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The electron-scavenging process by a scavenger and the random recombination between
ions and electrons in a spur in the radiolysis of nonpolar hydrocarbons have been investigated
theoretically on the basis of the extended type of Smoluchowski equation. To obtain the ap-
proximate solutions, a model of the distribution of charged species in which a positive ion core
is surrounded by electrons is assumed; several approximations are also made during the calcu-
lation. The reaction rate of the electron scavenging is expressed by the overlapping integral be-
tween the concentration of the electrons and that of the scavenger. The rate of the recombina-
tion reaction is approximately expressed as the total flux of the electrons flowing into the core of
parent ions. The G value of electron scavenging shows a Langmuir-type dependence on the
concentration of the electron scavenger. The values of the slope of the sigmoidal curve at the
mid point and of the corresponding scavenger concentration almost agree with the experimen-

tal value.

In recent years a considerable number of ex-
periments have been made on the ionic process in
the radiation chemistry of liquid hydrocarbons;
the quantitative interpretations of the experiments
have become more important in ascertaining the
various rates in the primary process. The theo-
retical treatments proposed hitherto for the reac-
tions of the primary ionic process can be classified
into the following four groups. The first method,
utilized by Freeman®?) and by Sato et al.,®9
deals with the geminate recombination of ions,
assuming an initial distribution of ion pairs.
They evaluated the G value of free-electron for-
mation as a function of the concentration of scav-

1) G. R. Freeman, J. Chem. Phys., 46, 2822 (1967).

2) G. R. Freeman and J. M. Fayadh, ibid., 43, 86
(1965).

3) S. Sato, T. Terao, M. Kono and S. Shida, This
Bulletin, 40, 1818 (1967).

4) S. Sato, ibid., 41, 304 (1968).

engers. The method seems to be successful in
explaining the experimental results in nonpolar
solvents. The second method, used by Mon-
chick, Mozumder,® and Hummel,” is based on
the Smoluchowski equation of the distribution
function of ion pairs in a static electric field. The
third method, used by Schuler et al.,®) investiga-
tes the reactions of ionic species by the scavenger
technique and derives a simple formula from the
nonhomogeneous kinetics of the recombination
and scavenging processes. The last method,
used by Schiller,®1? attempts to discuss the ex-
pansion and contraction of a spur or a track

5) L. Monchick, J. Chem. Phys., 24, 381 (1956).

6) A.Mozumder, ibid., 48, 1659 (1968).

7) A. Hummel, ibid., 48, 3268 (1968).

8) J. M. Warman, K. -D. Asmus and R. H. Schuler,
Advan. Chem. Ser., 82, 25 (1968).

9) R. Schiller, J. Chem. Phys., 43, 2760 (1965).

10) R. Schiller, ibid., 47, 2278 (1967).
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using a thermodynamic consideration with Debye’s
linear response between electric field and electric
displacement, and to compare the theoretical
values. These theories have been tested by the
following experiments: (1) scavenger method,®
(2) decay of the solvated electrons in pulse radi-
olysis,’ (3) luminescence intensity due to the
recombination after pulse radiolysis.!?:1%

Even in the detailed calculations of the first and
second methods, the random recombinations be-
tween ions and electrons in a spur or a track have
been ignored. This corresponds to the assumption
of a simplified spur involving an electron and an
ion. However, this effect of random recombina-
tion in a spur is important, especially for a spur or
a track with a high ionization density. This
paper will present a theory using a distribution
function of ionic species and considering random
recombination in a spur or a track, as in the dif-
fusion theory of radicals.!¥ Since the effect of
dielectric relaxation in nonpolar solvents can be
ignored, it is necessary only to consider the move-
ments of ionic species under a static electric field.

Theory

A) Basic Equation and Its Approximation.
The basic equation of distribution functions for
positive and negative species may be represented
in the following form of the extended Smoluchow-
ski equations:

j,aCtL = u grad C--gradg + uC-p?)
+ D_p*C-— ks=§-C~ — kcC+C- €))
+
a% = —u grad C+-grad¢ — uC*p?)

+ Do pC+ — kg*+S+C+ — kcCH+C- @)
where the plus and minus signs of the super-
scripts and the subscripts denote the quantities
for positive ions and electrons; C is the distribution
function, D is the diffusion constant, u is the
mobility, ¢ is the static electric potential, § is the
concentration of the scavenger, and kg and k¢
are the rate constants. ¢ and C are connected
by the Poisson equation (3):

g = 4ne(C+—C-) (3)

where e is the electron charge.

The G value of the recombination reaction can
be expressed as the overlapping of the concent-
rations of the species, as shown in Egs. (4), (5)
and (6), if the original equations can be solved:

11) J. P. Keene, E. J. Land and A. J. Swallow, /.
Amer. Chem. Soc., 87, 5284 (1965).

12) P. K. Ludwig and M. Burton, Advan. Chem.
Ser., 82, 542 (1968).

13) P. K. Ludwig, J. Chem. Phys., 50, 1787 (1969).

14) A. H. Samuel and J. L. Magee, ibid., 21, 1080
(1953).
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S5 — kzs f C*dudt @
Sy = kcf f C+C-dudt (5
(62169 = 1/{1+ (k38" [ [ c=dudtjkc

x f C+C-dvdt)} = 1/(1+S5/Sx) 6)

where G% is the G value of total ionization and
where G, is the G value of the recombination
reaction of positive ions and electrons.

The last terms in Egs. (1) and (2) are important,
especially for the track with a high ionic density.
However, in a track or in a spur ions and elec-
trons seem to be separated from each other as a
central ion core surrounded by the electron cloud,
so that the overlap of these species can be neglec-
ted in the initial distribution. The term of over-
lapping can be approximated as the total flux of
electrons flowing into the central ion core, where
the overlap of the distribution of the ions and
electrons is quite appreciable in the course of reac-
tion. However, due to the non-linearity of the
equations it is generally difficult to solve these
equations. Therefore, appropriate approxima-
tions are required to obtain the distribution of
electrons. Equations (1), (2), and (3) may be
expressed as a function of 7 and ¢ in the cylindrical
or spherical coordinate by ignoring the last term
of the second-order reaction:

o =) e ()

0 aC-
+ D_(1]r") o <r" >

) _k3SC- )

ac+ 3¢ ) ac+
o8 A
( or

L 30 ( yn 09
ot “or ) or Crulrry or <’n )

9  aC-
+D+(1/r")"ér(r" .

) —ksS-C- (8

(n=1, cylindrical coordinate; n=2, spherical
coordinate)
The potential function in the equation is given
by Eq. (9) for the spherical coordinate:

G(r,t) = e(N*)r.((—N=(r.t))er €)

where ¢ is the dielectric constant and where
r
Ni(ry) = [ C(r,0)do (10
Jo

One of the simplest models of the distribution
of species is that the positive ion cluster is surroun-
ded by the electrons ejected from the central ion
cluster. If the ions are confined within the
radius, 7, the force from the central ion cluster is
expressed by Eq. (11). In this approximation
the motion of the electrons is much faster than
that of ions, so that the spacial distribution of elec-
trons is given by Eq. (12), which is reduced to
the wusual form of the Smoluchowski equ-
ation when N+(t)=1 and k5S55=0
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P2 =0 r>R,,
gradg-grad C- = <%><N%(:)e> 11
ac- {uzv*r(t)e] ac-
aa | e [ or
D_ 3 /,39C\ ., o
+ 5<= or )—kSS c (12)

where R, means the radius of the central ion core.
In the following discussion, the plus and minus
signs of the superscripts and the subscripts are
omitted for the sake of simplicity, because only
the distribution of electrons is going to be discus-
sed. The total amount of the recombination
reaction can be approximated by the total flux
of the electrons flowing into the core of the parent
ions in place of Eq. (5). The flux consists of the
terms of the diffusion and the electric potential:

Sp=u f f <c gradg + -ilgrad(,*)dsd; 13)
.Ro

When G. and G_° are expressed by G, and G,°
respectively, Eq. (6) gives Eq. (14). The two
terms in Eq. (13) are going to equilibrate at the
r. distance.
(GelG®) = 1/(1+S88/Sn)
[u C grad¢ + D gradC]l,, =0

14)
(15)

The electrons separated by a longer distance
than 7, become free electrons. In the case of a
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pair consisting of an ion and an electron, the scav-
enging probability is expressed by the function
of r/r,, and r, is a constant. However, in the
ion-cluster system it varies with the time. The
next step is the actual calculation of the concent-
ration distribution. Several models may be pro-
posed for evaluating the distribution function.
B) Model I. The first model is derived by

ignoring the diffusion term and by using N, the
mean number of ions for N+(¢) in Eq. (11):

aC o

ot
where a=Neu/e and B=kS. When C(rt) is
factorized by T(t)-R(r), the factorized functions
are given by the following equations:

T(t) = ¢ exp{(—B + ma)t}, R(r) = ¢ exp(mr3[3) (17)

where ¢ and m are constants. The solution is
obtained by the superposition of these solutions.
One of the boundary condition is C(co0,00)=0,
so m should be negative.

By substituting n for |m|, the solution is given by
Eq. (18):

C(r,t) = 3¢, exp{—(B+no)t}-exp(—nr3(3)

aC
= —BC (16)%1

(18)

where ¢, are constants determined by the initial
distribution. The distribution of electrons can
be approximated by considering only one term
in the summation of Eq. (18). The probability
of the initial distribution, ¢(r,0)=(1/N-)C(r,0)-

020}
008 |
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Fig. 1.
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The initial distribution of the separation distance between the positive-ion core and

120 140 160 180

the surrounding negative electron cloud along with those estimated by Freeman and by Sato

for ion pairs.

¢ (r, 0): the probability of initial distribution of the separation distance between the ion
pairs in the cases of I and II and between the potitive-ion core and the surrounding nega-
tive electron cloud in the cases of III and IV; I: by Freeman, see Ref. 1 and Ref. 4; II:
by Sato, see Ref. 4; III: this work, assuming that the distance, 7gs, at a maximum initial
distribution coincides with the distance where curve II reaches its maximum (7,,245 A);

IV: this work, assuming that 7,,,=80 A.

*1  The general solution of Eq. (16) can be expres-
sed by:

C(r, t) = exp (— Bt)- f(t+13[3c)

where f is an arbitrary function.

(18"
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47r?, obtained by means of Eq. (18) is shown in
Fig. 1, along with the results of Freeman and of
Sato. The value of 7,,, was chosen as 80 A in
the tentative calculations in view of the previous
values,*? but the curve corresponding to 45 A
is also shown in Fig. 1. The overlap between
the electron and scavenger distribution may be
evaluated as follows:

— ksS f “C(ryt) 4nridrdt
Ry

_ 4nCksS exp(—nRy?/3)
B n(B+ na)
In the vicinity of the ion cluster, the total current
of electrons can be approximated by the electric
potential term. The flux of electrons flowing
into the central ion cluster is, then, obtained by
means of Eq. (20):

471NeuC exp(—

T

The ratio of the G values, G./G.° of the electron

formation is given by Eq. (21). The G./G,° is

expressed as a sigmoidal curve of the first order
of the concentration of the electron scavenger:

(G]GY) = 1/(1+ksSe[Neun) (21)*3

C) Model II. In the second model the dif-
fusion term is ignored. However, the change
in the number of ions in the central cluster is con-

19)

nR?/3) (20

sidered to be a function of the time. The basic
equation is, then, given by Eq. (22):
G N(teu oC _ ksSC @2

ot er? or

As in the previous model, the use of factorization,

C(r,t)=T(t)-R(r), yields the following equation:
1 aT(t) B
AOT@) ot ar) " 23
1 9R()
r2R(r) or
where «(¢) and B are given by «(t)=N(t)eu/s and
B=ksS. By the integration of these equations,
T(t) and R(r) are obtained:
T()=-¢ exp(—ﬁt).exp{mf‘a(t)dt} (29)

*2 For example, Sato,) 7, (=45 A); Ludwig,™
Tmax (=80 A, 112 A).

*3 By using the general solution (18”),

Clry) = exp (= B0) [ F(n) exp {—n(at=+r*/3)}dn
[}

18"
where F(n) is an arbitrary function of n, the G value
is evaluated as a function of the scavenger concentra-
tion.

(Ge|G0) = ]/{1—{—(/?[ F(n)e- Py %) ML 1

n(B+ 'l“)

dn)\

Looan

s 1
Jx [0 Fine=r R/t ot
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R(r) = ¢ exp(mr3/3)
Therefore, the general solution of Eq. (22) is given
by the superposition of the product of T'(¢) and
R(r) and by the substitution of n for |m|, since m
should be negative.

C(r,t) = 21 ¢cn exp(— ft)
% exp{— f toc(t)dt}exp(—an/S) (25)

The overlapping, Sz, and the flux, S,, can be
evaluated as in the case of the first model.

Sp = 4nksS S on fo wexp-{— ﬂt—nf tot(t)dt}

x —,ll~exp(—nR.,3/3)dt (26)
Sw=4nSen [0 (1)

x exp{—ﬂt—n [ °a(t)d:}.exp(—n1203/3)dt @)
Therefore, the S:/S, ratio is given by Eq. (28):
Ss/Sn = ksSe|eu< N(t)-n> (28)
where N(¢)-n is given by Eq. (29):
(N(t)-m) =
[ “exp| (|
SING)-n+exp |~ ft—n f x(t)de| exp(—nRg¥3)dt

(29)

The final expression of the G value as a function
of the scavenger concentration is given by Eq. (30):
(GelGe®) = 1/{1 +ksSe|eud N(2)- np} (30)
where the brackets express the average of the

quantities. The average value can be written by
the one-term approximation:

n f ooN(t)exp»{—n [ ‘()i — ﬁz}dt
(N(t)-my = . €)
fo exp»{—nf oc(t)dt—ﬁt;«vdt

If «(t) is assumed to be a decreasing function ex-
pressed by a second-order reaction, o(t)=1/(1/x(0)
+bt), Eq. (31) is reduced to Eq. (32):

[ (11a(0)-+b0)- n/b—lexp( Bo)dt
(N()-ny = — =~ —
eu f (1/o(0)+bt)~"/bexp(— Be)de
0
(32)
where «(0) and b denote the initial value of w(#)
at t=0 and a positive constant respectively.
Therefore, after the integration of Eq. (32), and
assuming n/b~1 and «(0)/a=2, (G./G,°) can be
expressed as in Eq. (33):
(GelG®) = 1/{1+ksSe/1.4eulNn)} (33)
D) Model III. In the third model the ef-
fect of diffusion is taken into account, so that the
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basic equation of the distribution is as given by TABLE 1. COMPARISON OF THEORY AND EXPERIMENT
Eq. (34): OF THE SLOPE AT G,/G,°=1/2
9C (uNe\ 3C D 0 (,0dC Theoretical Experimental
ot _< er? > or + 2 or <r or ) —ksSC (39 I
The following two equations are obtained by fac- First model: — 4loge —0.38® =050
torizing C(r,t): . —0.47(®
1 dT(@) Second model: T loze = —0.58®) —0.49®)
@ @ Thmm™ 8 —0.57®
d&*R(r) , (2 =« )dR(r) L Third model: — = —0.58 —0.40
o (o)t pRO=0  ® 4loge

By multiplying the appropriate coefficient AM,,
the solution is expressed by an integral form:

C(ryt) = 33 My - Ry(r)- Ty(2) (36)

Ss and §, are then evaluated from C(r,t) by:

S5 = ksS S M, f Ro(r)do- f T,()dt 37
uNe
Sv = g 2 Ma [ RaRods [ Tutoye (38)

(G¢/G4®) can be expressed by a formula of the
Langmuir type:

(Ge/ Geo) =

= M,,{. [ R,,(r)dv}.-{ . [ T,,(z)dt}
uNe |

i) I |
M fRn(Ro)dsH f T (0)dt}
(39)

Since § is involved in the integrals of R,(r) and
T, (t), the actual result is generally quite a com-
plicated function of S. However, a simplified
approximation of the integrals gives a Langmuir
formula of the first order of S:

/[ 1+ < ’E@?Bai)

Jhsse 1)

ueN nf (40)

(GG = {1
and:
K=
1+ {I(7/3)343 — (1/7)I"(10/3)37/3} (D [an'/3)exp(nRy3/3)
[1+DnRyja—Dn?Ry1[72]
‘where n is a constant.

E) Results and Discussion. The result of
the scavenger reaction is usually expressed by a
plot of G;/G® against the logarithm of the scaven-
.ger concentration, which shows a sigmoidal which
is characterized by the concentration of the mid-
point of the curve and the value of the slope at
that point.

As the first step in comparing theory and ex-
periment, let us examine the slope of the sigmoidal

curve. In this theory the slope at the middle of
the sigmoidal curve is given by Eq. (41):
d(Ge/Ge) \ 1. "d(88/Su) \
M = — S 41
(4 o) s =~ Troge Sy, 4

where the 1/2 suffix indicates the values corre-
sponding to G./G.=1/2.

(a), (b) and (c) are calculated according to

(d)
(e)
(f)
(g)
(h)
(i)

Egs. (21), (33) and (40), respectively.

All the experimental values in Table 1 are
obtained by assuming that G,°=3.0.
Obtained from the curve of cyclohexane-
N,O system in Ref. 4.

Obtained from the curve of cyclohexane-
C,H;OD system in Ref. 4.

Obtained from the curve of cyclohexane-
N,O system in Ref. 1.
Obtained from the curve
D,S system in Ref. 1.
Obtained from the curve of cyclohexane-
CH,CI system in Ref. 8.

of cyclohexane-

TABLE 2. COMPARISON OF THEORY AND EXPERIMENT
OF THE SCAVENGER CONCENTRATION AT G,[/G,0=1/2

Theoretical Experimental
(mol/l) (mol/l)
Nen(®)
First model: ”A;e—Z=0.17—0.017 0.020(
S
0.131®)
Nen(b)
Second model: %:0.24—0.024 0.019®
s&
0.131™
Nen(©
Third model: Y™ _0.17—0.017 0.056()
ks&K

sk

*kk

The superscripts in this table, (a)—(i), are
the same with those in Table 1.

In the calculation the following values are
used: ¢&; the dielectric constant, 2, u; the
mobility of electron for unit force, 6.0X
10 -1~-2esucmsec-tdyn-! (=2x10-3~-4
cm?yp-1sec—1), 7py,ye; the radius where the

4
distribution probability, N—’f r2C(r, t)dr be-

comes maximum, 80 A, N; the average
number of positive ions in cluster, 3, kg;
the reaction constant of electron with sca-
venger, 10 m~1sec—!, e; the electron charge,
4.8%10-10 esu.

The following points are also taken into
consideration. 7 can be replaced by 2/7 3.
D is the diffusion constant of electron calcu-
lated from the relation, D=ukT|e where k
is Boltzmann’s constant, 1.38X10-erg-
deg~! and T is the absolute temperature taken
as 300°K in this calculation and the evalu-
ated value of D is 5.1X10-5~-6cm2sec-1.
K is the correction factor for diffusion
process and the evaluated value of X is 1.
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The values evaluated from the various models
are shown in Table 1 along with the experimental
values.

As the second measure, the value of the con-
centration at the mid-point of the sigmoidal curve
is shown in Table 2. As is shown in Table 1 and
Table 2, the theoretical values agree almost entirely
with the experimental values. An even more
plausible result can be obtained by changing N,
e.g., from four to zero, and by combining solu-
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tions with various values of N. The theory can
be extended for the analysis of the effect of LET
and the dependence of the density of the reactant
on the electron-scavenging process.
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