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A calculation has been made of lifetimes of electrons in irradiated liquid alkanes on the basis of the lifetime
distribution function for the geminate electrons derived from the exponential distribution function for electron

ranges.

The results show that the intrinsic electron lifetimes correlate with the electron mobilities and most of
the geminate electrons recombine within 1 ns in the alkanes at room temperature,

A consideration is given to

the effect of pulse duration time on the apparent electron lifetime and the observable yield of electrons in n-hexane.

In recent years there has been much interest in the
behavior and properties of electrons in nonpolar
liquids in some branches of chemistry and physics.
In radiation chemistry considerable efforts have been
paid to this research field both theoretically and ex-
perimentally. As such an effort, a number of studies
have been made of ranges of electrons in irradiated
liquid hydrocarbons, in which various spatial distribu-
tion functions for the thermalized electrons have been
used and tested by comparison with experiment. At
present it appears that a Gaussian-power functionl)
and an exponential function?% are the best among the
prescribed forms of electron distribution functions
for liquid alkanes. As an alternative approach to
an understanding of the behavior of electrons in ir-
radiated liquid hydrocarbons, we may discuss the life-
time distribution of the thermalized electrons. Most
of previous studies on this subject have dealt with
only very limited hydrocarbons such as cyclohexane
and n-hexane.’—8) Also, values of the diffusion con-
stant of the electron used in earlier studies are in-
appropriate in the light of recent electron mobility
data. The diffusion constant of the electron is a
crucial factor in determining electron lifetimes. More
recent studies have used the appropriate values of the
diffusion constant of the electron.%% Schuler and his
coworkers!!) have developed a phenomenological model
for the description of electron lifetimes in irradiated
liquid hydrocarbons which is based on their scavenging
function.

In this work, we attempt to calculate the lifetime
distribution of electrons in irradiated liquid alkanes on
the basis of the exponential distribution function for
electron ranges and recent experimental data on elec-
tron mobilities. Here we deal with seven alkanes
(n-pentane, cyclopentane, neopentane, n-hexane, cyclo-
hexane, 2,2-dimethylbutane and 2,2,4-trimethylpen-
tane) for which the electron mobilities vary over three
orders of magnitude.

Model and Lifetime Distribution Function

First, we assume a model in which an instantaneous
pulse of radiation is given to dielectric liquids and ranges
of electrons produced are expressed by the exponential
distribution function as given by Eq. (1).

$(r) =0,
$(r) = (1/4mbr?)exp[(ry—1)/b],
where b is the range parameter and 7, is the reaction

radius. Using the time-distance relationship, ¢=r3/
3Dr,, derived from the Nernst-Einstein relation® and

r<r,

M

r>1,

4nr2¢ (r)dr=f(¢)ds, we get Eq. (2) for the lifetime
distribution function or the existence function for
geminate ion-electron pairs.

F() = ﬁmf (1)dt = exp{(3Dr.)'/[t,'/°— (t+1,)'/°]/ b},

0<t<ty

ty = 1.3/3D1¢, 1o = ¢/ekT @
where D is the sum of the diffusion constants of the
ion and electron, ¢ is the electronic charge, ¢ is the
dielectric constant of a liquid, £ is Boltzmann’s constant
and T is the absolute temperature. Equation (2)
represents the fraction of electrons present at time ¢
after an instantaneous pulse of radiation. ¢, is a
characteristic time difined as F () =G/G,, where G
and G, are the free ion yield and the total ion yield,
respectively. ¢, means the time at which the geminate
recombination of ion-electron pairs practically com-
pletes.

We may define another characteristic time ¢,,, for
the geminate recombination. ¢, is the time at which
the value of F(t) falls to l/e of its value at £=0. Since
ty is very small, ¢,,, is given, to a very good approxima-
tion, by Eq. (3).

tje = b%/3Dr, (3)
t1/, is exactly given by Eq. (3) for r,=0.

Since the Nernst-Einstein relation neglects the
effect of outward diffusive motion of electrons on the
geminate recombination times, the use of this relation
tends to underestimate the geminate recombination
times. In the calculations of electron lifetimes, there-
fore, we have also attempted to correct for this effect in
a similar manner to that used in Ref. 12. Such a
corrected time ¢’ is given by Eq. (4)

t = t[14 (4/312) (3Dre) /341/3]3/2 )

We now consider a square pulse of duration 7. In
this case the existence function is expressed by Eq. (5),
assuming 7,=0.

F(t) = (I/T)ﬁrexp[a(t*_t)l/:{]dt* (5)

where a=(3Dr,)3/b and time is measured from the
onset of the pulse. Performing the integration in Eq.
(5) leads to Eq. (6).
E(t) = (3[xa){(2/a@®) — [/ + (2/a)8'/° + (2/a%)]
x exp(—at'/?)}, <7
F(t) = B[ra){[(¢—7)** + (2/a)(t—7)'° + (2/a%)]
X exp[—a(t—7)'%] — [ + (2/a)t'/* + (2/a)?]
X exp(—at'/?)}, t=7 (6)
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It can be shown that F(¢) in Eq. (6) for v==0 reduces
F(t) in Eq. (2) with ry,=0.

Values of physical parameters used in the calcula-
tions are listed in Table I. Since the diffusion constant
of the electron is usually much greater than that of the
ion, the diffusion, constant D may be approximated
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Fig. 1. Decay of electron population in cyclohexane
and n-hexane at 23 °C. Time is measured from the
input of an instantaneous pulse of radiation. a:
cyclohexane, exponential function; b: cyclohexane,
Schuler’s function (=12 M, £=4.3 x 102 M~15-1);
c: cyclohexane, Schuler’s function (x=12M™, k=
2.7x 102 M~1s-1); d:cyclohexane, Schuler’s function
(¢=12M"1, £=1.8x10"2M~-15-1); e: n-hexane, ex-
ponential function.
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Fig. 2.
pulse-irradiated n-hexane at —80 °C.
asured from the onset of the pulse.
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Fig. 3. Growth and decay of electron population in
pulse-irradiated n-hexane at 23°C. Time is me-
asured from the onset of the pulse,
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by the diffusion constant of the electron, D,, which is
related to the electron mobility u, by D,=kTu,Je. The
electron mobility in n-hexane at —80 °C was calculated
from a mobility equation u,=peexp(—FE/RT) where
o=120 cm?V-1s-1 and E=4.3 kcal mole~1.1%:22) The
results of the calculations are given in Tables 2 and
3, and Figs. 1—3. The results in Table 2 and Fig. 1
were obtained using r,=5 A, and those in Table 3
and Figs. 2 and 3 were calculated with r,=0.

Results and Discussion

Lifetimes of Electrons in Liquid Alkanes. In Table
2 are presented the calculated characteristic times for
the geminate recombination of ion—electron pairs in
seven alkanes at 23 °C. In the calculations two ap-
proximations were used for the time-distance relation:
one is the forced diffusion approximation (FD), in
which the Nernst-Einstein relation is used; the other
is the forced diffusion approximation with a random
diffusion correction (FRD), in which Eq. (4) is used
for the corrected time ¢". It is seen in Table 2 that the
FRD approximation yields the characteristic recombi-
nation times greater than does the FD approximation.
The differences between values obtained with these
two approximations are greater for ¢, and ¢, than for
ti/e and #y,'. This is understandable noting that ¢,
or t,;," represents the geminate recombination time for
the electrons not very far away from their parent ions
and on which the strong Coulomb field acts, while ¢
or ¢, represents the recombination time for the electrons
distant from their parent ions and being subjected to
the thermal force almost as strong as the Coulomb
force. It can be seen from Tables 1 and 2 that the
greater is the electron mobility, the greater is the ratio
of t;," to ty/,, for instance, this ratio is the greatest for
neopentane and the smallest for n-hexane, while the
ratio of ¢, to f, is about the same (~3) for all the
hydrocarbons studied. The magnitude of ¢, or ¢’
decreases with increasing electron mobility. Similarly,
the value of t;,, or ¢;,,” decreases with increasing electron
mobility with one exception of neopentane for which
ty/e OF ty,’ is somewhat greater than expected from the
electron mobility in neopentane. Such an exception
is due to the fact that the electron range & in neopen-
tane is much greater than those in the other hydro-
carbons as shown in Table 1 and that #,,, is propor-
tional to 5% (see Eq. (3)). The use of G;=0.86 and
G,=3.7 for neopentane yields =250 A2 which is
close to the & value given in Table 1.

Figure 1 shows the calculated time dependence of
electron population in cyclohexane and in n-hexane
after an instantaneous pulse of radiation. In Fig. 1
G,(t) represents the yield of electrons present at time
¢, calculated setting G,(¢)=G,. Curve a was calculated
using the exponential distribution function and the
FRD approximation for electrons in cyclohexane.
Curves b, ¢ and d for cyclohexane were calculated using
Schuler’s distribution function for electron life times!V
with the reactivity parameter, =12 M~12%) and the
absolute rate constant, k=4.3x101229) 2.7 x 101225
and 1.8 x 102 M1 sec™1,® respectively, for the reaction
of electrons with carbon tetrachloride, It is seen in
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TABLE 1. PHYSICAL PARAMETERS USED
IN THE CALCULATIONs AT 23 °C
Li . ,ca) bp) HUe 2
quid A A (v 7 G

n-pentane 306 65.3 0.169 0.145 4.0»
Cyclopentane 288 62.2 1.1® 0.155 4.0»
Neopentane 318 2329 70D 1.2 5.59
n-Hexane 299 58.1 0.08e2 0.131 4.0vM
Cyclohexane 279 57.5 0.24® 0.148 4.00.D
2,2-Dimethylbutane 293 92.8 12° 0.304 4.3»
2,2,4-Trimethyl-

pentane 291 96.1 79 0.332 4.89

a) Ref. 13. b) Ref. 14. ¢) Ref. 3. d) Ref. 15. ¢)
Ref. 16. f) Ref. 17. g) Ref. 18. h) Ref. 19. i) Ref.
20. j) Ref. 21.

TABLE 2. CHARACTERISTIC TIMES FOR GEMINATE ION-
ELECTRON RECOMBINATION IN LIQUID ALKANES AT 23 °C

FD FRD
Liquid 1o I /e 1
(ps)  (ps) (ps)  (p9)
n-Pentane 7.4 290 11 800
Cyclopentane 0.99 37 1.4 100
Neopentane 0.73 2.7 2.0 11
n-Hexane 11 460 15 1200
Cyclohexane 3.7 140 5.3 390
2,2-Dimethylbutane 0.30 5.9 0.50 18

2,2,4-Trimethylpentane 0.57 12 0.98 38

TaBLE 3. CALCULATED HALF-LIFE TIMES AND YIELDS
OF ELECTRONS IN PULSE-IRRADIATED 7-HEXANE

¢t (°C) 7 b/e G (e)
—80 ns ns
10 13.5 0.52
5 7.8 0.77
1 2.4 1.5
0.1 0.64 2.5
0 0.13 4.0
23 ps ps
200 290 0.63
100 170 0.90
20 53 1.6
0 3.5 4.0

Fig. 1 that curves b and c¢ are very close to curve a
and that curve d gives somewhat higher values of F(¢)
or G,(t) than does curve a, but curve d is also com-
parable to curve a on the time scale. It should be
noted, however, that curve a underestimates consider-
ably electron lifetimes in the long-time limit for the
geminate ion—electron recombination. Schuler’s life-
time distribution function predicts the time dependence
of 7Y% in the long-time limit,') while Eq. (2) does
not predict the ¢{~%/2 dependence. This discrepancy
arises from the fact that the use of the Nernst-Einstein
relation is not appropriate for the description of motion
of electrons distant from their parent ions since Brownian
motion of electrons is as important as the electron drift
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in the Coulomb field for such electrons. Curve e
shows F(t) or G,(¢) calculated using the exponential
distribution function and the FRD approximation for
electrons in n-hexane. The shape of the curve is
similar to that for cyclohexane, but the geminate
recombination time in n-hexane is longer than that in
cyclohexane. It is noted that in the calculations, an
extremely low dose rate is assumed, resulting in an
indefinitely long lifetime of the free electrons.

Lifetimes of Electrons in Pulse-Irradiated n-Hexane.
Figures 2 and 3 show the growth and decay of electron
population in n-hexane at —80°C and 23 °C, re-
spectively, calculated using Eq. (6) for a square pulse
of duration 7. The duration time 7 is taken as 0.1, 1,
5 and 10 ns at —80°C and 20, 100 and 200 ps at
23 °C. It can be seen from Figs. 2 and 3 that the
electron population increases with time, reaches a
maximum at ¢=7 and then decreases with increasing
time. It is also seen that the shorter is the duration
time of the pulse, the higher is the maximum of electron
population and the greater is the apparent decay rate
of electrons. Table 3 summarizes the half-life time,
1179, for the decay of electrons and the yield of electrons,
G(e™), at the maximum of electron population. The
half-life time for 7=0 is the shortest at each tempera-
ture and indicates the intrinsic lifetime of the geminate
electrons at that temperature. The lifetimes of elec-
trons at —80 °C are much longer than those at 23 °C.
This difference arises from the fact that the electron
mobility at —80 °C is much lower than that at 23 °C
as shown by the temperature dependence of the mobility
equation.

Comments on Pulse Radiolysis Observations of Electrons
in Liguid Hydrocarbons. Optical absorption spectra
of trapped electrons were observed by the pulse radio-
lysis technique in liquid hydrocarbons: n-hexane,
cyclohexane, methylcyclohexane and isopentane at
20 °C;2% p-hexane and 3-methylhexane at —80 °C;2?
methylcyclohexane at —113 °C;?®) squalane at —165~
—70 °C;?® propane at —185 and -—165°C.3® The
decay of electrons observed at room temperature obeys
the second-order kinetic law and these electrons are
regarded as the free electrons.?® Studies of the decay
of electrons at low temperatures suggest that the initial
decay of electrons observed is due to the geminate
recombination with their parent ions.2’-3%) However,
there are only very limited experimental data available
for a quantitative comparison between theoretical
calculations and the ‘observed characteristics of decay
of electrons. Such a comparison has recently been
made successfully for electrons in pulse-irradiated
liquid propane.®) It is hoped that a more detailed
experimental study will be undertaken on the decay of
the geminate electrons in n-hexane to test the applic-
ability of the present model.
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