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The effect of addition of sulfur hexafluoride as an electron scavenger on quantum efficiency was investigated
for the decay of trapped electrons in 3-methylhexane matrices at 77 K during photobleaching in the wave-
length range 700—1900 nm. Since the quantum efficiency for the decay of trapped electrons in pure matrices
is independent of the initial concentration, almost all the recombination of liberated electrons with the cations

is geminate.

The increase in quantum efficiency for the decay of trapped electrons by the addition of the ele-

ctron scavenger SF, was analyzed quantitatively. The quantum efficiency for the photoliberation of trapped
electrons from the trapping sites may be about unity. The liberated electrons in the absence of the electron
scavenger are retrapped or neutralized. The ratio of the former process to the latter at a wavelength greater
than 1500 nm is much larger than that at a shorter wavelength. The wavelength dependence of the ratios of
the electron scavenging process to these processes has also been discussed.

The trapped electrons (e,”) produced by y-irradia-
tion in organic glasses at low temperature in the
dark decay with infrared illumination (photobleach-
ing)1-9 or in the course of annealing (thermal
bleaching).>~? The recombination-luminescence?:®) and
electric conductivity'®-!2) have been measured during
the course of bleaching. There are two states for elec-
trons in glassy matrices, trapped electrons e,~ and mobile
electrons e,,~, the former being stable and observable
by optical absorption measurement or ESR, and the
latter undergoing rapid retrapping or neutralization
and not observable by the usual methods. Neutraliza-
tion is either geminate or random. The decay of
e, might be due to either kind. The part of e,~
geminately neutralized can not contribute to electric
conductivity. The presence of electron scavengers
suppresses the formation of e,~,'® and increases the
decay rate of e,~ during the course of photobleaching.?)
More quantitative analysis of the photobleaching of
e,~ in 3-methylhexane glass (3MHX) and the effect
of the addition of SFg as an electron scavenger have
been carried out in order to estimate the quantum
efficiency of the photoliberation of e,~ from the trap-
ping sites. The wavelength dependence of the fate
of the photoliberated electrons has been examined in
both the absence and presence of SFy. The fate has
been discussed in terms of the competition between
the retrapping, neutralization and scavenging processes.

Experimental

3MHX (pure grade, Aldrich Chemical Co.) was purified
by passing through an activated silica gel column. It was
degassed by the freeze-pump method and trap-to-trap di-
stillation, and stored on sodium-potassium alloy for more
than a day before use. SFg (Matheson Co.) was used with-
out purification.

In a mercury-free vacuum system, a constant volume
(0.35ml at room temperature) of 3 MHX was measured
with a capillary of 2 mm diameter. The amounts of gase-
ous material added were determined by means of an oil
manometer with a flask of a constant volume. The Ostwald
absorption coeflicient of SF; in liquid 3MHX at room tem-
perature was about 1.3 and was used to determine the con-
centration of the solute in 3MHX glass at 77 K. The sample
was sealed in a Suprasil quartz ESR tube (diameter 5 mm,

volume .4 ml) and irradiated for 2.5—30 min with ¢Co y-
rays at 77 K in the dark at the dose rate (1.0—5.4) X 10% r/hr.
An aluminum foil was used to intercept the light emitted
from Pyrex glass of a Dewar vessel during the course of y-
irradiation. After p-irradiation, the ESR spectra of the
samples were immediately measured in the dark with a
JEP-1 X-band ESR spectrometer (JEOL) with field modula-
tion 100 kHz. During repeated measurements by forward
and backward scanning of the magnetic field, bleaching
experiments were performed with monochromatic infrared
light from a light source of QR-50 photospectrometer (Shi-
madzu). Actinometry was carried out with a photometer of
thermocouple (JASCO) corrected by total light-intensity of
a tungsten lamp (30 W efficiency of the light emission 609,).

Results

The trapped electrons in y-irradiated 3MHX ma-
trices at 77 K were measured by ESR. The signal
intensity of e,~ decreased during the course of photo
bleaching by infrared light, but not that of 3-methyl-
hexyl radical. At a small microwave power of ESR,
the saturation factor of the signal of e,~ was almost
constant during the course of photobleaching. The
effect of photobleaching on the ESR signal intensity
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Fig. 1. The decay plots of log (C/C,) against time in
3SMHX after y-irradiation: a) natural decay in the
dark (dose=1.1X10"¢eV/g), and the decay due to
photobleaching at A=1500nm after elapse of the
time indicated by arrow. The slit of the mono-
chrometer was opened to various widths, namely b)
0.2, ¢) 0.3, d) 0.5mm (dose=2.8%x10'%eV/g).



1108

log (C/Gy)

-1

0 10 20 30 40 50 60 70 &0

Time, min

Fig. 2. The decay plots of log (C/Cy) against time
after y-irradiation: a) natural decay in the dark (y-
irradiation dose 1.1X10'? eV/g), and the decay due
to photobleaching at A=1500 nm with slit width 0.3
mm, in which the samples were p-irradiated to
various doses, namely b) 5.6, ¢) 2.8, d) 1.4 (108
eV/g). The arrow on the curve indicates the starting
point of infrared irradiation.

of e,~ is given by C/C,, the ratio of the concentra-
tion of e,~ after and before photobleaching. Semi-
logarithmic plots of the decay of C/C, in the dark
or under illumination of infrared light at 2z=1500 nm
are given in Fig. 1. The natural decay in the dark
is negligibly small as compared with the decay due
to photobleaching. At each slit width, the time
necessary for C/C, to decay to the same value is roughly
proportional to the light intensities which are pro-
portional to the square of the slit width. At a fixed
light intensity the decay rate decreased slightly with
increasing doses of yp-irradiation (Fig. 2). This might
be due to the nonuniformity of light intensity in a
sample tube. The intensity of the light flux near
the inlet of the light path is larger than that near
the outlet because of the light absorption of e,~. Thus,
the quantum efficiency for the decay of e,~ during
photobleaching @ is given byl®

dlog C —
- = =1:0Q 1)

where I is light intensity, ¢ the extinction coeflicient
of e, and Q the correction term attributed to the
nonuniformity of light ‘intensity in a sample tube.
Assuming that the light flux is parallel in the cylindrical
sample tube, Q is given as a function of D:

— 2 1
0= 7D_lm‘/:l[l—exp{(—]n 10) Dy/'1—32}]1dy  (2)

where D (=2¢CR) is the optical density of e,~, and R
the radius of the cylinder. The value of Q approaches
unity for a small value of D, namely for a small value
of C or &. The values ¢=3.0x10* 1 mol-1 ecm™! at
1700 nm, which is assumed to be equal to that in
3-methylpentane glass,’» and G(e,”)=0.9,'% are used
for the calculation of @. An appropriate coefficient
is necessary for the right term of Eq. 1.

If @ is constant during the course of photobleaching,
the plots of log (C/Cy) against time are nearly on a
straight line. Actually, however, the slope or the
value (—dlog C/dt) decreases with increasing time
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Fig. 3. Relation between @ and C/C, at A=1500 nm
with slit width 0.3 mm in 3 MHX. Samples were
y-irradiated to various doses (10®%eV/g): O 1.4,
AN 2.8, [5.6.
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Fig. 4. Relation between @ and C/C, at various wave-
lengths: @ 700, MR 1300, A 1500, O 1700, [ 1900

nm. This relation is also dose-independent as in
Fig. 3.

(Fig. 1). The quantum efficiency for the decay of
e,~ calculated from the slopes by means of Eq. 1 de-
creases steadily with decreasing C/C,. The values of
@ calculated from three series of measurements at
different light intensities are almost the same for the
same value of C/C,. This shows that the main part
of the primary act is a one-photon process.!?)

The efficiency @ at 1500 nm is independent of y-
irradiation doses (Fig. 3). Also at A=1300 nm, @ is
independent of y-irradiation doses of (0.28—5.7) X
108 eV/g within 109, error. The dose-independence
of y-irradiation may support the validity of the cor-
rection term Q. The relation between @ and C/C, at
various wavelengths is shown in Fig. 4. The plots
are approximately on straight lines through origin,
and represented approximately by

® = B,(1)C/C, 3)
where @,(1) is the initial quantum efficiency for the
photobleaching at the wavelength 1, obtained from
the value of @ at C/C,=1 (Fig. 4) and shown in Fig.9
as a function of the wavelength. The value of @y(4)
is about 0.4 at 700—1300 nm. It decreases with
increasing wavelength above 1300 nm. From Egs.l
and 3 we obtain

acjd _c
__%izammqui @)
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Fig. 5. Relation between G;/C and time during photo-
bleaching of e,~ at A=700 nm with slit width 1 mm
(dose=2.9Xx 10 eV/g).

Since Q is regarded to be constant when either the
concentration of e,~ or the value ¢ is small, the solu-
tion of Eq. 4 is approximately given by

%‘1 - @0{(ln 10)1:Qt + %} 5)

Substituting this into Eq. 3, we get
-1
o) = {(m 10)13Qt+L} ©)
2,

The relation between Cy/C and time at wavelength
700 nm for small values of ¢ (Fig. 5) is in line with
Eq. 5.

Since the time scale in the decay plots is influenced
by both the light intensity and concentration of e,~
(Figs. 1 and 2), we introduce a new variable T (=

f (In 10) IeQ dt). This is nearly proportional to ¢ and

experimentally approximated as
T =3} (In 10)I(Q>,4¢, )
=1

where C/Cy=1—j/10 at #; (j: integer), At;=t;—t;_;,
{Q), is an average of Q between ¢, ; and #;. The
exact solution of Eq. 4 is

1
"I = T o

Thus the introduction of 7T gives a simple solution
useful for the analysis of the results particularly in
the presence of SF,.

In the semilogarithmic decay plots (Fig. 6) of e~
in SMHX containing SFg, the y-irradiation doses are
controlled in order to obtain the same initial con-
centration of e,~. Although the natural decay of
e, in the dark is accelerated by the addition of SFg, the
slope is less than 5% of that of the photobleaching
even at the highest concentration of SFg During
photobleaching, the decay time at the same value of
C|C, decreases with increasing concentration of SFg,
the decay curve becoming almost linear at high con-
centrations. Figure 7 shows @ calculated from the
slopes (Fig. 6) by means of Eq. 1. The efficiency is
enhanced by the addition of SFg. The decrement of
@ with decreasing C/C, is smaller in the presence
than that in the absence of SF,. At the same con-
centration of SF,, @ is smaller for high y-irradiation
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Fig. 6. The decay plots of log (G/C,) against time in
the dark and the decay due to photobleaching in the
presence of SFg at =900 nm with slit width 0.7
mm: a) natural decay in the dark, [SFg]=9.7
X 10t mol/l, irradiation dose=5.6X10'%eV/g, and
the decay due to photobleaching, b) [SFg]=0mol/l,
dose=2.9x10"®eV/g; c) [SFe]=1.7Xx10*mol/l,
dose=2.1x10%eV/g; d) [SFe]=5.2Xx10-¢mol/l,
dose=3.4%x10%eV/g; e) [SFe]=9.7x10-*mol/l,
dose=7.7Xx10® eV/g. The initial concentrations of
e~ (10-5mol/l) are: a) 1.4; b) 3.8; c)d)e) 1.9.
The arrow on the curve indicates the starting point
of infrared irradiation.
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Fig. 7. Relation between @ and C/C, in SMHX y-
irradiated to various doses in the presence of various
concentrations of SFg; at 1=900nm: @ [SF;]=0
mol/l,dose=2.9% 10'%eV/g; A[SF¢]=1.75X% 10~4mol/l,
dose=2.1x10'®eV/g; [J4M [SF]=5.2X 10~* mol/l,
doses=3.4, 6.9, 21X 10®eV/g; O [SFg]1=9.7x10*
mol/l, dose=7.7x10'®eV/g. The initial concentra-
tions of e;~ (10-®mol/l) are: AJO 1.9; @ld 3.8;
W 12.
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doses than that for the lower doses.

The effect of the addition of SFg on the relation
between @ and T is shown in Fig. 8. The samples
were y-irradiated in the two series of doses at various

08

Fig. 8. Relation between @ and T at A=1100 nm in
3MHX containing various concentrations of SFg for
various doses of yp-irradiation: O@ [SF]g=0 mol/l,
doses=1.4, 2.9x 10" eV/g; AA [SFg]=1.75x 10—
mol/l, doses=2.3,4.5x10'® eV/g; (]l [SF¢]=5.2X%
10-4mol/l, doses=3.4, 6.9x10%eV/g; O@® [SFg]=
9.7x10~4mol/l, doses=7.7, 15.5x10'®eV/g. The
initial concentration of e;,~ for the curves obtained
by OA[] and O is 1.9X10-3mol/l, and for those
by @AM and @ 3.9X10-5mol/l. The solid lines
are the theoretical curves given by Eq. 13 when ¢
is 1, and b is selected to fit the experimental plots.
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Fig. 9. Wavelength dependence of @ or ¢ in the

absence and presence of SFg: [J @, in pure matrices,

A the initial value of @ in the presence of SFg (9.7
%X 10-¢mol/l); O ¢ obtained from the plots of Eq. 14.
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concentrations of SF,. Efficiency @ decreases gradual-
ly with increasing T calculated by means of Eq. 7.
In pure matrices the plots almost fit the solid line
given by Eq. 8. The initial concentration of e~ is
3.8x10-3mol/l in the series of high y-irradiation
doses, and 1.9 X 105 mol/l in the series of low y-irradia-
tion doses. At each concentration of SFg, @ observed
in the series of high irradiation doses is smaller than
that of the low irradiation doses. The dose depend-
ence of y-irradiation in the presence of SFg (Figs. 7
and 8) suggests that SFg decomposes and produces
less reactive molecules than SFg in electron scavenging
reactions.

The initial quantum efficiency for the decay of e,~
is enhanced by the addition of SFg in the wavelength
range 700—1900 nm (Fig. 9). At 700—900 nm, @
becomes about 0.7 and can approach unity with
increasing concentration of SFg. At a wavelength
greater than 1700 nm, the effect of the addition of
SF, on the enhancement of @ becomes less severe
than that at shorter wavelength. It is difficult to
know experimentally whether @ approaches unity or
not, since the ESR signal of e,~ could not be ob-
served at a high concentration of SFg.

Discussion

The trapped electrons absorb the light in the infrared
region and are liberated from the trapping sites in
the following process.

em 4 by — em- (A)

where ¢ is the quantum efficiency of the primary
photoliberation. Photo-liberated electrons or mobile
electrons e, ~ move in matrices preceding neutraliza-
tion with cations or preceding the retrapping into
trapping sites (T.S.).
en~ + RHt — RH (B)
en- + T.S. —s e ()

Since the right term of Eq. 5 is independent of
the initial concentration of e,~, the decay of e,~ during
photobleaching is a pseudo-second order process. The
linear relation between C,/C and time (Fig. 5) agrees
with what is expected from Eq. 5. Since @, is not
influenced by the change of initial concentration
of e,~, the main part of the neutralization of e,~ is
geminate. The pseudo-second order processes depend
probably on the probability distribution of the separa-
tion between e-, and cations. The main part of
ion-pair separation should be smaller than the average
ion-pair separation 230—600 A, calculated from y-
irradiation doses assuming uniform distribution.

The relation between @ and C, classified according
to the type of neutralization, is given as a function
of T in Table 1. The empirical relation of (2) repre-
sented by Egs. 3 and 5 is applicable only to the non-
polar hydrocarbon matrices.’) @ could be obtained as
a function of C from the following factors characteriz-
ing the movement of electrons, viz., the distribution
of ion-pair separation, the range of Coulombic force
of the parent cations and the mobility of e, ~. The
attractive force between electrons and cations pre-
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TasLe 1. @ as A FuncrioN OF G/C,, AND C As A FUNCTION OF T
Class number Class of neutralization O=—(dC/dT)/G>? C[Gy*®

1 geminate a(C/Cy)Y™; m>1 (14 a«T/m)-m™

(strong attraction)
2 geminate aGGy (14+eaT)-1

(intermediate attraction)

- -1

3 geminate 2CJCy—B; C|Cy> Bl {1—“—£exp (—ﬂT)}

(weak attraction) B B

0; ClCo<Bfe

4 random oC (14 G T) 1

a) Classified according to the type of neutralization (see Appendix).

scribed by the above factors might decrease in the
order given. In (1) most of e,~ is geminately neu-
tralized and most of e,~ can be easily photobleached.
In (3), for a small concentration of ions, e, escapes
from a cation and cannot be neutralized randomly.
In (4) random neutralization takes place because of
uniform distribution of electrons and cations, the decay
processes being of real-second order. The neutraliza-
tion of ey~ in a 2-methyltetrahydrofuran® glass is in
an intermediate state between (3) and (4). (2) is
distinguished from (4) by the role of C, in the equa-
tions. Experimentally the effect of y-doses on @ can
differentiate the two types.

Diminution of @ with the progress of photobleaching
suggests that the neutralization process (B) decreases
gradually as compared with the retrapping process (C).
Since the rate of the geminate neutralization process
is proportional to the probability density of e, in
the vicinity of the cations, and the position of e~
changes with repetition of photoliberation and reprap-
ping, the gradual decrease of the role of recombination
process may be caused by the gradual decrease of the
probability density. A theoretical consideration is
possible by means of prescribed diffusion approxima-
tion for an extended form!®) of the Smoluchowski
equation.® 1In this approximation the rate of process
(B) is given by KW, where K is a constant and W
is the probability density of e,~ in the vicinity of
cations. The rate of process (C) is given by k.S,
where £, is the rate constant and S, is the concentra-
tion of the trapping sites. For the competition between
(B) and (C), the quantum efficiency for the decay
of e,~ is given by

_ oKW(T) 0
= KW(T) + £, ©)

where W(T) is a function of T, since the distribution
of ion-pair separation changes with the progress of
photobleaching. From Egs. 8 and 9, we get

3 KW(0)
EW(T) = o kwoyks) T+1 (10)
and
kS, a
kW)~ @, (an

where k,, K, ¢, and @, are functions of A.
In the presence of SFg the electron scavenging
reaction competes with processes (B) and (C):

ks
em~ + SFy —— SF,- (D)

b) «, f and m are constants.

Since process (D) interrupts process (C), the value of
@ for a very large concentration of SF; might give the
quantum efficiency ¢. However, ¢ cannot be ob-
tained by this method, since e,~ is not formed at a
very high concentration of SFg. Efficiency @ in the
presence of SFg is given by

o (KW(T)+ ks[SF,])
KW(T)+kuS,+k,[SF,]
Assuming that KW(T) is given by Eq. 10 used in the
case of pure SMHX matrices, the following equations
are obtained from Egqs. 10, 11 and 12:

(1—b/0)®

T+ 1/0,—b] o

D =

(12)

O(T) = +b (13)

o=

1
3= (14 £4S/ks[SFe]) (14)
The solid lines in Fig. 8 are given by Eq. 13 for
the values of b selected to fit the plots at 6=1. Al-
though the experimental data are scattered, the in-
tercept of a straight line in plots of 1/b against 1/[SF,]

gives ¢ (Fig. 9). When o¢ is smaller than unity,
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Fig. 10. Wavelength dependence of k.Si/ks or kifks

observed from the plots of Eq. 14 assuming that S,
is 1.4X 10~3 mol/L.
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Fig. 12. Wavelength dependence ks/KW (0) calculated
by means of Eq. 11 and the slope of the plots of
Eq. 14.

Eq. 13 deviates from the plots to a greater extent than
that at ¢=1. Thus, ¢ might be about unity for
wavelengths in the range 700—1900 nm.

Figure 10 shows the wavelength dependence of
k.S,/k, obtained from the slope of the straight line in
the plots 1/6 v5s. 1/[SF¢]. The minimum value of
S, is 1.4x10-3mol/l which is estimated from the
dose effect of yp-irradiation of the formation of e,.

The value of ki/k, is calculated by using this value
of §,. At a wavelength greater than 1500 nm, £ /&,
becomes greater than that at a shorter wavelength.
The value of £,5,/KW(0) obtained from Eq. 11 becomes
great at a wavelength greater than 1500 nm (Fig. 11).
The value of k. JKW(Q), calculated from the values of
k.S, Jk, and kS,/KW(0), decreases gradually with
increasing wavelength (Fig. 12). Because of a strong
resemblance between Figs. 10 and 11, £, increases
markedly at a wavelength greater than 1500 nm.
This wavelength dependence of £, might show a rela-
tion between the translational energy of e,~ and the
track length of e~ from photoliberation to retrapping.
The wavelength dependence of £, /KW (0) may be
caused by the diffusion of e~ which separates electrons
from cations.
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Appendix

Calculation of @ from the Decay Plot. During photo-
bleaching, the concentration of e;—, C, decreases with time ¢.
The rate of decay in a rectangular cell is given by

dc
de

where I is a light flux, «(=¢ In 10) the extinction coefficient
of e;~, @ the quantum efficiency for the decay of e,~ during
photobleaching, and [ the length of the cell. With the
progress of photobleaching, the value of C at the inlet of
light flux in the sample becomes smaller than that at the
outlet, and the concentration becomes nonuniform. Equa-
tion 15 can be applied to this nonuniform sample by sub-
stituting the average concentration of e,~ into C. The
solution is found to be

¢
In (exp 2lC—1) = —If Dadt + In (exp alCy—1) (16)

tn

:Lf—{l—exp(—al(;')} (15)

where C, is the concentration of e,~ at time ¢,. Under
conditions of a small «/C and a constant value of @, C is
approximately given by exponential function:

C = C, exp {—IQa(t—1t,)} (17)
For a large «lC, Eq. 16 is reduced to
C=—IP@—t,)/l + Gy (18)
At time f,, Eq. 15 is given by
dInC - _ I0{1 —exp (—alCy)} (19)
ds to G,
which can be transformed into
dlog C
= — 0
2] e
and
0= 1—exp (—alCy) @1)

alCy

In the case of a cylindrical tube, the parallel light flux is
transmitted in the direction at right angle to the axis of the
cylinder, and the length of light path is [=2R1/T—2, where
R is a radius of the cylinder. The effective Q is an averaged
value such as

o,

9 1
= — —D(In1 —g2 2
1o Ao {=D(n 10y T30 (2)

where D(=2¢C,R) is the optical density of e;~.
Classtfication of the Geminate Reactions The experimental
relation between @ and C/C, can be classified as shown in
Fig. 13. A speculative case given by curve (1) is expressed

by

® = «(CICHY™, m>1 (23)

where the quantum efficiency of photobleaching is almost
constant at the beginning of the photobleaching. Curve (1)
corresponds to the photobleaching process of the trapped
electrons, in narrow spatial distribution, in strong Coulom-
bic field of parent ions and in weak diffusional move-
Curve (2) is given by

9@ = «(C/C,) (24)

The quantum efficiency of photobleaching is proportional to
the value of C/C, as shown in Fig. 3. Curve (2) is observed

ment.
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Fig. 13. Relation between @/@, and C/C, for the vari-
ous types of geminate reaction: curve (1) strong
attraction; curve (2) intermediate attraction; curve
(3) weak attraction.

in the photobleaching process of the trapped electrons in
nonpolar materices. Curve (3) can be written as
0 = «(CIC,) — B, C/Cy> B
=Y, G/ CO <ﬂ/ *
The quantum efficiency of photobleaching decreases with de-
creasing value of C/C, and becomes zero at a finite value of
C/Cy. Therefore, as in the case of the neutralization in 2-
methyltetrahydrofuran glass®, it is difficult to observe a
complete photobleaching. The functions in the last column
of Table 1 can be obtained by integrating Eqgs. 23—25.

(25)
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