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The Electron-scavenging Process in 3-Methylhexane Glass
at 77K Studied by ESR
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The effect of various additives, i.e., nitrous oxide, sulfur hexafluoride, methyl chloride, and sulfur dioxide, on
the yield of the trapped electrons produced in the y-irradiated 3-methylhexane (3MHX) glass at 77 K have been

investigated by the ESR technique.

The yields of the trapped electrons were reduced by the addition of all the

solutes examined; the efficiency of electron scavenging was found to be in the order of SF4>CH,Cl>N,0>SO,.
The concentration dependence of the electron scavengers showed that the efficiency of the electron scavenging in

the glassy state had values intermediate between those in the gas and liquid phases.

The high efficiency observed

in the glassy state suggests that the non-solvated electrons before being trapped move about rapidly in the glassy

matrix as the form of quasi-free electrons.

The ESR-power saturation of the trapped electrons was considerably

reduced by the addition of N,O; a possible mechanism of the relaxation of the ESR is proposed.

The electron-scavenging process is one of the most
important problems in radiation chemistry. To ex-
amine this problem, physical methods, such as op-
tical absorption measurement by means of pulse ra-
diolysis,» ESR studies,>® and luminescence meas-
urement,®) have been used as well as the chemical
method of product analysis. A considerable number
of experiments have been made on electron scavenging
by chemical analysis in the gas®® and the liquid
phases;?=? however, there has been little work in
the glassy state.!® The main difficulties of the product
analysis in the glassy state at low temperatures are
the fact that the spatial distribution of solutes may be
nonhomogeneous and the fact that the overall re-
actions are not isothermal. Therefore, the kinetic
treatment based on the homogeneous distribution of
reactants and on the isothermal condition is not ap-
plicable. The physical methods may still give some
insight into this problem, though concerning the nature
of the trapped electrons, the spatial distribution has
been studied by photobleaching!®) and by the micro-
wave-power saturation of ESR.1%13) The structure
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of the trapped electrons has also been studied by means
of pulse radiolysis!"'® and by ESR.%:!5 However,
little study has been done on the electrons before
being trapped. These electrons should resemble those
photo-released from the trapped states,®) ‘mobile elec-
trons,” but they may be different in energy.

In the present work, ESR has been used to measure
the trapped electrons in 3-methylhexane (3MHX)
glass and to obtain information on the electrons before
they were trapped by the scavenger technique. The
energy of electron attachment has been said to be
different in each electron scavenger'’-29) in the gas
phase, so that the electrons are scavenged even in the
solid phase. The ESR technique is expected to be
useful for testing the efficiency of electron attachment
in the solid phase. The electron scavengers (N,O,
SF, and CH,Cl) used in the present work are well
known, but SO, is not usually used in the gas and
the liquid phases. In the present work, N,O, one
of the most important electron scavengers, has been
studied in detail.2) The trapped electrons decreased
upon the addition of N,O to the hydrocarbon matrix
and also changed in their nature; the ESR-power sa-
turation of the trapped electrons was remarkably re-
duced by the addition of N,O.

Experimental

Pure-grade SMHX (Aldrich Chemical Co.) was purified
by passing it through an activated silica gel columnj it was
degassed by the freeze-pump method and stored in sodium-
potassium alloy for more than a day before use. The gaseous
materials, SF;, CH,Cl, N,O and SO, (Matheson Co.) were
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commercially obtained and were used without purification.

In a mercury-free system, 3SMHX was measured with a
measuring capillary (2 mm i.d.), and the amounts of gaseous
material added were determined by means of an oil mano-
meter with a flask of a constant volume. The Ostwald
absorption coefficients of various electron scavengers in
liquid 3MHX at room temperature were used to determine
the concentration of the solutes in 3MHX glass at 77 K.
The samples were sealed in a Suprasil quartz ESR tube (3
and 5 mm, id.) and irradiated for 20 min—4 hr by %Co
y-rays at 77 K in the dark, at a dose rate of 0.8 x 10°® r/hr.
After the irradiation, the ESR spectra of the samples were
immediately measured in the dark by means of a JEP-1
X-band ESR spectrometer with a field modulation of 100 kHz.
A multimode microwave cavity was used to determine the
signal intensity by referring to a standard sample. After the
initial measurement, bleaching experiments were performed
with infrared light (>1000 nm) from a tungsten lamp through
two Toshiba glass filters (V-B46 and IR-RIA).

In the saturation study the microwave power of ESR
was measured by means of a thermistor power meter in the
range of 0.01—10 mW. The magnetic field, H;, of the
microwaves in the cavity under the present operating con-
ditions was given approximately by the following relation-
ship: H;=2.0x 10-2 PY/2, where P is the microwave power
in mW and where H, is that in gauss.?? The power satura-
tion curve was measured in the 1—10-3 mW range by the
use of multimode microwave cavity at the modulation fre-
quency of 100 kHz. The ratio of the saturation factor,
Z, was directly measured from the signal-intensity ratio
of the sample to a DPPH crystal, because the signal of the
DPPH crystal was not entirely saturated under the condi-
tions of the measurement.

Results

The ESR spectrum of y-irradiated 3MHX glass is
shown in Fig. 1. The singlet spectrum at the center
is due to the trapped electrons (e,~) and is photobleached
by the irradiation of infrared light. The remaining

Fig. 1. ESR spectra of pure 3-methylhexane glass y-ir-
radiated to a dose of 9x 1018eV/g at 77 K. Solid curve;
immediately after the irradiation, dotted curve; after the
photobleaching by infrared light.
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Fig. 2. Experimental values and theoretical curves ot
microwave-power saturation for e,~ in 3-methylhexane
glass at 77 K. The saturation factor, Z, is plotted as a
function of microwave power, P, and the experimental
values correspond to Qj; 8.3x 1018, [(J; 17x 1018, A; 33X
1018, A; 50x 1018, @; 10x 10 eV/g and the calculated
curves correspond to a) T;=1.3x10-2, b) 7.6x10-3, c)
5.6x10-3, d) 4.4%x10-3, e¢) 3.0x10-3s,

spectrum is due to a free radical. The line shape of
e,~ is close to a gaussian. The line width of e,~ between
the maximum slope is about 3.5+0.2 gauss and is
broadened at a high microwave power. The singlet
ESR spectrum of e,~ was well resolved from that of
the free radicals by photobleaching with infrared light.
The microwave-power saturation of e,~ was measured
at various total doses. The experimental values coin-
cide with the theoretical curves calculated by the
saturation factor, as is shown in Fig. 2. With the ir-
radiation doses between (0.83—10)x10'°eV/g, the
saturation curve moves gradually to the side of a high
microwave power at high total dose, but the curvature
does not change.

A study was made of the scavenging of e,~ in y-
irradiated 3MHX glass at 77 K as a function of the
electron-scavenger concentration. It is well known
that the electron scavengers reduce the formation of
e,~. The signal intensity of e,~ decreased rapidly with
the concentration of SFy (Fig. 3) and disappeared com-
pletely at a relatively low concentration compared
with the cases of the other electron scavengers. The
addition of SF, did not alter the line shape of the e,~
signal and did not produce any new signal. The

Ie;- (Relative)

0 5 10
[SF] X 107 mol/g
Fig. 3. Effect ot addition of SFg on the relative signal

intensity of e;~ in 3-methylhexane glass at 77 K y-ir-
radiated to a dose of 2.0x 101 eV/g,
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microwave-power saturation curve of e,~ shifted slightly
to the side of the low power upon the addition of SF,.

When N,O was added, the signal intensity of e,~
decreased at the low microwave power. At a high
microwave power, the signal intensity of e, increased
with the concentration of N,O and then decreased, as
is shown in Fig. 4. The line shape and the width of
the e,~ signal did not change upon the addition of N,O,
and the signal could be photobleached by the infrared
light at any concentration of N,0O. However, when
N,O was added, the microwave-power saturation curve
shifted to the side of the high power and the shape
of the saturation curve changed, as is shown in Fig.
5.

Figure 6 shows the ESR spectrum of y-irradiated
3MHX glass containing CH,;Cl. The signal at the
center is due to e,~, and the quartet signal, to CHj.
The microwave-power saturation curve of e,~ did not
shift upon the addition of CHZCl. After the photo-
bleaching, the signal of e,~ disappeared and that of
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Fig. 4. Effect of addition of N,O on the relative signal
intensity of e,~ for various microwave power in 3-methyl-
hexane glass at 77 K p-irradiated to a dose of 1.7x101
eV/g: a) extrapolated value at the zero microwave power,
b) 0.027 mW, c¢) 0.048 mW, d) 0.081 mW,
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Fig. 5. Microwave-power saturation curve for e;-, plotting
the saturation factor, Z, versus microwave power, P, in
3-methylhexane glass p-irradiated to a dose of 1.7 x101?
eV/g at 77 K: N,O concentration of O; 0x10-7, A; 4.7
x10-7, O; 1.1x10-¢, @; 2,2x10-6, A; 4,7x10-¢, W;
10 10-¢ mol/g.
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Fig. 6. ESR spectra of 3-methylhexane glass containing
3x10-mol/g CH;3Cl y-irradiated to a dose of 9x 1018
eV/g at 77 K. Solid curve; immediately after the irradia-
tion, dotted curve; after the photobleaching by infrared

light.
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Fig. 7. Effect ot addition of CH;Cl on the relative signal
intensity of ey~ in 3-methylhexane glass p-irradiated to
a dose of 9x1018eV/g at 77K: a) e;~, b) CH,, c) the
increment of CH; by photobleaching.

Fig. 8. ESR spectra of 3-methylhexane glass containing 5.4
% 10-6mol/g SO, p-irradiated to a dose of 9x1018eV/g
at 77K. Solid curve; immediately after the irradia-
tion, dotted curve; the photobleaching by infrared light.

CH, increased. As is shown in Fig. 7, the signal in-
tensity of e,~ decreased, while the quartet signal of
CH, increased, with the concentration of CHCI,,
which underwent a dissociative electron attachment.

The ESR spectrum of y-irradiated 3MHX glass
containing SO, is shown in Fig. 8. A new singlet
signal (g=2.007, AH_,=8 gauss) appeared in the
presence of SO,, and the signal increased when the
e,~ was photobleached. The signal seems to be due
to SO,~; the ESR signal of SO,~ formed from the
adsorbed SO, on MgO has beenmeasured by another
method.?® The broad linewidth is probably due to
the anisotropy of SO,~. Figure 9 shows that the signal

23) R. A. Schoonheydt and H. ] Lunsford, /. Phys. Chem.,
76, 323 (1972),
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Fig. 9. Effect of addition of SO, on the relative signal
intensity in 3-methylhexane glass yp-irradiated to a dose
of 9x1018eV/g at 77K: a) e;~, b) SO,~, c) the incre-
ment of SO,~ by photobleaching.

Ie,~ (Relative)
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Fig. 10. Summary of the effect of addition of various elec-
tron scavenger on the relative signal intensity of e;~:
a) SFg, b) CH;Cl, ¢) N;O, d) SO,.

intensity of e,~ decreased, and that of SO, increased,
with the concentration of SO,. Even at high concen-
trations of SQO,, the signal of e,~ did not completely
disappear.

The electron-scavenging studies of e,~ in SMHX by
various electron scavengers are summarized in Fig. 10,
which shows that the efficiency of electron scavenging
obtained from the initial slope of the curves is in the
order of SF,>CH,CI>N,O>SO, and that the cur-

vature of each scavenger is different from all others.

Discussion

In the absence of electron scavengers, the liberated
electrons are either recombined with parent cations
or trapped by physical sites in the glassy matrix:

SMHX AN 3MHX* + e~ (1)
kn
e + SMHX* — SMHX @)
3
e~ + physical site - e 3)

where £k, and k, are the rate constants of neutralization
and of electron trapping. In the presence of the elec-
tron scavenger, S, a part of the electrons can be scaven-
ged before the recombination or the trapping:
ks

e~ 4+ S —> S- (4)
where k, is the rate constant of electron scavenging.
The measurement was made only of the decrease in

the trapped-electron yield by the addition of the
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scavengers in this experiment. The reaction of elec-
tron attachment competes with those of electron
trapping and neutralization. If the reaction of the
electron scavenging and the electron trapping are treat-
ed by homogeneous kinetics, the following equations
are obtained:

Go(es™)/G(ev™) = 1 + (k/7)S (1
7= ka[M*] + &[T.S.] (2]

where Gy(e,”) is the G-value of e,~ at zero scavenger
concentration and where [T.S.] is the concentration
of the physical trapping site. Because the ion pairs
neutralize geminately, the local concentration of pa-
rent cations, [M*], is a dose-independent constant in
Egs. [1] and [2], it is expressed microscopically as a
function of the distance between the electrons and the
parent cations. The concentration of the physical
trapping sites was estimated to be larger than 10-3
mol/l from the total dosage effects.2) The relative
rate constants of electron scavenging, k,/7, are obtained
from the initial slope of the curves in Fig. 11, in which
the plots for SFy and CH,Cl are almost linear and in
the curves for N,O and SO, are concave downwards.
The deviation of the plots from the straight line may
be due to the fact that these reactions are not homoge-
neous. When £, is very large, the concentration of
scavengers can be relatively small in the measurement
and the heterogeneity of the competition reaction may
be ignored. The reciprocal concentration at which
the yield of e,~ decreases to a half, 1/S,,, and the £/t
ratio are shown in Table 1. The values of £/r and
1/S,,, are the same sequences of series, and the 1/S;/,
ratio is almost ten times larger than £ /r. To express
the efficiency of electron scavenging, the values of £/t
seem to be more adequate than that of 1/S;,,. The
electron-scavenging efficiency of SF; in the liquid phase
is found to be almost the same as that of N,O by the
measurement of the hydrogen depression,? because the
electrons were solvated and the efficiencies were de-
termined by a diffusion-controlled process. In the
gas phase, the ratio of efficiencies between SFg and

0 5 10
[S]x 108 mol/g
Fig. 11. The inverse of the relative signal intensity of e~
plotted versus the concentration of various electron

scavenger: a) SFg, b) CH3Cl, ¢) N,O, d) SO,.

24) A. Ekstrom, R, Suenram, and J. E. Willard, J. Phys. Chem.,
74, 1888 (1970).
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TasBLE 1.
Solid®’ Liquid Gas
T b)

1/8, kjt * 1/8,/, © ¢ fo(E)dE

1/mel 1/mol 1/mol 1/mol A? A2 eV
SF, 2x10° 2x 102 18 =>3x108 2.159
CH,CI 6x 102 6x 10 ) 0.0582) 1.54x10-3¢
N,O 9% 10 2x10 16 3x 10 0.0978% 1.05x10-29
SO, — 10

a) This work in 3BMHX glass;
1/8y/2 from Ref. 9;
attachment cross section by thermal electron from Ref. 17;
Refs. 17 and 19.

N,O was measured® and found to be about 10¢ and
the electron-attachment cross sections were measured
directly by the methods of mass spectrometry for ne-
gative ions,'”~1% as is shown in Table 1. The electron
scavenging in the glassy state seems to have an inter-
mediate character between those in the gas and liquid
phases with respect to the ratios and the absolute values
of 1/8;/;. These experimental results indicate that,
before being trapped, the electrons interact with a
solvent weaker than the solvated electrons in the liquid
phase.

The formations of SO,~ and CH, were observed by
the use of ESR in the presence of SO, and CH,CI.
The electron scavengers, SO, and CH,Cl, attach to
the electrons produced by y-irradiation or by photo-
bleaching of e,~, and the negative ions or the free
radicals appear by means of those reactions:

hy

e~ — e~ (5)
e~ 4+ SO, — SO,- (6)
e~ + CH,;Cl — CH,; + CI- (7)

On the other hand, the electron scavenging by SF,
and N,O produces no negative ions or free radicals.
The solute, SF,, attaches to the electrons as intermediate
species:

e~ + SF; — [SF,-] (8)

The pair of SF;~ and the parent cation is unstable and
is neutralized by electron jumps from the negative
ions or by the migration of negative ions in the matrix.
In the CH4CI solution, however, the dissociative elec-
tron attachment by CH,CI takes place,?® and an ion
pair of Cl~ and the parent cations forms near the CH,
radicals by means of the cage effect of a glassy matrix.
The ion pair must be unstable and must be neutralized
to leave CHj radicals. In the experimental results
of low-pressure mass spectrometry, SO, and N,O
attach dissociatively to electrons with some energy
by the formation of O-:

e~ + SO, —> SO + O- (9)

e + NO — N, + O- (10)

The cage effect in glassy matrix disturbs the dissociative

25) P. P. Infelta and R. H. Schuler, ibid., 76, 987 (1972).
26) “Fundamental Processes in Radiation Chemistry,” Ed. by
J- E. Willard and P, Ausloos, New York, Interscience Publishers
(1968), p. 620.

b) From the measurement of hydrogen depression in liquid cyclohexane, « is equivalent to
c) From the measurement of N, formation in gaseous propane by the addition of N,O; d) Electron-
e) Electron-attachment cross section by electrons of Ep,x from

electron attachment of SO,, and SO, is formed. How-
ever, N,O~ dissociates easily, and the parent cations
are neutralized by O~ migration in the matrix. There-
fore, no negative ion were trapped in the matrix by
the addition of N,O.

The energy distribution of electrons, p(FE, t), is the
function of the electron energy, E, and the time, ¢.
When the electrons are thermalized, the spatial dis-
tribution, D(r), is the integrated product of the deg-
radation factor, R(E, r), and the initial energy dis-

fR(E, r)p(E, O)dE, where r is the distance

between electrons and the parent cations. If the elec-
trons are trapped after a complete thermalization and
if the concentration of trapping sites is very large,
the portion of ionic species being trapped is the inte-

grated product, 4x f r2D(r) ¢ (r[r,)dr,®) where ¢(r[r,) is

tribution,

the probalility of electron trapping, where r, is e?/e
V., where ¢ is the dielectric constant, and where V,
is the depth of the physical or chemical site. When
r is larger than r,, ¢(r/r,) can be expected to be large.
The chemical site is usually deeper than the physical
site.  When the concentration of electron scavengers
is small, the electron-scavenging efficiency, £, is pro-
portional to the integrated cross section of electron at-

fa(E)P(E)Q(E)dE, where o(E) is the cross

tachment,
section of electron-scavenging as a function of the
electron energy, p(E)= f p(E, t)dt is the time-average

distribution of electrons, and Q(E) are the portions
of electrons which should have been physically trapped
in the absence of the electron scavengers. In a glassy
matrix, Q(E) will be small for the electrons near the
thermal energy, because the electrons in the low-
energy population will geminately recombine with
the parent cation and will not contribute to the re-
action with the scavengers. Therefore, P(E)Q (E) in
the glassy state will more likely be the energy distri-
bution function in the gas phase than that in the liquid
phase, where the collisional deactivation is easier than
in the glassy state, so that energy is distributed only

27) If the function, ¢(r/ry), is similar to Onsager’s equation,
Laplace transformation of yield of trapped species as a function
of various scavengers, r;, will be obtained as the function, D(r).
Assumption of Magee’s process, other functions P(E) and p(E, t),
can be written as function of D(r).
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near the thermal energy in the liquid phase. In the
electron-scavenging process, it is important to know
what percentage of the total ionization is trapped.
By the ESR and photoabsorption methods, the G-
value of electron trapping, G(e,”), in 3MHX glass
at 77K is 0.9.19 1In the gas phase, however, the
yield of ionization has been estimated from the W-
value®®) to be 4. If the ionization efficiency is the same
in the gas and solid phases, the portion of electrons

being trapped in the 3MHX glass, fP(E)Q(E)dE:

4-7;/72D(r) (rfr,)dr, is estimated to be 0.2 (~0.9/4).

Recently, however, the quasi-free electron model?® has
successfully been applied to the behavior of electrons
in the condensed phase, so the electron-scavenging
process should be reexamined from this point of view.
In the gas phase, the cross section of electron attachment
with scavengers has been measured as a function of
the electron energy. For example, the electron energies
for the maximum cross section, Emax, of SFg, N,O, and
CH,CI are, respectively, 0.02,17) 2.25,18) and 0.02eV,1?)
while the E_,, of SO, has two values, 5 and 8
eV.2) When E_,_ is small, for example, in the cases
of SFg and CH,CI, £, is reduced to being proportional

to f o(E)dE, considering that P(E)Q(E) is constant

in the range of near-thermal energies, in contrast with
the rapid change of ¢(E) in this region. Even at high
concentrations, SO, can not scavenge a part of the
electrons, because the ¢(E) of SO, is nearly zero at
a small electron energy.

The saturation study of ESR also provides informa-
tion on the structure of e,~. The rapid and fast passage

and the nonadiabatic condition (H,/H_w, <V T,T,,
w,Ty>1, yH?2w H_ )3 are given by the data of
Tsuji and Williams'®; T, is about 10~2—10-3, T, is
about 10-7—10-8, V'T,T, is about 10-5—10-6, the
angular frequency of magnetic-field modulation, w_,
is 2w 105, and the peak modulating magnetic field,
H_ ,is about 1 gauss in this experiment, where H, is
the component of the rotating magnetic field, per-
pendicular to the z-direction and where y is the gyro-
magnetic ratio. The spin-lattice relaxation time, T,
given by the equation of the saturation factor, Z=
(1-+2yH,2T,/=nH_,)~,30 is not accurate because of the
error in H; values, but the relative values give useful
information regarding the structure. The higher
microwave-power saturation curve of e,~ in pure SMHX
(Fig. 2) agrees with the equation of Z, and shift to a
microwave power shows the decrease in 73 with an
increase in the total dose. However, the shift to the
higher microwave power in Fig. 5 shows the decrease
in 77 with the concentration of N,O. In addition
to the shift, the shape of the saturation curve changes
when N,O is added. Because the variation in T
and T, values due to the addition of N,O affects the

28) P. Alder and H. K. Bothe, Z. Naturforch., 20 a, 1700 (1965).
29) K. Fueki, D. -F. Feng, and L. Kevan, Chem. Phys. Lett.,
13, 616 (1972); H. T. Davis, L. D. Schmidt and R. M. Minday,
ihid., 13, 413 (1972).

30) M, Weger, Bell. System Tech. J., 39, 1013 (1960).
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conditions of the power-saturation measurement, a
different type of equation for the saturation factor
should be applied. The singlet signal of the trapped
electrons produced by the addition of N,O is different
from that in pure 3MHX glass and has the following
properties: 1) the signal has the same ESR linewidth
at any concentration of N,O and is photobleached by
the infrared light much like the trapped electrons in
pure 3MHX glass; 2) the signal disappears at a large
concentration of N,O; 3) in the presence of N,O,
the absorption spectrum shows a broad near-infrared
band which shifts to a slightly shorter wavelength
than that in pure 3SMHX3Y; 4) no such shift of the
absorption band or change in the ESR relaxation time
can be observed in a polar matrix such as 2-methyl-
tetrahydrofuran.3!) These phenomena must result
from the formation of trapped electrons in a slightly
different structure, and must not be due to negative
species such as N,O-.

The spin-lattice relaxation mechanism is partly
due to the spin-orbit coupling of the Van Vleck
theory,?? partly to the modulation of the spin-spin
interaction by the lattice vibrations (Waller theory),3®
and partly to the cross relaxation by the spin-spin
interaction.3 The transition due to the spin-orbital
interaction of the trapped electrons in pure 3MHX
must be small; it has the same value for any sample,
no matter the total dose, but the geometrical change
in the structure of the trapping site should affect this
value. When N,O is added, the electrons may be trap-
ped near the N,O molecule and the field in the trapping
sites appears to be perturbed by N,O, so that the spin-
orbit interaction increases. However, the spin-spin
interaction is related to the overlapped area of the ESR
spectra; therefore, the interaction of the e,~—e,~ type
1s greater than that of the e,—R (free radical) type.
In the Waller mechanism, the ¢,~—e, ™ interaction may
dominate the e,~—R interaction. The cross relaxation
depends on the facts that the spins of R are in good
contact with the lattice and that those of e,~ are in poor
contact. Therefore, the cross relaxation takes place
via the spin-lattice relaxation of R by the mutual spin
flip between e, and R. At any rate, the spin-lattice
relaxation increases with an increase in the concen-
trations of the spins due to the e~ and free radicals,
whose concentrations are related to the total doses of
irradiation. The addition of SF;. decreases the con-
centrations of e,~ and free radicals, and the rate of
spin-lattice relaxation is decreased. When CH,CI is
added, the concentration of e,~ decreases and that of
CH,; increases, so that the decrease in the spin-lattice
relaxation by the Waller mechanism of the (e,”—e,”)
type will be partially compensated for by the increase
in that of the (e,~—R) type caused by the cross
relaxation. Therefore, the total amounts of spin-lattice
interaction seem to be almost the same.
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