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Excess Electrons in Non-polar Molecular Liquids

B.S.Yakovlev

The results of recent experimental and theoretical studies of the properties of an excess electron in non-polar liquids have
been summarised. Various models of electron transfer, and the role of localised and quasi-free states of the excess electron
in chemical reactions have been discussed. The bibliography contains 142 references.
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I. INTRODUCTION

The discovery of the solvated electron in water about
fifteen years ago laid the foundation for intensive studies
of the properties of a "chemically non-combined" or excess
electron in molecular liquids. Until recently, these
studies were related chiefly to polar media. It was found
that an excess electron is one of the most chemically
active species and plays an important role in many elec-
trical, photochemical, and radiation-chemicalprocesses1"4.

Until 1968, experimental studies of the excess electron
in non-polar liquids were restricted to the study of the
mobility of the electron in liquefied noble gases and
diatomic liquids (this work has been reviewed5"7). In the
last few years, the study of the properties and elementary
chemical reactions of the excess electron has been
extended to liquids consisting of complex non-polar mole-
cules— liquid hydrocarbons and various organosilicon com-
pounds. This has been made possible by the development
of the technique of recording fast reactions, particularly
the use of nanosecond techniques, and the improvement of
methods of purifying liquids from electron acceptors.

Intensive studies in this field began after the possibility of
recording an excess electron in liquid hydrocarbons had
been demonstrated in the period 1968-19708"11.

A large amount of factual material relating to the study
of the physical properties and reactivity of an excess
electron in non-polar liquids has now accumulated. It has
been found that the excess electron is a much more active
species in these media than in the polar liquids. The
direct experimental data obtained on the mobility and rate
constants of the reaction of the electron differed so sharply
from the values previously assumed that they led to a
change in ideas regarding the time scale of processes
involving an excess electron in photochemical and radia-
tion-chemical changes in non-polar liquids. New data are
extending the possibility of studying reactions with elec-
tron transfer in condensed media. These data can be used
in the physics of dielectrics to study the initial stages of
electric breakdown, and in experimental nuclear physics to
create liquid ionisation chambers. This explains the
increasing interest shown by specialists in different fields
in the study of the properties of the excess electron in non-
polar liquids.
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The problems of the behaviour of an electron in molecu-
lar liquids, including non-polar liquids, have been
reviewed12"14. The present review summarises the
results of work published up to 1977. Particular atten-
tion has been paid to the mobility and reactivity of an
excess electron in liquid hydrocarbons. In the last part
of the review, new data on the properties of the excess
electron are used to discuss the kinetics of the primary
electronic processes of the radiolysis of non-polar molec-
ular liquids.

II. THE MOBILITY AND ENERGY OF AN EXCESS ELEC-
TRON

The experimental data at present available on the
mobility and reactivity of the excess electron in non-polar
liquids relate chiefly to an electron in thermal equilibrium
with the medium. In polar liquids, the state of an equi-
librium excess electron is localised. The electron in
this state is in a potential well, formed as a result of the
polarisation interaction of the electron with the dipolar
molecules of the medium. For an excess electron in non-
polar liquids, generally speaking, it is not clear whether
the equilibrium state is localised, since the orientational
polarisability of molecules in these media does not play a
significant role in the localisation of an electron. Accor-
ding to existing views of the states of an electron in dis-
ordered systems 15'16

} at thermal equilibrium in a non-
polar liquid an excess electron can in principle also exist
in a delocalised state. In this state the electron occupies
the volume of many molecules, and its interaction with the
medium is determined only by their electronic polarisa-
bility. It is assumed that the delocalised or quasi-free
electron has a much higher mobility than an ion.

As shown below, data on the mobility of the excess
electron indicate that in many non-polar liquids an equi-
librium electron is neither completely localised nor quasi-
free, but is most probably in neither state. It is still
possible, however, to regard an excess electron as a
species in an "equilibrium" state in processes for which
the characteristic time is greater than the relaxation time
of various states of the electron. Processes of this kind
are usually dealt with in experimental studies of the
mobility and rates of chemical reactions of an excess elec-
tron in non-polar liquids.

1. Measurements of Drift Mobility

The drift mobility M or the ratio of the average velocity
of the electron v in an electric field to the field strength E

\i = vlE (1)

is one of the most definite characteristics of the motion
of an electron in a liquid. Einstein's relationship makes
it possible to relate M to the coefficient of diffusion of the
electron D = kj$T/en, where k-Q is the Boltzmann constant,
T the absolute temperature, and e the charge of the elec-
tron.

The first reliable measurements of the value of H for
an excess electron in liquid hydrocarbons were made com-
paratively recently, in 1968-19699"11. It has now become
clear that the failure of the many earlier attempts to
carry out these measurements were due to the use of
liquids not sufficiently purified from electron acceptors.
In most cases, rapid disappearance of the excess elec-
trons and the formation of the negative ions of the acceptor

molecules took place. A direct indication of the existence
in liquid hydrocarbons of current carriers more mobile
than ions was obtained byTewari and Freeman8, who
detected the formation of short-lived charged species in
liquid neopentane under the influence of ionising radiation.
The use of thoroughly purified liquids in later work made
it possible to determine the average velocity of these
species in an electric field from the time of flight over the
distance between two electrodes.

The values of M obtained from these measurements
were 102-105 times greater than the mobility of ions, so
that the current carriers recorded were identified as
excess electrons. This conclusion was confirmed by
studies 10 of the current of electrons photo-injected from a
metal into "pure" liquid hydrocarbons. These studies
gave the same values of M.

The purity of the liquids required for the measurement
of the time of flight of excess electrons over the distance
between electrodes (tf) can be judged from the lifetime of
electrons before their capture by the molecules of accep-
tors, which in these measurements must be greater than
tf. The acceptable concentration of electron acceptors,
estimated from this condition and the known rate constants
of reactions involving the capture of an excess electron,
often did not exceed 1013 cm"3.

The mobilities of excess electrons have now been mea-
sured for more than fifty different non-polar molecular
liquids, including saturated9"u'18"38, unsaturated 18'34'39,
normal, cyclic34, and aromatic40 hydrocarbons, and
various organosilicon compounds, such as tetramethyl-
silane11'21. Table 1 gives some published values of M for
liquids at room temperature. More complete data have

12-14,38been published
general conclusions.

The results lead to the following

Table 1. Drift mobility of an excess electron M, activa-
tion energy of the mobility E and the energy of the ground
level of a quasi-free electron Vo in non-polar molecular
liquids.

Liquid

Tetramethylsilane

Neopentane

2,2,4,4-Te tiamethylpen tane
2,2,5,5-Tetramethylhexane
2,2-Dimethylbutane
2,2,4-Trimethylpentane

Cyclopentane
Cyclohexane
Butane
n-Pentane
Benzene
n-Hexane

Toluene
n-Decane
n-Pentadecane
Methane

Ethane
Propane

T. K

296

296

295
293
296
296

296
294
296
293
293
296

292
296
296
111
140
130
175

1 (cm2-V-l s-.l)

9011

7Q26.4O

2421

1221

10.9U

7 "

1 , 1 "
0.35", 0.4521

0 . 4 "
0.15'4

0.114*°
0 .09" ,
0.08229

0.06340

0.03836

0.03136

40Q22.2B

43020

0.01430

0.0530

E.ieV

0.018"

—

0.06421

0.0521

0.052"
0.061 ' , 0 .513 3 ,

0.04638

0.1721

.—.
.

0.32*°
0 1918,28.33

0.1636

0.15*»
0.21738

0.16135

—0.00730

0.083°
—

Vo, eV

— 0 . 6 1 " , — 0 .62"
—0.55" , — 0.51*7

- 0 . 4 3 " - 4 2 .
—0.35"
—0.3350

—0.24", — 0 . 1 5 "
—0.15" , —0.18"
—0.14", —0.191*

0 .17" , 0 . 2 8 "
0.015 0

—
0.01*'

—0.14**
—0.09" , 0 .04"

0.16*9, 0.2*'
—0.22"

0.18*»
—

0.0*8

—.
0.22*8

0.11"

1. The mobility of an electron in different liquids, even
at a given temperature, cover a wide range of values:
from 3 x lO"2 c m ^ ' V 1 in n-decane to 102 c m ^ ^ s ' 1 in
neopentane and tetramethylsilane. The mobility of the
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electron is unusually "sensit ive" to the structure of the
molecules of the liquid. For example, for n-pentane and
neopentane the values of n differ by a factor of more than
400. The mobilities of the electron in cis- and trans-
butenes differ by a factor of approximately 100. For
normal hydrocarbons, the mobility at first decreases
rapidly with increase in the number of carbon atoms from
two to six. Further increase in the number of carbon
atoms leads to only a slight change in (J. The position of
the double bond in a molecule determines whether f*
increases or decreases . It is difficult to relate the influ-
ence of the structure of molecules on the mobility of an
excess electron to any single property of the molecules of
the liquid. The nature of the movement of an electron in
liquid saturated hydrocarbons apparently depends to a con-
siderable extent on the shape of the molecule: more
spherically symmetrical molecules correspond to a greater
mobility. The greatest mobilities are shown by electrons
in methane, neopentane, and tetr am ethyls ilane, which
have highly symmetrical molecules.
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Figure 1. Temperature dependence of the drift potential
of an excess electron in various molecular liquids:
1) tetram ethyls i lane 3 3 , 2) neopentane 2 0 , 3) iso-octane 1 7 ,
4) 2-methylbut-2-ene 2 0, 5) 66% n-hexane in neopentane 2 0 ,
6) 3-methylpentane 6 6, 7) n-hexane 2 0 .

2. For all hydrocarbons studied, except liquid methane3

the mobility of the electron decreases with decrease in
temperature (Fig. 1). The temperature dependence of ^
for most saturated hydrocarbons is described by the
Arrhenius equation

with pre-exponential factors (A)'from 102 c m ^ *s 1 to
103 c m ^ ^ s " 1 . The fi(T) relationship for liquid ethane and
n-pentane is more complex. The activation energy
increases with decrease in Tin the first case, and decreases
in the second. №{T) relationships of this kind a r e also
typical of unsaturated hydrocarbons.

3. The mobility of the excess electron is independent of
the electric field strength, that is v ~ E up to values of
E - 104 V cm" 1 . In liquids with a relatively high mobility
(liquefied methanol, neopentane, iso-octane), further
increase in E leads to a decrease in ( j , , 2 3 ' 2 6 ' 3 2 j n this
range of values of £ , the velocity of the electron v ~ E0'5.
This v(E) relationship is characteristic of the movement of
an electron in semiconductors, and is usually related to an
increase in the average kinetic energy of the electron in the
electric field. Another type of relationship was estab-
lished for liquids with a low mobility: in the range of
strong fields, V- increases with increase in E (liquefied

ethane, propane, pentane 25-27 ,3f ). A similar relationship

(— E/kBT) (2)

was previously found for substances in which the movement
of the electron takes place in hops from one localised state
to another. It is assumed that in this so-called "hopping"
mechanism of electron transfer, the electric field
increases the probability of a hop.

4. The mobility of an electron shows a correlation with
the energy Vo of the ground state of the quasi-free electron
in the liquid, that is with the energy which must be
expended to transfer a stationary electron from a vacuum
to a lower delocalised state in the liquid. As a rule, the
lower Vo, the higher the mobility of the excess electron.
This dependence of |i on Vo is one of the characteristic
features of the movement of an electron in non-polar
liquids (for polar liquids, a correlation between |i and Vo

has not been established). It is assumed that the position
of the level of a quasi-free electron in some cases also
determines the reactivity of the excess electron (see
Part III). It is therefore not surprising that the discussion
of data on Vo at present occupies an important place in the
examination of the properties of an excess electron in non-
polar liquids.

2. Energy of a Quasi-Free Electron

Data on the magnitude of Vo for non-polar liquids have
been obtained chiefly by two methods: from the difference
in the work functions for an electron from a metal in a
vacuum ^ v

 an<3 in a liquid cci,41"49 or from the difference in
the ionisation potentials of the molecules in the gas Ig and
in the liquid I\,50'51 The energy of the quasi-free electron
is determined in the first method as the difference
Vo = I\ - <Pv, and in the second case as Vo = I\ - / g - P+j

where P+ is the energy of the polarisation of the positive
ion in the liquid. The results obtained by the two methods
show good agreement.

The values obtained for Vo for non-polar liquids (see
Table 1) lie in a range from -0.6 eV to +0.2 eV, that is
they are much higher than the corresponding values for
polar liquids (for example, for water Vo = -1.3 eV4).
Positive values of Vo mean that it is energetically more
favourable for the electron to move into a vacuum from the
quasi-free state in the liquid. Experimental confirmation
of the existence of this transition is provided by the obser-
vation of the effective emission of excess electrons from
liquid n-hexane and iso-octane into the gaseous phase52'53.

A number of attempts have been made to interpret the
properties of a quasi-free electron in non-polar molecular
liquids using the same approach as in the case of liquefied
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gases, since high values of Vo were previously obtained for
the latter. For liquefied gases, from data on the scattering
of an electron by atoms in the gaseous phase, it is
assumed that an electron cannot approach an atom to a
distance less than the so-called radius of a "hard sphere"
a. According to the theory6, in this approach,

0 = Tk(a,n)+U(a, n). (3)

where Tk is the energy, often called "kinetic", although it
is the energy of an electron at the foot of the conductivity
zone. Physically, this energy is related to the same
quantum effect as the increase in the energy of the ground
state of an electron in a potential well when the walls of the
well approach one another. The role of the walls in the
model of the electron being considered is played by the
surface of the "hard spheres". As expected from this
interpretation, the value of T^ increases with increase in
a or the number of molecules in unit volume n. The
average polarisation energy U can be calculated6 from the
known polarisability of the atom a and the density of the
liquid.

There are at present few data on the reaction of low-
energy electrons with complex molecules in a liquid, so
that there is much less justification for using this method
of calculation for liquid hydrocarbons than in the case of
atomic liquids. Nevertheless, the values calculated using
Eqn. (3) show good agreement with experimental data in
this case also (Fig. 2). The values of a used in this calcu-
lation show a qualitative correspondence to data on the
scattering of electrons by hydrocarbon molecules in the
gaseous phase54. Moreover, the calculation of Vo for a
mixture of hydrocarbons from the values of a and a for the
components gives good agreement with experimentl4'55.

the optical absorption of an excess electron is known for
only a few hydrocarbons: for propane at 88 K and 108K,56

3-methylhexane at 193 K,57 and methylcyclohexane at 160K
and 293 K.58 In all cases the form of the absorption spec-
trum was found to be close to the spectrum of a trapped
electron in solid amorphous hydrocarbons. Fig. 3 gives
as an example the optical absorption spectra of an excess
electron in liquid propane and solid 3-methylpentane.

/ZOO 1600 zooo
A, nm

Figure 3. Spectral dependence of the optical absorption:
1) excess electron in liquid propane at 88 K56 2 x 10"6 s
from the start of a generating pulse of duration 1 x 10~6 s;
2,3) captured electron in solid amorphous 3-methylpentane
at 77 K, 10"5 s (2) and 380 s (3) from the start of a gener-
ating pulse of duration 10"6 s.59
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Figure 2. Temperature dependence of the energy of the
ground state of a quasi-free electron in liquids. The
points give the experimental data47, and the continuous
lines the results of a calculation47 by the Wigner-Seitz
method: 1) n-hexane, 2) iso-octane, 3) 2,2,4,4-tetrameth-
ylpentane, 4) tetramethylsilane.

3. Optical Absorption

Because of the high reactivity of an excess electron in
non-polar liquids, the measurement of its optical absorp-
tion in these media, particularly at room temperature, is
more complicated than that for polar liquids. At present,

The observation of the optical absorption of an excess
electron indicates that at least some of the electrons are
in a localised state for times greater than the absorption
recording time (> 10~8 s). At present there is no gener-
ally accepted viewpoint on the nature of the localised state
of an electron in liquid hydrocarbons. According to a
general approach60,localised states in a liquid may be
formed as a result of the capture of an electron by several
fluctuations, for example fluctuations in the density or the
orientation of the molecules. Studies of the mobility of an
electron in a mixture of hydrocarbons23'29531 also lead to
the conclusion that several molecules take part in the
formation of a localised electron.

Of the proposed mechanisms of the localisation of an
excess electron in liquid hydrocarbons, the capture of the
electron by a cavity between molecules has been examined
in most detail44'61' . A similar mechanism was estab-
lished for liquid helium and neon6'7, and is assumed for
liquid hydrogen and nitrogen63'64. Studies of positron
annihilation in a number of liquid hydrocarbons65 confirmed
the existence in these liquids of cavities having a radius of
~ 4 A, suitable for electron capture. Cavities of this
size are also postulated in the interpretation of the form
of the optical absorption spectrum of a captured electron
in solid amorphous hydrocarbons66. Numerical calcula-
tion62 of a simple model of a cavity with reqtangular walls
(see Fig. 4) shows that an electron in a ~ 4 A cavity may in
fact be a stable system in liquid hydrocarbons. For this
it must be assumed that the value of the dielectric constant
close to the walls of the cavity, determining the energy of
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the polarisation of the medium by a localised electron U\oc,
is greater than the macroscopic value of the dielectric con-
stant. This assumption is justified by the fact that the
electron in a cavity "feels" the uncompensated C-H dipole
moments of the surrounding molecules. The orientation
of these dipoles is apparently responsible for the "blue"
shift with time in the absorption spectrum of a captured
electron in solid hydrocarbons (see Fig. 3).

liquid

£/„

Figure 4. Energy diagram for an electron localised in a
cavity. The broken line gives the energy level of the
stationary electron in a vacuum, Vo is the energy of the
ground state of the quasi-free electron, and £loc the energy
of the localised state.

These proofs of the localisation of the electron in a
cavity can only be regarded as indirect, however. It is
not excluded that, because of the high dipole moment of
individual C-H bonds (~ 0.4 D67), the electron is localised,
for example, by a "fortuitous coincidence of rotational
phases of neighbouring molecules"11.

4. Some Models of Transfer

The observation of high values of the drift mobilities of
an electron in liquid hydrocarbons led immediately to the
suggestion that the unusual mobility of the electron in these
media is due to the participation, in transfer processes,
of an electron in a quasi-free state. Ideas on the high
mobility of the quasi-free electron in a liquid had previ-
ously been introduced to explain the mobility of the electron
in liquefied noble gases. For these media, a theory of
the mobility of the quasi-free electron in a liquid was also
developed in detail.

The quasi-free electron in monatomic liquids is
regarded as a plane wave coherently scattered on atoms.
This approach, used by Cohen and Lekner68'69, was found
to be fruitful for the estimation of the mobility of an elec-
tron in a weak electric field Mo, and also in the interpre-
tation of the temperature dependence Mo(̂ )70 and the depen-
dence of the mobility on the electric field strength in liquid
argon. The structure of the liquid was taken into account
by means of a radial function of the interatomic distances,
and the model potential of the interaction of the electron
with an atom was the potential used in the calculation of the
energy of the quasi-free electron. According to the
theory68'69

Ho --= —e{2lnmkBT)%lnaS (0),

where cj=47ra2is the cross-section of the elastic scattering
of an electron on a sphere having a radius o, S (0) = nk-QT.
and x is the coefficient of isothermal compressibility of
the liquid.

(4)

Fueki and coworkers54 assumed that Eqn. (4) is also
applicable for the mobility of a quasi-free electron in a
molecular liquid, if the values obtained from the experi-
mentally determined energies of the quasi-free electron
according to Eqn. (3) are used for a. According to their
estimates, Mo = 150 ± 70 cmaV"1s"1 for various liquids at
T =* 300K. The value Mo ~ 150 c m ^ ^ s " 1 for n-hexane,
neopentane, and their mixtures is also given by a more
rigorous calculation71 based on a modified Cohen-Lekner
theory for monatomic liquids72.

The data in Table 1 show that the experimental values
of the drift mobility of the excess electron in many molecu-
lar liquids is much smaller than the assumed values of Mo
for the quasi-free electron. Moreover, in contrast to the
calculated temperature dependence of the mobility of the
quasi-free electron, Mo ~ T~3 2, for most liquid hydrocar-
bons the mobility of the excess electron has activational
character, which usually indicates that a significant part
is played by localised states. Thus the nature of the
transfer of an excess electron is different for non-polar
molecular liquids, polar liquids, and liquefied noble gases.

The mechanism of electron transfer in non-polar molec-
ular liquids is not clear at present. A common feature of
proposed models is the use of ideas on the distribution of
the excess electrons between localised and quasi-free
states. The following models of the transfer of an excess
electron are examined in the literature, depending on the
energy distribution of the traps and the mechanism of the
liberation of the electron from the trap.

a) "Trap" model

In this model it is assumed that a quasi-free electron
in a liquid is captured for a time interval T\OC by struc-
tural traps, from which it can be liberated again by ther-
mal excitation. In this case the measured mobility is the
sum of the mobilities of the electron in the quasi-free state
Mo and in the localised state Mloc with allowance for the
proportion of the time spent by the electron in these states,
that is

where P is the probability that the electron is in the local-
ised state.

For the simplest case where all the traps are identical,
p - Tloc/(To + Tloc)> where T0 is the lifetime of the quasi-
free electron before capture by the trap. If the mobility
of the localised electron is neglected, and it is assumed
that TIOC = v~lexp(E/k-gT)f where E is the activation
energy of the liberation of the electron from the trap, v is
a frequency factor, and T0 « T ^ O C , then Eqn. (5) gives an
Arrhenius type of temperature dependence for the mobility:
M = MoTô  exp {-E/k-^T). Comparison of the pre-exponen-
tial factor of this relationship and the experimental value
for T 0 ^ i/"1 leads to the conclusion that Mo is approximately
the same, ~ 102 c m ^ ^ s " 1 , for different liquids, in
agreement with theoretical estimates.

The pre-exponential factor in the relationship
M = Mo exp (-E/kftT) acquires a different physical signifi-
cance if a distribution of the traps with respect to energy
is assumed. Thus for a linear distribution from 0 to E f
we have29:

|i = |i, (l+EJkBT) exp (—EJkBT).

Comparison of this form of v(T) relationship with the
experimental relationship gives values of Mo which are
smaller, the smaller M. This change in Mo is more rea-
listic, since liquids having a lower value of M, as a rule
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have less "spherical" molecules, for which stronger
scattering of the quasi-free electrons should be expected.

A more complex form of distribution of traps with
respect to depth was used by Freeman and coworkers73'74.
With the assumption that the distribution is Gaussian, and
that the position of its maximum is linearly dependent on
VOf they obtained satisfactory agreement with the experi-
mental n(V0) relationship for various hydrocarbons and
tetramethylsilane (see Fig. 5).

the electron, and its average value), and becomes localised
when E\oc + E < Vo + E. In this case

Figure 5. Dependence of the mobility of an excess elec-
tron on the energy of the quasi-free electron in a liquid at
T = 294 ± 2 K.74 The lines give the calculated relation-
ships: a) "trap" model with Gaussian distribution,
b) "partial localisation" model, c) Kestner-Jortner model.
Experimental data: 1) tetram ethyls ilane, 2) 2,2-dimethyl-
propane, 3) 2,2,4,4-tetramethylpentane, 4) 2,2-dimethyl-
butane, 5) iso-octane, 6) cyclopentane , 7) 2,3-dimethylbutane,
8)2-methylpentane, 9) cyclohexane, 10) 3-methylpentane,
11) n-pentane, 12) n-hexane, 13) n-octane, 14) n-decane.

b) Fluctuation models

Schiller and coworkers44'61 and Kestner and Jortner75

tried to describe electron transfer with allowance for
fluctuation processes in a liquid. A common feature of
these approaches is the assumption that the mobility of the
quasi-free electron Mo - 102 cm^V^s"1 is approximately
the same for all liquids.

In the "partial localisation" model44'61, the probability
that an electron is in a localised state P is related to a
fluctuation in energy. Here, a central assumption is that
there is "unrestrictedly fast exchange of energy between
the electron and the molecules of the medium". In
accordance with this assumption, the electron is inja
quasi-free state if -Eloc + ̂  -> Vo + E (where E and E are
the energy of the molecules forming the localised state of

P = ' exp [ - (E -
Y 2ita2 J

] dE,

where cr2 i s the dispersion of the distribution with respect
t o £ .

Satisfactory agreement with experimental data for Vo

and M for T - 300 K was obtained for o = 0.12 eV (see
Fig. 5). The order of magnitude of this value is consis-
tent44 with the known specific heat capacity of aliphatic
hydrocarbons, Cy = 50 kcal mole^K"1.

Kestner and Jortner75 examined the mobility of a
classical electron in a macroscopically non-uniform
medium consisting of regions with different potentials of
the interaction of the electron with the molecules (V).
They assumed that these regions can be divided into two
types, depending on the ratio of the values of E and V;
' effectively conducting", with electron mobility Mo, if
E > Vf and "poorly conducting", with electron mobility Mi
of the order of ionic conductivity, ifE<V. in this case7

from the theory of electron transfer in disordered sys-
terns75'78,

( i = H o ( ~ - ) , for C> 0.4,

where C is the volume fraction of the "effectively con-
ducting" regions. Decrease in C from 0.4 to 0 is accom-
panied by a sharp decrease in M to the value Mi at C = 0.
To calculated C in various hydrocarbons it was assumed
that the difference V - Vo (where V is the average value of
V)) and also the average value of Ef are constant for all
liquids.

Fig. 5 shows that this model is also consistent with
experimental data for various liquids. As in other treat-
ments, an exception is provided by the data on M and Vo for
liquid methane.

c) "Hopping" model

For liquids having a relatively low electron mobility
M < 1 cm^^s" 1 , a transfer mechanism without conversion
of the electron to a quasi-free state has also been pro-
posed the electron remains in a localised state until
a fluctuation produces in its proximity the same kind of
trap, into which the electron "hops". In this case the
activation energy of the mobility will be related to the pro-
cesses of new trap formation and the "hopping" of the
electron between traps. This so-called "hopping" mecha-
nism of transfer is used to interpret the mobility of an
electron in a large number of solids in which the electron
has a low mobility82, and also in polar3 and weakly polar
molecular liquids.

For liquid normal hydrocarbons at T — 300 K, an indi-
cation of the hopping mechanism may be provided by
data36, according to which t with increase in the number
of carbon atoms in the molecule nQ> 7, the mobility of the
electron remains approximately constant (~ 0.04 cm2V~1s"1),
whereas Vo continues to increase. In the transfer models
examined above, this means that for KQ > 7, the quasi-
free state does not make a contribution to the mobility,
although its value still remains much greater than the
mobility of ions.
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Thus the comparison of various models of the transfer
of an excess electron in non-polar liquids with experiment
involves the introduction of many simplifying assumptions.
There are insufficient experimental data on p{T) and V0(T)
relationships to establish the transfer mechanism, since
different models on the whole give satisfactory agreement
with experiment. It is therefore necessary to introduce
other experimental data. Information on the mobility of
a quasi-free electron l̂ o and the density of the energy
levels of an excess electron in a liquid n(E) are particu-
larly important. The use of one of the direct methods for
determining Mo—measurement of the Hall effect—is diffi-
cult for non-polar liquids, because of the low concentra-
tion of excess electrons, and has not yet given any results.
The experimental determination of the n(E) relationship
can in principle be based on a study of the spectrum of the
photo-detachment of an electron from a negative ion in a
liquid, by analogy with the method of impurity photocon-
ductivity for semiconductors. The possibility of recording
photoconductivity due to the photo-detachment of an elec-
tron from negative ions in a non-polar liquid was recently
demonstrated83"85.

A fundamental difference between the mechanisms
examined for the transfer of an excess electron in non-
polar and polar liquids is the postulate that there is an
appreciable probability that the electron is in a delocalised
quasi-free state. This characteristic feature of non-polar
liquids makes it possible to use direct experimental
methods to study the reactivity of a delocalised electron—
a short-lived species in condensed matter which is com-
paratively new in chemical kinetics.

HI. CHEMICAL REACTIONS

The view that an excess electron has high reactivity
arose in a study of the radiolysis of solutions of electron
acceptors86 long before the drift mobilities of the electron
in "pure" liquids were measured. The estimation of the
rate constants of the elementary reactions of an electron
from the results of these studies was difficult, however,
because of the complex kinetics of radiolysis processes.
The use of thoroughly purified liquids in experiments made
it possible to employ more direct methods to study the
reactivity of an excess electron. One of the first direct
methods was based on the determination of the lifetime of
an excess electron in solution by recording the kinetics of
the decrease in its optical absorption56"58.

The method most widely used at present is pulse elec-
trical conductivity, first used to determine the rate con-
stants of the reactions of an electron by Fuochi and Free-
man 19 and Yakovlev and coworkers87.

electrical conductivity method is convenient in that it is
"sensitive" only to "free" electrons and ions, since the
pairs taking part in the "primary" recombination do not
make an overall contribution to the transfer of charge in a
constant electric field. Processes involving "free"
species can be described by the equations of ordinary
homogeneous kinetics, and this simplifies considerably the
analysis of the data obtained.

Since the mobility of an excess electron is much greater
than the mobility of ions, excess electrons make the
greatest contribution to the electrical conductivity with
the condition that their concentration is comparable with
the concentration of ions. These conditions are produced,
for example, after the action of a short pulse of ionising
radiation for times comparable with the lifetime of the
excess electrons in solution. The rate of disappearance
of the electrons in a solution is determined by several
processes: recombination with positive ions in solution or
at an electrode, and reactions with impurity molecules.
Since electrical conductivity can be measured at very low
concentrations of electrons (~ 108 electron cm"3) and large
distances (~ 1 cm) between the electrodes, the experimen-
tal conditions can be selected so that one of these pro-
cesses is the chief process.
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Figure 6. Measurement of the current of excess elec-
trons in the pulse electrical conductivity method. The
oscillogram of the current for a solution of pyrene in

•' cm"3.28

Pulse Electrical Conductivity Method

In this method, the electrical conductivity of solutions
is measured in a direct current circuit with the pulse
generation of excess electrons in it (Fig. 6). The elec-
trons are generated by the ionisation of solvent molecules
by hard radiation (high-energy electrons, bremsstrahlung)
or by two-quantum photo-ionisation of impurity mole-
cules24'88. The ionisation of molecules in an amorphous
substance leads to the formation of two types of electron-
ion pair: pairs in which the electrons recombine with
"their own" positive ion or an ion of "their own" tracks
(so-called "primary" recombination), and pairs which
avoid primary recombination or "free charges". The

If the disappearance of the electrons takes place chiefly
at the electrodes, it follows that for generation which is
uniform throughout the volume, at / = 0, the decrease in
the current will be described by a linear time dependence:

/ ~ (1 - t/tlim) for t < rlim.

Most of the data on the mobility of an excess electron have
been obtained by recording relationships of this kind.

Under conditions in which the electrons disappear
chiefly as a result of their capture by a molecule of an
acceptor A
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when [A] »[e~] , the decrease in the current will be
described by an exponential relationship

/(0~[e-]~exp(—*/T.) (7)
where T3

-1 = £fej[Ai], [e ] is the concentration of excess
electrons, &ithe rate constant of reaction (6), and [Ai] the
concentration of the acceptor i.

To illustrate this form of time dependence of the
current, Fig. 6 gives the oscillogram of the current induced
by a pulse of ionising radiation in a solution of pyrene in
liquid hexane at a concentration of 1 x 1014 cm" . As
follows from Eqn. (7), an increase in the concentration of
the acceptor is accompanied by a decrease in the lifetime
of the excess electron in solution (see for example Fig. 7).
The rate constant of the capture reaction can be determined
from the time of the exponential decrease in current if the
duration of the generating pulse is sufficiently short, or
from an analysis 29>87 of the more complex character of the
change in current if rpulse

2 -

0 1 Z
10"13[A], cm"3

Figure 7. Plot of the reciprocal of the lifetime of an
excess electron in liquid iso-octane solutions at 296 K
against the pyrene concentration17.

The electrical conductivity method has now been used
to measure a large number of rate constants for the reac-
tions of an excess electron in various liquid hydrocarbons.
These reactions involve chiefly the capture of the excess
electron by a neutral molecule of an acceptor (5) and the
recombination of the electron with a positive ion

e- + M+-Kdisappearance of e~). (8)

2. Recombination Reaction

In the experimental study of reaction (8) in liquid
hydrocarbons, it is usual to select conditions in which
recombination is the chief process responsible for the dis-
appearance of the excess electrons in the volume between
the electrodes. In this case, data on the kinetics of the
electrical conductivity, induced in the liquid by the pulse
of ionising radiation, during29'87'89 or after89"9* the pulse
make it possible to determine the ratio kr/ix} where kr is
the recombination rate constant, and, when M is known,
to obtain kr.

Fig. 8 gives the dependence of kr on the mobility of the
excess electron in various hydrocarbons and tetramethyl-
silane. For liquid hydrocarbons with an electron mobility

M < 10 c m ^ ^ s " 1 , the values of kr, within the limits of
accuracy of the measurements (~ 10%), satisfy the
Langevin relationship

(9)

where e is the dielectric constant. Eqn. (9) is based on
the assumption that the reaction rate is limited by the
diffusion of the recombining species, and that their path
length before the loss of momentum I is shorter than the
distance YQ a t which the energy of the Coulombic inter-
action between the positive current and the electron is o

equal to k-QT (for non-polar liquids at T- 300K, r c - 3 0 0 A ) .
For the excess electron, the last condition agrees with the
assumed relatively low value of the mobility of the quasi-
free electron {\x0 - 102 c m ^ " ^ " 1 ) , which corresponds to
I - 60 A.

1017-

101B
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Figure 8. Dependence of the rate constant for electron-
ion recombination on the mobility of an excess electron in
n on-polar liquids: 1) cyclohexane, 296 K87; 2) iso-octane,
200, 296, and 340 K90; 3) neopentane, 296 K 89;
4) methane, 110 K87; 5,6) n-hexane, tetramethylsilane,
296 K.29

For liquids with a high excess electron mobility (neo-
pentane, tetramethylsilane), the recombination rate con-
stant has the highest values for bimolecular reactions in a
liquid, ~ 1015 litre mole"1s"1. It is at present not clear
whether the value of kv for these liquids obeys the
Langevin relationship: some data19'29 give a ratio kr/[x
equal to the theoretical value, whereas other data89 give
values for this ratio which are smaller by factors of 1.5
for neopentane and 15 for liquid methane.

3. Capture Reactions

The reaction rate constants k for the capture of an
electron in many non-polar liquids are now known for
various acceptors. The following list of acceptors for
which constants have been determined gives some idea of
the ranee of studies carried out: c^,24'25'29'57'91"97 I2,92

r e of s
91,93,95,98-^0 33 ,84 g „ 33 ,99 24,33,62,91-93,95,9

CH3I,29 C 2 H 5 C1, 3 3 CaHsBr 29>33 C2HCl3, :

^24,96,91-93^ p y r e n e 28 ,62,8* ,96 ,99

diphenylanthracene93 and alcohols

biphen-
naphthalene91,

For "good"
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electron acceptors, such as CCI4, SF6, N2O, etc, in liquid
hydrocarbons at T — 300 K, the rate constants lie in the
range 1012-1014 litre mole^s"1, that is they are 10-103

times greater than the rate constants of the analogous
reactions of the hydrated electron.

Since in polar liquids the rate of the fast reactions of an
electron are limited by the diffusion of the electron to the
molecule of the acceptor, it is natural to relate the unusu-
ally high value of k primarily to the high mobility of the
excess electron in non-polar liquids. The increase in k
on going to liquids exhibiting a high mobility is also
observed for non-polar liquids with a relatively low elec-
tron mobility (< 10 c m ^ ^ s ' 1 ) . For these liquids, the
increase in reaction rate with increase in temperature
characteristic of chemical reactions is also observed
(Fig. 9). The dependence of k on T and H for the capture
of an electron by various acceptors in liquids with a high
electron mobility is more unusual: k increases with
decrease in T and decreases on going to liquids exhibiting
a higher mobility.

k, litre mole ' s

1Of* -

10 13

10 12

10

IO3/T, K~l

Figure 9. Temperature dependence of the rate constants
for the capture of an excess electron by acceptor mole-
cules: 1) and 2) pyrene in n-hexane28 and iso-octane17;
3,4,5) and 6) SF6, CC1*, C2HCI3 and N2O in tetramethyl-
silane .

The study of the mechanism of the capture of an electron
in non-polar liquids has only begun. One of the tasks in
this field is to determine the state, localised or quasi-free,
in which the electron is captured by the acceptor molecule.

4. Role of the Localised and Quasi-Free Electron

With allowance for the two states of an excess electron
in non-polar liquids—localised e[o c and quasi-free eo"—the
kinetic scheme for the capture reaction can be represented
in the form

It >"•

From various estimates 101»102
> the time required to estab-

lish the equilibrium e0"— e[o c is much shorter (< 10"u s)
than the characteristic reaction times in the experimental
determination of rate constants (> 10"8 s), so that the
values of the constants can be broken down into two compo-
nents

k=kiocP+k0(\ — P)

where P is the probability of localisation, and k\oc and &o
the reaction rate constants for the capture of an electron
in localised and quasi-free states.

Which of these states makes the main contribution to the
reaction rate? In the examination of this question for a
qualitative estimate of the magnitude of P it is convenient
to use the relationship

P = l —IX/M.0, (11)

applicable for the trap model of the mobility of an excess
electron, with the assumption that the mobility of the
quasi-free electron is approximately the same for different
liquids.

a) Reactions of a localised electron

It may be expected that for liquids for which the degree
of localisation of an excess electron is high, so that its
mobility is low, the localised state plays an important role
in the chemical reactions of the excess electron.

For the capture of an electron by an O2 molecule, which
is a "poor" electron acceptor in non-polar liquids, this
assumption is confirmed by the determination of the reac-
tion rate constant &(O2) in various liquid hydrocarbons.
The experimental data94'97'103 show that the values of k(o2)
are approximately constant for all liquids with low electron
mobility studied (n-hexane, methylcyclohexane, cyclohex-
ane, iso-octane), although for these liquids, the coefficient
of diffusion of the electron and hence ^ change by a factor
of more than 70 (see Fig. 10). Eqns.(lO) and (11) and the
dependence of &(O2) on M indicate that the main contribution
to the reaction rate is made by the localised electron.

It may be assumed that the molecules of "good" accep-
tors in hydrocarbons having a low electron mobility also
capture chiefly excess electrons in a localised state. In
fact, the rate constants for the reactions of an electron with
these acceptors are extremely high. For example, in
n-hexane at T - 300 K for SF6, CO2, pyrene, C2H5Br, etc.,
k > 1012 litre mole~V If the contribution of localised
electrons to the reaction rate were not the main contribu-
tion, then from Eqns. (10) and (11) it would be necessary,
for these values of fe, to assume values of ko — k/(\-P)
which are too high. Thus in the "trap" model of transfer
fork = 1012 litre mole-V 1 , M = 0.1 a n V ' V 1 , and
/Jo = 102 cm2V~1s"1, it would be necessary to assume that
h0 = 1.2 x 1015 litre mole^s"1, which is greater than the
limiting value for the reaction of a thermal electron in the
gaseous phase feiim = ir\2vf where 2irX i s the de Broglie
wavelength, and v the velocity of the electron.



624 Russian Chemical Reviews, 48 (7), 1979

to -s 10' to -J 10-2 10 -1

D, cm2 s '

Figure 10. Relationship between the coefficient of diffusion of an excess electron and the
reaction rate constants for the capture of the electron by the molecules of: 1,1') pyrene in
n-hexane, cyclohexane28, iso-octane ", pentadecane, and neopentane 135; 2,2') SF6 in propane,
ethane, n-hexane", and iso-octane43; 3) O2 in methylcyclohexane, n-hexane, cyclohexane,
iso-octane, neopentane, and tetramethylsilane94'103. The points 1, 2, and 3 relate to room
temperature. The broken line corresponds to the relationship k = AvDR for R = 16 A.

b) Reactions limited by diffusion

Fig. 10 gives data on the dependence of the rate constants
for the capture of an electron by "good" acceptors on the
diffusion coefficient of the excess electron D. The values
of D were determined from the mobility of the electron
using Einstein's relationship D = kT\i/e. It can be seen
that at values of D < 10"3 c m V 1 (or n < 0.1 c m ^ r V 1 ) ,
the values of k are approximately proportional to D. This
k(D) relationship indicates that the reaction rate is limited
by the diffusion of the excess electron to the acceptor
molecule. For reactions of this type in non-polar liquids,
the values of the radius of the reaction, characterising the
distance between the species at the moment of electron
transfer, are unusually high. Table 2 shows that the
Debye-Smoluchowski equation for the radius of the reac-
tion R = k/%n (D + DA), where DA « D is the diffusion
coefficient of the molecule of the acceptor, gives values of
10-30 A for the reactions of electron capture in liquid
hydrocarbons, whereas for the diffusion-limited reactions
of the solvated electron in water, R amounts to 2-3 A.

The reason for the high values of the radii of reactions
in liquid hydrocarbons is not clear. Estimates28'101 show
that it is difficult to attribute these values to the polarisa-
tion interaction of the excess electron and the acceptor
molecule. If it is assumed that the electron is captured
by the acceptor chiefly from the localised state, the high
values of R can in principle be attributed to the large radius
of the localised electron . Radii of 20-30 A for the
localised electron are also postulated in the discussion of
data on the mobility of an excess electron in liquid propane
and pentane in strong electric fields37.

It is possible, however, that the values obtained for R
are effective values and are associated with a tunnel reac-
tion mechanism.

Table 2. Radii of the reaction for the capture of an excess
electron, calculated from the equation R = e k / T

Acceptor

Pyrene
SF6
CjH5Br
Pyrene
C2HC13
SFe
SF6
SFe

Liquid

pentadecane
n-hexane
n-hexane
n-hexane
n-hexane
propane
ethane
ethane

T, K

296
246
250
250
253
139
142
110

u, icm2 V-1 s"1

3 lO"- 135

1.8-10"299

2.3-10- 2 2 8

2.3-10- 2 2 8

2.24-10-2 3 3

3 . 1 0 - 3 99
4.10-2 99

1.3-10"399

k,[litre mole'' s"'

6.6-1010135
3.8-1011 98

5.0101 1 29

5.9-101128

6.4 101133

7.2-101099

1.0-101299

5.0-101' 99

R. A

11.6
13.5
13.8
16.3
18
26.5
27.5
55

c) Tunnel mechanism of capture

This mechanism has recently been frequently introduced
in the discussion of the capture of an excess electron in
polar liquids and solids 105-108. With allowance for the
diffusion of the electron and the acceptor molecule 108 the
reaction rate constant for capture by a tunnel mechanism
can be represented in the form k = 4nDReu, where the
effective radius of the reaction is given by

Keff =/?„ + {!.15 + ln(a'/'P2£)]/P, (12)
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/?a is the sum of the radii of the acceptor molecule
and the localised electron, a' a frequency factor, and
P = 2h~l[2m(V0 - £ioc)]1/2 is the attenuation factor of the
wave function of the localised electron.

Eqn. (12) makes it possible to explain the high values of
the radius of the reaction for the capture of an electron in
liquid hydrocarbons. In fact, for these media the magni-
tude of the electron tunneling barrier Vo - E\0C} equal in
the simple trap transfer model to the activation energy of
the mobility of the electron, is apparently less than 0.2 eV.
If it is assumed that a' — lO^s"1, as is usually done for tunnel
reactions in solid solutions 108, then for Vo -E\oc = 0.2 eV and
D ^ 10"4 cm^"1, Eqn. (12) gives -Reff ~ 3#a. This esti-
mate, for #a ~ 5 A, shows qualitative agreement with the
experimental data for the capture of an electron by "good"
acceptors in liquid hydrocarbons characterised by low
excess electron diffusion coefficients. It should be noted
that the tunnel reactions of an electron in non-polar liquids
differ from those in polar liquids in that the barrier to
tunneling is appreciably smaller (for water, ô --Eloc ~
1.5 eV ). This means that, other conditions being equal,
the rate of tunnel transfer from a distance of ~ 20 A is
5 108 times higher in liquid hydrocarbons than in water.

The assumption that the magnitude of the electron
tunneling barrier in liquid hydrocarbons is approximately
equal to the activation energy of the mobility of the elec-
tron also makes it possible to understand the order of
magnitude of k for liquids with a high electron diffusion
coefficient D > 10"3 cm2s~1. In this range of values of-D,
the ratio k/D for many "good" acceptors decreases with
increase in D (see for example Fig. 10), indicating that
diffusion restrictions on the rate of reaction are removed.
A qualitative estimate of the rate constant k ' for the reac-
tion not restricted by diffusion can be obtained by assuming
that the concentration of localised electrons is independent
of the distance r to the acceptor molecule. In this case

k! = i 4jtr2w (r) dr,
(13)

where w(r) - 10a'.ft2e~/3(r~Ra)/4r2 108 is the probability of
tunnel transfer, if the distance between the localised elec-
tron and the acceptor molecule is equal to y.

Eqn.(13)for«'^1013s"1 Ba = 5A, and Vo - £ i o c ^ 0.1 eV
gives k' — 1013 litre mole" s"1, which is of the same order
of magnitude as the experimental values of k for acceptors
such as N2O, CCU, pyrene, biphenyl, and CO2 in liquids
with a high excess electron mobility (iso-octane, neopen-
tane). At present, however, the tunnel mechanism of
capture is not unambiguous for non-polar liquids with a
high excess electron mobility. It is possible that as a
consequence of the low degree of localisation of the elec-
tron in these liquids, the acceptor captures the electron
in a quasi-free state.

d) Reactions of the quasi-free electron

The chemical reactions of a delocalised electron in con-
densed media have recently been introduced to interpret
fast reactions involving electrons formed in the tracks of
charged particles. It is assumed that in polar liquids, the
delocalised state of the track electron, often called "dry",
precedes the formation of the solvated electron. Attempts
to determine the reactivity of "dry" electrons have been
based on the study of the influence of an acceptor on the
yield of solvated electrons 109~114 or the probability of posi-
tronium formation in a positron track115"117. Because of

the short lifetime of the "dry" electron in polar liquids and
the complex nature of the kinetics of track processes , the
use of these methods to study the elementary reactions of a
delocalised electron presents considerable difficulties. In
the case of non-polar liquids, it is possible to use for this
purpose a more direct method based on the study of the
reactions of excess electrons which have avoided track
recombination. The use of this method for electrons in
liquefied noble gases, for which the quasi-free state of an
electron is stable, has shown118'119 that the reaction rate
constants for the capture of a quasi-free electron may
reach extremely high values (for example, 3 x 1014 l i tre x

m o l e ^ s " 1 for SF6 in liquid xenon).
In n on-polar molecular liquids, the study of the reac-

tions of the quasi-free electron is complicated by the fact
that the reactions of the excess electron in the localised
state a re also possible. In the case of the reactions of an
excess electron not restricted by diffusion, the reaction
rate constant for the capture of a quasi-free electron #o
can be estimated from Eqns. (10) and (11) and the experi-
mental k(n) relationship for different liquids. This
approach has been used94 '103 to study the reaction

e0- + O2-vO7. (14)

As already noted, the reaction rate constant for the
capture of an excess electron by an O2 molecule is approxi-
mately the same for different liquid hydrocarbons having
an electron mobility M < 10 cm 2 ^"^" 1 . On going to
liquids with high values of M (neopentane, tetramethylsi-
lane), the value of the constant increases considerably (see
Fig. 10). This increase can be attributed to an increase
in the contribution of the quasi-free electron eo to the
reaction rate. The values obtained with this assumption
for the rate constant of reaction (14), k - 3 x 1011 l i tre x
mole^s^a tSOOK, and the activation energy, < 0.01 eV94 '103,
agree with the results of the study of the capture of a quasi-
free electron in liquid krypton and argon 119.

The assumption that the capture of an electron in a
quasi-free state predominates in liquids characterised by a
high electron mobility makes it possible to explain the
negative activation energy for various reactions, and also
the existence of a maximum on the curve giving the depen-
dence of k on the energy of the quasi-free electron (see
Fig. 11). For the interpretation of these resul ts , existing
views on the reaction of low-energy electrons with mole-
cules in the gaseous phase have proved useful.

e) Comparison with gas-phase data

At present, only the first attempts33'103'120'121 have been
made to examine theoretically the capture of a quasi-free
electron by an acceptor molecule in a liquid. These
attempts are based on the assumption that the mechanism
of these reactions is analogous to that of the reactions of ar
electron with molecules in the gaseous phase. In the last
case it is usually assumed 123)1^ that for an electron with a
low energy (< 3 eV) the reaction takes place in two stages:

I. ê  + A 7z (AT

II. (AT
+ B̂  + D

Stage I is the formation of an intermediate vibrationally
excited ion (A~)* (T1 is the lifetime of the ion with respect
to self-ionisation), and stage n is the stabilisation of the
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ion as a result of collision with a third particle or dissocia-
tion. For the first stage of the reaction, the difference
from the gaseous phase is that in the liquid, the term of
the initial state (acceptor molecule + delocalised electron)
is displaced along the energy scale by an amount Vo, and
the term of the final state (the negative ion of the acceptor)
is displaced by an amount equal to the energy P_ of the
electronic polarisation of the molecules of the medium by
the negative ion, situated in the same environment as the
acceptor molecule before electron capture. Thus in the
gaseous phase the formation of various states of the nega-
tive ion takes place at an electron energy c m , whereas in
the liquid this requires the kinetic energy of the quasi-free
electron

etn — ô -T r_ -+- em . (15)

For many negative ions in non-polar liquids, -P. = 1.5 ±
0.8 eV.85'121 Thus a thermalised quasi-free electron in a
liquid with -0.6 < Vo < +0.2 eV may lead to the formation
of the same states of the negative ion as an electron in the
gas with an energy 0.3-2.5 eV.
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Figure 11. Relationship between the energy of a quasi-
free electron Vo and the reaction rate constants for the
capture of an excess electron by molecules of SFe (1),
C2HCI3 (2), CClt (3), C2H5Br (4), N2O (5).33 The values of
k and Vo were measured for the following liquids at room
temperature: tetramethylsilane (a), neopentane (b), iso-
octane (c), cyclohexane (d), and n-hexane (e).

In this approach it is possible to attribute the maxima
on the curve giving the dependence of k on Vo (see Fig. 11)
to the fact that the thermal energy of the quasi-free elec-
tron corresponds to a maximum cross-section for the
formation of the intermediate ion, that is 3/2k-&T = em -
Vo +P-. For the C2HCI3 molecule, for example,
e m = 0.4 eV,125 so that for P- - -0.7 eV,33 a maximum
capture cross-section should be expected at Vo — -0.3 eV,
in agreement with the data in Fig. 11. Since for 3 /2^B 7 ^
e m - Vo + P_ a decrease in Vo leads to deterioration in the
resonance conditions, it is also possible to understand the
decrease, unusual for classical diffusion theory, in the

reaction rate constant on going to liquids with a higher
electron mobility and hence a lower value of Vo. A
decrease in k with decrease in Vo is characteristic of not
only C2HCI3 but also other acceptors: N2O, CO2, and
C2H5Br, the molecules of which have a negative electron
affinity in the gaseous phase33'120.

The assumption that the mechanism of the capture of a
quasi-free electron is analogous to that of the reaction in
the gas also makes it possible to explain the negative acti-
vation energies for various reactions involving the capture
of an excess electron in a non-polar liquid (see Fig. 9).
In fact, for 3 / 2 & B ^ > em - Vo + P-, decrease in tempera-
ture leads to an improvement in the conditions for reso-
nance, since Vo increases (see Fig. 2). Moreover, an
estimate103 of the absolute magnitude of the rate constant
of the reaction e6~ + O2 ~* O2 , based on gas-phase data on
the cross-section for the formation of the intermediate ion
O2 , gives satisfactory agreement between experiment and
the activation energy and the order of magnitude of k.

5. Excess Electrons in the Primary Processes of Photoly-
sis and Radiolysis

Recent quantitative data on the mobility and reactivity
of an excess electron are extending considerably the possi-
bilities provided by the analysis of the kinetics of various
electronic processes in molecular liquids. Of greatest
interest among these, judging from the number of published
papers, are the primary photochemical and radiation-
chemical processes in liquid solutions.

As already noted, the ionisation of molecules in a liquid
leads to the formation of two types of electron-ion pair:
pairs involved in "primary recombination", and pairs
which avoid this recombination, or "free" charges. In the
formation of electron-ion pairs under the influence of
ionising radiation126'127 or as a result of two-quantum ioni-
sation , only a small fraction of the electrons become
"free" (from 2% in liquid n-hexane to 20% in neopentane).
For many-component systems, the direction of the chemi-
cal processes taking place after ionisation is determined
to a great extent by the proportion of electrons captured
by acceptor molecules before recombination.

The theoretical approaches used to describe the kine-
tics of "primary" recombination in the presence of elec-
tron acceptors are based on the theories of diffusion and
drift in the Coulombic field of the electrons, which are
regarded as classical charged particles, in thermal equi-
librium with the medium 129~132. The most widely accepted
theory at present is that proposed by Hummel130 and sub-
sequently developed for radiation problems132"134.

This theory examines the distribution with respect to
lifetimes n(t) of the number of electrons undergoing
"primary" recombination in the pure solvent. It is
assumed that among these electrons, the proportion of
electrons recombining with a positive ion in the presence
of an acceptor is given by

N =
(16)

where k is the rate constant of the capture reaction. In
this approach, the moment of time corresponding to the
recombination of the negative ion A" formed by the capture
of an electron by the acceptor can be expressed simply in
terms of the lifetime of the electron in the pure solvent
t(e~) and the ratio of the drift mobilities of the electron and
the ion r^. In fact, for classical particles, the rate of
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recombination is inversely proportional to the sum of their
mobilities, so that t(A~) = tc + [t(e~) - *c]rd, where tc is
the time of electron capture, and *(A~) the time of ion
recombination. A knowledge of the distribution of the
mobilities and the rate constants of the charged species
makes it possible to obtain a complete description of the
kinetics of "primary" recombination.

Eqn. (16), which is the Laplace transform for the func-
tion n(t), makes it possible to establish the distribution of
electrons with respect to lifetime up to the moment of
recombination from the experimental dependence of N on
[A]. In the case of the radiolysis of non-polar solutions,
for the determination of ^([A]) in the Hummel-S chuler
theory, the empirical dependence of the yield of the ions
A" on the concentration of the acceptor86 is used:

(17)

where Gfi is the yield of "free" ions, Gp rim - 4 is a para-
meter interpreted as the yield of electrons taking part in
"primary" recombination, and a a coefficient which
depends on the properties of the acceptor and the solvent.
From Eqn. (17) it follows that

1— N =-
1 + (a [A]) (18)

According to a calculation l32based onEqns. (16) and (18),
a = fe/X, where A is a coefficient characterising the rate of
the "primary" recombination, and the distribution function
has the form:

= _ ± e « 1 — \ e-*'d*
dt

(19)

The value of X can be estimated from experimental data
for k and a. For example, for liquid cyclohexane at
T « 300 K, this estimate gives X =« 2 x lo11 s"1,33 which
for n(t) of form (19) corresponds to a time of recombina-
tion of 50% of the electrons tl/z = 0.6 X"1 = 3 x io~12 s.

Values recently obtained for k and the mobility of an
excess electron show satisfactory agreement135" within
the framework of the diffusion models with data for the
yield of negative ions in liquids with a relatively low elec-
tron mobility (H < 10 cmaV"1s"1). Moreover, the results
of the study of the n(t) relationship, obtained by measuring

the optical density of electrons56'58, lead to \n(t)dt ~ r l / 2 ,
which corresponds to Eqn. (19) for t » X"1. It has also
been established that diffusion theory effectively described
the kinetics of the decrease in the quantity of biphenyl ions
formed in the nanosecond radiolysis of a solution of
biphenyl in cyclohexane140.

In the interpretation of the results in all these cases,
the electron was regarded as a classical particle with a
mobility equal to the drift mobility of the excess electron.
In relation to recently discussed models of the movement
of an electron in a non-polar liquid, which assume the
participation of quasi-free and localised states of the
electron, these ideas can be justified if two conditions are
satisfied. Firstly, the free path I of the quasi-free elec-
tron must be less than the characteristic dimension of the
problem being considered141. In the study of the kinetics
of "primary" recombination, this dimension is the distance
from the positive ion on which the electron is thermalised.
For most excess electrons generated by ionising radiation
in a non-polar liquid, this distance is 60-100 A.40 in
photo-ionisation it may be even smaller (~ 30 A50). Since
the assumed value of the mobility of a quasi-free electron,

~ 102 c m ^ ^ s " 1 , corresponds to I - 60 A, this condition
is apparently fulfilled only for a small proportion of the
excess electrons, thermalised at distances greater than
the average thermalisation length. Secondly, the pro-
cesses being considered must be sufficiently slow, com-
pared with the time taken for equilibrium to be established
between the quasi-free and localised states, since other-
wise it is not possible to use the drift mobility to deter-
mine the rate of recombination of the electron, and the
constant k to calculate the probability of the capture of an
electron by an acceptor molecule.

In the more general case it is necessary to consider a
scheme of "primary" recombination including processes
involving the capture and recombination of a quasi-free
electron before localisation:

7

In contrast to diffusion models, the description of the
kinetics of the processes in this scheme requires data on
the spatial and time distribution separately for both the
quasi-free e0 and localised e[o c electrons and the proba-
bilities of their reactions with an acceptor molecule.

The satisfactory agreement, described above, between
diffusion theories and experiment is apparently related to
the fact that in all cases the processes considered were
comparatively slow, with characteristic times greater than
the lifetime of the localised electron. For cyclohexane,
for example, the lifetime of an electron in a localised
state is T1OC - 10"10 s at T = 300 K, if it is assumed that
the energy of liberation of an electron from a structural
trap in the liquid is equal to the activation energy of the
mobility of the electron (0.17 eV21), and the frequency
factor is v - 1013 s"1. Thus by using nanosecond tech-
nique for kinetic studies of "primary" recombination in
this liquid, it is possible to "feel" only those electrons
which are captured many times by the traps. This con-
clusion also applies to the method of studying kinetics
based on an analysis of the concentration dependence of the
yield of the negative ions of the electron acceptors, at con-
centrations of the acceptor [A] ^ 10"2M, for which
« [ A ] < r - c .

At acceptor concentrations [A] — T^1 & 1
} the acceptor

will efficiently capture electrons which have undergone a
small number of transitions between localised states.
The value of the drift mobility of the electron cannot be
used to describe the motion of these electrons and hence
the kinetics of the recombination of the negative ions for
which they are the precursors.

At even higher acceptor concentrations, the quasi-free
electron may be captured by an acceptor immediately after
ionisation, before it is thermalised or localised in a
structural trap. This possibility at [A] > 10"1 M is
assumed, for example, in the discussion of the influence
of electron acceptors on the yield of "free" ions 142 or on
the probability of positronium formation in a positron
track116'117. In this case the equilibrium distribution of
the excess electron with respect to states is broken down,
so that Eqn. (16) becomes inapplicable.

Thus the determination of the distribution function of the
electrons n(t) from the experimental dependence of G(A~)
on [A] at t < T1OC can hardly be reliable. This possibly
explains why the time of the "primary" recombination of
50% of the electrons in liquid cyclohexane, estimated by
this method (3 x 10"12 s), was found to be shorter than the



628 Russian Chemical Reviews, 48 (7), 1979

lifetime of the electron in a localised state (10~10 s),
assumed from data on the mobility of the excess electron.

Thus the use of the diffusion approach in the analysis of
electron processes following ionisation is justified only for
processes with a characteristic time » T I O C . In the
examination of processes involving an excess electron for
times < TIO C , the data at present available on the reactivity
and mobility of the excess electron are inadequate. It is
necessary to have data on the dynamics of the thermalisa-
tion and localisation of the electron on the proportion of
electrons recombining with a "free' ion without the stage
involving localisation in the liquid, and on the distribution
of these electrons with respect to their lifetime before
recombination. Direct quantitative data of this kind will
apparently be obtained in the near future by the use of nano-
second techniques.
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