,0,-0,-H, system to the reactions
of the dissolved substances with exciton-like formations.

There is at present no direct experimental proof of the
formation of excited water molecules. Niira“? has pre-
dicted theoretically that water has a triplet excited state,
and Kuppermann“*, in a study of the scattering of elec-
trons with energies of 25-100 eV in the gaseous phase, has
detected an excited state of H,O with an energy 4.2 + 0.2 eV
higher than the energy of the ground electronic state.
Sitharamarao and Duncan“?, in an examination of the
emission of light from water during y-irradiation, con-
clude that H,O* and OH* are formed in appreciable yield
during the radiolysis of water. More recently, however,
a similar investigation by Czapski and Katakis4%, carried
out at a higher experimental level, has shown that the
radiation yield of light emission is negligible (< 1075),

In the liquid phase an excited molecule in the triplet
state has a lifetime of 10™* s or more*?’, The possibility
that this also applies to water cannot be excluded. It is
evident that, as a result, these H,O* molecules may also
take part in radiation reactions in comparatively dilute
solutions. Chemically, however, H,O* molecules are
generally equivalent to (H + OH), so that they should
“develop” only with certain solutes 355, This effect can
be observed particularly clearly when the solution contains
“conjugated acceptors’ 404-407,428-431 " j e, when, as it were,
both an acceptor for H atoms and an acceptor for OH radi-
cals are present. At the same time it is necessary that a
given acceptor be an effective excitation “quencher”.

There are no experimental or theoretical data on the
possibility of the existence of excitons in liquid water.
According to Protopopov*3%433, free and local excitons
may exist in aromatic liquids and solutions. In addition
to the local exciton, the liquid also contains a state of
local ordering, which is termed an orienton. The lifetime
of these formations is short (< 10-? s), however. Davy-
dov“3 considers that in some instances excitons of the
Wannier —Mott type (an electron—positive-hole pair) may
be produced in the liquid phase. Jortner“3 has recently
carried out quantum-mechanical calculations and demon-~
strated the possibility of the existence of excitons in media
of the liquefied inert gas type. For water, it is appa-
rently necessary to make allowance for its high polarity.
It follows from theory that the bond energy of the exciton
decreases in proportion to the square of the dielectric

constant of the medium*%, Moreover, with marked
polarisation, the bound electron and positive hole can in
principle form a polaron pair4?’. Finally, it must be
emphasised that water is characterised by a high reacti-
vity towards H,O" ions. It can therefore probably be con-
cluded that, although water has a crystal structure with
short-range order, excitons in it, if they are produced,
have an extremely short lifetime, and in dilute aqueous
solutions they break down (possibly to OH and ezq) without
being able to spread. These discussions are of course
qualitative, and it would be extremely desirable for the
appropriate quantum-mechanical calculations to be carried
out.

In connection with the foregoing, considerable interest
attaches to work 438-440 ysing the pulse radiolysis method,
which has established the formation of triplet-excited
molecules of naphthalene and other aromatic substances
during irradiation of their solutions in benzene and cyclo-
hexane. In aqueous solutions, however, the yields are
negligible 432,

Thus excitation of water can be observed only under
strictly specific conditions. In dilute aqueous solutions
of ordinary substances, the part played by this process is
small.

8. THE MOLECULAR PRODUCTS H, AND H,0,

Hydrogen and hydrogen peroxide are the primary
molecular products of the radiolysis of water. Many
workers 268,272’273,286—301, 356, 861’408,412,413,441 -455 have shown
that the yields of H, or H,0, decrease with increase in the
concentration of dissolved substances which are acceptors
of H atoms (ezq) or OH radicals respectively. The follow-
ing relationship is observed

Gr, = Gk, — A[S]"*

where Gr, is the yield of H, or H,0, at a given concentra-
tion of the acceptor S, G‘]’22 the yield of molecular product

at zero concentration of the acceptor, [S] the molar con-
centration of the acceptor, and A a parameter defining the
probability of interaction between the acceptor and the
corresponding radical.

Byakov and his coworkers %5%457 have carried out a
theoretical treatment of the dependence of Ggr, on [S] on
the basis of a simplified diffusion—radical model for the
radiolysis of water. They have shown that this dependence
is given by the equation

Gr, = G, — G¥, (”‘iS —) " sy
kg, +R %o

where 7, is the initial number of radicals in the spur, v, is
the initial volume of the spur, and kgr«s and kr+r are the
rate constants for the corresponding reactions. Byakov
and Bugaenko® use this equation and the experimental
dependence of G, on [S] to calculate a large number of
relative rate constants for radiation reactions. The cal-
culated values are close to the experimental values. The
agreement between the constants provides evidence in sup-
port of the hypothesis that at least the greater part of the
H, and H;0, is formed as a result of the recombination of
radicals in the spurs [reactions (9-12)].

Weiss and Hayon%®, Hayon*?®, and Rabani and Stein?!?
postulated that a large proportion of the molecular hydro-
gen is formed as a result of the recombination of ezq in
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the spurs or at a short distance from the latter. Proof
for the possibility of formation of H, from e zq was obtained
by Dorfman and Taub ¥, who measured the yields of HD
and D, in alkaline and acidic solutions of C,H,OD in D,0O.
Production of H, occurs also?®2? by the reaction of e 4
with H at sites of high radical concentration. The mech-
anisms of these two interesting reactions are still unknown,
however. The recombination of ezq possibly passes
through a stage involving the formation of (¢zq),. The
production of such “bipolarons” was postulated in one of
the theories of metal-ammonia solutions46®, Anbar and
Meyerstein 461,462 have studied the isotopic effect in the
formation of hydrogen by the recombination of ¢z, and
found that this effect is much greater than would be expected
on the basis of the hypothesis that the H, is produced by the
diffusion-controlled process eaq + €aq. They therefore
conclude that the recombination of e,q involves the forma-
tion of (eaq), and that decomposition of the latter (into

H, + 20H") with rupture of the H~O bond takes place much
more readily than the corresponding decomposition with
rupture of the D-O bond. In the second reaction, the H™
ion is probably produced as an intermediate product.

There are other theories regarding the ways in which
the molecular products of the radiolysis of water are pro-
duced. Many author g 245,388,459,461-485 gyggest that H, and
H,0, may be produced by the decomposition of “excited
water”. Stein and his coworkers 387483 have studied the
radiolysis of H,O, in H,'®0. According to their data, one
fraction of the H,0, precursors is readily captured by
acceptors of OH radicals, whereas the other fraction does
not exhibit this property. These authors conclude that
the yield of H,0O, corresponding to the second type of pre-
cursor (possibly H,O*) is about 0.4. Similar results?5
have been obtained in a study of the dependence of Gu,0,
on the concentration of [Fe(CN)g]3~. Here the yield of
H,0, corresponding to H,0* amounts to 0.3. It should be
emphasised, however, that these values of the H,0, yield,
which are independent of the concentration of acceptors of
OH radicals, are apparently too high. Czapski“® has re-
presented the results of published work 245,388,463 graphi-
cally by plotting Gu,o0, against [S]*/3, and obtained an
almost linear relationship. Some of these authors
have subsequently“¢? agreed with this conclusion. Anbar
and Meyerstein 388,463,461,462 find that the isotopic effect in
the formation of H, as a result of the radiolysis of water
is much smaller than that for the recombination of ezq
obtained photochemically. On this basis they conclude
that, in the irradiation of water, a large proportion of the
H, is produced, not by the reaction eaq + € 3 in the spurs,
but as a result of various other processes (e.g. the decom-
position of “excited water”). It is undoubtedly extremely
desirable to confirm this very interesting observation for
a number of other materials, and to establish the fraction
of H, and H,0, produced from “excited water”.

In Platzman's opinion“68, a certain proportion of the
H, is formed by the reaction of underexcited electrons (of
energy < 6.5 eV) with water, with the intermediate forma-
tion of H™ ions. The calculations show that the yield of H,
as a result of this reaction may reach 0.2 + 0.1.

Molecular hydrogen generally does not react with dis-
solved substances. When the solution contains large
quantities of H,, however, or when no other acceptors of
hydroxyl radicals are present, the hydrogen reacts with
OH radicals, converting them into H atoms in acidic and
neutral media, and into ezq in alkaline medium.
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Hydrogen peroxide may exhibit reducing properties or
oxidising properties, depending on the nature of the dis-

solved substance and the pH of the mediumf. Hydrogen
peroxide undergoes electrolytic dissociation:
H,0; 7 HO-, + H¥ (41)

the pK value for this reaction being 11,75.

9. MAXIMUM YIELD IN THE DECOMPOSITION OF WATER

The magnitude of G(-H,0) is determined by the ionisa-
tion of the water, without allowance for the reactions
H + OH and e3q + OH in the spurs. If we assume that in
neutral water H is produced in addition to e, we reach
the conclusion that G(—H,0) depends little on pH. The
values found for this yield are 4.55, 4.3, and 4.6-4.8 in
acidic, neutral, and alkaline media respectively. It is
difficult to make accurate allowance for the contribution
of the reactions H + OH and e ;o + OH, taking place in the
spurs. According to Hochanadel 37, the yield for the
decomposition of water G’(-H,0) with allowance for these
reactions amounts to ~ 6. Diffusion—kinetic calculations
carried out by Byakov et al.*5” show, however, that this
yield may reach ~8. Various data provide evidence in
support of this last value., Proskurnin and his co-
workers 407,428,420 found that G(NO;) in concentrated (1 M
and above) alkaline solutions of NaNO, saturated with
nitrogen is 4.0~4.5 ions per 100 eV. If it is assumed that
two reducing particles are used up in the formation of one
nitrite ion, G(-H,0) = 8-9. Baxendale and Gilbert 3%
studied the radiolysis of mixtures of the vapours of H,O
and methanol, ethanol, ether, or cyclohexane, and con-
cluded that G’'(-H,0) = 8.0 + 0.7. According to Ander-
son et al.#7%4™ in the gaseous phase in the presence of
cyclohexane or ammonia G(-H,0) has the values 7.0 (over
the range 125-250°C) and 10.6 (above 300°C).

Firestone+*™ studied the formation of HD in mixtures of
gaseous D, and water vapour containing tritium, and found
that G(HD) = 11,7 + 0.6, If it is assumed that the HD is
produced as a result of the reaction H + D,, it is obvious
that G(HD) = G(-H,0). Baxendale and Gilbert 3%, dis-
cussing these results, have suggested that, in the D,-H,0
system, isotopic exchange by deuterium involves both
ionised and excited water molecules. If this is so, the
difference between the yields for the decomposition of
water, observed in these experiments, gives the yield of
excited molecules. This difference is ~4. The same
value for the H,O0* yield can be obtained by examining the
results of work by Proskurnin and his coworkers 407,428,429,
These authors found that G(NO;) in concentrated alkaline
solutions of NaNO, increases to ~ 6 ions per 100 eV when
a “conjugated acceptor” —glycerol or glucose-—is added.
Finally, it has been shown %45 that under certain condi-
ditions the yield for the decomposition of water may reach
~14,

Thus definite data have now been obtained, indicating
that the maximum yield for the decomposition of water
amounts to 12-14 molecules per 100 eV. The maximum
yield due to ionisation is 6 -8 molecules per 100 eV. It is
evident that in dilute solutions these yields can be achieved
only in exceptional instances, if at all,

T The properties of hydrogen peroxide have been described in
detail in a monograph 49,
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