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The emission of the Auger electrons during the formation of the Mdssbauer nucleus °”Fe leads not only to the
formation of multicharged >"Fe™ ion, but also to the appearance of the Auger blob, a cloud of several hundreds of
ion—electron pairs (H2O™, e7) in the solvent around the Fe ion. Fast radiation-chemical reactions therein determine
the experimentally observable ratio of the yields of final chemically stable charged states of the Mdssbauer ions
(Fe®* and Fe?1). This ratio strongly depends on reaction rates constants between HoO™, ™, and the solute S. We
have shown that in contrast to radiation chemical data the reactivity of NO5 anions with quasi-free track electrons
in frozen aqueous solutions exceeds those of H3O", ClO;, and HSO, ions only by a factor of three instead of
~ 100 which follows from the radiation chemical experiments.
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1. Introduction

Primary radiolytic processes turn out to be most dif-
ficult to investigate because of their rapidity and lack
of suitable probes. In fact most of radiation-chemical
information about intratrack radiolytic processes is ob-
tained by the pulse radiolysis method and partly by EPR,
photochemical methods and positron annihilation spec-
troscopy. As was shown in [1-3] emission Mdssbauer
spectroscopy (EMS) is also useful for investigating of
early stages of radiolysis. The emission of the Auger
electrons during the formation of the Mdssbauer nucleus
5TFe leads not only to the formation of multicharged
5TFe™* ion (n ~ 4-8), but also to the appearance of the
Auger blob, a nanodimensional cloud of 200-300 ion—
electron pairs (H2O™, e7) in the solvent around the Fe
ion within 1073 s. Further reactions in the Auger-blob
(ion—electron recombination, electron localization, and
scavenging) determine the experimentally observable ra-
tio of the yields of the final chemically stable M&ssbauer
ions Fe?>t and Fe?t. This ratio strongly depends on reac-
tions between blob species (H2O1, e™) and the solute S.
Usually the results obtained by different methods corre-
late with each other, although sometimes they may di-
verge. In this paper we have discussed such an example
when the reactivity of NO3 anions with quasi-free track
electrons in frozen aqueous solutions obtained by EMS
[4, 5] differs by a factor of 30 from the results derived
from the radiation chemical experiments [6, 7].

2. Theory

Reduction of Fe3" ions into Fe?* occurs because of

trapping of the quasi-free blob electrons. Generally
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speaking, intrablob reactions proceed together with out-
-diffusion of the blob species, but this out-diffusion is
strongly hindered because of the low mobility of the posi-
tively charged ions in the disordered frozen medium (blob
electrons are attracted to ions because of Coulombic in-
teraction). This is the case of the so-called ambipolar
diffusion expansion. The ambipolar out-diffusion is ter-
minated by the localization of the quasi-free electrons on
structural traps (it takes about 10~7 s). Thus the pro-
cesses in the Auger blob may be summarized as follows:

e~ + Fe3T — Fe?t — electron capture

by the Fe?* ion, (1a)
e~ + H,Ot — Hy, OH', HyO, ...— ion electron

recombination, (1b)
e~ + H;0t — H30* — H + HyO — formation

of the radiolytic H-atom, (1c)
e~ + S — S~ — electron capture

by a scavenger, (1d)

e~ + trap — e;, — electron localization
in a structural trap. (le)
Further behavior of the trapped electrons is governed
by their tunneling to the positive ions or to the dissolved
electron scavengers. However, this stage elapses over a
much longer time.

The interaction between track electrons with different
electron scavengers dissolved in water at room tempera-
ture has been studied quite well since the 1970s using the
pulse-radiolysis method. Some acceptors, for example,
Cd?*T and NOj3 react effectively not only with thermal-
ized quasi-free electrons, but also with hot (epithermal)
electrons [6]. This phenomenon results in a typical expo-
nential suppression of the yield of the hydrated electrons
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Gaqlcs) ~ exp(cs/car), (2)
where c37 is the concentration of the scavenger at which
the yield of hydrated electrons decreases by 1/e. For the
NOj3 ions, c37 = 0.52 M [6].

In contrast to the nitrate ions, such ions as H3O™,
ClO, , and HSO, react very weakly with quasi-free track
electrons (c37 > 10 M) and mostly interact with the sol-
vated electrons.

A similar result is observed at low temperatures [7].
The yield of atomic hydrogen was measured by means of
the electron paramagnetic resonance (EPR) technique in
aqueous 5 M solution of perchloric acid frozen at 77 K
with NOj3 ions added in concentrations of up to sev-
eral mol/l. It was shown that the presence of NO3 ions
at concentrations of ~ 0.1 M, which is low in compari-
son to the concentration of H3O% ions (5 M), results in
a considerable decrease in the yield of atomic hydrogen.
It is known that atomic hydrogen is formed due to the
capture of track electrons by the H30™ ions. The above
effect was therefore explained as a manifestation of the
higher reactivity (by a factor of 100) of ions with track
electrons, relatively to H3O™ cations.

3. Results and discussion

On the basis of the above experimental data, it was
natural to expect that, in EMS experiments, nitrate an-
ions would also exhibit a much higher reactivity with the
Auger blob electrons (both hot and quasi-free) than the
hydroxonium ions, H3O™, thus strongly inhibiting the
reduction of *"Fe?* ions into 5“Fe?T. However, fitting
the data shown in Fig. 1, we have obtained that NOj3
ions scavenge blob electrons more efficiently than HzO™,
ClOy, and HSO, ions, but only by a factor of 3 [8]. This
fact strongly contradicts the above mentioned radiation
chemical literature data.
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Fig. 1. Dependences of the yields of the Mdssbauer
ions Fe®' vs. concentration of acids in water (left fig-

ure). Right figure — the same dependences, but in so-

lution of salts and acids (A — concentration of ClOj

ions is fixed; m — fixed concentration of H ions). All

the measurements were done at 77 K. Solid lines are

drawn according to the model developed in [8].

Below we are giving a qualitative explanation to such
an unexpectedly small difference in the trapping rates

of quasi-free electrons by NO3 and H3O" ions in the
Auger blob and discuss other physical issues of the EMS
experiment [8]. From the data shown in Fig. 1 one may
conclude the following;:

1) in the “ideal” case of pure frozen water almost
all (=~ 90%) 5"Fe3T ions are reduced to the divalent
state Fe?T. Unfortunately, this case (pure water) cannot
be investigated experimentally, because pure water, when
frozen, does not form a homogeneous amorphous ice, but
forms a spatially non-homogeneous polycrystalline frozen
structure, which is poorly reproducible experimentally;

2) the fraction of reduced iron ions decreases
monotonously by adding H;O™, C10;, HSO; , and NO3 .
Most probably the dissolved ions weakly capture ther-
malized quasi-free electrons of the Auger blob (interac-
tion of these ions with “hot” electrons is unlikely). It
should be also noted that EMS experiments give an in-
formation about intratrack radiolytic processes limited
by the half-life of the excited >"Fe* Mdossbauer nucleus
(Th/2 = 98 ns). During this time, most of the track elec-
trons remain not yet localized (their characteristic local-
ization time is > 100 ns);

3) scavenging of secondary track electrons by NOj3
ions, contrary to the case of liquid water, is rather weak.
The nitrate ions react with them only three times more
efficiently than H3O™ ions. Actually this conclusion does
not relay just on the only one experimental point shown
in Fig. 1 (left plot) for HNOj3. There are additional data
in the right plot (solutions of HNO3; and HClO4 when
total concentration of H* ions is fixed). So from the
statistical viewpoint our conclusion is reliable;

4) as follows from the above mentioned estimation of
the radius of the Auger blob (=~ 100 A) and the number
of ion—electron pairs (200-300) therein [2], the concentra-
tion ¢p of the secondary quasifree electrons in the blob
comes out to be ~ 0.1 M. If, during the lifetime of the
Méssbauer nucleus (77 /2 ~ 1077 s), a significant varia-
tion of the ratio Fe3t /Fe?* takes place, the reaction rate
constant k.3 (quasi-free electron capture by Fe3* ion)
can be estimated from the relationship kezcoTi/2 ~ 1
(which gives kez ~ 10%® 1/M/s). Similarly it is possi-
ble to estimate the capture rate constants keg of the
quasi-free electrons with the scavengers added into the
frozen solution: kescsTi/s ~ 1. Since cs ~ 10 M, we
obtain ke.s =~ 10% 1/M/s. Therefore, it turns out that
the rate constant of the electron capture by Fe3* ion is
hundred times greater than the corresponding rate con-
stants for other electron acceptors (a more accurate es-
timation based on the model [8] leads to a factor of 50).
Let us note that, in the case of nitrate ions in liquid
water, a similar quantity can be estimated from the rela-
tionship ke nos— & 1/(cartaq) ~ 10121013 1/M/s, where
tag = 0.3 ps is the electron hydration time and for nitrate
ion C37 = 0.5 M.

4. Conclusion

In conclusion, three questions have to be answered.

1) What is the reason of such a drastic decrease of the
scavenging ability of NO; anions in a frozen matrix in
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comparison with the liquid phase? Answer: usually the
reaction rate constant (of the electron capture by a scav-
enger) is large, if (i) the energy of the initial state, S+e™,
is close to the energy of the final state S~ (i.e., no energy
mismatch) and (ii) the reaction is not accompanied by
a considerable structural reorganization of the medium.
Seemingly such a situation is realized in the case of pre-
solvated electron capture by nitrate ions in liquid water,
where this process is rather effective. When the aqueous
medium is frozen, the ground state energy of the quasi-
-free electron V) becomes larger by 1 €V as compared to a
liquid phase [9] (the same effect occurs not only in water,
but in hydrocarbons and alcohols as well). This results
in a notable energy mismatch between the energies of
the initial and final states, which probably significantly
weakens the efficiency of the electron capture by NO3 in
frozen solutions.

2) Why, for EPR experiments in the same system (ni-
trate ions in frozen 5 M HClO4 aqueous solutions) [7],
a very large value of the reaction rate constant ke no3—
was obtained? Answer: in EMS experiments one may
observe only the initial stage of the intratrack pro-
cesses, limited by the lifetime of the Mossbauer nucleus
(< 1077 s for 5"Fe). Part of the quasi-free electrons in
the Auger blob succeed in recombining with H3O™ ions
and form an electronically excited state H3O*. Other
blob electrons are localized in structural traps, which
are present in a frozen matrix in a high concentration
(=~ 1 M), and then can tunnel to the H3O" ions. This
reaction is energetically favorable, but may take much
longer time (about an hour). However, this process not
always leads to the formation of a hydrogen atom. The
matter is that the formation of radiolytic hydrogen is a
process of the electron dissociative capture. It means
that firstly, the encounter of an electron and HsO™ ion
produces an electronically excited state H3O*, secondly,
this state decays into H and HoO. However, the second
step is possible only if the initial H30" ion disposes of
some free volume, sufficient for the H-atom detachment.
In a frozen matrix only a small fraction of H3O¥ ions
possesses such a free volume. Therefore, the electron
has to migrate (tunnel) from H;O0" ion to another, in
search of one with the necessary free space. This sub-
stantially elongates the kinetics of H-atom formation, so
that surrounding NOj ions, although present in a small
concentration, have enough time to intercept these elec-
trons (loosely bounded in electronically excited molecules
H30*) and thereby suppress the formation of atomic hy-
drogen. Because the experiment [7] was done with the
help of EPR technique, such a long lasting tunneling
stage was available for experimental observation [10, 11].

3) Why the k.3 comes out approximately 100 times
higher than k.s? Answer: it should be taken into ac-
count that around the very swiftly formed chemically

stable ®"Fe3t ion, a rather large positive charge (+ne)
still remains. This charge was originally produced on
the primary multicharged ®"Fe™* ion (because of emis-
sion of the Auger electrons) and then partially trans-
ferred to surrounding water molecules forming adjacent
H,O7 ions. Nevertheless, this large positive charge +ne
(n = 5 in average) strongly attracts secondary quasi-free
electrons to the center of the Auger blob, where Fe3*
is located (the screening effect). Concentration of the
blob electrons on the Fe3* ion increases by a factor of
~ n3 & 102, which makes all capture rate constants, ke3
and kg, approximately equal.

Finally, we conclude that a likely reason of the discrep-
ancy between radiation chemical data [7] and that ob-
tained by EMS [4, 5, 8] is that the data in [7] correspond
to the long-lasting post-radiation (tunneling) processes
occurring at much longer times than those in EMS mea-
surements, which are limited to the lifetime of a Moss-
bauer nucleus and thus describe fast intratrack radiolytic
processes.
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