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The yield of the trapped hydrogen atom, H,, produced in the 6 M sulfuric acid matrix at 77 K was decreased

by the presence of an electron scavenger.

Based on the competition reaction kinetics, the reactivities of mobile

electrons, €, -, with metallic and oxygen-containing ions were determined from the decrease in the H, yield. It

was found that e, - is scavenged most efficiently with the TeO,%- ion.

The relative reaction rates of e~ with

oxyanions were generally larger than those of the corresponding e,,~ reactions. On the other hand, a good ac-
cordance in the reaction rates for both forms of electrons was observed in the cases of the reactions with metallic
ions. An interpretation was given to the discrepancy in the observed reaction rates that ey, - in the epithermal
energy region goes over the Coulomb barrier, which is too high for e,,~ to pass through, and thus reacts more

efficiently with anionic species than does e,,™.

Some unstable intermediates produced at 77 K polymerized with

the solute during the thermal annealing. The ESR and optical spectra of the polymerized cadmium and molyb-
denum are shown, together with those of the primarily-produced species.

It is well recognized that e~ in an acidic matrix
is converted into H,:»

e, + P — H, (1)

where P is a reaction partner of e, —, such as an H+
or HSO,~ ion. The addition of an electron scavenger,
S, depresses the H; formation:

en” + 8§ — 8- @)

From competition reaction kinetics applied to the ej,~
concentration, the following equation is obtained:?

Go(H,)/G(H,) = 1 + k[S]/k,[P] ©)

where G,(H;) and G(H,) are the G values of H, in
the absence and in the presence of the electron scaven-
ger, and where & and &, are the rate constants for the
reaction of e,~ with § and P respectively.

Kevan? has reported on the reactivities of e, in the
acidic matrix and concluded that the relative rates,
except that of the reaction of e~ with the H* jon,
were approximately proportional to those of e,q~ at
room temperature. However, similar studies using the
other matrices®¥ showed some deviations from the
results which would be expected from the corresponding
€.~ reactions. The disagreement might arise from a
difference in the experimental method; Kevan em-
ployed acidic matrices with a low H, yield (G(H,)=
0.14—0.27),9 while the latter authors directly measured
the disappearance of trapped electrons, e;,~, in the
matrices of high e,~ yields (G(e;~)=2.8).9

Recently, Steen and Kongshaug® found, by em-
ploying an ethylene glycol-water matrix, that the rela-
tive scavenging efficiency of such anionic solutes as
NO,~ and CICH,COO- ions diminished with a decrease
in the energy of the electron, i.e., in the order of the
dry electron, e-, e,,~, and the stabilized electron, e,~,
produced in an ethylene glycol-water matrix at 77 K.
We ourselves have also reported? that the relative rates
of the e, ~ reactions in the same matrix are not always
in accordance with those of the e,,~ reactions, and that
larger relative e, rates were obtained, especially in
the reaction with polynegative complex ions.

For the e~ reactions in sulfuric acid glass, Brown

and Dainton” have studied the reactivities with Ag*,
Cd?*, and In3* ions by means of spectrophotometry.
However, no correlation with the reactivity has been
derived from their data.

The H, yield in the frozen solution of 6M sulfuric
acid is comparatively large (G (H;)=1.3 at 77 K®) and
the matrix becomes homogeneously glassy upon rapid
freezing, which is convenient for the estimation of the
reactivity of e,~ from the decrease in the H, yield.
In the present paper, the relative rates of the e~
reactions in the acidic matrix were determined for 18
inorganic ions. Though it is qualitative, a distinct
difference in the reactivity was observed between the
en~ and e,,~ reactions. This discrepancy seems to
arise from an essential difference in the average kinetic
energy possessed by the two entities at the time of the
scavenging reaction rather than from the difference in
the matrix or phase employed.

Experimental

Materials. The water was redistilled, and the ethylene
glycol was fractionally distilled. As matrices, a 67 vol %,
ethylene glycol-water solution was used in the case of the e,,~
reaction with the H+ ion, while in the other cases 6M sulfuric
acid was employed.

Sulfates or alkali metal salts were generally used for the
reactivity determinations of e,;”. In the case of the reaction
with the Agt ion, silver nitrate was used as a solute. Since
the NO;™ ion itself is a strong e,,,” scavenger, the reaction rate
was estimated from the summation of the efficiencies for
Agtand NO;  ions. All of the chemicals tabulated in Tables
1 and 2 were of an analytical reagent grade and were used
without further purification.

Irradiation and Measurement. The samples which were
made into a glassy state without any degassing treatment were
exposed to gamma rays from a %Co source for 2 hr at
77 K. The dose rate was 4x 108 ¢V g-!hr-!, The ESR
measurements were performed at 77 K in the absence of
power saturation, and the optical measurements were carried
out as has previously been described. The H, yield was
determined from the ESR signal intensity in the higher
magnetic field, while the estimation of the e,~ yield was based
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TaBLE 1. RELATIVE RATES OF €, AND €;;, REACTIONS &
WITH METALLIC IONS 50G

Relative rates
/_‘~/ —

Ion (S) Compound k(egt+S) kleqtS)
at 77K at 300K»
Mg** MgSO,.7H,0 0.15 —
AB*  KAI(SO,),-12H,0 0.09 0.07
Cr3*  Cry(80y),-15H,0 1.0 1.5
Fe3*  Fey(SOy4);-10H,O 3.0 —
Cu?*  CuSO,-6H,O 1.0 1.1
Agt  AgNO, 2.2 1.0
Cd?**  CdSO,-2.7H,O 1.0 1.0
Cet*  Ce(SO,),-6H,0O 0.65 —
Hg?** HgCl, 2.9 —
TI* T1L,SO, 0.72 0.98

a) The data were cited from the table compiled by
Anbar and Neta.'®

TaBLE 2. RELATIVE RATES OF €, AND €, REACTIONS
WITH OXYGEN CONTAINING IONS
Relative rates
e
Ion (S) Compound F(ea+S) k(entS)
at 77K at 300K®
B0~ Na,B,0,-10H,0 <0.03 —
NO,;~ KNO, 1.9 0.35
HSO,™ H,SO, 0.95" —
Cr,0,2~ K,Cr,O, 4.2 1.1
MnO,~ KMnO, 0.58 0.71
MoOg*~ Na,Mo0O,:-2H,0 1.1 —
TeO,*~  H,TeO,-2H,O 4.4 0.52
2.4
U0, U0,S80,:3H,0 1.4 (pH ?)

a) The data were cited from the table compiled by
Anbar and Neta.® b) Activity coeflicient of HSO,~
ion was assumed to be 0.34.

on the method which will be described in the following
section.

The thermal treatments above 77 K were done by using a
variable-temperature accessory. The sample vessel was com-
posed of double tubes of Pyrex glass which were covered
with adiabatic material. An inner tube, 20 cm long and
1.5 cm in i.d., was covered with paraffin wax, and a heating
coil was wound on the outside of the wall. This tube was then
inserted into a larger Pyrex tube covered with asbestos. The
vessel was dipped in liquid N,. The temperature of the
sample was measured with a platinum resistance thermometer
and held within4-1°C with a Chino E501 temperature
controller.

Results and Discussion

Electron-scavenging Efficiency of Sulfuric Acid. The
total scavenging efficiency of sulfuric acid for e~ was
estimated from the decrease in the e,~ concentration.
On exposure to gamma rays, the ethylene glycol-
water glass acidified with sulfuric acid develops a deep
blue color which arise from the e;,~. The color com-
pletely disappears above the acidic concentration of
ca. 0.5 M or upon photobleaching with a light of
wavelengths 1>390 nm. The SO, radical, which is

Fig. 1. ESR spectra of gamma-irradiated 67 vol 9,
ethylene glycol-water glass containing 5Xx 10-2M sul-
furic acid.

before photobleaching
------------ after bleaching by light of tungusten lamp

characterized by its bright yellow color, is not observed
in the region of sulfuric-acid concentrations employed.

The ESR spectra (the 1st differential) of the gamma-
irradiated sample are shown in Fig. 1. The shapes are
essentially the same as those reported previously.?
After photobleaching, the central singlet which mainly
arises from e, disappears and the triplet which is
probably due to the ethylene glycol radical increases,
as may be seen in Fig. 1. The H, yield is dependent
upon neither the photobleaching procedure nor the
concentration of sulfuric acid.

The absolute e,~ concentration is proportional to the
difference in the intensity of the integrated ESR spectra
at the e,~ position before and after photobleaching.
In the preliminary examinations, however, the following
simple method was confirmed to give a reliable estimate
of the relative e,~ concentration. By photobleaching,
the singlet spectrum of e~ is probably converted to
the triplet spectrum of the ethylene glycol radical.?
Consequently, the contribution of the triplet at the
e, position increases by h,hs/h,, where £, is the signal
intensity of the triplet at the e,~ position and where
hy and Ay are the intensities of the triplet before and
after photobleaching respectively. Therefore, the rela-
tive e,~ concentration, C(e,~), is approximately given
as follows:

Cle,™) = (ho—Iahyfhe) [y 4)

where £ is the signal intensity at the e, position before
photobleaching. A normalization factor, Ay, is the total
intensity of the ethylene glycol radical, regardless of the
concentration of sulfuric acid employed. These nota-
tions are also presented in Fig. 1.

Based on the competition reaction kinetics described
previously,? the value of [Cy(e,”)/C(e;~)—1], where
Cy(ey™) is the relative e, concentration in the absence
of sulfuric acid, is plotted against the acidic concen-
tration in Fig. 2. The total scavenging efficiency of
8.0 M1 obtained for sulfuric acid is 0.21 of that for
the NO,;~ ion in the same matrix. The chemical
species which can scavenge e~ in the sulfuric acid
matrix are Ht and HSO,~ ions.1'19 Because the re-
action rate of e, ~ with the H* ion was given as 0.12
k(en,~+NO;™) in the experiment using chloric acid,®
the rate with the HSO,~ ion is estimated as follows:
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Fig. 2. Relationship between [Cy(e,~)/C(e,~)—1] and
sulfuric acid concentration.

k(en-+HSO,") = k(total) — k(e,~+H")
= (0.21/a—0.12) X k(ex~+NOg™)  (5)
where a is an activity coefficient of the HSO,~ ion in
the medium. Assuming that the coefficient is the same
as that in the 0.1 M solution at 0 °C, i.e., 0.34, the

reaction rate of e~ with the HSO,~ ion is found to be
equal to 0.50 k£(e,,~+NO;™).

g
I

<

L, J [

Fig. 3. ESR spectra of gamma-irradiated specimens.
(a) 6M sulfuric acid glass immediately after the irradia-

tion.
(b) 6M sulfuric acid glass containing 1 X 10-2M Cd?*+.

Electron-scavenging Efficiencies of Inorganic Ions. The
ESR spectra of the gamma-irradiated samples which
contained the Cd?*+ ion are displayed in Fig. 3. The
spectrum of the 6 M sulfuric acid glass is also shown
for purposes of comparison. The doublet pattern of
H, is diminished efficiently by the presence of the
Cd2t ion. Because the reduction of the Cd?+ ion with
€eq is very fast (£<{5.2x 101 M~15-1),1) whereas that
of the Cd?*+ ion with the hydrogen atom is negligibly
slow at room temperature (k=10% M~15-1),12) the above
observation implies that the reaction partner of the
Cd?*+ ion is not the hydrogen atom, but e,~. This
finding allows us to estimate the reactivity of e~ from
the decrease in the H; yield.

Frohlinde et al. have reported that the H, in the
6 M sulfuric acid glass is subject to thermal decay,
even at 77 K.19 This was confirmed in the present
study; the rate was increased by the addition of the
clectron scavenger. The fraction decaying in the first
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Go (Ht)/GlHy) —1
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-2
Solute, M (x107%)
Fig. 4. Relationships between [G,(H,)/G (H,)—1] and

solute concentration.
O: Cd*, @: Fe¥t, (9: MoO,2-, []: TeO42%-.

2 hr amounted to 189, for the pure matrix and 279,
for the matrix containing 5x10-2 M Cu?* ions respec-
tively. Therefore, the precise H; yields were obtained
by correcting the thermal decay at 77 K.

Based on Eq. (3), the relative rates of the e;,~ re-
action can be determined from the slope of the straight
line obtained by plotting [G,(H,)/G (H,)—1] against
[S]. Some of the plottings are shown in Fig. 4. The
relative reaction rates are summarized in Tables 1 and
2. The corresponding data known about the reac-
tivities of e, in neutral solution are also presented.
All the values normalized to unity for the reaction of
(em~+Cd%*) or (e,q~+Cd?**). As may be seen in the
tables, the most effective e, ~ scavengers are the Fe?t
ion in the cationic solutes and the TeO,%- ion in the
anionic solutes.

In the reaction of the Cr®* ion with e,,~, the relative
rate is less than that which would be expected from
the corresponding e,,~ reaction, while in the case of the
Agt ion the reactivity amounts to 2.2 times the expected
value. At present, it is impossible to give a reasonable
interpretation of this irregularity. In the cases of the
other metallic ions, the relative rates of the e~ re-
action are roughly proportional to those of the e,,~
reaction. These results are consistent with the pre-
vious observations for e, in the ethylene glycol-water
matrix.) On the other hand, in the cases of the
oxyanions listed in Table 2 the reactivities of ey~
seem to be independent of those of e,,~, and they are
mostly larger than those of the e, reaction. This
discrepancy seems to be closely related to the dif-
ference in the kinetic energy at the time of the scaveng-
ing reaction. The maximum concentration of e,~ in
alkaline glass has been determined to be 5.4 x 1017 g-1,
viz., 2.4x 1072 M.’ Assuming a homogeneous spatial
distribution, the e,~’s are estimated to be 41 A distant
from each other. Furthermore, the e, yield is reduced
to 509 by the addition of 2.5X10-2 M acrylamide,
an effective electron scavenger.!® After all, the e~
in the acidic glass is also expected to travel a distance
of over 20.5 A before it is captured by the solute.
Therefore, the electron in the system containing a
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sufficient amount of the scavenger may encounter the
solute a few times during the slowing-down processes.
It is probable that the e,~ in the epithermal energy
region goes over the Coulomb barrier, which is too
high for e,,~ to pass through, and thus reacts more
efficiently with the anionic species. In other words,
the present results suggest that the electron can be
- scavenged even in the somewhat higher-energy region
before slowing down to the thermal energy. This
postulation is supported by the results of a previous
experiment, where the relative rates of the e, re-
action with polynegative cyano and oxalato complex
ions are also larger than those which would be expected
from the e,,~ reaction.

—_H
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Fig. 5. ESR spectra of gamma-irradiated 6M sulfuric
acid glasses containing 1x 10-2M Cd?+.
(a) difference spectrum; Figs. 3(b)—(a)
(b) after thermal annealing at 152 K
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Fig. 6. ESR spectra of gamma-irradiated 6M sulfuric
acid glasses containing
(a) 3% 10-2M TeO.2-. The sample has been annealed
at 152 K.
(b) 4% 102M MoO,%-.
nealed at 154 K.

The sample has been an-
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Spectra of the Reaction Products. Several fine
spectra of the reaction intermediates could be obtained
by thermal annealing at ca. 150 K, where the SO,
radical completely disappears. A difference spectrum
(Figs. 3(b)—(a)) and a spectrum after thermal an-
nealing for the samples containing the Cd?*+ ion, both
of which have axially symmetric g-factors, are shown
in Fig. 5. The spectrum in Fig. 5(a) has a line shape
attributable to the Cd'* jon primarily formed.1%:1f)
The most intense signal in Fig. 5(b), which is com-
plicated by the superposition of the Cd'+ ion, is assigned
to a diatomic cation, i.e., the Cd,3* ion found previously
at 233 K.1® These observations indicate that even
in the solid phase, the migration of the Cd!* ion takes
precedence over the electron transfer from the Cd't+
ion to the SO, radical.

Figure 6(a) shows the irradiated specimen containing
the TeO,2~ ion. The tellurium of the 5-valency state
has an unpaired electron in its 4d shell, and it is ex-
pected to give rise to an intense singlet with a weak
doublet due to #Te (6.99%, I=1/2). Therefore, the
spectral pattern in Fig. 6(a) may be attributed to
Te(V), i.e., the TeO,*~ ion. However, this assignment
remains somewhat tentative, because no information
is known about the spectral characteristics of the Te(V)
species.

o8 I I ) ! T

(relative)

0.D
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Fig. 7. Optical spectra of gamma-irradiated 6 M sul-
furic acid glasses containing 4 X 10-2M MoO4*-.
(a) after irradiated at 77 K
(b) after thermal annealing at 154 K
(c) after thermal annealing at 250 K

After the thermal annealing at 154 K, the irradiated
glass containing the MoO,2~ ion remained bright yellow,
but it turned dark blue above ca. 190 K. The optical
absorption spectra are displayed in Fig. 7. The spec-
trum of the blue species is assigned to molybedenum
blue,'® which is a nonstoichiometric polymolybdate
composed of the Mo(V) and the Mo(VI) oxides.2
The ESR pattern of the bright yellow species is shown
in Fig. 6(b). There are two magnetic isotopes of
molybdenum in natural abundance, %Mo (15.7%,
I=5/2) and *Mo (9.45%, I=5/2). The molybdenum
of the 5-valency state has unpaired electron in the 4d
shell. Hence, we may assign the sixtet splitting to
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the hyperfine coupling of **Mo and °"Mo, which is
overlapped with a stronger central singlet due to the
nonmagnetic molybednum nuclei.

From these observations it may be concluded that
the Mo(V) species primarily produced polymerize with
some MoO,?- ions during the thermal annealing as
in the case of the Cd!t ion. By performing thermal-
annealing experiments on the frozen specimen, much
information would be obtained on the inorganic poly-
merized species, which are hard to be detected at room
temperature.
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