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FOREWORD

Apvances IN CHEMISTRY SEries was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvaNces IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

Exceptional strides are now being made in radiation chemistry although
growth has been gradual. This long induction period dates back to
the discovery of radioactivity and the development of x-ray tubes. Radium
salts, the first radiation sources, were supplanted in the third and fourth
decades of this century by x-rays. During this period, pioneering sci-
entists such as Fricke, Lind, Mundt, Risse, and their collaborators laid
the foundations of radiation-induced gaseous and aqueous reactions.
From these modest beginnings research in this field gradually gathered
momentum in the fifth decade by the use of Van de Graaff and cyclotron
accelerators and in the sixth through the availability of powerful %°Co
y-ray sources. Finally in the seventh decade the results of basic research
exploded into prominence through the use of electron pulse accelerators.
In this decade, we are reaping the benefits of these new developments by
drawing attention to the applications of radiation chemistry. Since the
1930s the number of active workers in this field has multiplied a hundred-
fold, and research has expanded from a few universities and national
laboratories to research centers the world over.

The early workers established phenomena connected with the quali-
tative, and later with the quantitative changes taking place during irradi-
ation. Products and some intermediate species were identified in gases
and in aqueous solutions, and work progressed in three areas: dosimetry,
radical and ionic yields, and relative rate constants. From these results,
speculations regarding the mechanism of energy loss, of free radical and
ion pair formation and distribution, were mathematically formulated and
tested by the developing specialty of diffusion kinetics.

More recently, assisted by photochemistry, spectroscopy in its varied
forms, chromatography, computers, and applied electronics, radiation
chemistry is assaulting many of the problems associated with the prop-
erties of transient species at an unprecedented rate. Commonplace, al-
ready, is the study of intermediates lasting only milli- and micro-seconds.
A rapidly developing subdivision is on the horizon—that of nanosecond
and picosecond chemistry. Knowledge of the nature and rates of these
reactions has been of inestimable aid in untangling reaction mechanisms
in chemistry and biology. For example, the discovery of the hydrated
electron and the determination of its rate constants has aided the inter-
pretation of reactions in aqueous media. Recent studies on solvated and
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trapped electrons in liquids and solids assist materially in explaining
phenomena in these media. Similarly, the identification of singlet and
triplet states in the radiolysis of gases and organic liquids provides data
crucial for understanding these complex systems.

The papers reported in these two volumes constitute about two-
thirds of those presented at the Argonne National Laboratory-sponsored
International Conference on Radiation Chemistry, to which 200 promi-
nent scientists and students from 21 countries and 81 universities and
institutes were invited. This conference was in celebration of Argonne
National Laboratory’s participation in a decade of pulse radiolysis. All
phases of radiation chemistry, from the theoretical to the fundamental
changes taking place in complex molecules, were included. A special
session on dosimetry was planned for Dr. Hugo Fricke on August 15, his
76th birthday, to honor him for his many contributioris to radiation chem-
istry over the past 40 years. The conference papers are assembled in
these two volumes: one, largely on aqueous solutions, consists of the sur-
vey and original papers given in the aqueous, biological, and dosimetry
sessions; the other, largely organic, deals with similar groups of papers
on gases, liquids, and solids. The broad scope and interest in these papers
reflects the influence and applications of radiation chemistry in most
branches of chemistry today.

Argonne, Il EpwiN J. HART
July 1968
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Stabilization of Electrons in Low

Temperature Radiolysis of Polar Systems

B. G. ERSHOV and A. K. PIKAEV

Laboratory of Radiation Chemistry, Institute of Physical Chemistry, Academy
of Sciences of the USSR, Moscow, USSR

O

This is a review of the results of the authors on the nature
and properties of trapped electrons (e7,) in irradiated frozen
aqueous and alcoholic systems. These species are observed
not only in alkaline ices and alcoholic glasses at 77°K. but
also in glassy aqueous solutions of NaClO,, LiCl,KF,K,COs;,
alcohols, HCHO, HCOONa, carbohydrates, etc. In these sys-
tems e, has narrow symmetrical singlet at g-factor ~ 2001
in EPR spectrum and wide optical absorption band in visible
region. The yields of €7, were measured. In aqueous glasses
the e, and (e), are mutually transformed under certain
conditions. The data obtained by studying the photochem-
istry of ey, indicate the existence of dispersion of trapping
energy. The nature of electron stabilization is discussed.

ne of the greatest achievements of the radiation chemistry lies in the

experimental proof of the electron solvation in various irradiated
polar systems (see—e.g., 13, 17, 36) and its stabilization under certain
conditions at low temperatures. In the latter case the process may be
presented in the form of the following reactions.

The electron knocked out of polar molecule M:

M —m#m—> M* + -

after thermalization

€ = € therm

in the absence of the scavengers is captured by trap T:

€ therm +tT—=ey

1
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2 RADIATION CHEMISTRY—I

The process considered is displayed most clearly in the case of glassy
polar systems and in the absence of the compounds which are reactive
with the electrons.

The present paper sums up the results of the performed investigations
of the nature and properties of the trapped electrons in the frozen aque-
ous and alcohol systems. (The trapped electron marked e, is unmobile
which distinguishes it from the solvated electron.)

Experimental Technics

The investigation of the nature and properties of e, involved a wide
use of the methods of the electron paramagnetic resonance (EPR) and
optical spectroscopy. The EPR spectra were recorded by the RE-1301
radiospectrometer while the optical spectra were registered by the SF-4A
spectrophotometer.

During measurements of the EPR spectra, the samples of about 0.05
ml. were irradiated in special ampules made of glass “Luch-2” which did
not give any noticeable EPR signal at irradiation (9). The magnetic field
was calibrated with the aid of the aqueous solution of Mn*" and benzene
solution of «,o’-diphenyl-g-picrylhydrazyl (DPPH). The position of the
lines in the spectrum was determined by reference to the position of the
lines of solid DPPH. The intensity of the signal was found by double
integration with the use of a special nomogram (62). The concentration
of the free radicals in the sample was measured by reference to the
standards of ultramarine whose content of the paramagnetic particles
was determined with the aid of a fresh-prepared solution of DPPH in
benzene. A relative error in determination of the radical concentration
amounted to = 10%. The variation of the radiospectrometer sensitivity
in the course of registration was checked by paramagnetic standard
CuCl, - 2H,0 placed in the resonator of the radiospectrometer. All the
EPR spectra were registered under the conditions excluding the micro-
wave power saturation effect.

The photo-annealing of the colored samples by the visible light was
effected directly in the resonator of the radiospectrometer during regis-
tration of the EPR spectrum. The tungsten lamp, which was provided
with the respective light filters, was used as a light source.

The optical spectra were measured with the aid of a special quartz
Dewar flask. Its construction practically precluded boiling of the liquid
nitrogen in the cell in which the sample was located (48). This prevented
accumulation of frozen water and carbon dioxide on the samples. The
frozen samples were irradiated in quartz cells of 2-4 mm. in thickness.

The glassy solutions were prepared by a rapid freezing at 77°K.
The transparent samples of the neutral ice were obtained from twice-
distilled water subjected to a slow freezing at a temperature of 270° to
272°K. in special molds. The produced ice plates of about 5 mm. in
thickness were irradiated in the sealed ampules at a temperature of 77°K.
After irradiation the ampules were opened and the samples were trans-
ferred into the Dewar flask for taking optical measurements.

In Radiation Chemistry; Hart, E.;
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1. ERSHOV AND PIKAEV Stabilization of Electrons 3

The experiments involved the use of vy-radiation of %°Co. The dose
rate was commonly equal to ~ 10'® e.v./ml. sec. The dosimetry was
made by the ferrosulfate method. The calculation of the dose was per-
formed while taking into account the difference in electron densities of
the dosimetric and investigated solutions.

Water and Aqueous Solutions of Electrolytes

Among the first investigations which showed electron stabilization
in the polar “glasses” at low temperatures was the work of Ershov et al.
(30). This work employed the EPR method to identify e, in the alkaline
aqueous solutions irradiated at 77°K. Later on these conclusions were
confirmed in a large number of publications (3, 5, 6, 8, 37, 42, 54, 55).
(Earlier the optical absorption of e, in the irradiated alkaline glass was
detected in other works (see 41, 58).

At the present time it is certain that stabilization of electrons is a
general phenomenon. Data have been obtained on the EPR and optical
spectra which testify to appearance e, in the neutral or weak alkaline
aqueous solutions of such salts as NaClO,, LiCl, KF, Na,HPO,, NaH,PO,,
carbonates, bicarbonates, formates, etc. (10, 21, 26, 27, 29, 45, 47).

Figure 1. EPR spectrum of glassy 5M K,CO, in H,O:

(a) subjected to vy-irradiation at 77° K. and (b) after illu-

mination with visible light. Dotted line is the EPR spec-

trum of e7,. On Figures 1, 2, 3, 5, 6, 7 and 10 vertical

line is the position of the EPR signal of polycrystalline
DPPH

The EPR spectrum of e, is essentially a narrow symmetrical singlet
with a g-factor of 2.001 = 0.001. Figures 1 and 2 show by way of
example the EPR spectra of ¢, in 5M aqueous glasses of K,COj in H,O
and D,O (2I). From the analysis of the spectra it follows that the width
AH of the line of e, as measured between the points of maximal slopes

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch001

4 RADIATION CHEMISTRY—I

is reduced by two or three times when substituting D,O for H.O. Table
I gives the AH values for a series of systems wherein these values have
been measured accurately. The close values of AH for €7, in the alkaline
glasses have been obtained by other authors (6, 8, 37, 54, 55).

——

\ N
. W
4 50 oe.
H L
]

Figure 2. EPR spectrum of glassy
5M K,CO; in D,O: (a) subjected to
y-irradiation at 77°K. and (b) after
illumination with visible light. Dotted
line is the EPR spectrum of e,

Table I. Width AH of EPR Line of ¢ in Aqueous Glasses at 77°K.

System AH, oe References

10M KOH in H,O 13.4 £ 0.2 19, 30, 32
10M KOD in D,O 4.6 = 0.2 19
10M NaOH in H,O 15.1 £ 0.2 19
10M NaOD in D,O 6.5 = 0.2 19
10M NaClO, in H,O 14.0 £ 2.0 29
10M NaClO, in D,O 5.6 = 1.0 29
15M LiClin H,O 18.0 £ 2.0 29
15M LiCl in D,O 7.0 1.0 29
5M K,CO, in H,O 12.0 £ 2.0 21
5M X,CO, in D, O 50=%*1.0 21

The results given in Table I show that the water molecules are the
neighbors of the electron. However, a definite contribution is made
also by the interaction of the electron with the alkaline metal ions. From

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch001

1. ERSHOV AND PIKAEV Stabilization of Electrons 5

Table I it is seen that AH increases in direction from K to Li—i.e., it
increases with the growth of the magnetic moments of the alkaline metal
nuclei. The e, signal is rapidly saturated with the increase of the micro-
wave power.

The trapped electron is optically absorbed in the visible part of the
spectrum. The spectrum is asymmetric, having a more steep drop on the
side of long waves. The similar shape of the absorption band is charac-
teristic of the solvated electrons in the polar liquids. Another feature of
the spectrum is large half-width W;,, of the band. Table II contains
some characteristics of the optical absorption band of e, in the aqueous
glasses of electrolytes at 77°K. Analogous optical bands of e’ in the
alkaline and perchlorate glasses are observed in References 6, 8, 10, I8,
41, and 58.

Table II. Characteristics of Optical Absorption Spectra of e,
in Aqueous Matrixes at 77°K.

Amazs E)\ma,a» W1/2, eat Amazs
Matrix nm. e.v. e.v. M cem.! References
10M KOH in H,0 585  2.11  0.90 13700 (+20%) 27,29, 47
10M KOH in D,O 560 2.21  0.87 — 27,29, 47
10M NaOH in H,0 585 211  0.80 — 27,29, 47
10M NaOH in D,O 560  2.21 0.76 — 27,29, 47
10M NaClO,in H,O 540 229  0.87 — 27, 29, 47
10M NaClO, inD,O 520  2.37  0.80 — 27,29, 47
5M K,CO; in H,O 535 231  0.82 20000 (£40%) 21,47
5M K,CO, in D,O 510 243  0.77 — 21, 47
8M HCOONa in H,O 555 223 093 12000 (+40%) 45,47
8M HCOONainD,O0 535 231  0.72 — 45, 47

In the presence of the electron scavengers there is observed some
drop in the intensities of the EPR signal of the ¢, and of the respective
optical band and a new radical appears which is actually the product of
reaction of the electron with the added substance. Thus, the appear-
ance of the ion-radicals of NOs2> and NO,2 has been detected in the
solutions of nitrate and nitrite (22, 28, 31, 33, 34), O in the perchlorate
glasses (29),

. /0- . /o—
-C H-C
H \ ) or \OH

0

in the formate or formic acid solutions (45, 46, 49), etc. Shown in Figure
3 are the EPR and optical spectra of the NO,2~ ion-radical (22).

The trapped electrons are annealed effectively by the visible light.
The rate of annealing increases with the growth of the initial concentra-

In Radiation Chemistry; Hart, E.;
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tion of e’ and of the other paramagnetic particles. During photo-
annealing of e, in the aqueous glasses of the alkalies (30, 32, 47), LiCl
(29) and carbonates (21) the concentration of the radicals is generally
reduced which is explained by combination of the electrons released from
traps with the other radicals. For instance,

O + e — 0O (4)
Cly + e — 2CI (5)

In the aqueous glasses of NaClO, (29) and HCOONa (47) the
electrons knocked out by the light quanta partially participate in the
reactions with the dissolved substances forming new radicals:

ClO,~(NaClO,) + ¢~ — ClO, (NaClO,) + O" (8)
0"
HCOO™ + €6 — H—C/ M

o

Besides, the concentration of the hydrogen atoms is increased in
the aqueous glasses of NaClO; (29) and acid phosphates (29) as a
result of photo-annealing. Thus, the intensity of the doublet signal of
H atoms increases by 10 or 20% (in H2O) and the intensity of the triplet
signal of D atoms, by 30 to 40% (in D,0O). Evidently, these results in-
dicate the possibility of additional formation of H atoms in the following
reactions in the acid phosphates:

H2PO4_ +e — HPO42- + H (8)
HPO,? + ¢ — PO, + H (9)

It is quite possible, however, that the additional appearance of the hydro-
gen atoms in these systems and particularly in the perchlorate glasses is
caused by the reactions of the electrons with the ions of H;O" in the
spurs.

The yields of e, in the aqueous glasses depends, first, on the nature
of the matrix, secondly, on the concentration of the dissolved substance,
and thirdly, on the degree of crystallinity of the sample. With increase of
the degree of crystallinity of the frozen solution, G(e’y,) becomes less
while the rise of the concentration of the electron-inert substance increases
the yield.

Most thorough measurements of the e, yields have been taken by
the EPR method in the alkaline glasses. In accordance with papers 18, 28,
30, 32, 37, 42, 54,and 55, G(e™i.) for 10M glassy alkaline solution is equal
to 1.5-3.0. Such scattering is caused by the errors inherent with the EPR
method and by the fact that these yields have been determined at rather
considerable absorbed doses when there is no linear relationship between

In Radiation Chemistry; Hart, E.;
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1. ERSHOV AND PIKAEV Stabilization of Electrons 7

the concentration of produced e, and absorbed dose. Therefore, thor-
ough experiments have been performed in work (47) to determine
G(e™w) in the alkaline glasses both by the EPR method and by the optical
spectroscopy. It has been found that in 10M alkaline solution the yield
of the trapped electrons equals 3.0 (=20% ).

[

g —— b
2 -
g L
=
0 1 1
250 300 350
50 oe. x,nm

Figure 3. EPR (a) and optical absorption (b) spectra of NO,*"
ion-radical in 0.IM aqueous solution of NaNO, in 10M KOH at
77°K.

The yield of the thermalized electrons which are produced during
the radiolysis of the alkaline glass has been determined by reference to
their reactions with the NO;™ ions (22). The latter ions interact with the
electrons to produce NO;?~ ion-radicals each of which yields during
defreezing 0.5 ion of NO,:

2NO,2" + H,0 = NO,~ + NO," + 20H" (10)

Hence, when the electrons are fully scavenged (which occurs when
adding 0.1M of NO;7), G(€ term) should equal 2G(NO;™). It has been
found that G(e germ) comprises 3.0 (£10% )—i.e., it equals G(€ 7).
(The full scavenging of electrons was checked by the disappearance of
e color. In these conditions G(NOs2") as measured by EPR method is
equal to 3.0 (£30% ).) Therefore, it may be concluded that in the alka-
line glass all the electrons which avoided the decay in the spurs are
captured by the traps after thermalization.

In case of the frozen solutions of other electrolytes the yield of e
are substantially less than in the alkaline glasses (see Table III). This is
explained first of all by the differences in the behavior of the thermalized
electrons. The alkali is inert relative to the electrons. In other glassy
solutions the thermalized electrons partially participate in the reactions
with the dissolved substances. Thus, in the case with 10M aqueous glass
of NaClO; the electrons partially react with ClO4™ in accordance with

In Radiation Chemistry; Hart, E.;
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Reaction 6 while for 8M solution of HCOONa the electrons react in
accordance with Reaction 7. The competition of these reactions with
Reaction 3 determines the yield of the trapped electrons.

Table III. Yields of Trapped and Thermalized Electrons from
v-Radiolysis of Aqueous Glasses at 77°K.

System Gles,) G(€ shorm) References
10M XOH in H,0 3.0 0.3 3.0 0.3 22,47
10M NaClO, in H,O 0.5=0.1 2.3 0.2 22, 47
15M LiClin H,O 0.6 = 0.1 — 29
5M X,CO, in H,O 2.0 = 0.4 2.0 21
8M HCOONa in H,O 0.9 =0.1 2.7%0.3 45

However, the yields of the thermalized electrons for each of the
solutions under consideration are much higher than the yields of the
trapped electrons (see Table III). Evidently, G(€ therm) = G(€7) +
G(R) where R is the radical product of reaction of the electrons with
the solute.

As the glasses are made of highly concentrated solutions, it may be
a priori assumed that some of the electrons are produced by the mecha-
nism of the “direct action” of the radiation on the solute. For instance,

Clo, —™*—> ClO, + ¢ (11)
OH-—**—> OH + ¢ (12)

Hence, it is essential to know the yield of the thermalized electrons
directly from glassy water. Such a separate yield of e erm has been
calculated for the alkaline glasses by measuring the yield of € term which
are fully scavenged by the NO;™ ions in the glasses with various alkali
content (22). It has been found that in 10M alkaline solution the initial
yields of € erm which appeared as a result of radiation action separately
on water and alkali and avoided the decay in the spurs, equal 3.6 and 1.9,
respectively. As it is known, G- for the alkaline aqueous solutions
amounts to 3.2-4.0. It should be mentioned that for 5M glasses of HCIO,
and 10M glasses of NaClO, at 77°K. the yield of the oxidizing component
of water radiolysis (OH radicals) equals 3.0 (=30% ) (50)—i.e., it coin-
cides with G( € therm ). This testifies to the fact that the form of state of the
substance (liquid or solid glassy body) offers no noticeable effect on the
initial yields of the radical products. This is proved also by the close values
of G(NO;") determined in the 10M aqueous solution of KOH (containing
0.1M of NO;") which has been subjected to y-irradiation in the liquid
state at room temperature and in the frozen glassy state at 77°K. (22).
For more dilute (with respect to NO;) solutions, G(NO,") is different
in these phases. This is evidently associated with the fact that in the

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch001

1. ERSHOV AND PIKAEV Stabilization of Electrons 9

liquid systems the reactions of the electrons with the solutes are checked
mainly by diffusion. In the glassy systems the probability of the reaction
is determined by the distance passed by these primary particles from the
place of their origin.

The investigation of the low temperature radiolysis of the alkaline
glasses in the presence of nitrate additions (22) has made it possible to
estimate the average and minimal distances of the electrons to the places
of their trapping. These distances are equal to ~ 40 and ~ 15A.,
respectively.

Thus, the consideration of the experimental results proves the im-
portant role played by the ion processes in the low temperature radiolysis
of the glassy water and aqueous solutions.

Alcobols and Water-Alcobol Mixtures

The trapped electrons appear also during irradiation of the glassy
aliphatic alcohols. Similarly to the aqueous glasses, the EPR spectrum
of this particle is a narrow singlet (AH — 13 — 25 oe.) with g-factor
close to the g-factor of the free electron (7, 11, 12, 25, 53). Figure 4
shows the EPR spectrum of ethylene glycol after y-radiolysis at 77°K.
and after bleaching with the visible light (53). It is clearly seen that
after bleaching the EPR spectrum loses the singlet of e, at g-factor of
the free electron.

The trapped electron in the aliphatic alcohols is characterized by
optical absorption in the visible part of the spectrum. Its absorption

H

50 oe.

Figure 4. EPR spectrum of ethylene gly-

col: (a) subjected to vy-irradiation at 77°K.

and (b) after illumination with visible light.
Dotted line is the EPR spectrum of €,

In Radiation Chemistry; Hart, E.;
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band is somewhat asymmetrical and is characterized by a more steep
drop on the side of long waves. Given in Table IV are some characteristics
of the optical spectra of ¢, in the glassy alcohols at 77°K.

Table IV. Characteristics of Optical Spectra of ey, in Glassy
Alcohols and Water-Alcohol Mixtures at 77°K."

)\maw E/\mam’ WI /2

System nm. e.v. e.. References

Methanol 514 2.41 0.83 14,15, 24
Ethyl alcohol 530 2.34 — 1
Propyl alcohol 555 2.23 — 15
Isopropyl alcohol 613 2.02 — 51
n-Butyl alcohol 505 2.45 — 1
Ethylene glycol 502 2.48 1.63 23, 24
Glycerol 485 2.55 1.78 23, 24
90% methanol + 10% water 514 2.41 0.83 24
70% methanol + 30% water 526 2.35 0.79 24
50% methanol + 50% water 540 2.29 0.84 24
30% methanol + 70% water 550 2.25 0.78 24
90% ethylene glycol + 10% water 507 2.44 1.47 23,24
80% ethylene glycol + 20% water 520 2.38 1.41 23,24
60% ethylene glycol + 40% water 540 2.29 1.25 23, 24
40% ethylene glycol + 60% water 554 2.23 0.98 23,24
20% ethylene glycol + 80% water 585 2.12 0.87 23, 24
80% glycerol + 20% water 505 2.45 1.48 23, 24
60% glycerol + 40% water 525 2.36 1.22 23, 24
40% glycerol + 60% water 548 2.25 0.84 23, 24
20% glycerol + 80% water 581 2.13 0.79 23, 24
10M HCHO in H,0O 590 2.12 0.83 20

4-5M glucose in H,O 560 2.21 0.95 52

“ The composition of the water-alcohol mixtures is given in mole percents.

Recently it has been found that the stabilization of the electrons
occurs also in the glassy water-alcohol mixtures (23, 24), solutions of
formaldehyde (20), and in a less degree, in the solutions of acetaldehyde
(20) and solutions of some carbohydrates (52). Shown in Figure 5 is
the EPR spectrum of the y-irradiated 10M glass of HCHO in H,O (a)
and in D;O (b) (20). In the central part of the spectra there is seen
the singlet of e, shown in dotted lines. In case with H,O the width of
the line comprises 11 = 1 oe. while for D,O it is narrowed to 4.5 == 0.5 oe.
The signal is rapidly saturated with the increase of the microwave power.
The characteristics of the optical absorption of e7,. in this system are
given in Table IV. The illumination with the visible light results in
disappearance of the EPR spectrum and optical absorption of e7,. The
stabilization of the electrons in the water-formaldehyde glasses is ex-
plained by the fact that the aqueous solution of formaldehyde is an

In Radiation Chemistry; Hart, E.;
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Figure 5. EPR spectrum of 10M aqueous solu-

tion of HCHO in H,O (a) and in D,O (b) sub-

jected to +y-irradiation at 77°K. Dotted line is
the EPR spectrum of €7,

equilibrium mixture of monohydrate of HoC (OH). and low molecular
polymers of the general formula HO(CH,O),H—i.e., it is essentially the
aqueous solution of methylene glycol and its ethers which are low reactive
in relation to the electrons. The content of non-hydrated monomer HCHO
which effectively scavenges the electrons is very low in the aqueous
solutions. With a transition to acetaldehyde and propionic aldehyde the
concentration of the non-hydrated molecules substantially increases and
hence adds to the possibility of the reaction of € therm With formation of
radicals CH;CHO™ and CH;CH,CHO", respectively. Actually, if in the
solutions of CH;CHO the stabilization of the electrons is only slightly
displayed, as is the case with CH;CH.CHO, there are no trapped elec-
trons at all (20).

Similar effects take place with the glassy solutions of carbohydrates
which are also characterized by the presence of the hydrated forms. The
formation of e, has been found in the solutions of glucose, galactose,
sorbose, rhamnose, maltose, and saccharose (52). For instance, in the case
of 4-5M solutions of glucose the EPR spectrum of e’ is essentially a
narrow line with AH 10 = 1 oe. in H,O and 5 + 1 oe. in D-O (see
Figure 6). The parameters of the optical band of ¢7, in these solutions
are given in Table IV. In the system under consideration G(e’.) = 1.5
(£50% ).

In accordance with (23, 24), the optical spectrum of e’ in the
water-alcohol glasses has only one maximum. With an increase in the
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water concentration the maximum is gradually shifted to the long wave
region (see Table IV). In the ethylene glycol-water and glycerol-water
mixtures EApax of the trapped electron is proportional to the mole fraction
of alcohol. Therefore, the extrapolation of the value of Erpayx to the zero
concentration of alcohol in these mixtures has made it possible to deter-
mine the position of the maximum of e, absorption in the hypothetic
glassy ice (610 nm.). The values of G(e™:) have been estimated for the
mixtures of water-ethylene glycol (53). It has been found that G(e)
equals 1.5 (#+30% ) irrespective of the composition of this mixture.

Figure 6. EPR spectrum of 4M aqueous solution of

glucose in H,O (a) and in D,O (b) subjected to 7y-ir-

radiation at 77°K. Dotted line is the EPR spectrum
Of €tr

In the water-alcohol mixtures e, disappears during photo-annealing
but as distinguished from the aqueous glasses of the electrolytes these
mixtures are characterized by the appearance of additional radicals of
type RCHOH (see 14, 15, 20, 53) in the EPR spectra in almost equivalent
concentrations. This is explained by interaction of the electrons with the
positive ions produced during irradiation of alcohol. Evidently, the first
stage of such processes is the neutralization of the positive ions:

R—CH, — OH,* + ¢ — [RCH,0H]* > R—CH,—OH + H  (13)
H atoms produced participate in the dehydrogenation reaction:

R—CH,—OH + H — R—CH—OH + H, (14)
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Crystalline Ice

The neutral pure ice is a crystalline formation. Khodzhaev et al.
(48) have established that under long vy-irradiation stabilization of the
electrons in ice will be observed. Figure 7 shows the absorption spectrum
of ice subjected to y-irradiation at 77°K. Band with Amax = 280 n.m.
(e =~ 450M™ cm.™?) is because of the radical OH; e, absorbs the light
in the visible part of the spectrum (Amay is about 620 n.m.). The yield of
€’ in this system is very low (~107 electrons/100 e.v.). The concentra-
tion of the trapped electrons is very low; therefore, these electrons are
not displayed in the EPR spectrum. It should be stressed that the value
of Amax Of the trapped electron practically coincides with the value of
Amax for €7 in the hypothetic glassy ice.

1.0

o o o
Y [o)] @
T T T

Optical density

o
nNo
T
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0 1 T
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Figure 7. Optical absorption spectrum of crystalline

ice: (1) subjected to +y-irradiation at 77°K.; (2) after

illumination with visible light; (3) after warming to

143°K.; (4) spectrum of e, obtained by difference be-
tween Curves 1 and 2

It has been found (56, 59, 60) that ice irradiated by the electron
pulses at 263° to 203°K. gives rather intensive short-life optical absorp-
tion with the peak in the region of 630 to 680 n.m. It has been determined
(56) that the intensity of the absorption substantially increases with the
temperature growth. The authors of the aforementioned publications
explain this absorption in various ways. In accordance with Nillson et al.
(56), the absorption is caused by the hydrated electron. By the opinion of
Shubin et al. (59, 60) the absorption under consideration is not caused by
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the electron-dipole interactions but is caused by the electron interactions
only—i.e., by the particle of the exciton type. However, the detection
of the optical band of e, in the crystalline ice irradiated at 77°K., in
the same region of the spectrum as in ice at 263° to 203°K., speaks in
favor of the first interpretation. The theoretical aspects of this process
are discussed in the next section.

On Nature of Trapped Electrons

The stabilization of the electrons most probably occurs on the traps
in the field of the oriented dipoles of the polar molecules. In this case
the line of e, in the EPR spectrum is actually an envelope of the un-
resolved hyperfine structure brought about by the interaction of the
electron with the surrounding protons. Ershov et al. (19) made an at-
tempt to estimate, by the direct method, the region of such delocalization
of the electron. The analysis of the shape of the EPR line of e, in the
alkaline glass by the method of linear anamorphosis has shown that
when the matrix is of a unique isotope composition (H or D) this line
is actually a Gaussian curve. However, this shape of the line is not
exactly traced in the mixtures of HyO and D,O. By the form of de-
pendence of the second moment and 1/4(AH)? on the isotope composi-
tion it has been shown that the line of e, is an envelope of the hyperfine
structure which is a function of the interaction of the trapped electron
with 8 == 1 protons. (Earlier the similar conclusions on the basis of sev-
eral approximations have been drawn in References 54 and 55. The same
conclusion has been made by the authors of recent publication (65).)
The similar result has been obtained in measuring the width and the
number of spin-packets of the e, signal by the method of continuous
saturation. (It has been found that the width AH, of the spin-packets
is equal 1.7 oe. This corresponds to the local concentration of the para-
magnetic centers which exceeds by two orders the average concentration
of e7..) For the case of the magnetic-equivalent nuclei in HyO, it has
been established that the distance between the components of the un-
resolved hyperfine structure comprises 5.1 oe.

The conclusion on the delocalization of e, on the surrounding polar
molecules of the medium is evidently also true for the aqueous glasses
of other electrolytes. (For most compact packing the effective radius of
delocalization 74 =— 27,0 + Teav ~ 3.4 A. where 0 and re,y are the
radii of the water molecule and “cavity” limited by four molecules of
HO respectively.) They also display the similar dependence of AH on
the isotope composition of water (see Table I). In the case of aliphatic
alcohols AH of the singlet of e, becomes less when the atoms of H in
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the OH groups are replaced by the D atoms (7, 12). However, the re-
placement of H by D in the alkyl group of the alcohol molecule has no
noticeable effect on the amount of AH. This testifies to the fact that in
the aliphatic alcohols the electron is stabilized in the field of the oriented
hydroxyl groups.

Deigen and Pekar (16) have shown that in the polarons the energy
correction caused by the hyperfine interaction equals zero in the first
approximation. Hence, the width of the polaron line determined by the
hyperfine interaction also equals zero. At the same time for the local
electron centers such an interaction is actually a predominant factor
which determines the width of the line. This makes it possible to dis-
tinguish by way of experiments the polarons from the local electron
centers. Evidently, the solvated electrons produced during irradiation
of the polar liquids are the mobile polarons. At low temperatures the
polarons are stabilized in the form of local electron centers (peculiar
F-centers) (6, 19). Actually, in the metal-ammonia solutions the width
of the EPR line of the solvated electron comprises some hundredths of
oersted; however, the freezing of the solution at 77°K. results in widening
of this line up to 3.4 (37) or 11 (58) oe.

The electrons are stabilized on the structural defects in the field of
definitely oriented polar molecules. If this is the fact, then the role played
by the glassy state in the electron stabilization becomes clear. This state
is characterized by a random arrangement of the molecules and hence
by high concentration of the suitable traps. In the first approximation
the number of the traps may be evaluated by reference to the maximal
concentration of the trapped electrons obtained at high absorbed doses.
For the alkaline glasses it equals about 108 gram™. The nature of de-
fects in which the electrons are trapped is not clear. Evidently the
electrons are located in “cavities” and other defects available in the
glassy structures. It is not excluded that such defects with trapped
electrons are localized in the proximity of positive holes—places of radia-
tion-induced formation of O" (in the alkaline glasses), OH or H;O* (in
the neutral aqueous glasses), and ROH," (in the alcohol glasses). In
the case of alkaline glasses this is proved by high local concentration of
the radicals (19). Hence, we can consider the trapped electron in this
systems as peculiar F-center.

Evidently, in case with the glasses, the traps will differ by the degree
of direction of the molecule dipoles and sizes of “cavities.” Experimen-
tally, this will be displayed in a considerable dispersion of trapping
energy.

It has been found (24, 47) that during a partial photo-annealing of
the electrons by the filtered light the intensity of the e, absorption band
is reduced, the maximum is shifted and Wy, becomes less (the limited
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value comprises about 0.5 to 0.6 e.v.) (see Figure 8). This testifies to the
fact that the optical band of e7, is an envelope of a large number of the
electron absorption lines differing in electron trapping energies.

1l 06
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Figure 8. Optical absorption spectra of e, in 10M solution of KOH (a, b)

and in water-methanol mixture (c, d) before partial photo-annealing (a, c)

and after partial photo-annealing (b, d) by monochromatic light with wave-
length of 700 (b) and 650 (d) n.m.

Thus, there exists the dispersion of the energies of electron trapping
by the polar matrix, which ensures relatively large values of Wy, of the
optical bands of e¢7,. In the event of aliphatic alcohols, Wy,, increases
with the increase of the size of the medium molecules. Evidently, the
greater the sizes of the solvent molecules, the broader is the energetic
complex of the traps and the wider is the absorption band of e, It is
worth while mentioning that the value of W, increases with the growth
of the value of E\pay of the trapped electron in the given system.

The theory of polarons and F-centers is given in detail by Pekar (57).
Although this theory has some inexactitude (38), it explains principally
the transformation of mobile polaron in liquids into unmobile F-center
in frozen systems at low temperatures. Table V gives the results of the

Table V. Effective Masses of Trapped Electrons in Polar Glasses”

System w/m —E,,, e.v. —E,,, e.v.
Hypothetic glassy ice 2.5 3.74 1.71
Methanol 2.7 4.28 1.90
Ethyl alcohol 2.8 4.15 1.81
Propyl alcohol 2.3 341 1.44
Isopropyl alcohol 2.4 3.51 1.49
n-Butyl alcohol 2.9 4.14 1.72
Ethylene glycol 3.8 4.53 2.03
Glycerol 4.1 4.35 1.81

® The calculations were based on the assumption that the glasses at 77°K. have the
same dielectric constants as the respective liquids at room temperature.
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approximated calculations of w/m values (u—effective mass of the
polaron, m—mass of the electron) for e, in some glasses. Table V also
contains the computed values of E;, (the energy in the ground ls-state)
and E,, (the energy in the excited 2p-state). The effective masses ob-
tained are relatively close to the values for the solvated electrons in the
same substances in the liquid state (24). This agrees with the require-
ments of the polaron theory (57).

Similar calculations with the account for the electronic polarization
of the dielectric have been performed by Kevan (43). It has been found
that u/m of the hydrated electron in the liquid water and of e, in the
alkaline glass at 77°K. equal 1.07 and 1.27, respectively.

On the basis of a definite analogy between e, and F-centers we
may expect the appearance under certain conditions of (€7 ).~ particles
of the type of F’-centers. From the polaron model (57) it follows that
the bipolaron (two electrons localized in a common polarization well)
can not exist. In accordance with the work of Vinetskii and Giterman
(63), in some cases the formation of the “bipolarons” becomes energeti-
cally possible in the result of interaction of the polarization wells of two
separate polarons. However, the saving in energy for such bipolaron
states is not large and hence they will not be stable in liquids under room
temperature. Actually, up to the present time a series of attempts have
been made to detect (e€7,)» in the irradiated liquid water but these
attempts were not successful. The polaron theory (57) predicts that
F’-centers (two electrons in the anionic vacancy) may be stable. For this
it is necessary that the ratio ¢/n* (¢ and n? are the static and optical
dielectric constants, n—refraction index) should be more than 1.5. Evi-
dently, in the glassy systems under consideration this requirement is
fulfilled.

Khodzhaev et al. (44, 45) have obtained data on mutual transfor-
mation of e, and (e7)s. This effect has been revealed on the basis of
the following conceptions. In the alkaline glass the electrons react during
the photo-annealing with radicals O™ and formation of the diamagnetic
particles (7). is hardly probable. However, when introducing into the
alkaline glass some scavengers of ions HoO* which are the precursors of
radicals O~ the generation of the latter is suppressed while the free-radical
products produced may be less reactive in relation to the electrons so
that the appearance of (€7, ); during the photo-annealing or in the course
of y-irradiation becomes quite possible.

It has been determined that formates, carbonates, and CH;OH
may be used as scavengers. The maximal effect has been observed
for the glassy aqueous solution of 10M NaOH -+ 1M HCOONa. The blue
color which appears in the result of y-irradiation at 77°K. is caused by
e and is easily annealed by the visible light. If the photo-annealed
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Figure 9. Optical absorption spectrum of e, in

aqueous glass 10M NaOH + IM HCOONa: (1)

after vy-irradiation at 77°K.; (2) after illumination

with visible light; ( 31) after warming bleached sam-
ple to 133°K.

sample is then heated at 130°K., about 30—40% of the original color will
reappear (see Figure 9). Such a procedure may be performed repeatedly
without a substantial change in the concentration of the e’ which
reappeared. By the EPR method it has been revealed that during the
photo-annealing the singlet caused by e disappears but after heating
the bleached sample it is partially (approximately by 30-40% ) restored
(see Figure 10).

|IOO oe.

Figure 10. EPR spectrum of aqueous glass 10M

NaOH + 4M HCOONa: (a) after y-irradiation at

77°K.; (b) after illumination with visible light; (c)
after warming bleached sample to 133°K.
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Evidently, it is connected with formation of the diamagnetic bi-
electron center (€7 ). during the photo-annealing; during heating these
particles are decomposed into e%,. There has not been revealed any
distinct optical absorption in the visible part of the spectrum belonging
to (ew)2. Evidently, this is explained by the fact that the given particle
has a very wide absorption band and relatively low extinction coefficient
as compared with e,. Nevertheless, the illumination of the bleached
sample by the light with the wavelengths over 700 n.m. results in a partial
reappearance of ¢, color. This surely points to absorption of the light
by (e7tr)2- centers in the given region.

The revealed effect is absent in the neutral aqueous and alcohol
glasses. In these systems during photo-annealing e, evidently interacts
with the ions of H;O* or ROH,'. However, it may happen that (€7 )s-
centers formed during recombination of the electrons are generally un-
stable in these systems.

The formation of the bielectron centers under long y-irradiation of
the alkaline glasses at 77°K. has been recently shown by Zimbrick and
Kevan (64).

The polaron-type model of solvated electron was properly treated in
References 35, 38, and 39. It is assumed that the electron is located in the
spherical “cavity,” the potential beyond the “cavity” being con-
tinuous and the potential inside the “cavity” being constant. In this
model parameter u is replaced by some other parameter-radius 7, of the
“cavity” and the contribution of electron polarization into the depth of
potential well is taken into consideration. Table VI (columns 2-8) gives
the results of calculations of EAmax for e at various values of r, (24).
Table VI also contains the obtained values of the radii of average distri-
bution of the electron charge in the ground (1s) and excited (2p) states.

It is known (2, 24, 40) that some properties of the solvated electrons
are correlated with the similar properties of the halide ions in the solu-
tions. It may be assumed that the solvated or trapped electron is essen-
tially a hypothetic ion (X), (where X is the solvent molecule or its polar
part) located in the “cavity.” If we then slightly modify the well-known
theory (61) of light absorption by the halide ions in the solution to adapt
it to e, or ey, then it becomes possible on the basis of the experimental
data to calculate the effective radii of the “cavity” wherein the considered
particles are localized. (According to this theory, halide ion is located in
the “cavity” formed by the solvent molecules.) The results of the respec-
tive calculations (24) for e, are given in the last column of Table VI.
It is clear from Table VI that the values of 7. determined with the help
of one theory are rather close to the values of r,, obtained with the use of
another model.
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Table VI. Calculated Values of Radii of

System o Al —E,, e.v. —E,, e,
Hypothetic 1.50 3.426 1.623
Glassy ice 1.30 3.679 1.647
Methanol 1.00 3.970 1.590

0.95 4.051 1.593
Ethyl alcohol 1.00 3.730 1.467
0.95 3.805 1.469
Propyl alcohol 1.00 3.560 1.383
0.95 3.630 1.385
Isopropyl alcohol 1.20 3.264 1.350
1.10 3.385 1.356
n-Butyl alcohol 0.75 3.721 1.299
0.70 3.797 1.300
Ethylene 0.85 3.758 1.403
Glycol 0.80 3.897 1.404
Glycerol 0.70 3.799 1.302
0.65 3.876 1.302

¢ See footnote to Table V.

Still there is no chance to find some experimental criterion for check-
ing each of the described theories. It should be stressed that the
polaron model of the “cavity” with the localized electron is definitely
proved by the volume expansion of ammonia when adding the alkali metal
to it (38). Besides, on the basis of any of the “cavity” theories it becomes
comparatively easy to explain the results of investigation of e photo-
annealing—i.e., the dispersion of the trap depths, and temperature de-
pendence of Elga. of the electrons. In this connection it is rather
desirable to find some approach to determining the sizes of the “cavities”
for the electrons in the irradiated polar systems, as it has been done for
the metal-ammonia solutions.

The crystalline ice with its highly ordered structure has only few

“places with properly oriented molecules of water. This explains very low

yield of e, in the given system. The orderliness of the structure also
explains slight dispersion of the trap depths which is displayed in the
relatively small W, value of the e, optical band (~ 0.4 e.v.) (48).
Evidently, when such traps are absent at all, the trapped electrons are
not produced. Actually, it has been found recently (4) that in the perfect
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“Cavities” for e, in Polar Glasses at 77°K. (24)

E\naas €.0.

Cal. Exper. 16 A. Tops A. Terpr A
1.803 2.78 5.10

3.09
2,032 2.03 9.59 5.00
2,380 941 9.34 5.03
2.458 2.30 5.02 2.77
2.963 9.43 5.33 0,83
2.336 9.34 2.39 5.34 :
9.177 2,50 5.61
2.945 2.23 2.45 5.59 2.93
1.914 92,72 5.72 s11
2.029 2.02 2.62 5.69 :
9,492 2.34 5.87
2,497 245 9.99 5.86 2.75
2.355 2.40 5.75 26
2,493 2.48 2.36 5.75 '
9,497 9.34 6.02
2.574 2.55 2.98 6.02 272

crystals of alkaline ice (NaOH X 3.5 H,O) subjected to y-irradiation at
77°K. G(€7¢) = 0.

With an increase of temperature the number of traps in the crystalline
ice becomes greater because of the greater mobility of the dipoles. This,
evidently, will result in the increase of the electron yield. As it has been
already mentioned, in ice at 263° to 203°K. the intensity of the optical
absorption in the visible part of the spectrum increases with the growth
of temperature (56, 59, 60). As this absorption belongs most probably
to the hydrated electron, this phenomenon proves the conclusion. At the
temperatures under consideration the traps are not fixed. Hence, in the
given case the electron is characterized by a relatively short life which is
less than the time of the dielectric relaxation of the medium. It would
seem that when calculating the energy of the electron self trapping it is
necessary to use not Dy of the medium but the dielectric constant at the
frequencies corresponding to the time of life of the particle under con-
sideration (43, 59, 60). However, as the electrons are localized in the
traps with properly oriented water molecules, evidently, Dy; should be
used in these calculations. Then the experimentally observed shift Amax
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of €74 in ice to the short-wave region in comparison with liquid water
may be qualitatively explained by the polaron theory (57).
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Theory of Radiation Chemistry. IX. Model
and Structure of Heavy Particle Tracks
in Water

A. MOZUMDER, A. CHATTERJEE and J. L. MAGEE

Department of Chemistry and the Radiation Laboratory, University of
Notre Dame, Notre Dame, Ind. 46556

This paper describes the structure of heavy particle tracks
in water with special reference to the highly charged ions
of carbon through neon. Range, effective charge and con-
tribution of charge changing processes to total energy loss
have been computed as a function of particle energy and
quality using a Monte Carlo procedure. Bohr’s formulas
have been used for electron capture and loss with slight
modifications to adapt to the present case. A model of
heavy particle tracks has been proposed for use in radiation
chemistry. This consists of a core of high ionization density
surrounded by emergent secondary electrons of lower ioni-
zation density. Extension of the present model to protons,
a-particles and fission fragments is briefly considered.

Heavy positively charged particle radiations in the form of protons,

deuterons and alpha-particles have been used for a long time in
the radiolysis of liquids (2, 5,7, 9, 15, 16, 19, 20). Fission fragments have
also been used (4). Recently particles of higher charge and mass
than protons or alpha-particles—e.g., bare carbon nucleus—have be-
come available from the heavy ion linear accelerator (HILAC) and
are being used in radiolysis with interesting results (17, 18). Never-
theless, at the present time an adequate discussion of the structure
of heavy particle tracks starting from first physical principles does
not seem to exist in the literature. For a long time these tracks have
been considered to have the same basic ingredients as low LET
tracks. Here and in what follows LET (linear energy transfer)
refers to the energy deposited in the medium by a charged particle
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over unit track length. Spurs, which are distantly-spaced in low LET
tracks, have been thought to overlap so densely on a heavy particle track
that a cylindrical column resulted (6, 14). Recently, a more refined
model for low LET tracks in water has been proposed by the authors
(11, 12). However, no such comparable model is available at present
for heavy particle tracks. The purpose of the present paper, therefore,
is to construct a reasonably physical model for heavy particle tracks with
special reference to aqueous media. Hopefully a sufficiently simple
description has evolved which should allow immediate application in
such experimental situations as radiolysis, specific luminescence, etc.

Much of the work reported here considers the bare nuclei C%, N7,
0%, F?, and Ne!"* as the incident radiations. However, the results so
obtained can be applied to protons, deuterons, and alpha-particles on
one hand and fission fragments on the other without serious difficulty—
i.e., with only some quantitative differences.

The interaction of a heavy positively charged particle with matter
differs from that of particles of low stopping power (essentially high
speed electrons in most experimental situations) in two essential aspects,
viz. (1) charge exchange with the medium molecules and (2) production
of secondary electrons. Charge exchange—i.e., the capture and loss of elec-
trons by the incident positive particle—provides additional mechanisms
of energy loss and at the same time extends the range of the incident
particle because the effective charge decreases gradually as the particle
penetrates farther into the medium. It will be seen that in the energy
range of interest the actual energy loss owing to charge exchange is quite
small whereas the range extension is substantial. The secondary electrons
for a heavy particle radiation are frequently ejected almost perpendicu-
larly to the track axis. Their maximum velocity may approach twice
that of the incident particle; but even at that they share only a small
fraction of the incident energy in a given single encounter. In many
cases of interest, secondary electrons generate tracks that have lower
stopping-power compared with that of the main track. We, therefore, have
a picture of a core of high LET shrouded by an envelope of lower LET.
In the subsequent sections we will attempt to develop this picture quanti-
tatively with special emphasis on energy partition between the core and
the outside.

Cross-Section for Electron Capture and Loss: Energy Loss in
Charge Exchange Processes

When a bare nucleus is injected into a medium it eventually captures
an electron while being slowed down by the creation of ionizations and
excitations in the medium. If the incident particle velocity is in excess
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of the ls-orbital velocity of an electron around the ion then the first
capture will take place in the K-shell. However, the captured electron
will soon be lost in forthcoming collisions. Another electron will be
captured in the K-shell and subsequently lost as well. The interplay
between capture and loss continues till the particle velocity has become
so small that further loss of the captured electron is energetically impos-
sible; an electron is now permanently bound to the incident particle.
The probability that a second electron will be captured by the inci-
dent particle now becomes significant. The cycle of events follows
essentially the same course as in the capture of the first electron—i.e.,
after an initial sequence of capture and loss the second electron is also
permanently bound when its loss becomes energetically forbidden. The
incident particle is thus gradually neutralized and subsequently ther-
malized. For high speed particles of interest in radiation chemistry, the
incident particles retain a substantial amount of their initial charge during
most of their range. However, even a single capture or loss at a time
alters the local stopping power drastically; in the final result the range
is extended, sometimes by a considerable amount. We are, therefore,
interested in the cross sections of electron capture and loss by positive
ions. These cross sections determine the equilibrium charge distribution
of an ion as a function of its velocity.

There is no rigorous theory of charge exchange between an ion and
the molecules of a medium into which it penetrates. Here we shall follow
the classical treatment of Bohr (3) with indicated modifications to suit
the present case. According to this treatment, electron capture is envis-
aged as a succession of two processes: first, ionization of the medium
molecules with the ejected electron having at least the speed (v) of the
incident ion, and secondly, capture of the ejected electron into an orbital
of the ion. Thus, the cross section for capture is given by

o = a3(v)wp(v) (1)

where o;(v) is the cross section of ionization with a minimum speed v
of the ejected electron; v is the number of ionizable electrons in the
molecule and p(v) is the probability that an ejected electron of appro-
priate speed will actually be captured by the ion. Using the Rutherford
cross-section for ionization by collision, ignoring the small binding energy
of the electron in the molecule compared with the large kinetic energy
imparted to it and recognizing that the maximum velocity that can be
transferred to an electron by a heavy ion is 2v, we obtain the following
equation for ¢;(v)

0i(0) = 3nZ;2ay?(vo/v)* (2a)

where Z, is the ionic charge in units of e, the magnitude of the electronic
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charge aq, is the Bohr radius and v, is the velocity of an electron in a
Ls-orbital of an H-atom. For a medium having atoms of high atomic
number, Bohr derives v from the Thomas-Fermi model. In our case
dealing mostly with aqueous media, this procedure is quite unacceptable
since by this one gets a value of v greater than Z,, the total number elec-
trons in the water molecule for high speeds of the incident ion. For our
purpose, therefore, we take v — Z, which has the value 10 for water.
According to Bohr, p(v) is given by the ratio of volumes of momentum
spaces occupied by the electron in the captured and free states. Hence,
if the capture takes place in an orbital with principal quantum number
n, then

p(v) = (Zy0o/n0)? (2b)
Inserting Reactions 2a and 2b into Reaction 1, we get
00 = 31Z2a¢*Z;° (v /)7 /nd. (3)

At first n = 1. When the K-shell is filled, we must use n — 2 for further
captures in the L-shell.

The phenomenon of electron loss is best described as an ionization
of the incident ion when looked at in its own reference frame. In this
description the electron bound in the ion is being bombarded by elec-
trons as well as nuclei of the medium. As may be expected, nuclear
bombardment is more effective than electronic in ionization of the ion.
A minimum energy I,, equal to the binding energy of the electron in the
ion, is required for ionization to occur. The maximum energy that can
be imparted, considering nuclear collisions, is 2mv?, m being the elec-
tronic mass. For electronic collisions, the maximum energy transfer is
(1/4) mo? but this difference will be ignored. The error introduced is
negligible in view of the smallness of the contribution of electronic col-
lision to this particular process. Using Rutherford’s classical collision
description again, the cross-section for electron loss for each electron
bound with an energy I, to the ion is given by

et (Z2 + Zy)

? (1/I, — 1/2mv?).

[
Utilizing the relation ¢2/a, — mv,? and defining Z. through the equa-
tion I, = $mvy®Z.?, we get the following equation for the electron loss
cross-section per bound electron.

o1 = 2ma¢® (Z5* + Z) (09/0)2(2/Zete® — (0o/0)?/2) (4)

The quantity Z. is related to the principal quantum number n and Z*,
the charge seen by the least bound electron in the ion, through the
equation Ze; = Z*/n. In turn, Z* is given by the following expressions
as appropriately applicable:
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(1) Z, the nuclear charge of the ion, when the K-shell has one
electron,

(2) Z — 0.3 when K-shell is completely filled, and

(3) 065 (Z — 1) + 0.35 Z; when K-shell is filled completely but
L-shell only partially.

In the above, cases (1) and (2) imply Z; > Z — 2 and case (3)
implies Z; << Z — 2. In special situations, for example when an electron
is bound in a higher orbital leaving the K-shell empty owing to small
velocity of the incident ion, appropriate value of Z* may be obtained by
considering the ionic charge and Slater’s screening constants.

In Figure 1 cross sections for electron capture and loss by a carbon
ion in aqueous media are given. Curve A represents the case of the loss
of a single electron bound in the K-shell of the carbon ion for which Z.
— Z — 6. This cross section has a maximum of 0.56 A2 at v/vo = Z/+/3
— 4.24 and it falls to zero at v/v, = Z/2 = 3; both of these conclusions
may be seen by examining Equation 4. For v < Zvo/2, loss of the single
electron bounded in the K-shell of the ion is energetically impossible;
however, if a second electron is captured, then one of these electrons
may be lost with a cross section which is again given by Equation 4 with
the new appropriate value of Z.;. Curve B shows the case of electron
capture by a bare carbon ion into its K-shell. This curve is computed
from Equation 3 which is strictly valid for very high incident velocities.
Actually the relevant cross section must be zero at v/vy = Z = 6 since
for smaller velocities capture in the K-shell is energetically impossible;
hence we place a vertical cut-off on Curve B at the appropriate place,
viz. at v/vy = Z. For v < ZV,, electron capture is permissible by a
bare nucleus in the L-shell; this cross section is given by Equation 3 with
n = 2 and shown by Curve C which has the same shape as that of B
with a cut-off at v/vy = Z/2 = 3.

Other special cases (such as capture and loss of electrons by ions
which have already one or more electrons permanently bound to them)
may be treated by consideration of Equations 3 and 4 with appropriate
values of Z; and Z.;;. However, these have not been shown in Figure 1.

Both electron capture and loss represent special cases of energy loss
of the incident particle. In the case of electron capture, an electron must
be ionized from the water molecule and it must be given a minimum
speed v. The energy to effect this process must come from the particle.
The energy requirement is somewhat reduced because of the binding of
the electron in the ion. Hence, the energy loss in the electron capture
process is given approximately by

Eg=1I, + m(v? — Zg?0y?) (5)
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where I, is the mean ionization potential for an electron in the water
molecule and Z.; must be calculated considering the ionic charge Z,
after the capture has taken place. Ignoring the small contribution owing
to K-ionization and using a logarithmic average, we obtain I, = 17 e.v.
Usually in Equation 5 other terms are small compared with mov2. In elec-
tron loss the ejected electron has a speed of approximately v in the
laboratory frame and hence the energy loss in this process is simply
given by

Ep =1, + Imo? = Im (02 + Z2002). (6)
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Figure 1. Graphs of cross sections of elec-
tron capture (B and C) and loss (A) by carbon
ions in water as a function of velocity. For
capture, a bare nucleus is considered whereas
for loss the ion considered has one electron
bound to it in the K-shell before the occur-
rence of the process. Bohr’s formulas are used
with some modifications (see text). Notice
that when the velocity is less than the K-or-
bital velocity, capture may only take place at
higher orbitals
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Range-Energy Relation: Extension of Range Owing to Charge Exchange

For the purpose of the present work, range is defined as the distance
the particle travels before its energy is reduced to 0.25 Mev./n. We use
a Monte Carlo procedure in conjunction with Bethe’s stopping power
to calculate the range. This is described as follows.

On entering the medium, the first charge exchange process experi-
enced by a bare nucleus is an electron capture. The distance that the
particle moves before this happens is given in a Monte Carlo scheme by

l; = (1/Ng,)In(1/X,) (7)

where N — number of molecules in the medium per unit volume, o, is
an appropriate capture cross section and X; is a uniformly distributed
random number between 0 and 1. After this, the next charge exchange
process is either the loss of the captured electron or a further capture
with cross section denoted by o, and o, respectively. Accordingly, an-
other random number X, is selected and the decision is for an electron
loss if Xy < 01/ (o + o1); otherwise, it is for a further capture. In either
case the distance travelled by the incident particle in the meantime is
given by the same basic Formula 7 with o, or o replacing o, as the case
may be and X; standing for a new random number. The energy loss of
the incident particle is given by the sum of energy losses owing to
(1) charge exchange which is given by Equation 5 or 6 as applicable
and (2) ordinary stopping by creation of excitation and ionizations in
the medium which is given by Bethe’s formula:

—dE /dx = (4xZ,2¢* /mv2) NZyIn (2mv? /1), (8)

where I is the “mean excitation potential” having the value of 65 e.v.
for water.

In using Equation 8 above, one takes a value of Z, that is appropriate
between successive charge changing collisions and one integrates the
stopping power along the free length for charge exchange if velocity
varies significantly over it. In the very last charge changing free path
an adjustment of path length is necessary to bring the energy down to
the desired value. The sum of the free paths now is the range in a given
trial.

Machine calculations have been made in which the computer does
the bookkeeping with regard to range, energy losses caused by electron
capture and loss, total energy loss, etc. in a large number of trials and
then finally averages these quantities and finds their r.m.s. dispersion.
The entire set of calculations have been done for incident bare nuclei of
C through Ne and for each particle with incident energies starting from
10 Mev./n down to 1 Mev./n in steps of 1 Mev./n. Results of range
calculations are shown in Figure 2 as a function of initial energy and
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Figure 2. Range-energy plot of heavy positively charged ions

in water according to the Monte Carlo method. All ions enter the

medium as bare nuclei. At high velocities a square law is ex-

pected whereas at low velocities range is quite well described by
a combination of a linear and a quadratic term

particle quality. A comparison with Northcliffe’s (13) computed ranges
for the same particles in Al shows qualitative similarity. Within the
scope of initial energies studied in the present case, range-energy relation
can be accurately described by a fifth-order polynomial as given below
5
R = Z aiEi. (9)
i=1

The values of the coefficients a; for various particle qualities are shown
in Table I; in this it is understood that R is expressed in microns and E
in Mev./n.
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Table I. Coefficients in the Range-Energy Relation in Water
Expressed as a Fifth-Order Polynomial

Particle a, a, a; X 10 a, X 107 a; X 10°
C 5.341 4.635 —-1.770 .738 —1.297
N 4.675 4.844 —3.216 1.539 —1.956
o 4.091 4.693 —3.396 1.574 —1.353
F 2.853 4.871 —3.743 1.569 2.511
Ne 3.803 3.914 —2.365 .895 — .165

A hypothetical heavy particle of mass M and charge Z penetrating
a medium without any charge exchange has a range given to a good
approximation by

Ry = R,(v)M /Z2 (10)

where nuclear elastic collisions have been neglected and R,(v) denotes
the range of a proton in the same medium having a starting velocity v
equal to that of the heavy particle. From Equations 9 and 10 we may
now define the extension of range caused by progressive lowering of
charge as the heavy particle penetrates the medium as follows:

R = R-R,

As expected, for a given particle, the fractional range extension is more
at smaller incident velocities and for a given velocity it is more for a
particle of higher Z. It is customary (10) to display range extension as a
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Figure 3. Plot of C, = Rext. Z¢/*/M as a function of v/(Zv,). The

approximate universal curve is indicated by the full line
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plot of C; = RewZ?3/M against v/Zuvy; this is shown in Figure 3. To
evaluate Ry, we have used the proton ranges in water given by Barkas
and Berger (1) with appropriate correction for the residual range at
0.25 Mev./n. If the Fermi-Thomas model happens to be a good approxi-
mation in a given case, one expects a universal curve (1). Experimental
verification of this expectation is available for emulsions (8). In our case
we get a universal curve for v/vy < 2Z; above this velocity there is con-
siderable scatter. However, it is possible to indicate a mean curve which
is shown by the full line. Of course we do not expect the consequences
of Fermi-Thomas model to hold to great accuracy in the case of an
aqueous medium.

Figure 4 shows, as a function of particle quality and initial energy,
a plot of the percentage of total energy that is spent in charge exchange
processes. In this, entire slowing down of the particle has been con-
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Figure 4. Graph of percentage contribution of charge exchange processes to

energy loss as a function of particle energy and quality according to the Monte

Carlo method. To avoid overlap of curves, the quantity plotted is the per-
centage + D, where D has values for particles as specified
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sidered. This percentage, as expected, behaves in the same fashion as

range extension, that is it is more for a particle of higher charge and
lower velocity.
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Figure 5. Root mean square charge of positive ions in water as a function of

their energy per nucleon according to the Monte Carlo method. Ion charge

approaches bare nucleus value at high energies. Generally speaking substantial
changes start to occur at around K-orbital velocities

Variation of Effective Charge with Energy

Because of the statistical nature of electron capture and loss phe-
nomena, positive ions having the same velocity in a medium do not
exactly have the same charge but they exhibit a distribution in charge
states. The most important moment of this distribution in stopping power
theory is the mean square charge <Z>>. At a given velocity v this can
be related to the slope of the range-energy curve as follows.

<Z2>, = mv?/4re*NZoIn(2mv2 /1) (dR/dE),, (11)

where (dR/dE), is given from Equation 9 by Sig;E'™*. Figure 5 shows
a plot of <Z*>,'* as a function of particle quality and energy. If the
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particle energy is high, the bare nucleus contributes more to the charge
distribution whereas for much lower particle energy, states with one or
two captured electrons contribute more to the charge distribution. An
alternative procedure to arrive at the charge state statistics is to work
in a Monte Carlo scheme and classify the charge states of particles
acquiring a given velocity in a large number of sample runs. Spot checks
done with a few particles at selected energies show agreement between
this and the method used here.

Track Model: Energy Partition Between Core and the
Emergent Secondary Electrons

It is well known that heavy particles, having non-relativistic veloci-
ties, lose approximately equal amounts of energy in glancing and knock-on
collisions. Glancing collisions involve small energy transfer and result in
the formation of spurs. Knock-on collisions, on the other hand, generate
energetic secondary electrons. A secondary electron of energy e is ejected
at angle 6 to the track axis given by cos™ (e/emax)?’? Where enax = 2 mo?
is the maximum energy that the ejected electron may have. Secondary
electrons with energies in the interval 100-5000 e.v. are stopped within
a short distance, generating what are called blobs and short tracks (11,
12).

Heavy particles usually have such high stopping power that the
spurs on the track overlap very densely creating an approximately cylin-
drical column which we call the “core.” For high speed incident particles
the radius of the “core” is given by the maximum impact parameter that
can excite an electronic state. Based on the impulse principle introduced
by Bohr, this is given by hv/2E; where h = Planck’s constant/2r and
E, is the lowest electronic transition energy. Taking E; = 5 e.v., the
core radius turns out to be ~30 A. when the energy of the incident
particle is 10 Mev./n. For much lower incident energies the core
radius, given by the above formula, is not meaningful because the
ionized electrons generated by glancing collisions penetrate farther than
the calculated radius. In water, it is usual to recognize the demarca-
tion between glancing and knock-on collisions at an energy transfer of
~ 100 e.v. The estimated range of a 100 e.v. electron in water is ~ 15 A.
(11, 12). The particle velocity for which the calculated core radius is
equal to 15 A. is u = 2.28 X 10° cm./sec. For our purpose we take the
core radius Y as hvo/2E, for v 2 u and as 15 A. for v < u. The resultant
picture of the core is shown in Figure 6a.

The stopping-power of heavy particles in the range of energies
1-10 Mev./n is quite high. For example, if the incident particle is C*,
a typical value is ~ 20 e.v./A. The emergent secondary electrons have
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stopping-power which are about an order of magnitude less. Therefore,
the model of heavy particle tracks presented here may be described as a
core of high-LET surrounded by a region traversed by comparatively
low-LET secondary electrons. These electrons emerge at various angles
to the track (depending upon their energies). However, their directions
in the plane perpendicular to the track axis are random.

ENERGY IN MEV PER NUCLEON

0_9 8 7 6 -] 4 3 2 | 0.25
T T T T T T T T T 1

CORE RADIUS IN A
(=]

20

V/V°

Figure 6(a). Diagram of core as a function of velocity. The critical velocity

separating the conical and cylindrical regions is 2.28 X 10° cm./sec. At this

velocity the core radius computed from Bohr’s criterion for maximum impact
parameter is equal to our estimated range of 100 e.v. electrons in water

If the incident particle is a fission fragment, the outcoming secondary
electrons overlap with each other so densely that they lose their inde-
pendent identity and merge into a cylindrical sheath. For other incident
particles the emergent secondary electrons do not overlap significantly.
Figures 6b, c, and d show schematically the emergent secondary electron
geometry over small sections of track for the proton, O%, and fission
fragment respectively.

After an approximate separation of the track into its high and low
LET regions, we want to know about the energy partition between these
two regions. The energy loss in the electron capture process is confined
to the core by virtue of the fact that a capture may only occur in a close
collision. In the electron loss process the lost electron is likely to be
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ejected with a small angle in the center of mass reference frame which
happens to be the laboratory frame since collisions between the electron
in the ion and the nuclei of the medium contribute most significantly to

(.25kev, 73°,42A)

(.35keV, 69°,68A)

Figure 6(b). Section of a typical track due to protons in water having

energy ~ 1 — 2 Mev./n. The secondary electrons have roughly the same

LET as in the core; they are spaced by ~ 300 A. on the track axis. Figures

in parentheses denote respectively energy of ejected electron (e), its direc-

tion of ejection () with. respect to track axis and its range in water. The

angle @ is given by cos™ (e/emez)’? Where epqg is the maximum energy that
the ejected electron may have

{63 kev,80°,178A)

(.26 kev,84°,45A)

(.22 kev,84°, 36A)

(.47kev,82°,104A)

SCALE

40A
(2kev,72°,.1p)

Figure 6(c). Schematic view of a track of an O% ion in water projected in a

plane through the track axis. Secondary electron tracks are shown shaded in

the diagram. Figures in parenthesis denote respectively energy of ejected elec-

tron (e), its direction of ejection () with respect to track axis and its range in

water. The angle 6 is given by cos™ (e/emaz)’? Where epyy is the maximum
energy that the ejected electron may have
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[

Lt

9

Figure 6(d). Typical fission fragment track in water. Secondary elec-
trons densely overlap to form the “sheath.” Their LET is about two
orders of magnitude smaller than that of the core

this process. Hence, the energy loss in the electron loss process is also
confined to the core.

The remaining factor to be determined is the energy deposition by
the secondary electrons into the core as they penetrate through it. Con-
sider a section of the track over which the incident particle loses an

amount of energy dE. For the discussion of energy loss of secondary

electrons such a section may be taken as cylindrical. Using the Ruther-
ford cross section, the number of secondary electrons created with ener-
gies between ¢ and ¢ + de is given by (F/e)de where F is a certain
constant. The total energy carried by all the secondary electrons is then
F In 2mv?/e, where ¢, is the minimum energy of the secondary electrons
taken here as 100 e.v. By the equipartition principle between glancing
and knock-on processes, the same amount of energy loss must equal dE/2.
Hence, F = dE/2 In 2mv?/¢,. Now the secondary electrons which are
stopped in the core have energies much smaller than emax so that they are
ejected almost normally to the track. Therefore, their contribution to
energy deposited in the core over the differential track length may be
written as

d¢ = (1/2)dEIn { p(Y) /e;}/ (In4E / pe, ) (12)

where p(Y) is the energy of a secondary electron having a range equal
to the local core radius Y and u is the ratio of proton to electron mass.
The energy deposited over the entire track by secondary electrons which
are stopped within the core is now given from Equation 12 as

e=a/2) [ f}i dEln {p(Y) /es}/ (IM4E /pie,) (13)

where E; is the starting energy per nucleon of the incident particle and
E, (2.715 Mev./n) corresponds to the particle energy at velocity wu.
Obviously ¢ = 0 for E; < E,.

An energetic secondary electron is ejected at angle 6 to the track
axis. Its path length within the core is ¥ cosec 6. Therefore, the energy
deposited by the secondary electrons that are incompletely stopped over
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the same differential track length as considered before is given by

dy=(1/2) {dE Y/(ln4E/,Le,,)}f4f;)'u' S(e) cosec § de/e?
P
where S(¢) is the LET of a secondary electron having a starting energy e,
averaged over an initial path length confined within the core. Integrating
the above expression we get

n= (1/2)f§i dE{Y/(ln4E/,Lc,,)}f41(E;;L S(e) cosec de/e2  (14)
f P

where E; is the final energy at which the incident particle is assumed
to be stopped. We have used E; = 0.25 Mev./n. In numerical evalua-
tion of p and S, we use the range-energy relation for electrons in water
given in References 11 and 12. The quantity S(e) has a mild dependence
on Y which has been neglected in the present work. For e between 100
and 500 e.v., S(¢) is taken to be ¢ divided by the electron range in water
at energy e. It is tabulated as a function of € at intervals of 50 e.v. in
Table II. For ¢ > 500 e.v., one can write a range-energy relation for
electrons in water as R(e) = A¢" so that S(¢) = 1/(dR/de) = 1/(nae"™).
Following Mozumder and Magee (11, 12), we use n = 1.75 for 500 e.v.
< e << 5Kev.and n — 2 for ¢ > 5 Kev. The constant A has been
obtained from the range-energy relation of low energy electrons given in
References 11 and 12.

Table II. Average Stopping Power of Low Energy Electrons

Electron Average Stopping Power,
Energy e (e.v.) S(e) (e.v./A)
100 6.667
150 6.818
200 6.250
250 5.952
300 5.576
350 5.170
400 4.878
450 4.615
500 4.386

Energy partition between the core and the emergent secondary elec-
trons may now be given by considering Figure 4, Equations 13 and 14
and using a basic equipartition between glancing and knock-on collisions.
The results are summarized in Figure 7 which demonstrates a more or
less universal curve. The slight difference between the various particles
at the same energy is caused by charge exchange. At high incident
energies there is an expansion of the core because of Bohr’s impulse
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principle which gives the core radius as proportional to the incident
velocity. Hence, more energy is deposited in the core at high incident
energies. At low incident energies, on the other hand, the secondary
electrons produced are also lower in energy and cannot penetrate the
core effectively. Therefore, the percentage energy deposited in the core
increases again at low incident energies. We expect then, that the per-
centage energy deposited in the core will show a minimum at an inter-
mediate energy. Our computations reveal a minimum of about 68.5%
at around 2.5 Mev./n incident energy.

7
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b, 75
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b
o w 73
3¢ : gres,
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e q O NEON
8 3 69[
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a O 68
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ENERGY PER NUCLEON IN MEV —>

Figure 7. Partition of energy loss between the core and emergent secondary
electrons plotted as a function of incident energy. At a given incident energy
variation with respect to particle quality is small

Cases of Protons, a-Particles, and Fission Fragments

In some cases of radiolysis using protons and a-particles, typical
incident energies lie in the interval 1 to 2 Mev./n. The core of the track
is then well represented by a cylindrical column (see Figure 6b); expan-
sion of the core caused by high incident speed is not a relevant considera-
tion here. Maximum energy of the ejected secondary electrons lie in the
interval 2 to 4 Kev. and the average energy is around 350 e.v. Hence, in
these cases, the secondary electrons and the incident particle have about
the same stopping-power. The secondary electrons are separated on the
track axis by several hundred A. and there is practically no interaction
between them. The ion charge is small and effects of charge changing on
energy loss and range becomes significant only when the energy drops
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below ~ 100 Kev./n; therefore, in most cases they are negligible. For
protons, deuterons, and e-particles of higher energy per nucleon, one must
consider core enlargement owing to high velocity. In this case the
stopping-power is lower but the ejected secondary electrons have higher
energy and penetrate further. Hence, the secondary electron tracks are
even more widely separated. A simple track model thus emerges for
heavy particles of low charge.

Treatment of the stopping of fission fragments in a condensed me-
dium and the description of resultant tracks along the lines of the present
discussion are available in the literature only in fragmentary form. High
values of charge, stopping power and cross section for electron capture,
and loss complicate a detailed description for any particular ion. More-
over, in radiation chemistry, there are two other uncertainties regarding
fission fragments. One arises from the statistical nature of the fission
process. Fission fragment radiation is not at all homogeneous but consists
of ions of widely differing charge and mass states. The other uncertainty
relates to thermal effects. For all other radiations, thermal effects may
be largely discounted. In the case of fission fragments the situation is not
clear, but thermal effects are probably important. Here we shall discuss
fission fragment tracks only qualitatively, deferring a somewhat detailed
analysis for later report.

Massive fragments born out of 235U fission have (1) masses ~ 140
and 95 times the proton mass, (2) typical velocities ~ 4 v, to 6 vo, and
(3) typical initial charges = 15¢ to 20e. Such ions, on entering an aque-
ous medium have starting LET around 600 e.v./A. This, however, falls
quickly as a result of progressive electron capture. The velocities of these
particles are low enough and their charges are high enough so that in
the beginning electron loss is energetically forbidden. After a reasonable
amount of electron capture and resultant slowing down, however, charge
equilibrium may be established through electron capture and loss of
comparable cross sections (3). Using Bohr’s formula (3) for electron
capture by fission fragments, viz. o, = 4ma¢*Z,/*Z,"(vo/v)® and taking
appropriate values of the physical parameters, we calculate that in the
beginning o, ~ 103 A.2 which means that in water the mean free path for
electron capture is only 0.03 A. However, very little energy is lost in
these captures since the energy spent in ionization of water molecule and
in imparting the ionized electron sufficient speed is almost entirely re-
covered by binding the electron to the fission fragment. Therefore, we
derive qualitatively the same conclusion as in the cases of heavy particles
of lower charge, viz. that charge pick up contributes little to energy loss
but extends range significantly.

Geometry of secondary electrons, on the other hand, shows a dra-
matic change because of excessive overlap. With approximately 300
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e.v./A. going into secondary electrons having an average energy =~ 300
e.v., the mean distance between secondary electron tracks turns out to be
~ 1 A. Even with a 2r angular distribution, the overlap is sufficiently
great to obliterate the individuality of the secondary electron tracks. The
result is that the track model caused by a fission fragment is more realis-
tically described by a cylindrical core of very high ionization density
surrounded by a sheath of lower ionization density (see Figure 6d). This
particular feature does not seem to have appeared in the literature before.

Discussion

In this paper an attempt has been made to describe models of tracks
of heavy charged particles in water starting from elementary physical
considerations. Three slightly different models have been proposed for
(1) a-particles and protons, (2) bare nucleii of relatively small A and Z,
and (3) fission fragments (see Figures 6b, ¢, and d). These differ among
themselves in details of core geometry and disposition of secondary elec-
trons. Rigor and completeness have not been sought in this work; it would
be difficult to do so since charge exchange cross sections are not known
accurately. Nevertheless, it is hoped that the proposed models will find
applications in radiolysis with heavy charged particles; in particular they
should prove to be more useful that the current simple cylindrical model
in the discussion of variation of yields with particle quality and dose-rate.

The relationships of the present models to results of radiation chem-
istry will not be discussed in this paper. However, it may be pointed
out that the rise of the Fe?* yield in the Fricke dosimeter for C® radiations
of energies 6.7 and 4.5 Mev./n (LET of 20 and 25 e.v./A.) over the yield
owing to B (n, «) L/ radiations of comparable LET finds a natural
explanation because of the effect of secondary electrons (17, 18). Two
heavy particles having the same ratio of Z/v also have approximately the
same stopping power. But the heavier of them has higher Z and therefore
higher v as well. As a result the heavier particle (C®) ejects more ener-
getic secondary electrons which penetrate the core more effectively. The
net yield is therefore a combination of yields because of the core and
the emergent secondary electrons. Since the LET is high, the core yield
may be approximated to 3.6 which is expected for radiations of infinite
LET (16). The yield caused by secondary electrons are not known accu-
rately and hence a quantitative calculation for the total yield is not
feasible at present. However, we know that this yield is greater than
3.6 and that it increases with increasing electron energy. Considering
B(n, a) Ly radiations, we estimate that the ionizing particles have a
starting energy of ~ 0.3 Mev./n. The average energy of the secondary
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electrons is ~ 200 e.v. With this we calculate that the energy partition
between the core and the emergent electrons is roughly as 80:20. So we
expect that G(Fe?) in this case will only be slightly greater than 3.6.
The observed value is 4.2. The small excess is seen to be caused by the
minor contribution of the emergent secondary electrons. On the other
hand if we take C® ions at energies of 8.5, 6.7 and 4.5 Mev./n we find
that in our model the average energy of the emergent secondary electrons
are about 1200, 1000, and 800 e.v. respectively. The estimated stopping-
power of these electrons are 3.5, 3.7, and 4.4 e.v./A. respectively. Using
the relationship between G and stopping-power as given by Schuler and
Allen (16) and ignoring the difference between light and heavy particles
(which is strictly not permissible in our model) we get the G(Fe®)
yields caused by these electrons as 8.3, 8.1, and 7.7 respectively. We
use these values and a value of 3.6 for the core. We also use the energy
partition ratio between the core and emergent secondary electrons ob-
tained from Figure 7. It is roughly 75:25 for 8.5 and 6.7 Mev./n and
73:27 for 4.5 Mev./n. Combining these data we obtain the overall yield
G(Fe?") at these energies as 4.8, 4.7, and 4.6 respectively. These should
be compared with the experimental values of 4.9, 4.6, and 4.1 respec-
tively (17, 18). The calculations presented here are rough especially in
view of the use of yields for electrons which are taken as the same as
that caused by deuterons at equal stopping-power. Nevertheless, the
qualitative agreement is significant. Similar difference regarding heavy
particles was known before between protons and helium ions (16).

It may be argued that a number of physical factors are independent
of the mass of the incident particle. They are (1) core radius, (2) stop-
ping power, (3) energy loss in charge exchange processes, and (4) en-
ergy partition between the core and the emergent secondary electrons.
Of these (3) is a small effect and (1) is exactly and (4) is approximately
independent of charge also. Core radius is proportional to velocity for
high velocities; at low velocities it is rather well given by the range of
100 e.v. electrons. Frequently protons, «-particles, etc. used in radiolysis
lie in the low velocity region; hence, the core of their tracks may be
taken as cylindrical.

In computing the energy deposited in the core by the emergent
secondary electrons, we used their stopping power S(e¢) averaged over
an initial path-length in the core appropriate to the specific part of the
track. This simplifies the computation a great deal and hopefully has
not introduced serious errors. Actually for low energy electrons (100-500
e.v.), which should be affected most by this approximation shows only
a mild variation of S(¢) with ¢ (see Table I1). Hence, we feel that the
approximation used is not of a drastic nature.

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch002

2. MOZUMDER ET AL. Heavy Particle Tracks 47

The present paper lays emphasis on energy deposition in two quali-
tatively different regions, namely the core and the sheath. At first sight
this seems unnecessary; all that one needs is the distribution of energy
loss in the vertical direction. However, this is not easily given even
though there are reasons to believe that the distribution is probably a
monotonically decreasing function of distance. High energy losses pro-
ducing energetic 8-electrons obey the law of inverse impact parameter.
However, these losses are strictly not restricted in time scales = 1078
secs. On the other hand small energy losses like those produced in a
glancing encounter do not have a well-defined law of vertical distribution.
In the opinion of the authors the separation of core and sheath is an
essential feature of heavy particle tracks.

Further developments using track models presented here will be
reported later. We propose to include: (1) diffusion kinetic studies based
on present track models, (2) discussion of thermalization lengths of
electrons generated in these tracks, and (3) detailed description of fission
fragment tracks.
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Hydrated Electrons in Chemistry

DAVID C. WALKER

University of British Columbia, Vancouver, Canada

Following the discovery of the hydrated electron in radia-
tion chemistry, the reexamination of some fields of aqueous
chemistry gave rise to a new concept of primary reduction
processes. This paper surveys aspects of these investigations
in which it appears that e ,,, as opposed to its conjugate acid
(H atom), is invariably the precursor to H, when water is
reduced. Evidence is reviewed for the production of €4
(a) photochemically, (b) by chemical reduction of water,
(c) electrolytically, (d) by photo-induced electron emission
from metals, (e) from stable solvated electrons, and (f) from
H atoms. The basis of standard electrode potentials and

various aspects of hydrated electron chemistry are discussed
briefly.

A review, correlation, and discussion of hydrated electron chemistry

is justified in its inclusion in a radiation chemistry conference because
of the impact upon aqueous chemistry that has resulted directly from the
discovery of hydrated electrons.

It would be superfluous to review here the story of ¢7, in the radia-
tion chemistry of aqueous solutions. High energy radiations cause ioni-
zations and the free electrons so generated dissipate their excess energy
and are eventually trapped in solvation shells. The discovery of hydrated
electrons showed that electrons in water were chemical entities (as dis-
tinct from possessing purely physical characteristics) in having diffusion
properties, size and sphere of influence, associated ion atmosphere, and
reaction rate parameters all of which are comparable to normal chemical
reagents.

A symposium on solvated electrons (41) and a number of recent
reviews (15, 42, 57, 58, 73) have highlighted the discovery of hydrated
electrons (e7,,), their chemical reactivity and correlations to other sol-
vated electrons. Some of the physical properties of hydrated electrons,
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most of which have been reviewed several times previously, are included
in Table I

Table I. Properties of Hydrated Electrons Determined Experimentally

Optical Absorption Band:
Wavelength of maximum absorption 7200A. (1.72 e.v.) (55)

Extinction coefficient at 7200A. 15,800 (55); 18,500 M1 sec.™? (33)
Width at half-height ~0.9 e.v. (55)
Oscillator strength ~0.8 (55)
Diffusion Constant 4.7 X 107 cm.2 sec.”? (66)
Equivalent Conductance 177 ohm™ cm.2 (66)
Effective Collision Radius ~2.5 to 3.0A. (36)
Ion Atmosphere Relaxation Time at
w=0.24M 3 X 109 sec. (21)
Partial Molal Volume —5.5to —1.1 cc. mole™® (45)
Standard Free Energy of Solvation —39.4 kcal. mole™ (50)
G(eq), y-Radiation Yield 2.5 moles per 100 e.v.
Lifetime with respect to H;O* at pH 7 230 usec. (37)
Lifetime with respect to H,O =800 pusec. (44)

Whereas the detailed nature of electron binding is still unsettled a
great deal is known about the chemical reactivity of €7, towards a wide
range of substrates, principally through use of its intense absorption band
in pulse radiolysis studies (1, 42). e, must rank as the most intensively
and probably the most extensively studied reactive chemical reagent.
In an analysis of the kinetic parameters of e, reactions Anbar et al. (2)
concluded that the energy of diffusion alone constitutes the activation
energy (except where acid-base or hydrolysis pre-equilibria exist) and
that differences in reaction rate constants of several orders of magnitude
can be attributed to pre-exponential factors which reflect the probability
of finding an electron vacancy on the substrate molecule. Perhaps the
latter also reflects the probability of finding the right solvation shell on
the reaction product. Thus, one returns to Platzman’s paradox which led
to his prediction for the existence of €7, (64), namely, because of the
Franck-Condon restriction on electron transfer processes the same solva-
tion shell is appropriate to reactants and products.

If the Franck-Condon restriction applies to reactions producing e,
then, for those processes discussed later which require the solvation
energy of e, to be available, either the electron binding of ¢7,, must be
principally by electronic rather than electron-dipole interaction or the
electron is rapidly caught in a pre-existing polarized site in the solvent.
In any event, there is not time for electron-induced orientational polariza-
tion. The measured mobility and diffusion constant of e, is also con-
sistent with this view because during the relaxation time of the water

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch003

3. WALKER Hydrated Electrons 51

dipoles e, has diffused a mean distance of ~3A., (though of course
its diffusion could possibly involve infrequent but long jumps).

Most of the rate data on e7,, reactions is concerned with the rate of
disappearance of €7, and very little on the rate of formation of products.
Thus, for Reaction 1

€ aq + €aq [(622_)aq] - H, + 20H",, (1)

the rate of formation of H, has not been measured and consequently the
lifetime of the intermediate is unknown. It should be noted that Dorf-
man and Taub (30) have shown unambiguously that the combination of
two hydrated electrons gives rise to H, as given by Reaction 1 without
involving H atoms as intermediates. In some of the work reviewed here,
such as the alkali metal and electrolysis experiments, the possible existence
of a comparatively long-lived e, species should be seriously considered.

H and e ., as Conjugate Acid-Base Pair

From the known rate constants for Reactions 2 and 3 it is apparent
that interconversion of H and e,

H + OH,, = ey + H,0, ky =2 X 107 M1 sec.1 (59) (2)
g + Hyg— H, ky = 2.3 X 1010 M1 sec.”t (36) (3)

cannot occur within ~107 sec. within the range 3 < pH < 14. Further-
more, interconversion by the reverse processes, Reactions -2 and -3,
are clearly unimportant at neutral pH since k., << 16 M sec.? (43)
and k. has been estimated to be ~4 sec.” (50). Combining k, and k.,
one finds AG,° < —8.3 kcal. mole™ at 25°C. and hence that AG, < 3.7
for an equimolar mixture of H and e, at pH 7. This spontaneous
tendency for the H/e7,, ratio to approach > 500 at natural pH is, how-
ever, seldom realized in practice and e7,, cannot be regarded as a pre-
cursor of H-atoms unless the lifetime of e, exceeds 10 sec. Another
way of expressing the above is to say that pK, << 9.6 for the H-atom.
Thus, H and e7,, constitute a conjugate acid-base pair given by Equi-
librium 4.
H+

€. = H (4)

Schwarz (67) has pointed out that, because of the high reactivity
of both €7, and H in most systems, this equilibrium is seldom, if ever,
established.

The species which reacts in a given system is consequently normally
the species formed initially. This paper is concerned with a discussion of
the species produced in systems formerly regarded as producing “nascent
hydrogen” in aqueous solution at pH ~ 7. It is apparent that e, is
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better understood than its elusive partner the hydrated H-atom. The
exact nature of H when it is produced by Reaction 3 remains uncertain
because it depends on the structure of H,, (be it H;0*, HyO4", or larger),
on whether Reaction 3 is an electron transfer or proton transfer process,
and on the lifetime of H;O or HyO,—i.e., whether they have a chemical
significance.

Methods of Producing e,

Photochemically. One might anticipate free electrons, and then hy-
drated electrons, to be formed when photoionization occurs in aqueous
solutions. In order to photoionize water itself a high photon energy is
required. Gutman and Lyons (40) have drawn attention to the fact that
many simple molecules have substantially lower ionization potentials in
the condensed phases compared with the isolated molecules in the vapor.
This is not surprising when one considers, for instance, the spreading and
overlap of electron orbitals in the enormous “molecules” in liquid water
(or crystalline ice). Quoting Dorsey’s data (30) on water Gutmann and
Lyons infer that the ionization potential of liquid water may be only
7 e.v., but despite this Sokolov and Stein (69) found no evidence for
€"aq When water was illuminated with 1470A. light.

Figure 1 shows an experimental arrangement used by this writer to
try to detect spectrophotometrically e, produced by the photolysis of
pure water by light < 1000A.—i.e., at a photon energy greater than the
ionization potential of H,O molecules. A low pressure He flash photoly-
sis lamp was used in conjunction with a windowless reaction vessel, the
fast flow of He onto the surface of the water preventing water vapor
absorbing the light. All the radiation below 1000A. should be absorbed
by the very thin layer of pure deaerated water at the surface of the liquid
at which point the white analyzing light was focussed. The light baflles
and reflectors were designed to permit only the analyzing light to reach
the photomultiplier after dispersion by the monochromator. Unfortu-
nately any absorption, even at 7000A., was swamped by scattered light
from the photolysis flash in these experiments. Perhaps if laser light
sources were used as analyzing light this problem could be alleviated.

The photoionization of pure water would be a valuable source of
€ aq in that, for those electrons which escape immediate geminate recom-
bination, it would provide a uniformly dispersed distribution over a small
volume. For most of the other methods described such a goal is virtually
impossible.

An alternative is to photoionize a solute in water at wavelengths
where water transmits—i.e., A > 2000A.—or illuminate a substrate at
wavelengths within a suitable charge-transfer-to-solvent absorption band.
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In recent years this approach has been extensively employed and there
is substantial evidence for the production of e,,. When steady state
ultraviolet light sources were used, hydrated electrons were detected by
competitive scavenging techniques (9, 21, 22, 51, 63, 71). When flash
photolysis techniques were employed, e was identified by its absorption
spectrum and its reactivity followed spectrophotometrically (28, 38, 60).

internal
silvered surface —=——He

apF 3mm |.D. quartz
15 kV discharge tube

silvered surface

monochromator
e \/ I
=Y == . photo
. : multiplier
v oscillo-
E :l constant scope

light source

Figure 1. Apparatus for the flash photoionization of
pure liquid water

Both reducing ions and molecules, organic and inorganic, have been
so studied and the overall reactions may be exemplified by Reactions 5,
6, and 7. There is some disagreement concerning the extent to which the

Tpg T ho = Ty + e (5)
Fe?',, + hy = Fed', + e (6)
CeH;NH, + hy = CgH,NH," + ey, (7)

electron escapes the influence of the concomitant ion or radical (21, 72,
78) as evidenced by the fact that the quantum yield is in general tem-
perature dependent and always much less than unity (57). Grossweiner
(39) recently reviewed the photogeneration of e, from organic com-
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pounds in aqueous solution and pointed out the importance of this in
biological systems.

It is interesting to compare these results with a proposal by Franck
and Scheibe in 1938 (35) (who suggested that aquated electrons may
be responsible for the common absorption band found in many transition
metal ion solutions) and with the theoretical analysis of charge-transfer-
to-solvent spectra by Platzman and Franck (65). Also, Dainton and
James (23) found a linear relationship between the energy of the long
wavelength limit of the absorption band of many bivalent transition metal
ions and the redox potential of the M2"/M3* couple, and in particular
that the photon energy (3.55 e.v.) corresponding to a redox potential of
zero is the same photon limit noted by Heyrovsky (46) for the photo-
induced discharge of an illuminated Hg surface held at zero potential
(both potentials being based on the Standard Hydrogen Electrode
(S.HE.)).

Finally, it should be noted that Dainton et al. (24) have obtained,
by the matrix isolation technique, a very small quantum efficiency of 0.07
for the photobleaching of electrons trapped in methanol glasses, which
they interpet to mean that photoreleased electrons are rapidly retrapped.

Chemical Reduction of Water. METALS. It is well known that metals
with high reduction potentials, such as the alkali and most of the alkaline
earths, reduce water to Ho. Hughes and Roach (48) and Shaede and
Walker (68, 74) have reported experiments designed to identify the pre-
cursors of molecular hydrogen by competitive scavenging techniques. Both
studies used sodium metal “diluted” with Hg to enable the scavengers to
compete successfully with the bimolecular reaction occurring on the metal
surface to form H, (a 10 ml. sample of 1% Na amalgam takes several
hours to react completely ). Hughes and Roach followed the H, production
when Na-Hg reacted with acidified water containing a variety of additives
—i.e., Cu*", Zn?", Co*, Co(NHj;)¢*, and Fe(CN)¢?*, and found the relative
decrease in hydrogen production was consistent with the ratio of rate con-
stants for the reaction of these additives with e7,,, as determined by pulse
radiolysis, and not related to their rates of reaction with H-atoms. Shaede
and Walker studied the competition between N,O and methanol (and iso-
propyl alcohol) for the species produced by Na—-Hg in water at pH 1,
7, and 13. They followed the N, and H, production and from the known
relative rate constants for N;O and CH3;OH with e¢7,, and H concluded
that hydrated electrons were produced at pH 7 and 13; but that N,O
could not significantly inhibit H. formation at pH 1, doubtless because
of Reaction 3.

Apparently then Na reacts with water (even in fairly strongly acidic
solution) according to Reaction 8

Na + nH,O — Na*,, + €74 (8)
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rather than Reaction 9 as formerly supposed, and that combination of two
Na + H,0 —> Na',, + OH~, + H (9)

€ aq leads to H,. These observations are not particularly surprising when
one considers the analogous reaction in liquid ammonia, various amines
and ethers, and doubtless any polar liquid (even the aprotic solvent
hexamethylphosphoramide gives a stable blue solution when it reacts
with Na (34)). It is pertinent to consider the relative stabilities of
solutions of metal jions and solvated electrons in water, alcohol, and am-
monia (particularly when one notes that irradiated NH; does not produce
a permanent blue solution—because e, reacts with the concomitant
positive ion). Shaede and Walker (68, 73) thus suggested that perhaps
Equilibrium 10 exists in polar solvents, including water,

e-s + e-s = (622_)s (10)

and that the rate at which the e. species is protonated by the solvent to
give H, determines the lifetime of solvated electrons in metal solutions
and hence the stability of the metal solutions.

It is often mentioned that films of alkali metals in contact with water
appear blue just prior to their disappearance, and Jortner and Stein (52)
reported measuring an absorption spectrum. One must be cautious about
ascribing this coloration to €7, because very thin mirrors of vaporized
alkali metals are notorious in producing strange interference and other
purely optical effects; but Bennett, Mile, and Thomas find similar colora-
tions when alkali metals are deposited in a low temperature ice matrix
(13, 14). Although the structure and hence facility for solvating or
trapping electrons is very different in water and ice, the ESR studies of
Bennett et al. certainly add credence to the notion that when Na is placed
in water, even ice, an electron is released into the solvent. Their hyperfine
tensor data shows clearly that H,O™ is not formed in ice but rather that
the trapped electron interacts weakly with six equivalent protons. H:O%
has normally been disregarded in discussion on the nature of €%, (53)
on both theoretical grounds and on the failure to find HO™ mass spec-
trometrically; but just as the ionization potential decreases on going to
the liquid phase so the electron affinity increases and in addition HyO
will have a large solvation energy.

We have made a study of the reaction of aluminum in alkaline water
(37), where again H, is produced. When N,O-methanol scavenging
competition is applied, N, is generated and the indications are that the
precursor of H, is again e™,,. In this system the results were irreproducible
from one experiment to the next mainly because of the difficulty in
obtaining the same surface area of contact between metal and solution.
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OtHER REDUCING AGENTS. Cations having reduction potentials greater
than 0.41 volts, the potential necessary to reduce water at natural pH,
spontaneously generate H, from water. Since the standard potential for
U3*/U* and Eu?>'/Eu®* are 0.61 and 0.43 volts, respectively, we have
examined the intermediates in the reaction of crystalline UCl; and EuCl,
with water using the N.O/methanol competition. For the case of U3
there is evidence that H-atoms are not produced and the data is con-
sistent with e7,, being formed by Reaction 11 (74)

H,0
U = Uty + ey (11)

Meyerstein (61 ) has reported the difficulty of scavenging the hydride
ion, even with molar concentration of solute, when LiH is dissolved in
water. We used the N,O/methanol competition scavenging technique
on the reaction between KBH, and water, because the latter is believed
to yield a hydride ion slowly and, in part, we wanted to test the N,O-
CH;0H competition with H. However, so much H, was produced from
the additional decomposition of BH, that our test was insensitive and
inconclusive (75). One might also wonder about the reaction of
Ni(CN)4*, AsHs, and TeH. with water, or even reductions involving H.
gas on a catalyst—particularly in alkaline solution.

Perhaps, in general, hydrated electrons are the reaction intermediates
whenever water is reduced to H..

Electrochemically. The hydrogen electrode reaction, which is the
basis of the standard electrode potential scale, is given by the overall
Reaction 12. After more than fifty years of intensive and sophisticated

H*,, + e (cathode) = 1/2 Hy(g) (12)

examination the detailed mechanism of this reaction remains unresolved
(16, 79). Three mechanisms are currently favored but none is univer-
sally acceptable. They are (1) the “slow discharge,” (2) the “catalytic,”
and (3) the “electrochemical” mechanisms. The first two involve ad-
sorbed H atoms the last involves an H,* adsorbed on the electrode surface.
Whenever aqueous solutions of electrolytes consisting of “non-reducible”
cations are electrolyzed, H is evolved at the cathode and the decomposi-
tion is attributed to Reaction 12.

Again, when considering water, a comparison with the analogous
process occurring in liquid ammonia is a natural one to make. For
instance, tetrabutylammonium iodide in liquid ammonia when electro-
lyzed between mercury electrodes produces a vivid blue coloration at
the cathode which has been described by Laitinen and Nyman (56) as
“the electron electrode.”
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As part of our study of H, production from water we investigated
the cathodic decomposition of aqueous solutions of Na,SO, at a smooth
Pt electrode (74). The competitive scavenging by N.,O and CH;OH
showed that free H-atoms were not produced and that the pH dependence
was entirely consistent with e7,, being the precursor of H.. We examined
N,O solutions polarographically (68) but found no half-wave potential
corresponding to the direct reduction of N,O (although this was at a
dropping mercury electrode). However, there did remain the possibility
that the relative reactivity of adsorbed H-atoms and e, towards N,O
and CH;OH were very smiliar. Thus, we looked for absorption of red
light along a cathode surface as this might corroborate the formation of
€aq. In these experiments (76) the 6328A. light from a He—Ne laser was
directed tangentially onto a highly polished cylindrical silver cathode
surface in such a way that it made innumerable minute specular reflec-
tions and thus swept out a long optical path. High sensitivity was achieved
by modulating the electrode potential at a frequency to which the de-
tector’s amplifier had been tuned. A diminution in the light transmitted
was observed only when the silver surface was the cathode of the cell.
Analysis of the equivalent optical cell (77) revealed that the data was
consistent with absorption by e7,, and that, if e, was formed, it existed
within 1.7 X 10 cm. of the surface at a mean (but rather inhomogene-
ous) concentration of 8 X 107M.

The conclusion drawn from this work is that Process 13 rather than
14 represents the net formation of the H, precursor

e (cathode) = ey, (13)
¢ (cathode) — OH- + H(adsorbed or free) (14)

and that H, is formed by combination of two e7,, At least three possible
mechanisms for the overall Process 13 may be envisaged. It may be (1)
a direct transfer of an electron from metal to water, or (2) liberated from
the diffuse electrical double-layer, or (3) generated from a Na atom (or
whatever non-reducible cation was used) by Reaction 15 followed by
Reaction §

Na*,, + e (cathode) — Na (15)

Na + nH,O — Na*,, + ey, (8)

In any event the detailed mechanism must adequately explain the 1/2 in
the slope of the Tafel plot and the effect of the electrode material on the
overvoltage. In strongly acidic solution, even if Reaction 13 was the pri-
mary step, hydrated electrons would be rapidly transformed to H-atoms
by Reaction 3 prior to the generation of Ho.

Hills and Kinnibrugh (47) have reported some work which is on a
sound electrochemical basis, but the evidence for €7, is much less direct.
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By studying the pressure dependence of the hydrogen evolution reaction
on Hg at pH 1 they obtained a negative volume of activation ( —3.4 ml
mole™), which, they argued, was not in accord with any H-atom process
but could result from the “emission and hydration of metallic electrons”
as the rate-determining step. This interpretation thus invokes the forma-
tion of e7, even at pH 1. (This value of —3.4 agrees well with the partial
molal volume of e, (—5.5 to —1.1 mole®) obtained indirectly in a
radiation chemical system (45). It is interesting to note the difference
in V for €7, and € (ammonia), Where the value is ~60 ml. mole™ (49)).

In 1907, Cameron and Ramsay suggested the analogy between the
action of high energy radiations and electrolysis but did not formulate
this as a generalization when they failed to deposit Cu from CuSOjy solu-
tion using Rn o particles (70)! One advantage of electrolysis over radi-
olysis for studying primary species is that the oxidizing and reducing
species can be produced in separate compartments and each studied
independently of the other.

Photoinduced Electron Emission from Metals. In 1931 Bowden (17)
reported an increased current density at a Hg cathode in contact with
N/5 aqueous H,SO, when it was illuminated with light of photon energy
~3 e.v. He suggested that the light provided an activation energy to
the oriented dipoles at the cathode surface which thus altered the
interfacial potential and reduced the overvoltage. Very recently this
effect has been studied in greater detail by Barker, Gardner, and Sammon
(8), by Delahay and Srinivasan (25), and by Heyrovsky (46).

In some most elegant experiments Barker et al. (8) studied the
photocurrents, produced by light of various wavelengths directed onto
a dropping Hg electrode, as a function of the electrode potential and the
concentration of various scavengers added to the electrolyte. They used
advanced polarographic equipment capable of measuring minute photo-
currents and illuminated the cathode with constant, frequency-controlled-
intermittent and flash light sources. When N,O, H;0%, or NO;™ was
present as a scavenger the photocurrent increased for a given light energy
and cathode potential, and in addition the effect of neutral salts indicated
that the photocurrent was caused by diffusing negatively charged species.
These authors interpret their results in the following way: electron emis-
sion from the Hg is induced by photolysis; the photo-ejected electron
travels about 10-100A. from the surface—i.e., beyond the electrical
double-layer—before becoming thermalized and hydrated; the electrode
potential and presence of scavengers which react with e, determine the
magnitude of the photocurrent by controlling the lifetime of charged
species in the solution.

Delahay and Srinivasan (25) have performed similar experiments
using polychromatic light from conventional flash photolysis equipment
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directed at mercury and thallium amalgam electrodes polarized by a
potential below the faradic process level. They found that the charge
produced depended on the concentration of H* in the solution and the
polarizing potential and interpreted their findings in terms of e7,. Hey-
rovsky (46), as previously mentioned, studied the variation of threshold
potential with photon energy for discharge at a Hg cathode, but attributed
the process to reduction of H.O to give H and OH".

In all these experiments photo-induced electron emission is produced
by photon energies substantially smaller than the work function of the
metal.

Again it is demonstrated that when electrons are injected into liquid
water hydrated electrons are formed and do not convert rapidly to hydro-
gen atoms. Local concentrations of e, up to about 10%M are estimated
in the experiments of Barker et al. (8).

Reaction of Stable Solvated Electrons with Water. One of the most
promising ways of generating a homogeneous solution of hydrated elec-
trons has been pursued by Dewald, Dye, Eigen, and DeMaeyer (26),
who mixed a solution of electrons solvated in ethylenediamine with water.
These authors took a solution of Cs in ethylenediamine, a solvent in which
solvated electrons are stable, and combined it in a fast-flow mixing cell
with a solution of water in ethylenediamine. They then followed the
rate of decay of the near infrared absorption band of €74 as a function
of water concentration. More recently other active metals have been used
and the kinetics fully analyzed (32). The second-order rate constant
(20M™" sec.t) obtained is attributed to Reaction 16 and compared with

e + H,0 = H + OH- (16)

k_,. It has been pointed out (73) that it may be invalid to draw any
conclusions about the close correspondence of ks and k.. because the
rate of decay of e .« was being followed, and one needs to be sure that
the conversion e’.q — e,,, if it occurred, was not rate controlling.

This is a fascinating approach to the study of solvated electrons and
has been extended by Dewald and Tsina (27) to the reaction of water
with the electron in liquid ammonia. For the mixture water-Na-liquid
NH; these authors find a very slow reaction and conclude that k; < 5 X
10M1 sec.”® at —34°C.

¢"um -+ HO = H + OH- 17)

Perhaps alkali halide crystals containing stable F-centers could be
dissolved or dispersed in water sufficiently rapidly to be able to detect
€ aq-

By the Ionic Dissociation of H Atoms. If all the preceding discussion
is correct it is evident that hydrated hydrogen atoms are seldom formed.
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One method which seems to produce them is to bubble H. gas, which has
been partially dissociated by passage through an electrodeless discharge,
into water. Czapski and Stein (19, 20) developed this technique and
studied the reactive species produced by competitive scavenging kinetics.
In this way Jortner and Rabani (54) demonstrated the very striking and
complete transformation from H to e7,, for solutions at pH 2> 12 given
by Reaction 2.

H + OH-, = ey (2)

Bases other than OH",, could conceivably induce the ionization of
the H atom but Anbar and Neta (3) have found HPO,*>" and B,O7*
ineffective in this regard. They did, however, find a conversion H to €7,
caused by the weak base F~ according to the slow Reaction 18, but believe

H + F-,, — HF + ¢, (18)

this to be an addition reaction rather than an acid-base transfer. These
authors generated the H atoms for their study by ultrasonic excitation
of water in a hydrogen atmosphere (4).

Perhaps H atoms produced by the catalytic cracking of H, can be
converted at high pH to e7,,, because colloidal iridium has been shown
to possess a high activity for hydrogenation of aromatic compounds in
strongly alkaline solution (31).

Absolute Scale of Standard Potentials

Noyes (62) has drawn attention to our inability to assign an absolute
potential to the standard hydrogen electrode, Reaction 19, and thus to

H'q + € pry = 1/2 Hy g (19)

other half-cell reactions, because of the unknown thermodynamic state
of e"p). The convention of arbitrarily assigning E°;y = 0 is consistent
with choosing the standard free energy of formation to be zero for an
electron in the highest energy level normally occupied in platinum black
metal, since AG°¢(H",,) is also arbitrarily chosen to be zero. The standard
potential for Reaction 20 is thus directly related to the difference in

Mm, + e —> M@-De (20)
AG®° for Reactions 19 and 20 and this implies that e in Reaction 20,
although its state is not specified, must also have AG°; = 0. Even using

an absolute value for AG®° for H*(., — H’,, one cannot obtain an absolute
value for AG®,, from the cycle

(19)
HYy tepn = 1/2Hyg,
l T

H' tey = Hey

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch003

3. WALKER Hydrated Electrons 61

because the possibility is remote of getting a good value for €™ (pt) = €7 (),
since work functions depend critically on surface state, interfacial poten-
tial, and method of measurement.

Baxendale (10) proposed that a different and “absolute” scale of
potentials could be established by defining potentials with respect to real
reactions such as Reaction 21, in which the state of the electron, ey, is

Mnt T eaq ™ M- (21)

clearly specified. Now, since E°.,, — 2.6 volts (Reference 10, corrected
for best value of k »—see Reference 43) [2.6 volts is the upper limit for
two reasons; (1) k., = 16M™ sec.™ is probably only an upper limit to the
rate of Reaction —2 (73); (2) The standard free energy of hydration of
the odd electron species, the H atom, may be substantially greater than
for H, and He.] for Reaction 22, on Baxendale’s scale potentials for all

H+a([ + e-aq g 1/2 Hg(g) (22)

oxidation-reduction couples, as given for instance by Reaction 21, would
be 2.6 volts more negative than on the present conventional scale. [In a re-
view article (73) this writer incorrectly interpreted Baxendale’s suggestion
and wrongly stated that potentials so defined differ from the S.H.E. scale
by at least the free energy of hydration of e7,.]

If the discharge step in the hydrogen electrode reaction, as discussed
earlier, really is Reaction 13 then for platinum black electrode this would
represent the step e (pry = e, The following cycle is thus worth
considering

(19)
Higq t ey ™ 1/2Hy,

113 V’
H'yy + €7 (22)

Only if E°;y = 0—i.e., if the standard hydrogen electrode is zero on
an absolute scale—can one deduce from Baxendale’s considerations that
the potential neecssary to produce ¢, in its standard state from a plati-
num black electrode is —2.6 volts. In fact in our work we used total
potential differences across the cell much less than 2.6 volts. (One can
of course make E°;y — 0 on an absolute basis simply by selecting the
appropriate standard state of e™(p, for this to be so, even if it turns out
to be 10*. However, if one arbitrarily takes some reasonable standard
state for e"(p) then E°1y 54 0 on an absolute basis).

On the other hand if E°;3 could be measured directly one could
combine this with Baxendale’s E°,; to put the S.H.E. on an absolute
basis. Perhaps E°;; could be obtained by pursuing the method of Barker

In Radiation Chemistry; Hart, E.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: January 1, 1968 | doi: 10.1021/ba-1968-0081.ch003

62 RADIATION CHEMISTRY—I

et al. (8), by measuring the wavelength limit for photocurrent production
at a platinum black electrode with zero potential difference between
electrode and solution. (It would of course be necessary to understand
the mechanism fully, to know if the solvation energy of e, should be
included, to measure the concentration of e7,, in equilibrium with the
illuminated electrode and make the appropriate correction to ideal 1
molal concentration).

Conclusions

Hydrated electron chemistry is doubtless still in its infancy, but
some of its impact has already been felt in various branches of chemistry.
(1) What was loosely referred to as “nascent hydrogen” appears to be
€ o, rather than its conjugate acid—the hydrogen atom. (2) It is quite a
powerful and a highly selective reducing agent which should be useful
in synthetic and preparative chemistry. As Anbar and Hart have shown
(5, 6) it is the ideal nucleophile and its reactivity with an enormous
array of chemicals is known (7). (3) As a sensitive analytical reagent
€aq has great possibilities (44). (4) Many new chemical species, such
as the unusual valence states of transition metals, have been discovered
and their behavior and structure examined (11, 12, 18). (5) Absolute
rate constants for elementary reactions involving e, are easily measured
and this could lead to profound development in reaction rate theories
and provide thermodynamic data. (6) Its structure, stability, and mo-
bility provides data on the structure of water and polar liquids in general.
(7) The photochemical generation of e¢7,, from inorganic and organic
substrates in aqueous media has important implications in photosynthesis
and biology in general. (8) If e, (or O formed from e, + O.) is
responsible for cell death during mitosis when exposed to ionizing radia-
tions then electrolysis, for instance, might be as effective in this regard.
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Further Predictions of Thermodynamic
Properties of the Hydrated Electron

RICHARD M. NOYES

University of Oregon, Eugene, Ore. 97403

The free energy, enthalpy, entropy, and volume of the
hydrated electron are measurable in principle from the
temperature and pressure dependencies of the forward and
reverse rates of the unimolecular reaction of this species
with water to form hydrogen atom and hydroxide ion. Data
presently available determine values only for free energies
of activation in both directions and for enthalpy and entropy
of activation in one direction. Values for the other proper-
ties can be predicted if it is assumed that the enthalpy,
entropy, and volume of the hydrated electron can be calcu-
lated by extrapolating measurements on halide ions to the
radius (2.98 A.) necessary to fit the free energy data. The
predictions for enthalpy and entropy are thought to be
reasonably accurate, but the value for volume change is less
reliable.

It is desirable to know the changes in thermodynamic properties asso-
ciated with hydration of the electron, but true equilibrium cannot be

established because e7,, is unstable with respect to reduction of solvent.
It is also impossible to establish an equilibrium for the reaction with a
weak oxidizing agent like Na*,, because the product of the reaction would
also reduce solvent virtually irreversibly.

The only method by which useful data can be obtained is to identify
a reversible reaction involving some transient metastable species whose
thermodynamic properties can be estimated separately. If rates in for-
ward and reverse directions are measurable, changes in thermodynamic
properties can be determined.

The reaction

H,O(1) + e, = H,, + OH,, (1)
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appears to be almost uniquely suited for such measurements. Rate
constants at 25°C. in the forward (3) and reverse (5) directions permit
the equilibrium constant and standard free energy change for the reaction
to be calculated.

Since the free energies of formation of the other species in Equation
1 are known, the free energy of hydration of the electron is also calculable
(1, 4).

The free energy change for hydration of a free electron is much
less than that for hydration of free halide ions. Jortner and Noyes (4)
extrapolated the data for halide ions by means of a formula developed
previously (7) and showed that the free energy of hydration of the
electron is equal to that to be expected for a halide ion of radius 2.98 A.

Although the measurements presently completed at 25°C. and 1 atm.
permit only the free energy change to be calculated for Equation 1,
temperature and pressure derivatives of the rates could be used in the
same way to determine changes in other properties such as enthalpy,
entropy, and volume. Such measurements will undoubtedly be made in
the near future, and it is interesting to discover how well the values for
these thermodynamic properties can be predicted by extrapolating halide
data to the same radius of 2.98 A.

Properties of Individual Species

Table I presents the measured or predicted thermodynamic proper-
ties for the various chemical species of concern for this discussion. The
entries are based on the following considerations:

Table I. Thermodynamic Properties of Individual Species

AG,®, AH,, s°, Ve,
keal. /mole keal. /mole cal./mole deg. ml. /mole
H,O0(1) —56.69 —68.32 16.72 18.0
aq 53.03 51.09 9.08 2.5
OH-,, —141.41 —153.79 —1.35 -3.8
H*yy 103.81 98.83 —-1.17 -1.5
€ aq —37.54 (—36.61) " (3.13)° (99.3)°

“ Values in parentheses are predicted.

The standard state of H,O is the pure liquid at 25°C. and 1 atm.
The standard states of the other species are ideal one molal solution.

The quantities AG;° and AH,° refer to free energies and enthalpies
of formation from the elements with consumption or production of
gaseous electrons if necessary. Standard states of elementary hydrogen
and oxygen are one atmosphere fugacity. The standard state of the
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gaseous electron is zero enthalpy, entropy, and free energy and at the
same bulk electrostatic potential as the interior of a body of water.

The quantity S° is the standard partial molal entropy based on the
usual third law convention, and the quantity V° is the partial molal
volume.

Entries for H,O (1) are available from any tabulation of thermo-
dynamic properties.

The first three entries for H,, are derived from the properties of
gaseous hydrogen atoms with the assumption that for solution of such
atoms AG° = 4.5 kcal./mole and AH° — —1.0 kcal./mole. These values
are based on the solvation properties of He and H, and have been
discussed previously (4).

Of course the partial molal volume of H,, is not directly measurable.
This parameter could be measured for the solutes H, and He by deter-
mining densities of solutions, but no record of such observations has
been found. The entry for V° of H,, in Table I is simply the volume of
a sphere of radius 1.0 A. (the volume containing 99% of the electronic
charge distribution). The ideas of Némethy and Scheraga (6) on hydro-
phobic bonding suggest that even this small estimate may be somewhat
too large.

The entries for H',, are based on a procedure that extrapolates
thermodynamic properties of alkali and halide ions as functions of re-
ciprocal radius with limiting slopes determined by the known properties
of macroscopic conducting spheres. The procedures are discussed in
detail elsewhere (7). If any of these entries for H*,, is in error by an
amount Z, the entries for the same property of OH,, and ¢, are in error
by —Z, but the values of kinetic and equilibrium property changes for
Reaction 1 are unaffected.

Most tables of thermodynamic properties for OH7,, use the con-
vention that values for H",, are identically zero. Values from such tables
were modified in obvious ways to obtain the entries for OH7,, in Table I.

The entry for AG,° of e, was calculated by Jortner and Noyes (4)
from the kinetic data discussed in the introduction. Values of AH,° and
of S° were also calculated in the previous paper (4) by assuming that
changes in these properties during solvation of a gaseous electron were
the same as those during solvation of a gaseous halide ion of radius
2.98 A. The entry for V° is derived from the previous conclusion (7)
that the partial molal volume (in ml./mole) of a singly charged spheri-
cally symmetrical anion of radius r (in A.) is given by

V° =2.523r3 + 4.0972 — 4.175/r — 21.30 /72 (2)

Note that the value for AG;° of ¢, is based on experimental observa-
tions while the values for the other three properties of this species are
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placed in parentheses and are based on the assumption that all such
properties can be estimated by extrapolating values for halide ions to
the radius that fits the free energy data. These predicted values are
potentially subject to experimental test.

All entries in Table I are presented to at least one more significant
figure than could possibly be justified by the applications of this paper.

Measured and Predicted Changes in Properties

Table II presents changes in thermodynamic properties associated
with Reaction 1. In this Table, X is an extensive thermodynamic prop-
erty, AX;7 and AX,”™ are the activation changes in X for the forward and
reverse steps of Reaction 1, respectively, and AX° is the standard change
in X for that reaction. Experimental values are entered directly, and
predicted values are given in parentheses.

Table II. Measured and Predicted Changes in
Thermodynamic Properties

AX(” AX,” AX®
G, keal. /mole 13.4 7.5 5.9
H, kcal. /mole 6.1 (3.9)° (2.2)°
S, cal. /mole deg. —-24.4 (—12.3) ¢ (—12.1)°
V, ml. /mole (negative) (positive) (—119)

® Values in parentheses are predicted.

The free energy values are taken directly from the paper by Jortner
and Noyes (4).

The temperature dependence of the forward rate for Reaction 1 has
now been measured directly by Fielden and Hart (2). The value of
6.1 kcal./mole for AH7 is based on the observed Arrhenius activation
energy of 6.7 kcal.,/mole. The reported values for AH;” and AS/7” lie
well within the rather wide range predicted by Jortner and Noyes (4).
Since predicted values of AH° and AS® can be calculated from the entries
in Table I, the measurements of Fielden and Hart (2) also permit AH,™
and AS,” to be predicted.

The entries in Table I also permit AV® to be predicted. Volumes
of activation do not lend themselves to the same type of treatment, but
the probable charge distributions in the initial, final, and transition states
for Reaction 1 support the signs for AV,” and AV,” predicted in
Table II.

If pK, is the equilibrium quotient for Reaction 1 based on molalities
in dilute solution, (dpK./dP)y =— AV°/2.303RT = —0.00211 atm.™.
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Aqueous hydrogen atom can also be regarded as a weak acid ionizing
with a pK of 9.7 according to the equation

Hyy @ HYyy + €7y (3)

The entries in Table I predict that for Reaction 3, AV°® = 95.3 ml./mole
and (9pK./dP)r = 0.00169 atm.™. If these predictions are even ap-
proximately correct, Equilibria 1 and 3 should be quite sensitive to
changes in pressure, and 200 atm. should shift the molality equilibrium
quotients by more than a factor of two.

Probable Validity of Predictions

The enthalpy and entropy entries in parentheses in Table II repre-
sent predictions that will be tested whenever the temperature dependence
of the rate of reaction of hydrogen atoms with hydroxide ions is known.
Pressure dependence measurements must be made on rates in both
directions before the prediction for AV° can be tested.

Until such experimental data are available, the predictions in Tables
I and II may be used cautiously in appropriate calculations. Probable
errors are rather difficult to assess, but certain considerations suggest
that the enthalpy and entropy estimates can not be seriously in error:

The rate constant for the reverse of Reaction 1 is 1.8 X 107 liter/mole
sec. (5). This value is somewhat less than would be expected for a
diffusion controlled reaction. If the pre-exponential factor is near the
10 liter/mole sec. considered “normal” for an activation-controlled re-
action of an ion with a neutral molecule, the Arrhenius energy of activa-
tion would be about 3.8 kcal./mole in reasonable agreement with the
value of 4.5 kcal./mole based on the AH,# entry in Table II. Since the
transition state for Reaction 1 almost certainly has negative charge more
dispersed than in the neighborhood of an hydroxide ion, the pre-expo-
nential term for the reverse reaction may even be somewhat more positive
than the “normal” 10 liter/mole sec., and the enthalpy of activation
would then be larger also. Even if the correct enthalpy of activation is
less than the value quoted in Table II, the difference could hardly be
more than 2 kcal./mole.

The upper limit for the enthalpy of activation is somewhat harder
to set. An attempt can be made by noting that the partial molal entropy
of €7, is estimated to be positive. It is unprecedented for solution of a
charged species to cause an increase in entropy of the surrounding
medium, and the effect, if real, must be associated with the very dispersed
charge of the hydrated electron. If the enthalpy of activation for the
reverse of Reaction 1 is greater than the value estimated in Table II,
then the partial molal entropy of the hydrated electron in Table I must
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be still more positive. This argument makes it appear very doubtful
that the enthalpy of activation is more than about 2 kcal./mole greater
than the value quoted in Table II.

These arguments lend some support to the claim that enthalpy esti-
mates are correct to within 2 kcal./mole and entropy estimates are correct
to within 6 cal./mole deg. In fact, even deviations of these magnitudes
appear to be unlikely.

The volume estimates are made with much less confidence. The
value of AV® in Table II appears somewhat excessive in magnitude. The
volume decrease associated with Reaction 1 may well turn out to be
considerably less than is predicted, but the signs of the volumes of
activation for the two directions are probably predicted correctly.

Only in rather unusual circumstances can parameters for chemical
reactions be predicted in advance within limits as narrow as has been
done here for the enthalpy and entropy terms. It will be very interesting
to see the extent to which these predictions are indeed validated.
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Pulse Radiolysis of Ice and Frozen
HF Solutions

G. NILSSON and H. C. CHRISTENSEN

AB Atomenergi, Studsvik, Sweden

J. FENGER, P. PAGSBERG, and S. O. NIELSEN
Danish AEC Research Establishment, Riso, Denmark

A transient species, supposed to be a trapped electron, has
been observed in pure ice and in frozen 3 X 10°°M HF solu-
tion by means of the pulse radiolysis technique. The maxi-
mum of the absorption band of the transient is located at
about 680 n.m. in pure ice at —10°, —31°, and —50°C. The
half-width of the band is considerably smaller than that of
the solvated electron in liquid water. The G-values for the
transient are estimated to be 0.3, 0.07, and 0.02 at —10°,
—31°, and —50°C. respectively and to be 0.1 in the frozen
HF solution at —10°C. The decay of the transient is com-
plex in pure ice but first order in the frozen HF solution.

It is now a well established fact that electrons produced by ionizing
radiation in liquid water can exist in the water as solvated electrons
for several hundred psec. (9). They have a high extinction coeflicient
for light absorption and the absorption spectrum is a broad band with
a maximum at 720 n.m. (1I). The trap for the electron is supposed to be
a potential well formed by polarization of the water by the electron
itself (16).
Electrons are also trapped at 77°K. in irradiated alkaline glassy ice
(8, 22, 23, 25), in glassy ice containing NaClO,, LiCl, and KF (6, 7) and
in frozen sugar solutions (5). Electrons trapped in glassy ice at this
temperature are stabilized and can therefore be studied by ESR or optical
spectroscopy a long time after irradiation. The electrons trapped in
alkaline ice are characterized by an ESR singlet at g = 2.001 and an
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absorption band with a maximum at 585 n.m. (22, 23). The trap is sup-
posed to be a hydroxide anion vacancy formed during irradiation (25) or
a defect present in the ice lattice before irradiation (2).

Trapped electrons are furthermore formed by the deposition of
alkali-metal atoms on pure ice at 77°K. (3). The ice samples were
microcrystalline or amorphous and from the ESR spectrum which ex-
hibited hyperfine structure one could draw the conclusion that the elec-
tron was located in a well defined trap in which it was surrounded by six
protons. The optical absorption band had a broad plateau ranging from
about 600 to 680 n.m.

Until recently no ESR signals or optical absorption caused by elec-
trons were detected when pure crystalline ice was examined after irradia-
tion at 77°K. This result had been expected since the self-trapping
mechanism will probably give very shallow traps in crystalline ice. The
reason is that the dielectric relaxation time even at the melting point of
ice is roughly six orders of magnitude longer than for water, and it has
therefore been assumed that the dipole orientation will not contribute to
the energy. The concentration of lattice defects which can act as traps
is also smaller in pure crystalline ice than in glassy ice. The most likely
result would therefore be that the electrons are rapidly recaptured by
their parent ions (15, 17, 18, 19).

A year ago Shubin, Zhigunov, Zolotarevsky, and Dolin used the pulse
radiolysis technique and discovered a transient species in pure crystalline
ice and in frozen crystalline solutions of LiClOs and KOH which had
an absorption band in the same spectral range as the solvated electron in
liquid water (20, 21). Similar experiments were independently started at
Ris6 and spectra of the same shape as those reported by Shubin et al.
were recorded when pure crystalline ice and crystalline ice containing
HF was irradiated.

In a quite recent report Eiben and Taub have demonstrated that
electrons are stabilized also in pure crystalline ice at 77°K. (4). The
maximum of the absorption band appeared at 640 n.m. The G-value was
only 2 X 10 and the yield increased with dose up to about 5 Mrad and
then approached a constant value.

Experimental

The pure ice crystals were prepared in a quartz tube from triply
distilled water which was degassed by shaking and evacuation. This
procedure included saturation of the water twice at a pressure of 1
atm. with hydrogen gas that had passed a liquid nitrogen cooled
trap. The freezing was then performed under a hydrogen pressure of
1 atm. In order to get sufficiently transparent crystals a method for single
crystal preparation (10) was adopted and the water samples were frozen
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slowly from the surface by putting the quartz tube in a thermally con-
trolled jacket. The transparency of the ice samples obtained in this way
was satisfactory. Examination of the samples with polarized light showed
that they generally consisted of a few large crystals oriented in different
directions.

When the HF crystals were prepared the quartz tube was protected
by a thin layer of paraffin wax. Triply distilled water was degassed by
shaking and evacuation to remove most of the O, and CO, and then some
tenth of a ml. of a 0.5M HF solution was added. The solution was satu-
rated with H,, degassed, resaturated, and degassed again. Finally the
solution was saturated with H, and frozen in the same way as the pure
water samples. A piece of the top and the bottom of the crystal was cut
away, and the concentration of HF in the two samples was determined
spectrophotometrically by the zirconium-alizarin method (I14). The
crystal was discarded if a concentration gradient was detected. The con-
centration of HF in the irradiated part of the crystal was also determined.

A schematic drawing of the irradiation setup is shown in Figure 1.
The ice samples, about 30 mm. long and 25 mm. in diameter, are placed
in a tube of stainless steel which has a mirror in one end and a Suprasil
window in the other. Methanol cooled with dry ice is pumped through
a jacket surrounding the tube and the temperature of the ice crystal is
measured with a small thermocouple in direct contact with the crystal
surface. Light from an Osram xenon lamp passes twice through the
crystal which was irradiated from the mirror end of the Cryostat with
single 0.4-3.6 usec. electron pulses with a current of about 300 mA. The
electron energy was about 11 Mev. and the dose in the order of 10* rad.
The experiments were performed at the linear electron accelerator at Risd
and the transient spectra were recorded by means of a fast photoelectric

Mirror

S Ice crystal

Cooling liquid

Trprtbrvrgg

6 L=
Suprasil window Thermocouple
/ N

Figure 1.  Schematic drawing of the irradiation setup
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system developed for pulse radiolysis studies. The dose was measured
by replacing the ice crystal with a polystyrene cell with thin polystyrene
windows which was filled with N.O saturated, 1 mM hexacyanoferrate(II)
solution and subsequently recording the concentration of the hexacyano-
ferrate(III) ions produced by the electron pulse.

Results and Discussion

The absorption spectra of pure ice irradiated at —10°, —31°, and
—50°C. are shown in Figure 2 and the absorption spectra of pure ice
and frozen 3 X 10°M HF solution irradiated at —10°C. are shown in Fig-
ure 3. The points refer to minimum light transmission as read from the
oscilloscope traces and to a crystal length of 30 mm. and a dose of 10* rad.

0.4

1A

02 | :

OPTICAL DENSITY

0.1

A

300 400 500 600 700 800 900
WAVELENGTH (nm)

Figure 2. The absorption spectra of pure ice
irradiated at —10° (@), —31° (+) and —50°C.(©)

The figures show that the transient species has a broad absorption
band with maximum absorption in the same spectral range as the solvated
electron in liquid water. The peak height decreases with decreasing
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temperature and for the HF crystal the yield is about one third of that
in pure ice. The shape and position of the spectrum indicates that the
observed species is a trapped electron.

04

02 F H

OPTICAL DENSITY

o1 } /g‘?\\

//°
L L L 1 R

300 z.oo 500 600 700 800 900
WAVELENGTH (hm)

Figure 3. The absorption spectra at —10°C. of
irradiated pure ice (@) and frozen 3 X 107°M
HF solution (©)

The nature of the electron trap is not known. If the electron is

trapped by the same mechanism as in liquid water its energy in e.v. may
be given by (12)

E= /“/m[4'41(‘op-l - Es_l)2 + 1-‘37(501)_1 - fs‘l) (1 - cop_l)] (1)

where ¢, is the optical and e, the static dielectric constant and m and pu
are the mass and effective mass of the electron respectively. In this for-
mula both orientation and electronic polarization is included. If the data
for water at 20°C. (E = 1.72 e.v. (11), ¢, — 80.2 (24), and ¢,, — 1.78)
are substituted in Equation 1, then u/m — 1.03. The value of x/m would
probably be about the same in ice at —10°C. The dielectric relaxation
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time at this temperature is, however, about 60 usec. (1), which means that
the dipole orientation would not contribute to the energy of the trapped
electron. Then ¢, should be replaced by the high frequency value ¢, =
3.15 in Equation 1 and the absorption peak would have been found at
about 2600 n.m. Instead the position of the peak is at 680 n.m.—i.e., the
trapping energy is larger than in water. This result indicates that it is
likely that the dipole orientation contributes to the energy whatever the
details of the trapping mechanism are. There was, however, no displace-
ment of the absorption peak during the lifetime of the transient—i.e.,
the full trapping energy was developed within 0.4 usec., which is much
shorter than the dielectric relaxation time. The explanation may be that
the electrons are trapped at positions in the ice lattice where the dipole
relaxation time is not given by the dielectric relaxation time but is con-
siderably shorter. The existence of electron traps in pure ice has been

4

cm-1 X 104)
w
T

-1

EXTINCTION COEFFICIENT (M

1 1 L 1 ]
200 300 400 500 600 700 800 900 1000
WAVELENGTH (nm)

Figure 4. The absorption spectra of the electron trapped

in ice at —10° (+), —31° (©) and —50°C. (A) and the ab-

sorption spectrum of the solvated electron in water at 20°C.

(solid line). The spectra for the electron in ice are calculated
using an oscillator strength = 0.65
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demonstrated by Bennett et al. (3) and by Eiben and Taub (4). If the
traps are dislocations it seems reasonable to assume that the relaxation
time for dipole orientation is decreased in this perturbated part of the ice
lattice. The relaxation time may be so short that it takes less than 0.4
psec. for the electron to polarize the lattice and create a trap of full depth.
These regions need not be large since the potential energy of the trapped
electron is proportional to % where R is the cage radius, and inte-
v R

gration to 10R will give 90% of the energy. The trapping energy
may then be given by Equation 1. The value of ,, for ice is 1.71 and
is equal to 94.2 at —10°C. (I). If these values and p/m = 1.03 are
substituted in Equation 1 we find that the absorption maximum is located
at 679 nm.

If this trapping mechanism is correct a reasonable assumption would
be that the oscillator strength has the same value in ice and water. This
assumption has been made and the result is shown in Figure 4. The
spectra are calculated for f = 0.65 (13) and the absorption spectrum of
the solvated electron is shown for comparison. As seen from the figure
the maximum of the absorption band is displaced to a shorter wave-
length in ice and the half width of the peak is smaller in ice than in water.

The G-values, collected in Table I, have been calculated from the
optical densities by using the extinction coefficients in Figure 4. The
values have been corrected with respect to the decay of the transient
during the electron pulse.

Table I.
Sample °C. D, € G
Pure ice —-10 0.358 30200 0.3

-31 ~0.134 35800 ~0.07
-50 ~0.054 36500 ~0.02
Frozen 3 X 10°M HF sol. —10 ~0.086 30200 ~0.1

The yield of the transient was not changed even after 100 electron
pulses had been given to the same ice crystal. We do not know if there
is a sufficient number of traps in the ice crystal to account for this.

The decay of the transient in ice containing 3 X 10°M HF is first
order with a half-life of 0.5 usec. The decay of the transient in pure ice is,
however, complex and we have therefore used a computer to evaluate
the data. A large number of kinetic models have been investigated and we
have found that the decay contains a second order reaction with a
rate constant of about 101!M™! sec.”’. The value of the constant is very
little temperature dependent and may therefore represent tunneling of
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the protons to the trapping site. It seems likely that a fraction of the
electrons decay according to first order kinetics.
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On the Reactivity of Hydrated Electrons
Toward Inorganic Compounds

MICHAEL ANBAR’ and EDWIN ]. HART

Chemistry Division, Argonne National Laboratory, Argonne, Ill. 60439

The rates of reaction of a number of inorganic complex ions
and oxy-anions with hydrated electrons have been measured
and the parameters which determine the rate of their dif-
fusion-controlled reactions have been evaluated and dis-
cussed. Ligands modify the reactivity of ions by their effect
on the configuration and stability of the lower state of oxi-
dation, on the electronic distribution of the central atom,
and on their capacity of acting as electron transfer bridges.
Each of these factors contributes to the reactivity of inor-
ganic complexes. The reaction cross section of certain highly
reactive oxidants is significantly larger than their crystallo-
graphic dimensions, suggesting long range electron tunnel-
ing. General trends in the reactivity of the hydrated electron
with inorganic compounds are discussed.

Since the discovery of its absorption spectrum, the rate of reaction of

the hydrated electron with inorganic cations, anions, and complex
ions has been extensively studied (2, 7, 12, 13, 14, 18, 23, 29, 36, 39)
and several attempts have been made to deduce some generalizations
on the mechanism of ¢7,, reactions with inorganic compounds. Substantial
differences in reactivity exist, however, between “similar” inorganic com-
pounds, and the interpretation of their kinetic behavior is therefore much
less successful than that for organic systems (1, 5, 6). Our understanding
of the reactivity of inorganic compounds is limited at best, to the quali-
tative level. In some early studies salt effects were not critically con-
sidered; consequently, some erroneous conclusions were drawn. We
further evaluate these data and provide new rate constant data on some
inorganic ions not heretofore studied.

Weizmann Institute of Science, Rehovoth, Israel.
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Table I. The Reactivity of Hydrated

Sup- " kobs kcorr
Compound plier pH X 10°M X 10719 M sec.™!

1.1 [Co(NHj)4] (ClO,), ‘ 6.7 6 8.15 8.2
1.2 [Co(NH;);H,0](Cl0,), ‘ 4.9 6 8.1 8.2
1.3 [Co(NH;);CN](ClO,), . 6.1 4 6.3 6.3
1.4 [Co(NH;);Cl] (ClO,), ‘ 7.3 4 6.1 6.1
1.5 [Co(NHj;);Br](ClO,). . 7.7 4 6.2 6.2
1.6 [Co(NH;);N,]ClO,), “ 6.3 4 6.3 6.3
1.7 [Co(NH3)5(CN)H20] (ClOy), 6.1 4 5.6 5.6
1.8 [Co(en),CO4]ClO, ° 7.2 2 4.9 4.9
1.9 [enZCoOZ(NHz)Coenz] Br, g 6.2 10 9.6 9.7
1.10 [(NH;);C00,Co(NH;);]Br; ° 5.9 5 8.2 8.3
1.11 [(CN);C00,Co(CN);]1K; g 7.0 10 2.9 2.8

* Obtained from the group of H. Taube, Stanford University.

* Calculated from the ionic mobility of Co(NH;)* = 1.02 X 107 cm.?/volts sec. (16).
° Estimated.

¢ Estimated from Co-NH, bond length (37, 38) in Co(III) amino complexes.

Many of the reactions of inorganic compounds with hydrated elec-
trons are extremely rapid, their reactions being essentially diffusion
controlled. A detailed analysis of these reactions reveals new information
on the mode of interaction of hydrated electrons with reactive inorganic
solutes.

Experimental

The preparation of solutions, irradiation of the samples, and analysis
of decay curves by “Chloe” follow our previously described techniques
(24). Hydrated electron scavengers were removed from the hydrogen-
saturated matrix by its pre-irradiation before injection of the solute in
cases where concentrations of the order of 10uM solute were tested. The
sources of supply of the chemicals used appear in Tables I and II.

Results

A number of inorganic compounds have been investigated for their
rates of reaction with hydrated electrons. For purposes of later discus-
sions, we divide them into two groups: compounds which approach the
diffusion controlled rate and compounds which react much slower. The
data of the first group are presented in Table I which includes a number
of cobalt complexes, and in Table II which contains the remaining fast
reacting compounds. Here they are presented in the order of increasing
atomic number of their central atom. In addition to the experimental
conditions and the observed specific rate constants (kos), these tables
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Electrons with Cobaltic Complexes

D X 105 kgigp X 10710 o= Keorr

cm.? sec.” r X 10% cm. M~ sec.™ kaits
0.9 2.6 9.2 0.89
0.8” 2.6° 9.0 0.91
0.7¢ 2.8 6.3 1.00
0.7° 2.6° 6.2 0.98
0.7° 2.71 6.2 1.00
0.7¢ 2.8° 6.3 1.00
0.7° 2.7¢ 6.2 0.91
0.7¢ 3.7° 4.4 1.11
0.6° 4.5° 11.6 0.84
0.6° 4.0° 14.3 0.58
0.6° 5.0° 0.12 23.3

* Estimated from (37, 38) for [Co(NH,),Cl.H.O]*.
! Estimated from [Pt(NH;).Br,]*> and [Co(en).Br.]".
¢ Obtained from J. A. Weil, Argonne National Laboratory.

contain the specific rate constant corrected for the salt effect (keorr),
according to (28)
k 1/2

1 corr __ 1. 7 P~ .
o8 obs ! 02 1 + aMI/Z

Z is the charge of the substrate ion, p is the ionic strength of the solution,
w = 1/2 3{Z2c;, and a — r/3, where r — the sum of radii of the two
reactants in A. In these tables, kg is the diffusion limited bimolecular
specific rate constant calculated from the Debye equation (20) from the
sums of the diffusion coefficients (D.- 4+ D) and radii of e, and the
substrate ion (7, + 1) (22).

kditf = 47TN(D9' + Dx) (re" + TX)Q/(eQ - 1)

where Q = —Z.e?/ekT(r,- 4 r.); ¢ = the macroscopic dielectric con-
stant of water; 78.6 at 25°C.; N = Avogadro’s number, 6.025 X 10
molecules/mole; k — Bolzmann’s Constant, 1.38 X 1071 erg/degree;
Z. = charge on substrate ion; D,- = 4.7 X 10 sq. cm. sec.™ (33). The
diffusion coefficients of the substrate ions were taken or estimated from
the values of published ionic mobilities (16, 25). We used 2.5 A. as the
radius of e7; that of the substrate ion was calculated or estimated from
known bond lengths (37, 38).

Specific rate constants for less reactive compounds are presented in
Table III in the order of increasing atomic number of the central atom.
The implications of these results are discussed below.
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Table II. Reactions of Hydrated Electrons

" kobs kcorr
Compound Supplier pH X 10°M X 107°M sec.™
2.1 NaOCl - 10.2 102 7.2 7.0
2.2 Na,TiFg ¢ 6.6 104 5.8 3.5
2.3 NH,VO, a 11.0 10 4.9 49
24 [Cr(NHj;);Cl]CL, g 6.7 10 62. 62.
2.5 K,Cr(CN), ¢ 10.0 5 X 103 14. 3.3
2.6 Na,[Fe(CN);NO] ! 10.5 10 23.5 23.5
2.7 XKzFeFg ¢ 6.6 10* 10.5 2.2
2.8 Ni(en),SO, ‘ 11.0 100 7.5 8.0
2.9 K,;Ni(CN), ! 11.0 5 X 102 5.5 4.1
2.10 KNiF (H,0), 4 8.5 10% 7.2 12.0
2.11 Na,SeO, ‘ 11.0 102 1.1 1.0
2.12 K,Pd(CN), ‘ 10.6 103 2.8 1.9
2.13 KMn(CN)gq I 9.0 5 X 108 25. 5.9
2.14 K,SnF, " 6.5 103 4.1 2.9
2.15 KSbO, ? 11.0 102 13 12
2.16 Na,TeO;, ¢ 10.9 102 1.1 1.0
2.17 Na,TeO, . 11.0 102 16 15
2.18 K,Pt(CN), ! 10.6 108 3.9 2.9
2.19 K,PtClq ! 10.0 103 2.0 14
2.20 TSSO, ] 8.5 102 37 40
2.21 KAu(CN), ! 10.6 103 4.2 3.5
2.22 K,IrClg ¢ 10.2 5 X 103 20. 8.3
2.23 K;3IrClg : 10.6 5 X 103 9.4 3.0

¢ BDH Lab Reagent, purified.

® Estimated by analogy with SO~ and Fe(CN ).

¢ Calculated from experimental data (37, 38).

¢ BDH Analar.

¢ Estimated by analogy with ClOs~ and BrOs~.

" Estimate based on planar configuration.

¢ Obtained from H. Taube’s group, Stanford University.
* Estimated from (37, 38) Cr(CNS).(NHs).".

The effect of ionic environment on the rate of diffusion controlled
€ aq reactions is revealed when one compares the experimental rate con-
stants with the calculated values. In Table I the highly charged bis-
pentacyano cobaltic peroxide (I) is much more reactive than expected
for a pentavalent anion (1.11). It has been claimed (19) that polyvalent
anions exhibit a lower effective charge in their kinetic behavior than
expected from their structural formulae. We have checked the salt effect
on the reaction of I 4+ ¢7,, and compared it with the NO3™ 4 e, reaction.
The results presented in Table IV and Figure 1 show that nitrate ions
possess a normal salt effect, a result previously obtained by competition
kinetics (15, 17). On the other hand, the salt effect of the I + e
reaction shows that this bis-pentacyano cobaltic peroxide ion has an
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with Various Reactive Inorganic Compounds

D, X 10° kgisp X 1070 —, Koorr
cm.2 sec.”™? 1, X 108 cm. M sec.™! « kaise
2.2 1.1 5.9 1.2
1.1° 2.6° 4.1 0.85
1.5° 2.37 9.8 0.50
1.2 2.6 68. 0.96
0.8* 3.0 0.66 5.0
0.8 3.0 4.8 4.9
1.0 2.6° 1.4 1.6
0.9 3.5 64. 0.13
1.2 2.87 4.6 0.89
1.2 2.5 42, 0.29
1.0™ 2.2 3.1 0.29
1.2 2.8 4.6 041
0.8 3.0 0.68 8.7
1.0 2.7 4.2 0.69
1.3 2.5 10.2 1.08
0.9 2.07 2.6 0.36
1.1 2.4 3.6 4.2
1.2 3.0 5.1 0.77
0.9 3.2 54 2.6
1.9 2.2 48, 0.87
1.5 2.0 8.6 0.41
1.0 3.2 5.5 1.7
0.8 3.2 2.1 1.5

* Alfa Inorganic Inc.

? Fluka puriss.

* Estimated by analogy with Fe(CN )¢*~ which has been determined (37, 38).
! Estimated on basis (37, 38) of FeF..

™ Estimated by analogy with SO,

" Williams and Hopkins Reagent.

? Baker Analyzed.

effective charge close to unity and is far from behaving kinetically as a
pentavalent anion.

Discussion

Diffusion Controlled Reactions. Many reactions of hydrated elec-
trons approach the diffusion controlled limit. This has been pointed out
in previous reviews (I, 28, 34), but there has not been an extensive
evaluation of a large number of these reactions. In the present study
we evaluate quantitatively the parameters of diffusion controlled reactions
and compare the calculated results with experimental data.

The measured rates of reaction of Co(III) complexes clearly ap-
proach the diffusion controlled limit. A comparison between the diffusion
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Table III. Some Slower Reactions of e, with Inorganic Compounds

M~ sec.™! M~ sec.™?
Compounds Supplier pH n kops keorr
3.1 NaBF, 58 02 4.0 X105 <23 X 10°
3.2 Li,SiFg 59 015 1.5 X 108 <5.5 X 10°
3.3 KH,PO, 71 0.1 77X 108 <55 X 105
34 KH,PO;, 6.7 0.02 7.2 X 106 5.5 X 108
3.5 NaH,PO, 6.8 0.01 1.1 X 10° 1.0 X 103
3.6 NaSO,;NH, 11.7 0.02 <1.7 X 10 <1.3 X 10¢

d
3.7 Na,SO, ’ 100 0.001 <1.3 X 10° <1.3 X 10
3.8 NagFe(CN);NH, * 8.6 0005 <1.0X107 <I1.0X 107
3.9 NaAsO, ¢ 10.6  0.0075 59X 108 55 X 108
3.10 NaH,AsO, ° 11.0  0.001 2.0 X 108 1.9 X 108
3.11 Na,SeO, a 10.8 025 12X 107 2.3 X 108
3.12 K,Ru(CN), . 106 001  <1.0 X 106  <1.0 X 10
3.13 Na,SnO, ’ 11.0  0.001 6.3 X 108 5.9 X 108
3.14 K,Os(CN), ‘ 105 0.001 <1.0X 105 <1.0 X 10°

* BDH Analar.

® Prepared from Fluka analytical reagents.
° Baker Analyzed.

¢ Fluka puriss.

Table IV. The Kinetic Salt Effect on the Reactions e’aq + NO3’ and
€aq + [(CN);C00:Co(CN);5]*"

A. NOy
k 'u'1/2
uw M sec.” X 107° log k/k, 1+ 1.33u7%
0 (extrap) 8.5 0 0
0.000036 8.8 0.012 0.006
0.0013 9.0 0.022 0.035
0.0015 9.6 0.050 0.037
0.0024 10.0 0.067 0.071
0.0100 11.1 0.116 0.089
0.0126 10.3 0.082 0.098
0.0185 11.2 0.118 0.116
0.0247 11.0 0.110 0.130
0.0373 11.9 0.114 0.154
B. [(CN);C00,Co(CN);1°~

0 2.80 0 0
0.00075 2.91 0.016 0.025°
0.0146 3.40 0.084 0.093°
0.027 3.53 0.100 0.116°
0.052 3.78 0.130 0.141°

@172/ (1 + 2.5u1/2).
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Figure 1. The effect of ionic strength on the
reactivities of NO, and [Co(CN);0,Co(CN);1%

® NO;,a=1.33
@ [Co(CN);0.Co(CN);1*-, a=2.5

controlled rates for these ions calculated according to Debye’s formula
(20) with the experimental data (Table I) shows excellent agreement
for a series of tri and divalent cations (1.1-1.9). The lower value for
keore/kaitr = o for pentavalent (NHj;);C00.Co(NH;);> (1.10) is easily
explained if one assumes that one or two of the positive charges are
permanently neutralized by gegen anions in the outer sphere (26). If
two of the charges are neutralized, « equals unity within experimental
error. The very large « for the pentavalent anion (CN);C00.Co(CN);*
(L11) is most probably caused by the same effect, as has been demon-
strated by its behavior in the presence of inert electrolytes (Figure 1)
where a kinetically apparent charge of unity has been found. In fact,
when one calculates ko for [(CN);C005Co(CN);K,]", « is equal to
unity within experimental error. Another series of fifteen highly reactive
cations and cationic complexes of various metals is presented in Table V.
With the exception of Cd(NH;)*" and Ni(H.0),** each of these com-
plexes reacts with e, at a rate which is within 25% of the calculated
diffusion controlled rate. In view of the uncertainties involved in the
parameters which determine k... and kg, the results indicate that the
calculated kg is a fairly good estimate of the diffusion controlled limit
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of e, reactions. This conclusion implies that the experimental value of
D(ey) = 4.7 X 107 cm.2 sec.™ is reliable. We now consider the ques-
tion as to whether or not r- = 2.5 A. provides a reasonable encounter
radius to describe the behavior of anionic and neutral reactants.

Table V. A Comparison Between k., and Rgr of Highly Reactive
Cations and Cationic Complexes

kcorr D kdif f

X 10710 105 cm2r X 108 X 10710 _ Keorr

Compounds M sec.” sec.! cm. M7sec.'® kg Ref.

51 Cr(H,0)4? 6.2 1.3 2.4 6.9 0.90 7

5.2 Cr(H,0),0H2" 6.3 1.0 2.4 6.5 0.97 7
5.3 Cr(NH,),Ck* 6.2 0.8 2.8 6.4 0.96 This
work

5.4 Cr(en)s 78 0.8 3.5 9.2 0.87 13
55 Cr(en),(NCS),” 4.2 1.0 3.5 4.4 0.96 36
5.6 Cd,,2* 4.9 1.0 2.2 6.5 0.76 7
5.7 Cd(NH,),2" 3.1 0.9 2.6 6.4 0.49 7
58 Ag,, 3.2 1.6 1.8 4.2 0.76 29
5.9 Os(NH,)3 7. 0.7 3.0 8.9 0.87 11
5.10 Rh(NH,)? 7.9 0.7 3.0 8.9 0.89 11
511 Tl 40 19 22 46 087 VTVE:S(
5.12 U0, 74 1.6 2.6 7.2 1.03 13
5.13 CuOH",, 3.3 1.3 2.0 4.1 0.81 7
5.14 Ni(H,0),*" 2.9 1.2 2.0 6.7 0.43 11
5.15 Pb(OH),,’ 3.9 1.3 2.7 4.3 0.91 7

An analogous comparison of the reactivity of anions and anionic com-
plexes of Table VI reveals several interesting facts. In this table there
are 40 compounds which react with e7,, at a rate which is more than 70%
of the calculated diffusion controlled rate (11 of these compounds have
been measured in the present study for the first time). However, only
18 compounds have « values between 0.7 and 1.5 and we consider them
to agree reasonably well with the calculated ones. In some cases, the
high « values may be because of the fact that they were calculated from
the experimental rate constants without correcting for salt effects. These
include the following compounds: Cr( EDTA)", (6.9); Cr(0X),*, (6.10);
Co(CN)¢*, (6.20); Co(CN);CI*, (6.21); Co(CN);NO.*, (622);
Co(NO;)¢*, (6.23); and Co(EDTA)", (6.24).

Another group with « values higher than 1.5 may be explained by a
lower effective negative charge. Figure 1 shows that the highly charged
anion, bis-cobalti-cyano-peroxide (6.25), possesses an effective charge of
—1. In this case, when one computes kq¢ for a monovalent anion, « is
reduced from 23.3 to 1.3. A lower effective charge could also account
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for the high values of the following: Cr(CN)¢*, (6.7); Cr(CN)¢*, (6.8);
CrF¢*, (6.12); and FeF¢*, (6.18); and possibly Mn(CN )¢

Even after these corrections we are left with nine compounds which
react with e, significantly faster than the calculated diffusion controlled
rates. These compounds include O™ (& = 2.5), CrO,* (« = 3.0), Cr.0;*
(¢ = 6.2), MnO4 (« = 2.1), Fe(CN);NO?*" (a = 4.8), PACLy*" (a« =
1.6), TeOs* (« = 4.2), IrCls*> (a = 1.7), PtCls*" (a = 2.6) and perhaps
some of those mentioned above.

These high « values may be explained by assuming that the Debye
formula does not apply to hydrated electron reactions with negatively
charged ions. This suggestion does not seem plausible for two reasons:
First, there are too many compounds including negatively charged ones,
which do react at a rate surprisingly close to the calculated one to make
this agreement fortuitous. Second, it can be shown that a number of
neutral substrates also exhibit « values larger than 1.5. These include
CCl,, CHCl;, C(NO;)4, and OH, each of which is an efficient oxidizing
agent. One could argue that the estimated value of r.- = 2.5 A. is too
low and that 7,- o I8 of the order of 5.0 A. This suggestion does not con-
flict with the experimental behavior of the cations, especially the di- and
tri-positively charged reactants, but it does imply that none of the mono-
valent anion reduction reactions is diffusion controlled. Furthermore,
there are a number of neutral reactants, including inter alia hydrogen
atoms, oxygen molecules, methyl iodide, methyl mercaptan, cyanoben-
zene, nitrotoluene, tetracyanoethylene, and cysteamine which have «
values close to unity when calculated with T, = 2.5 A. Therefore, we
conclude that 2.5 A. is a good approximation of the reaction radius of
€ aq in most of its reactions.

Tunneling is another explanation for the abnormally high «s since
the effective cross section of certain e, reactions is larger than that
calculated from the sum of the radii. In order to apply Debye’s formula,
we must assign an effective radius, r.- 4 r,, of 9 to 12 A. for these
reactions instead of the “geometrical” sum of 4-6 A. Distances as long
as 9-12 A. are unlikely to facilitate electron transfer by orbital overlap
but electron tunneling through a free-energy barrier is expe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>