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FOREWORD

Radiation chemistry is a branch of chemistry that studies chemical
transformations in materials exposed to high-energy radiations. It uses
radiation as the initiator of chemical reactions.

Practical applications of radiation chemistry today extend to many
fields, including health care, food and agriculture, manufacturing, and
telecommunications. Relatively few people are aware of the range of
contributions from this largely hidden branch of science.

The important advantage of radiation chemistry lies in its ability to be
used to produce, and study, almost any reactive atomic and molecular species
playing a part in chemical reactions, synthesis, industrial processes, or in
biological systems. The techniques are applicable to gaseous, liquid, solid,
and heterogeneous systems. By combining different techniques of radiation
chemistry with analytical chemistry, the reaction mechanism and kinetics of
chemical reactions are studied.

In November 1988 in Bologna, Italy, the IAEA convened an advisory group
meeting to assess new trends and developments in radiation chemistry.
Radiation chemists from Austria, Canada, China, Denmark, Federal Republic of
Germany, France, German Democratic Republic, Hungary, India, Israel, Italy
Japan, Netherlands, Poland, United Kingdom, United States, and USSR attended
the meeting.

The present publication includes most of the contributions presented at
the meeting. It is believed that this publication will provide a useful
overview of present activities and new trends of research in radiation
chemistry, and to promote better understanding of potential contributions of
radiation chemistry to other fields of knowledge as well as to practical
applications.
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INTRODUCTION

V. MARKOVIC
Industrial Applications and Chemistry Section
Division of Physical and Chemical Sciences

International Atomic Energy Agency
Vienna

I. BACKGROUND

The presentations and discussions of this advisory group meeting show
that fundamental knowledge gained by radiation chemical methods is
contributing in an increasingly important way to many and diverse areas of
basic and applied chemistry, biology and physical chemistry. Of particular
importance has been the development over the last two decades of a variety of
pulse radiolysis techniques which has made available a considerable amount of
kinetic and structural information on free radicals which is not readily
available from other approaches. For example, a recent compilation
[G.B. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, J. Phys. Chem. Ref.
Data, 17, 513 (1988)] of rate information on the reactions of hydrated
electrons, hydrogen atoms and hydroxyl radical lists ~ 3500 rate constants,
almost all of which have been determined by radiation chemical methods. This
rate information is extremely important to researchers interested in the
application of radiation from environmental to biological problems,
particularly to radiation therapy, and in modeling problems in radiation
chemical processing and reactor technology.

The fundamental knowledge of radiation chemistry found a number of
different applications in industry. Particular interest of industry has been
in radiation modification of polymers for different uses. Radiation
sterilization of medical products and pharmaceuticals is largely based on the
knowledge and data provided by radiation chemistry. New developments in
biomédical applications have recently occurred. Radiation chemistry of gases
has become the subject of increasing interest due to potential use of
radiation processing for removal of toxic components in flue gases. New
developments are likely to take place in fundamental studies of polymeric
systems, radiation chemistry of heavy ions, biological systems and other
fields.

In spite of these facts, the radiation chemical community today is
relatively small. There are today, worldwide, only a few hundred active
investigators in the basic research and, perhaps, a similar number in the
radiation processing industry. This unfortunate state results from the fact
that active practice requires to a considerable extent the availability of
major, fairly sophisticated equipment, such as high energy electron
accelerators. Because of this requirement most of the interest is
concentrated on "national" laboratories end institutes and not on
universities. There has, in fact, in recent years been a decline rather than
an expansion of interest in the universities. Most chemistry faculty members
and graduate students are, therefore, unaware or only distantly aware of the
contributions that radiation chemistry methods can make to their efforts. It
must also be recognized that the impact of radiation chemistry is quite
diffuse and many times information obtained by radiation chemical methodology
is not recognized as such.



II. OBJECTIVES OF THE MEETING

The Advisory Group (AC) was convened with the main objective of reviewing
the new developments and trends of research in radiation chemistry. A further
objective was to advise the Agency on its role in promoting the advancement of
radiation chemistry research in its Member States.
III. A SHORT SUMMARY OF INDIVIDUAL CONTRIBUTIONS

A total of 35 individual contributions were presented at the meeting.
Most of the contributions are reproduced in this report either in full text or
extended summary.

The meeting has shown that, indubitably, radiation chemistry has evolved
into a broad discipline of chemistry. The methods employed in radiation
chemistry and accumulated knowledge have broad range of applications, not
usually recognized even by professionals in corresponding areas. Some more
important developments were mentioned by different speakers:

in general chemistry (organic, inorganic) - mechanisms of different
reactions, identification of intermediates, solvated (hydrated) electron and
its reactions;

in chemical kinetics - diffusion controlled reactions, rate constants
determined for thousands of free radical, ion radical, radical-molecule
reactions, etc.;

in free radical chemistry - identification of free radicals, reactions,
kinetics of reactions with further implications in medicine, nutritional
sciences, food irradiation, atmospheric chemistry, etc.;

in biology (radiation). biotechnology, medicine - sterilization of human
tissues;

in preservation of environment - purification of flue gases, waste water
purification, drinking water (chemistry of UV and ozonization);

in industry - polymerization (curing), crosslinking of polymers,
sterilization of medical supplies, pharmaceuticals, spices;

in nuclear chemistry - nuclear reactors, high temperature radiation
chemistry (coolants, moderators), corrosion and control of pH, degradation of
organic materials in radiation environments.

The meeting has identified a number of important new areas of development:
- radiation chemistry of heavy ions with its implications in

radiobiology and microelectronics ;
- development of pol]rmeric systems for photochemical storage of energy;
- high temperature (aqueous) radiation chemistry;
- development of radiation sensitive/resistant polymers;
- free radical reactions in biochemistry, in particular reactions of

hydroxy and peroxy radicals;
- environmental applications (gas phase and heterogeneous reactions,

treatment of pollutants in water);



- the effect of irradiation on corrosion;
- reaction of very low energy electrons and high LET particles;
- immobilization of drugs and biologically active materials;
- new detection techniques for pulse radiolysis study of transients as

well as substantial increase of sensitivity of existing techniques;
- photochemistry of free radicals ;
- synthesis of metal aggregates;

etc.
IV. MAIN CONCLUSIONS AND RECOMMENDATIONS

The Group concluded that, with few exceptions, there is continuing
decline of resources allocated for radiation chemistry in most of the
countries. This is contrary to increasing contributions of radiation
chemistry to other fields and is likely to result, in the near future, in
long-term detrimental effect.

Most of the workers in radiation chemistry are either based in nuclear
sciences oriented institutions or have gained experience in these
institutions. In one sense this is a strength since it has provided excellent
instrumental backing and access to radiation sources. This mode of
development has also proved a weakness, since it has isolated radiation
chemists from the broad stream of chemistry. Universities, generally, have
not kept the pace with these developments in their academic courses.

The Group is convinced that, in order to gain maximum benefit from the
advances made in radiation chemistry, it is necessary to integrate the
information derived from radiation chemical investigations into the various
traditional branches of chemistry.

The benefits of successful industrial applications of radiation
technology have been directly derived from the wider investment in radiation
chemical investigation. In developing countries the transfer of radiation
technology is not often adequately covered by building the fundamental
research base and in developed countries, once adopted by industry, there is a
tendency to reduce the associated fundamental investigations. Unless both
trends are corrected, continuing benefit of radiation technology may not be
fully realized. The above has been illustrated throughout discussion by
numerous examples. It has been also pointed out that the Agency programme in
the transfer of radiation technology is not adequately balanced with support
to fundamental radiation research.

It is considered desirable and necessary, in the future to promote:
- dissemination of information about the manner in which radiation

chemistry is contributing to the other areas of chemistry,
advanced education in radiation chemistry,
transfer of knowledge to developing countries and building of
infrastructure for fundamental studies.
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PULSE RADIOLYSIS, A METHOD OF CHOICE FOR
THE FAST KINETICIST — PAST, PRESENT AND FUTURE

C. VON SONNTAG
Max-Planck-Institut für Strahlenchemie,
Mühlheim/Ruhr, Federal Republic of Germany

Abstract

In the past, radiation chemistry has made considerable contributions to our present
knowledge of free-radical chemistry. This was largely due to the pulse radiolysis technique
which has been established some 25 years ago. Although it is true that one of its most
notable contributions, the establishment of reliable rate constants for the reactions of the
water radicals ('OH, H- and e~ ) with a host of organic and inorganic compounds is losing
in importance because this technique has provided us with a body of many excellent data
and a picture of the reactivity of various classes of compounds has now emerged, there
are developments in the pulse radiolysis technique itself which will make possible another
breakthrough in free-radical research. These recent developments are briefly discussed.

1. Historical background

Before the early sixties, radiation-chemical studies were confined to
low-dose-rate steady-state type experiments. Hence it was very difficult
to obtain reliable kinetic data. The advent of pulse radiolysis constituted
a "quantum jump" in radiation chemistry when it became possible to
characterize by UV/VIS spectroscopy intermediates such as the solvated
electron, and, even more important, to obtain absolute rate constants for
many free-radical reactions which can be initiated by the action of ionizing
radiation. There is now a wealth of reliable rate constants of reactions of
radicals (e.g. in water: 'OH H', e~ [1], HO^/O^ [2], organic (not yet
tabulated; for an example see Ret. [3]) and inorganic radicals [4,5]
including metal ions in reactive valence states, cf. Réf. [6]). With many
solutes unrivalled in scope by any set of similar physico-chemical data
obtained other techniques. With this huge body of information now having
accumulated, it is sometimes asked whether this technique would not merely
provide more of the same. This is certainly not the case, and it is the
purpose of this brief article to show that pulse radiolysis with its famous
past will have a brilliant future.

2. Improvements of the basic setup

Computerization and shorter time domain. The basic setup consists of
an electron accelerator which delivers electron pulses (ca. 3 MeV) of about
1 (is duration, linked with a UV/VIS-spectroscopic detection system. The
typical experiment of the first two decades in pulse radiolysis research has
been the determination of the rate constants of the water radicals ('OH, e~ )aq
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with a given substrate, monitoring the decay of the intermediate whereever
it could be followed owning to its UV/VIS absorption, otherwise by the
competition method. This has implied the determination of the
UV/VIS-absorption spectra of the resulting intermediate(s). The rate
constants of the bimolecular decay of these intermediate(s) were of course
also accessible in principle. These experiments were performed at one given
temperature, "room temperature". The limited sensitivity of the detection
system required high concentrations of intermediates (i.e. high doses). The
rapid bimolecular decay of the radicals often prevented the elucidation of
reactions kinetically of first order in radicals. In the early days of pulse
radiolysis the traces had to be recorded photographically and evaluated by
hand.

In the meantime, technological progress has permitted considerable
improvement and rationalization. Data acquisition, processing and evaluation
is now generally done with the help of the computer. Computerization also
allows repetitive pulsing (improvement of the signal to noise ratio). This
makes it possible to use low doses and hence to increase the lifetime of
the radicals considerably with respect to their bimolecular decay. As a
consequence, very interesting unimolecular free-radical processes remain to
be discovered. With pulsed lamps that provide the high light intensities
required for the easy detection of the intermediates, the 1-10 ms range had
been the upper observation time limit. Now, more sensitive instrumentation
allows the use of non-pulsed lamps for the longer-time range. This is of
especial importance for the investigation of industrial and bio-polymers
whose radicals intrinsically have a long lifetime.

Most modern pulse radiolysis equipment routinely deliver nanosecond
pulses, and some of the older machines are now upgraded for doing this
as well. These shorter pulses allow to study unimolecular reactions in a
new time domain. The recent progress made becomes obvious when two
investigations on the same topic are compared (e.g. the protonation of the
adenosine radical anion by water), one published in 1981 [7] and one
published in 1987 [8].

The nanosecond time domain is not the smallest time-scale that has
been reached in pulse radiolysis studies. An extension down in the to
picosecond range has been achieved some years ago [9]. At this time-scale
"chemistry" does not yet take place, but interesting phenomena such as the
solvation of the electron can be studied.

Computer-assisted data acquisition produces more data per unit time.
Hence, experiments that were too time-consuming to be tackled in the past
are now possible. In former times, an experiment was done at "room
temperature"; now, the temperature dependence of unimolecular processes
can be measured with an acceptable effort. As a result much of the
knowledge now taken for granted may have to be reinterpreted (e.g. Ref.
[10,11]). With special constructions the temperature range may be extended
to 200° C [12] (see also paper by G.V. Buxton in this report).

Conductometry. Although UV/VIS-spectroscopy is still the most widely
used detection system, the conductometric method [13,14] has in some way
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meant a second break-through since it allows the detection, kinetic
characterization and quantitation of charged intermediates and products.
In principle, this method should also allow to study the kinetics of reactions
that are not unimolecular in charged transients [15]. In this Institute, we
make extensive use of this technique; indeed it seems surprising how many
laboratories do not yet have this supplementary and to our believe
indispensible facility.

Light-scattering. For the polymer chemist and the biochemist who
deals with biopolymers such as DNA, detection by light-scattering allows
to measure strand breakage and crosslinking in the time-resolved mode.
The introduction of low-angle-laser-light-scattering is a considerable
improvement of this technique [16] and will surely provide us with data
which can be interpreted more straight forwardly than the original method
which measured light scattered at 90° [17].

Often, polymer-derived radicals undergo strand breakage. Provided that
a polymer carries chared functions (e.g. poly(U) [18], DNA [19] or
hyaluronic acid [16]), strand breakage can be followed by conductometry,
since a number of condensed counter-ions are released from the
polyelectrolyte upon strand breakage. Thus this technique supplements
observations obtained by light-scattering [20].

Polarography. Valuable information on the redox-behaviour of free
radicals has been obtained by combining pulse radiolysis with polarography
[21]. The interpretation of the data is not always simple because a number
of parameters have to be considered [22]. Further developments of this
method have been briefly reviewed [23].

Roman speciroscopy. The combination of pulse radiolysis and Raman
spectroscopy is a relatively new field [24] and only some comperatively
simple systems have been investigated so far, e.g. Ref. [25-28]; cf. also
paper by R.H. Schuler in this report). However, this method will in the
near future furnish an enormous set of Raman spectra of free radicals, and
one may expect that our knowledge about the structure of such short-lived
intermediated will be considerably increased in addition to the great deal
of complementary information already gathered by ESR spectroscopy.

ESR spectroscopy. The combination of the electron accelerator which
produces free radicals, and the ESR spectrometer for their detection has a
long tradition (e.g. Ref. [29-32]) but globally this technique is currently
available in less than five laboratories. As one might expect, it is quite
tricky to shoot (charged) electrons through an ESR cuvette which is placed
in a strong magnetic field. For this reason this technique is only used when
other ways of generating free radicals within the ESR cavity fail. Such a
situation may arise when strongly reducing radicals are generated by redox
reactions. Then, the radiolytic generation of the radicals is the method of
choice. Even less frequent are facilities which allow the measurement of
ESR signals in the time-resolved mode, a technique which has yielded
most valuable data (e.g. Ref. [33,34]; for a review see Ref. [35]).

Fluorescence-detected magnetic resonance (FDMR). This method is
not as genarally applicable as some of the other methods, but it has yielded
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very valuable information on some fundamantal processes occuring in the
radiolysis of organic solvents (cf. Réf. [36-38]).

Chemically-induced nuclear polarization (CIDNP). In the CEDNP
method free radicals are generated within the cavity of an NMR
spectrometer. Their selective decay leads to signals of enhanced emission
and absorption. Usually the radicals are formed photolytically, e.g. with a
laser, or thermally, but can also be produced by electron beam irradiation.
Since radiation techniques provide tools to produce some type of radical
quite selectively [20] and in this respect is superior to other techniques,
this method widens the spectrum of radicals which can be investigated.
That the CEDNP method and pulse radiolysis with optical and
conductometric detection may give complementary results not obtainable by
either method alone has been shown recently for the case of the hydration
of the acetyl radical [39,40].

Pulse radiolysis combined with the rapid-mixing technique. In the case
of radicals with a sufficiently long lifetime (> 1 ms), such as O^ (e.g.
Ref. [41]) or radicals derived from polymers (e.g. DNA cf. Réf. [42]), it
is possible to produce them by pulse radiolysis and subsequently (without
negligible bimolecular decay) mix in a given substrate (even at high
concentrations) which has not been subjected to the ionizing radiation. This
technique has yielded much information on the reactivity of O^, whose
reactions sometimes are not fast enough to be investigated by ordinary
pulse radiolysis (for an example where this is still possible see Ref. [43]).
This technique is not yet exploited to its full potential in the realm of
polymer chemistry. Some investigations of the reactions of polynucleotide
radicals with glutathione have given us already valuable insight into the
mechanism of the so-called chemical repair of radiation damage [42].

An extension of this approach into the realm of radiation biology is
the rapid-lysis technique, [44] where living cells are irradiated by pulse
radiolysis and the enzymatic repair reactions rapidly quenched in a second
step. Much of what we know about ultra-fast DNA repair reactions has
been obtained with this technique [20].

In this context the oxygen-implosion technique should be mentioned.
After a short pulse of ionizing radiation, anoxic cells are exposed to a burst
of oxygen [45]. This technique has provided us with most valuable data
on the "oxygen effect" which is of major importance in radiobiology and
cancer therapy [20].

3. Areas of research

The widely hold belief (among outsiders) that radiation chemistry is
a crude and undiscrimiriate method ("a shooting at sparrows with a tank
gun") is certainly wrong. Over the past decades, radiation chemists have
in particular developed the radiolysis of aqueous solutions to an art which
allows to generate quite selectively almost any conceivable radical quite
selectively [20]. Since it is the solvent water which absorbs the energy,
absorption characteristics of the solutes which are important in the case of
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photolytic generation of radicals, are irrelevant. Because the yield and the
nature of the radicals is practically independent of temperature, kinetic data
can be obtained over a wide temperature range (which would be impossible
by thermal generation of radicals). However, water is not the only solvent
for pulse radiolysis studies, and very interesting and far-reaching results
are bling obtained in organic solvents (see e.g. papers by G. Freeman, A.
Hummel and Y. Tabata in this report).

Another misunderstanding prevailing in some circles is that pulse
radiolysis is restricted to the elucidation of free-radical reactions. This is
not so. In many cases the free-radical reactions are fast compared to the
subsequent non-radical reactions, so that both may be followed by the
above-mentioned detection systems (e.g. Ref. [46,47]). Use can also be
made of rapid oxidation of a radiation-induced radical by transition metal
ions. This may lead to carbocations and related short-lived intermediates
(e.g. Ref. [48-50]), the reactions of which can then be followed. For
example, an intermediate postulated to play a role in the acid-catalysed
hydrolysis of ortho esters has been generated by such a technique [50].
Thus many problems of general interest in reaction kinetics can be solved
in a straightforward manner, more easily than by any other technique.

Inorganic chemists have realized for some time the great potential of
pulse radiolysis in studying unusual oxidation states [6]. The solvated
electron formed in the radiolysis of water is the strongest reductant
available and low-valent metal ions and their complexes can be generated
in homogeneous solution which otherwise can only be produced at the
surface of an electrode. The pulse radiolysis also technique opens up the
new field of metallic microaggregats and the study of their unexpected
reactions. This is a recent development which is only starting to be
explored (see e.g. paper by J. Belloni in this report).

Radiation chemists and radiation biologists know that our present
concepts in radiation biology and radiation therapy of cancer are largely
based on results obtained with the pulse radiolysis technique [20]. For
anyone who has followed the literature in this area over the last decade
it is obvious that enormous progress has been made in this field, and much
more will be achieved in the near future. This, of course, also holds for
such an important question as radiation protection.

Less obvious than in the last mentioned area is the contribution of
pulse radiolysis to the environmental sciences. Pulse radiolysis is one of
the finest tools to study the formation and the fate of peroxyl radicals in
aqueous solutions (cf. Réf. [20], Chapter 4). These also play an important
role in the degradation of organic matter present in drinking-water upon
ozonation (note for example, that in California in greater Los Angeles 15
million people are supplied with ozonated water). All the really reliable data
on the kinetics of the ensuing peroxyl radical reactions have been obtained
by radiation techniques.

A similar situation holds for some of the reactions occurring in acid
rain (cf. Réf. [51-54]).

17



4. Future trends

It is obvious that the aforementioned developments in pulse radiolysis
have unlocked new areas of research where we now merely see the
beginning. But other developments are also expected.

A case in point is the diffuse-reflectance method, which allows to
undertake pulse radiolysis experiments with opaque samples. Although
described already in 1984 [55] the potential of this method has not been
explored any further. This might eventually yield interesting results in the
field of radiation biology and polymer sciences.

With lasers more powerful than those used for Raman spectroscopy
it should be possible to photolyse radicals formed by pulse radiolysis. The
photolytic products of the radicals may then be studied by any of the
above-mentioned techniques. The photochemistry of free radicals in solution
would be a very interesting addition to the present wide range of
possibilities.

I am sure that with all the hard work and creative effort going on in
our field, further techniques are on the way to more then justify my opinium
that pulse radiolysis has a famous past and a brilliant future, or as P.
Wardman quoted it in his Weiss lecture: "Radiation chemistry is alive and
well living in all areas where free radicals reside. Pulse radiolysis is now
of age: let it put it to work" [56].
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Abstract

The pulse radiolysis method is widely used not only for the
study of primary radiolytical processes, but also for the
solution of different problems of general chemistry, The report
is a short review of the new results obtained by us from the
study of some applications of this method in general chemistry.
The data on kinetics of fast reactions of hydrogen ions in
aqueous solutions including temperature dependence of reaction
rate, reactivity of inorganic free radicals (SOT, HCU, Cig,
COO etc.) towards ions of transition metals including ions of
lanthanides and actinides in aqueous solutions and autooscila-
tion processes in some irradiated systems (mainly in concen-
trated aqueous solutions of halides of alkaline and alkaline-
earth metals) are discussed»

1. INTRODUCTION
At present the pulse radiolysis method is used mainly in

two directions. It plays an important role in the study of
primary chemical stages of radiolysis that is one of the main
problems of radiation chemistry. The second direction is the
application of pulse radiolysis for the solution of different
problems of general chemistry (see e.g. Refs./î-S/). Kinetics
of fast and superfast processes, properties of short-lived
intermediate products of various inorganic and organic reac-
tions etc. are studied by this method. It is widely applied
for the investigation of properties of solvated electrons,
inorganic and organic free radicals, anion-and cation-radicals,
ions of metals in unusual oxidation states, carbanions and
carbocations, excited states. The peculiarities of some
physical-chemical processes: tunneling of electrons, transfer
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of protons and excitation energy, formation of colloids,
chemical induced dynamic electron polarization etc. are
investigated also by the pulse radiolysis method.

The second direction is developed intensively by many
researchers including the authors of the present review. Pulse
radiolysis was used or is used by us (in collaboration with
co-workers and colleagues) for the solution of the following
problems of general chemistry; 1).reactivity of solvated
electrons in different systems (in melts of alkaline halides,
concentrated alkaline methanol solutions etc.); 2) formation
and properties of inorganic free radicals (SOT, (CïïS)ôj ClZ,
HCU, CCÛ etc.); 3) formation and properties of ions of metals
in unusual oxidation states (Tm(II), Pr(IV), Hg(I), Hg2(I),
Pb(III), To(VI), U(III), Am(II), Am(IV) etc.) in aqueous
solutions; 4) reactivity of ions of uranium and transuranium
elements towards products of water radiolysis; 5) formation
and properties of organic free radicals and anion-radicals in
water and ethyl alcohol (free radicals from aromatic compounds,
semireduced forms of rhodamine dyes, free radicals and anion-
radicals from spiropyran dyes etc.); 6) generation and proper-
ties of aromatic carbanions in the solution; 7) kinetics of
reactions of hydrogen ions in aqueous solutions; 8) tunneling
of electrons in irradiated glassy alkaline ice and single
crystals of alkaline halides; 9) generation of autooscillation
processes and elucidation of their regularities. Some respec-
tive results are summarized in books /Î,â7 a*id review papers
/2,3,5,8,10,117» In tiie Present review the data obtained in
last years during the study of fast reactions of hydrogen ions,
reactivity of inorganic free radicals towards ions of transi-
tion metals and autooscillation processes in some irradiated
aqueous systems are considered.

2. EXPERIMENTAL
Two linear electron accélérâtors:U-12 and ELU-6 "Elektroni-

kan are used in our experiments. Their parameters are shown in
Table I.

Two fast spectrophotometric sets are applied /8,10j7. The
first one functions on the basis of U-12 accelerator; its time
resolution is 0.1 yus. It is completely automated by means of
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Table I. Parameters of linear electron accelerators

Type of acce- Energy, Duration Maximum cur- Maximum doselerator MeV of pulse,s rent in pulse, per pulse,GyA
U-12

n
Elektronika"

5 2. 3x1 (T6

Q

8 5x10-

0.2

15

150

20-30

microcomputer "Iskra-226". The automatization includes opera-
tion of accelerator, photomultiplier, monochromator and light
shutter, registration and accumulation of optical signal and
data treatment. The second spectrophotometric set functions on
the basis of "Elektronika" accelerator; its time resolution is
5 ns.

The details of the purification of substances used, the
sample handling technique, the composition of solutions and
the measurements are given in our above-mentioned publications.

3. KINETICS OF REACTIONS OF HYDROGEN IONS
Three methods of determination of rate constants of H+

r i S(ïreactions were used /12-21/. The first method is based on the
study of the competition of processes (1) and (2) by micro-
second pulse radiolysis (S is toe compound under study):

Haq + OHa"q ~*" H2° <1)
H+ + S ——> Product (2)aq

From the investigation of the competition it is possible to
determine k^/kg values. Since the value of k.. is known /227,
from the ratio k^kg it is easy to obtain kg.

The values of kg for some pH indicators and CrO, ions were
determined by this method (see Table II). In the case of pH
indicators the optical density of the,solution at peak of
optical absorption band of acid form of pH indicator appeared
as a result of reaction (2) was measured. In the case of
reactions

Haq + Cr042~ —* HCrV <3>
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Table II« Rate constants of reactions of H+ ions——————— aq

Solute k.., Es References

Phenol red (7.2*0.8)x1010 /Î2,13/

Bromophenol blue (1.6*0.2)x1010 /Î2,137

Bromothymol blue (8.8*0.9)x1010

0?hymol blue (alka- (1.0*0.2)x1011 /Î97
line form)

CrO,4

HPO2-

B(OH)-

MoO2"

(3.1*0.4)x1011

(3»0*0.1)x1011

2. 97x1 O11

(I.8±0.2)x1011

(1.4*0.2)x1011

(2.6±0.4)x1010

/Ï47

/Î77
/217

/Î57
/Î8/

/Î67

the decrease of optical density of the solution at peak of
Ooptical absorption, band of CrO. (i.e. at 370 nm) was deter-

mined«
The second method is similar to the first one. It is based

on the study of the competition of reactions (1)-(3) by micro-
second pulse radiolysis. This method was used to find the
values of k2 for HPÔ 2̂ , B(OH)4~, MoO 2̂" and thymol blue (alka-
line form). The values obtained are shown in Table II.

The third method is direct. It was used for the determinati-
on of k~. Its value was measured by nanosecond pulse radio-
lysis directly from kinetics of the decrease of optical
absorption of the solution at 370 nm after electron pulse. To
calculate the value of k., from such data the computer ES-1060
was applied with using the program pack "KINETIC" /217. The
mechanism including 49 reactions was treated. It was found
that for the description of kinetics it is sufficiently to
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take into account only reactions (1), (3)-(6):

HCrO- —*> H+q + Cro|~, (4)
—*• H20 4- CrOj-, (5)

Hlq + OC.. (6)

The obtained value of ko is presented in Table II» It is seen
that this value is close to the value determined by the
competition method.

The consideration of the results obtained on the basis of
the theory of diffusion-limited reactions, developed in
paper /23/, shows that the theory describes the experimental
data only in the case when anions reacting with H* have noaqany effect on the structure of water and their diffusion may
be presented as a motion of charged spheres in isotropic
medium. If anion occupies the cavities in water structure or
forms the substitution solution, the distance between reacting
species when reaction occurs (i.e. reaction radius) is more
than Onsager's radius (by 1.5-2.5 times). OH~ . F~, HS~,- ?- ?- ?— â -B (OH)., HPCn , SCT and CrOT belong to such anions. To
explain this phenomenon it is possible to propose the
hypothesis based on multiproton transfer /24/« The reaction
of H* with structuring anions consists of two stages. At the" +first stage ET_ as a result of random motion approaches theaqmicroregion structured by anion. The second stage is the multi-
proton transfer inside the microregion. In this case anion
reacts not with proton approaching the microregion but with
neighboring prot'on.

In our opinion, this hypothesis may be tested by the study
of temperature dependence of rate constant of reaction between
H"t_ and any anion structuring water. According to the proposedaqhypothesis, apparent activation energy A B of the reaction is
the sum:

E, (7)

where E-̂  is activation energy of the first stage limited by
diffusion (it is equal to activation energy of self-diffusion
of water) and E& is activation energy of the chemical reaction
itself. The structure of hydrogen bonds is weakened with
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increasing the temperature. It causes the decrease of probabi
lity of multiproton transfer, i.e. it is possible that B isa
negative. Moreover, it should lead to that à E < ED.

We studied the temperature dependence of rate constant of
reaction (3) by means of nanosecond pulse radiolysis /20/.
The values of k~ were determined from the curves of dependen-
ces of optical density decrease at 370 ma as a result of
reaction (3) on time at temperatures 278-323 K. The fact that
reaction (3) is reversible was taken into account. The data
obtained are shown in Arrbenius coordinates in Fig. 1 (kpo ^-B

the rate constant of reaction (3) at 293 K~and kT is the rate
constant at given temperature). The value of A E is 8«4+1*0
kj/mole. It coincides within the range of experimental errors. o—with apparent activation energy of reaction HT + 30̂
measured in work /257. Pig. 1 shows also the temperature
dependence of the relative coefficient of water self-
diffusion Vy/V2Q (D2Q is the coefficient at 293 K and DT
is the coefficient at given temperature) plotted on the basis
of literature values of the coefficient /26, 277. This
dependence within the temperature range of 273-323 K is non-
linear; activation energy of water self-diffusion within this

0 A 8LHCI],M
Fig.1. temperature dependences of relative rate constant of

reaction 3(1) and relative coefficient of water self-
diffusion (2).
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range is changed from 22.81 to 18.84 kJ/mole, and main change
takes place within the range of 273-285 K. It is possible to
regard that at temperatures higher than 285 K (to <-> 470 K) ED«
18.84 kJ/mole.

Therefore, apparent activation energies of reactions, 2- 2-between HI„ and structuring anions SO, and CrOA are less
&\| *r *rthan activation energy of water self-diffusion. Using the

values 4E, E,, and equation (7) we obtain that E& is negative
and equal approximately to -10 kJ/mole. The negative value of
activation energy is the experimental proof of our hypothesis
on the multiproton transfer mechanism of auch H+ reactions.

Hence, the experimental data presented and discussed in
this review show clearly that pulse radiolysis method allows
to study successfully the fine kinetic effects not only in
reactions of free radicals, ion-radicals and excited species
but also in reactions of stable species such as hydrogen ions.

4. REACTIVITY OF INORGANIC FREE RADICALS TOWARDS IONS
OF TRANSITION METALS IN AQUEOUS SOLUTIONS

The data on reactivity of inorganic free radicals towards
ions of transition metals in aqueous solutions are of interest
for radiation chemistry, photochemistry, inorganic chemistry,
radiochemistry and chemical kinetics. In the present review
the results obtained during the study of reactivity of S07, NO.,,
Gig, Brg, 3-2 and COZ towards ions of transition metals in
aqueous solutions by means of pulse radiolysis method /2S-397
are shortly summarized. Respective literature data published
before our investigation were collected in paper /40_7.

Free radicals were produced via reactions of solutes with
primary products of water radiolysis and/or as a result of the
direct action of ionizing radiation on solutes. As a rule,
bimolecular rate constants were determined from the dependences
of respective rate constants of pseudo-first order reactions
on concentration of metal ions. With, this purpose the time
variation of optical density of the solution within the optical
absorption band of free radical was measured. In some casas
(e.g. in cases of Eu(II), Sm(II) and Yb(II)) the rate constants
were calculated by means of computer simulation of radiolytical
processes in the system.
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fable III» Rate constants of reactions of SO"

Ion
Ag(I)

Ce(III)

Mh(II)
Mo(CK)̂ "
Hp (III)
ffp(V)
Pd(II)
Pu(III)
Sb(III)
U(IV)
V(III)
V(IV)
V(IV)

Medium
2M H2S04

1.8 M MgSO,+0.2 M HC10.4 4
2-10 M H2S04
0.8 M HgSO,^
2-10 M H2S04
1 M LiC104
3 M H2S04
2 M H2S04
4 M H2S04
5 M H2S04
2-10 M H2S04
1.8 M H2S04
2 M H2S04
2 M HgSÔ ,
7 M H2S04

k, M~1s""1

(3.6±0.7)x109

(I.6±0.2)x108
(2.0Î0.2)x109
(I.6±0.2)x107
(3.oio.3)x109

(L5i0.2)x109

(8*0-0. 6)x108
+ 7 a

(1.3i0.2)x108

(3.3io.6)x106
(I.8±0.2)x107

a The value of rate constant depends on U(IV) concentration,
ïhis value is for 10 M solution.

Tables III-VI show the values of rate constants of typical
reactions "between inorganic free radicals and ions of transition
metals in aqueous solutions. The reactivity of free radicals
towards ions of transition metals depends basically on different
factors: the value of free energy of reaction (or difference's0
of redox potentials of reacting species), electrostatic interac-
tion "between reagents, the change of structure and composition
of reacting and forming ions, the formation of complexes etc.
However, it is possible to make several general conclusions on
the reactivity of ions under consideration.
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Table IV. Rate constants of reactions of NO,

Ion

Ag(l)

Affl(V)

Ce (III)

Fe(CN)£-

Mn(II)
Mn(II)
Mn(II)
Hp(V)
Pd(II)
Pd(II)
Pd(II)

Pu(III)
T1(I)

V(IV)
V(IV)

Medium

2-7 M HHÛ3

2.5 M HÜTO-

2-3 M HN03

3 M JtfaN03

3 M HN03

9 M HN03

12 M HN03

1-5 M HN03

1 M HH03

6 M MÛ.
9-12 M HN03

2 M HI03

3-9 M HN03

3 M HDTO-
9 M HN03

k , M s

(1.9i0.3)x109

(2.5-0.3)x108

(1.2io.2)x106

(5.0±0.5)x109

(I.5±0.3)x10
(2.2io.4)x106

(4.0-0.6)x106

(8.oio.8)x108

(L5-0.2)x109

(1.2io.15)x109

(9.oii.o)xio8

(2.5i0.3)x108

(3.7i0.7)x107

(6.6±1.0)x106

(2.2io.2)x107

Firstly, if for reactions occuring via mechanism of outer-
sphere electron transfer the difference AE° is sufficiently-
high (ca. 2.3 V and higher), the rate of such reactions is
limited by diffusion or is close to this limit. Reactions:
Ag(I) + S0~, Hp(III) + SO^, U(V) + Clg, Yl3(II) + Br~ etc.-
belong to such processes.

This conclusion is not valid for reactions having a complex
mechanism. For example, AE° for reaction U(IV) + SOT is very
high; however, its rate is comparatively low. The possible
reasons were the formation of sulphate complexes of U(IV) in
sulphuric acid medium, in which the rate constant was measured,
and the change of the structure of uranium ion during oxidation
of U(IV) to U(V).
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Table V. Rate constants of reactions of halide ion-radicals

Ion

Bu(II)
Bu(II)

Bu(II)

J?e(CîO£~

Fe(CN)^"*

Pe(CH)4-

Fe(CïOg-

Mo(GN)*-

JSTp(III)

Up (III)

Np(III)
Np(V)

Np(V)

Pu(III)

Pu(III)
Pu(III)

Sm(II)

Sm(II)

U(III)

U(V)

Yb(II)

Yb(II)

Radical

C1iBr2

I2
ci-
ClJ

Br2
I~

Br2

ci-
Br~

I2
ci-
C12
ci-
C1i
Br2
iji ^"\

I2
I2
ci-

Br"

I2

Medium

0.33 M EuGl3+0.1 M HC1
0.33 M EuCl3+Û.1 M KBr

0.9 M ÎTaClO ,+0.1 M KI4
1 M NaCl

1 M HC1

1 M KBr

0.8 M KI

1 M KBr

1 M HC1

1 M HBr

0.9 M HC104+0.1 M Nal
1 M HC1

3 M HC1

1 M HC1

3 M HC1
1 M HBr

0.9 M HaCl04+0.1 M KBr

0.9 M NaClO +0.1 M KI

0.9 M HG104+0.1 M KI

0.1 M UO.-CCIOJv'-O.I M
C. ^f C

+ 0.7 M HC104

0.9 M UaCl04+0.1 M KBr

0.9 M NaCl04+0.1 M KI

k,M-V1

6x1 09

2. 5x1 O9

9x1 07

(I.0±0.2)x109

(6.2il.0)x107

(6.0±0.6)x107

(3.oio.5)x107

(I.2io.1)x107

(I.6io.1)x109

(I.1-0.1)x108

(5.0±0.5)x106

(3-1i0.6)x106

(I.lio.2)x107

(3.0±0.3)x107

(1.2±0.2)x108

(I.6io.3)x106

1.1x1010

9x1 09

1.2x1 O9

HC1+ 4x1 09

9x1 09

8x1 09
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Table VI. Rate constants of reactions of CO"

Ion

Am(III)

Am(III)

Ce(III)
Ce (III)

Q

A ^

Np(III)

Np (III)

Np(V)

Hp(V)

Hp (VI)

Pu(III)

Pu(III)

Medium

3 M K2CÛ3

6 M K2CÛ3

0.75 M K2
G03

3 M K2C03

0.5 M Na2C03

1 M KHC03

1 M K2C03

3 M K2C03

0.5 M ÏÏa2C03+0.2 M HaOH

0.5 M Ha2C03+1 M NaOH

0.5 M Na2C03+0.5 H NaOH

1 . 1 M K2C03

4.3 M KgCO^

k, M""1 s"1

(2.5±0.3W

d^iooJxio7

(4.3i0.5)x107

(9.oii.o)xio7

(5«oio.5)x108

(6.5i0.7)x107

(3.3±0.4)x109

(1.4^0. 2 )x109

(1 ,8-0.2)x107

(4.4±0.5)x107

^ 9x1 O5

(5.6±0.6)x108

(6:7io.7)x108

Secondly, if the rate of reactions is not limited "by diffusion,
it depends often on redox potentials of R/R~" (R is free radical)
and respective pairs of metal ions. In many cases reactivity of
free radicals has the following order: SOT > ̂ 03̂  C12 > Br2 >
Ig. For example, it is distinctly seen for reactions of Np(III)
and Pu(III). The illustration of the influence of redox potentials
of pairs of metal ions is the rate of reactions of Hp(III),
Pu(III) and Am(III) with ion-radical COO; it decreases with an
increase of this potential.

Thirdly, if the structure of metal ions (and also free radi-
cals reacting with them) is similar, then for reactions, whose
rate is not limited by diffusion, there is a linear dependence
of logarithm of rate constant on difference of redox potentials
of reacting species. Such dependences were obtained for reactions

33



0
t,jus

Pig.2.Dependence of logarithms of rate constants of reactions of
~ (1), Mo(CN)J" (2), Eu(II) (3), Up(III) (4) and'8

Pu(III) (5) with Gig (a), BrJ 0>) and Ig (c) on differences
of redox potentials of reacting species.

-1000/T , K

Fig.3«Dependences of logarithms of rate constants of reactions
of Ce(III) (1), V(III) (2), Co(II) (3), Ti(III) (4), Mn(II)
(5), Pu(III) (6) and Pe(II) (7) with Cl~ on HOI concentration
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of Bu(II), Np(III), Pu(III) and cyanide complexes of Fe(II) and
Mo(I?) with Gig, Brg and l£ (see Fig.2). Analogous dependence
was observed for reactions of Ce(III), Pu(III) and Am(III) with
COO. However, the value of rate constant of reaction Hp(III) +
COo" is outside of the dependence (obviously, the rate of this
reaction is controlled by diffusion).

Fourthly, there is a noticeable influence of the formation of
complexes on the reactivity of metal ions. For example, the rate
of reactions of Fe(II), Mn(II), Co(II), V(III), Ti(III), Ce(III),
Np(V) and Pu(III) with Gig depends considerably on concentration
of Cl~ ions in the solution because of the formation of inner-
sphere chloride complexes (see Fig.3)«

Fifthly, on the basis of data obtained it is possible to
estimate redox potentials E° for S0~/S0?~ and NO^/NO" pairs.
Radical SOT reacts with Ag(I) and 11(1) with rates close to the
diffusion limit, but for NO, such high rate is observed only
for reactions with Ag(I). The values of E° for Ag(II)/Ag(I) and
T1(II)/T1(I) are equal to 1.9 and 2.2 V, respectively. Thus,
the B° value for NOyiTOl pair is close to 2.2 V (probably, 2.3
V), and the E° value for S0~/so|~ is much higher.

5.AUTOOSCILLATION PROCESSES IN IRRADIATED AQUEOUS
SOLUTIONS

One of the important problems of modern physical chemistry
is the elucidation of peculiarities of autooscillation
processes in homogeneous systems. The number of such systems
is not much. We obtained the occurrence of autooscillation
processes in some irradiated aqueous solutions /41-447. The
application of pulse radiolysis for the study of these processes
is very effective. The pulse of ionizing radiation generates
the required amounts of reacting components during compara-
tively short time and almost uniformly in a bulk of the
solution and pulse radiolysis allows to carry out the direct
observation of the variations of concentrations of reaction
products.

It was found that in concentrated aqueous solutions of
halides of alkaline and alkaline-earth elements the autooscil-
lations of XÔ concentration (X is halogen) were observed after
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Fig.4. Formation and decay of products of radiolysis of saturated
aqueous solution of MgCl2 (1-3) and 9*5 M aqueous solution
of LiCl (1'-3') after microsecond pulse of electrons;
rn "~ 1 1 '• rn "" o o t • «"" _ ^ ^ >C13 - 1,1, 012 - 2,2 , eaq - 3,3 .

the action of electron pulse. It is illustrated by Fig.4, where
autooscillations of ClZ optical absorption in concentrated
aqueous solutions of LiCl and MgCl2 are shown. Trihalide ion
X7 is one of three forms of "active halogen" which are in
equilibrium:

X" HOX Haa + X"aq (8)

The formation of XÔ occurs during milliseconds via reactions:
OH + X™— -*- HOX~, (9)
HOX"
X

HOX"

d.

X"
X"

*2

H20

OH

(10)
(11)
(12)

L3 (13)
The further periodical variation of XI concentration is
accompanied by decrease of its average concentration to the
level determined by composition of the solution and occurs,
obviously, with participation of hydrogen peroxide.
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Table VII. Periods of oscillations (O of BiC concentration
in bromide solutions after electron pulse and
during permanent action of xenon lamp light

Bromide

LiBr
LiBr
SrBr2
BaBr2
KBr

A^y,
12.3
11.1
6.8
5.8
4.6

, M
Without light

60
68
70
90
100

T > s
filter With light filter(250< X<370 nm)

300
360
-
120
100

The autooscillations of XÔ concentration after the action of
electron pulse were observed in saturated aqueous solutions of
LiCl, RbCl, MgOlg, CaCl2, LiBr, KBr, SrBr2, BaBr2, KI and Csl.
The period of oscillations depends on the nature of halide, the
concentration of the solution and the intensity of light that
is used for the registration of X7. The data obtained in the
case of bromide solutions are shown as an example in Table VII.
The action of light is not necessary for the appearance of
oscillations; however, it promotes considerably their stabiliza-
tion (especially in solutions of bromides and iodides) because
of more effective transformation of "active halogen" into hydrogen
peroxide and vice versa.

The action of ionizing radiation causes also the oscillation
processes connected with mutual transitions of some forms of
complex organic compounds in the solution. Such transitions were
studied in the solutions of peroxidase /44/» Pulse and gamma-
irradiation of diluted aqueous solutions of peroxidase from
horse-radish roots leads to the formation of oxygenated forms
of this enzyme, whose concentrations are changed periodically
during several minutes.
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FROM RADIATION CHEMISTRY TO ENERGETICS
VIA PHOTOELECTROCHEMISTRY - ELECTRONS
AND HYDROGEN ATOMS IN LIQUIDS

R. SCHILLER
Central Research Institute for Physics,
Budapest, Hungary

Abstract

The interrelation between radiation chemistry
and photoelectrochemistry is demonstrated by several
examples. The studies of electron injection into
liquids by illuminating metal cathodes render
information on excess electron energies, on electron
thermalization, transport and reactivity. Atomic
hydrogen can be injected into the aqueous phase
through the illumination of tungsten bronze cathodes
immersed into acid solutions. An outlook of the
relevance of these and similar processes on light
energy conversion is given.

1. INTRODUCTION
One of the most important services radiation

chemistry has rendered to chemistry as a whole is the
discovery and description of a number of short-lived
entities. Excess electrons and hydrogen atoms play a
central role in this respect. The optical,
thermodynamic and transport properties of these basic
species have been studied in much detail, the
kinetics of their numerous reactions have been
quantitatively described and well understood.

Important as these achievements are the impact
they have made on chemistry in general seems to be
somewhat limited. One of the main reasons for this
lies with the intricate and expensive instrumentation
of contemporary radiation chemistry. Short pulse
length accelerators with high time resolution
detecting systems, having reached the sub-picosecond
range by now, demand both lavish financial support
and specially trained staff. Although it has been
realised that laser photochemistry can well
complement pulse radiolysis, photochemical methods
are necessarily specific, being limited to the ranges
of optical absorption.

In this report some results of solvated
electron and hydrogen atom experiments are reviewed
which were achieved by a fairly general, simple yet
physically exact method called photoelectrochemistry.
The gist of the method is an interfacial phenomenon.
A metal or semiconductor electrode is immersed into a
liquid, a voltage is applied between the two phases
and the interface is illuminated. As a result of this
charge carriers travers the interface. In the
conceptually simplest of such experiments, where a
metal cathode is illuminated, electrons can be
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injected into the liquid, excess electron processes
can be studied. The instrumentation of a standard
electrochemical arid a simple optical laboratory is
sufficient for measurements of this kind.

Despite its obvious financial advantages over
large accelerator laboratories we do not want to
create the false impression that photoelectro-
chemistry is just the poor man's radiation chemistry.
There are certain processes which can be elucidatede
•through photoelectrochemical studies. And, perhaps
more important, photoelectrochemistry has some direct
relevance to the contemporary problems of energy
transformation and storage.
2. ELECTRON INJECTION INTO NONPOLAR LIQUIDS

Photoemission of electrons from metal into
vacuum has been a process well known for about a
century. The logical extension of this phenomenon is
the photoinjection of electrons from metals into
insulating liquids. Similarly to vacuum photoemission
measurements the analysis of the photocurrent as a
function of wavelength enables one to determine the
minimum energy needed for an electron to be
transferred from the metal into the liquid. That
quantity is called work function, W.

From the point of view of electron chemistry
one of the most important parameters is the energy of
the excess electron in the liquid prior of solvation
or any rearrangement of the liquid phase. This is the
bottom of the conduction band of the unperturbed
liquid, V0. The work function at a metal/vacuum
interface, Wv, and that at a metal/liquid interface,
Wi , gives Ve> as

Vo = Wl - Wv . (1)l
It is easy to see that V0, as given by eq.(l), is
independent of the nature of the metal and
characterizes the electron-liquid interaction only.

A series of experiments on liquid rare gases
and hydrocarbons have shown that by the sign and
magnitude of V0 one can well predict the mobilities,
radiation chemical yields and chemical reactivities
of excess electrons. Photochemical methods can also
be used for the determination of V0 it is, however,
impossible to obtain this key parameter by making
exclusive use of high energy radiation. This has been
one of the most striking examples of the problems
launched by radiation chemical observations which
were solved, however, through photoelectrochemical
methods. These and related questions are reviewed
e.g. in Refs. [1,2].

3. ELECTRON INJECTION INTO WATER
The first experiment in this field preceded the

discovery of the electron by more than half a
century: in 1839 E. Becquerel observed that, as he
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illuminated one of two identical electrodes immersed
into a dilute acid, electric current flowed across
the cell. This early observation of a photoelectro-
chemical effect was followed by extensive research
into these phenomena. The great inherent interest in
the problem notwithstanding, it is clear that this
area of research obtained large impetus from the
discovery of the hydrated electron. May we here refer
to some reviews [3-6].

METAL ELECTROLYTE

FIG.1. Scheme of electron injection into water.

Our present day picture on electron photo-
injection from metal into an aqueous solution is due
to Barker [7] and is summarized in Fig. 1. A photon,
if its energy h is higher than a certain limiting
value, can eject an electron from the metal and make
it enter the aqueous phase. The electron usually has
some kinetic energy, not more than several eV,
because the photon energy will exceed the minimum
value required. This extra energy is dissipated due
to interaction with the medium, the electron becomes
thermalized in the vicinity of the cathode. The
probability of finding a thermalized electron at a
distance between x and x+dx is f(x)dx which gives the
average distance as <x> = J*xf (x)dx.

The electron, although thermalized, is still
not in complete equilibrium with its surroundings,
since dielectric relaxation is a sluggish process in
comparison with thermalisation. Hence solvation is
not necessarily complete by the instant of
thermalization. There is a possibility that the
electron in this pre-solvated or "dry" state is
dragged back to the metal. If, however, it stays in
the liquid phase, it gets solvated, and may react
with an appropriate solute, S, bringing about the
reduced species, S~. One cannot exclude that the
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solute reacts also with the "dry" electron and that
S~ gets oxidized in a conventional electrode
reaction.

One of the most advantageous aspects of a
photoelectrochemical experiment is its variability:
one can change the potential between metal and
solution, & , the frequency of light, u* , the
duration of illumination, the nature of the metal
what amounts to the change of the limiting frequency,
U>0 (referring to the (f -0 case) and can measure the
density of the photocurrent, j. The primary current
density of charge injection, jp, is given by eq.(2)
as

jp - A(nuJ - nu> • - e tf )5/2 (2)
where e denotes the elementary charge [6].

The electrons, diffusing toward the bulk of the
solution after being hydrated, react with the solute,
S. The kinetics of this diffusion-controlled reaction
obey eq.(3) which describes both the spatial and
temporal variation of the electron concentration, ce,
if the cathode is exposed to a light pulse of the
shape G(t),

G>Ce/Px = D(2 2 ce/3 x2^ - ks Cs Ce - ke Ce 2 + f ( x ) G ( t ) . ( 3 )

Here D is the diffusion coefficient of the hydrated
electron, ks the rate coefficient of the solute
reaction, and ke is that of the bimolecular electron
process. If one finds ce(x,t) by solving eq.(3), an
intricate task even if simplifying assumptions are
introduced, one can approximate the observed net
current density as

j = jp - D(9ce/,Dx) (4)
Thus, if one knows j and jp as a function of f0
and où > the electron rate coefficients and the
thermalization length, <x>, can be found by analysing
eqs.(2-4).

The kinetic energy of photoinjected electrons
usually falls between kT and several eV, an energy
interval which is most difficult to investigate by
any other experimental method and where even the
theories of moderation fail. Thermalization lengths
have been found to be in the 10 to several times 100
A range obeying the empirical rule valid between 0.2
and 7 eV

L = 100E5/3 (5)
where L denotes thermalization length in angstroms
and E initial energy in electron volts [6].
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4. PHOTOGENERATION OF HYDROGEN ATOMS AT A
SEMICONDUCTOR/WATER INTERFACE
Photocurrents are usually orders of magnitude

higher, electrode reactions more versatile if one
uses semiconducting photoelectrodes instead of
metals. However, these advantages also imply more
complicated kinetics and are usually accompanied by
impaired stability of the solid surfaces.

Semiconductors are either n-type or p-type
materials, i.e. the majority charge carriers are
electrons or holes, respectively. Hence, if
appropriately biased and illuminated, they can inject
either holes or electrons into the liquid phase.
(Hole injection obviously consists of electron
transfer from the liquid to the solid.) Unlike metals
the bulk of the semiconductor can be permeated by
light, hence the electron-hole pairs are generated
also quite far from the interface. They diffuse
within the solid, experience a potential drop near
the interface (in the so-called Debye layer) and,
according to the sign of this potential difference,
either holes or electrons are injected. Then, if an
appropriate solute is present, diffusion controlled
oxidation-reduction processes take place in . the
aqueous solution.

Energetically speaking the net result of all
these phenomena is the transformation of light into
chemical energy. By applying appropriate conditions
the oxidation and reduction reactions can be
spatially separated what makes electric potential
build up and electric current flow i.e. in this case
light energy is converted into electric energy. The
vast results of experimental and theoretical research
in this field are summarized e.g. in Refs. [8-10].

As an example of semiconductor photoelectro-
chemistry in the service of radiation chemical
research let the behaviour of hydrogen-tungsten
bronze/aqueous solution interface be shortly
discussed [11]. Compounds of the general compostion
MxWOs, where M denotes H, Li, Na or several other
metals, are called tungsten bronaes. If x is lower
than 0.25 the compound behaves as a semiconductor,
above that limit it is a metallic conductor. If a
semiconducting H- or H-Na-tungsten bronze cathode,
immersed into an acid solution which contains also
some appropriate solute, is illuminated with visible
light, photo-current flows across the cell. The
kinetics seem to be somewhat non-conventional in the
sense that stationary photocurrent is proportional to
the square root of light intensity and the current
builds up as the hyperbolic tangent of time,

j = const(4I)tanh(ßt) , (6)
where I denotes light intensity.

The role of the solute seems to be more
interesting, at least as far as radiation chemistry
is concerned. Cathodic current involves reduction to

47



take in the aqueous solution thus it is obvious that
the precondition of a cathodic process is the
presence of a reducible solute. It was found,
however, that solutes that react exclusively with
solvated electrons like NsO, Zn2 + or Cd2+ do not
suffice. In the presence of other substances, e.g.
Fe3+, Fe(CN)s3+, 02, NO3- or tetranitromethane which
are known to react also with atomic hydrogen,
considerable photocurrents can be observed. Hence,
one can conclude that the light-generated species is
atomic hydrogen. By knowing this one could devise a.
simple reaction mechanism which resulted in the
kinetics given in eq.(6). Some recent spin trap work
[12] lends direct support to the role of H atoms in
the photoelectrochemical transformations discussed.

It should be merely mentioned here that
hydrogen economy being one of the great hopes of
energetics for the not too distant future, one may
hope that these types of systems and reactions might
gain some practical use in the energy industry.
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ASSESSMENT OF THE RADIATION CHEMISTRY OF WATER
AND AQUEOUS SOLUTIONS AT ELEVATED TEMPERATURES
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Abstract

Recently obtained experimental data which are relevant to
the chemistry of water-cooled reactors are sunmarised and
assessed. Several reports on the yields of some of the primary
radiolytic products fron water are broadly in agreement that the
pattern of water radiolysis does not change very markedly
between room temperature and ca. 250 C. The yields of radicals
(e , H, OH) increase smoothly by ca. 0.2 % per °C in neutral
solution, and by ca. 0.1 % per °C in 0.4 mol dm H2S04' T̂ e

pK's of OH and HO2 show temperature dependences typical of weak
acids. It is concluded that yields and pK's can be extrapolated
to reactor temperatures with some confidence. Kinetic measure-
ments reveal that some important reactions which are diffusion
controlled at ambient temperature become activation controlled
at elevated temperatures.

1. INTRODUCTION

Although the effect of temperature on the radiation chemi-
stry of water and aqueous solutions has always been of intrinsic
interest, its importance in the context of nuclear power opera-
tions has stimulated research at elevated temperatures in the
last ten years. The primary goal of this work, which is being
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carried out in a number of laboratories, is to obtain data which
can be used reliably to model water radiolysis at ca. 300 °C,
the operational temperature region of water-cooled reactors. At
the same time the new knowledge is important for a better under-
standing of the fundamental aspects of the radiation chemistry
of water in particular, and the effects of temperature on free
radical chemistry in aqueous solution in general.

There are three main topics of interest, namely, the
effect of temperature on (i) G-values of the primary products
(reaction (1)),

H20 -v̂ -* e~g, H, OH, H02, H2 H202, H+ (1)

(ii) acid dissociation constants of OH, H02 and HJD2 and (iii)
rate constants for reactions of the radical species with them-
selves, with each other and with solutes. The purpose of this
paper is to summarise and assess the experimental data that have
been obtained so far and to indicate where the main gaps in our
knowledge exist with respect to nuclear technology.

2. G-VALUES OF THE PRIMARY PRODUCTS

Measurements of G-values, expressed here as molecules per
100 eV, of the species produced in reaction (1) have been made
using steady-state (mainly Y~ra(3iolysis) and pulse radiolysis
methods. In each case the chemical systems employed to measure
these yields must be well characterised and this inevitably
broadens the scope of: the work beyond the radiation chemistry of
water. Of particular importance, of course, is the thermal
stability of the selected systems and, since spectrophotometry
is generally the method of product measurement, it is also
important to knew how temperature affects the absorption
spectrum of the species of interest.
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2.1. Steady-state radiolysis

Two systems that are suitable for study in acidic solution
are the ferrous sulphate and eerie sulphate dosimeters, and
these have been the subject of a number of investigations in 0.4
molar sulphuric acid [I] . The usefulness of these two systems
is that their mechanisms are well established; the radiolytic
changes in them are given by eqns (2)- (4)

G(Fe3+) aerated = 3(G - + G„) + G___ + 2GH _ (2)
eaq H OH H2°2

G(Fe3+)deareated = G(e~g + Ĝ  + GQH + 2Gfl Q (3)

For low LET radiation such as Co y-rays the yield of HCu is
negligibly small so that the material balance eqn. is,

Ge; + S + 2G - GOH + 2G = G (5)
scj z £. £ £.

and hence the primary yields of (e~ + H), OH and ELCL can beacj 2. 2.
deduced.

Data from a number of studies of the ferrous sulphate and
eerie sulphate dosimeters have been compared by Katsumura et al.
[1] . The yield of ferric ion has been measured up to 250 °C and
shows a small positive temperature coefficient of ca. 0.03% per
°C in aerated solution and 0.07% per °C in deaerated solution;
the yield of cerous ion has been measured up to 150 C and has a
larger negative temperature coefficient of ca. -0.3% per C.
From these results Katsumura et al. [1] concluded that the
primary yield of OH increases, and that of H„02 decreases, with
increasing temperature whilst the yields of e + H maintainaq
more or less constant values.

Rather different results for the ferrous sulphate system
were reported by Kabakchi and Lebedeva [2] who found that

53



G(Fe ) increased by ca. 0.4% per °C between 150 and 200 °C,
although their results were in agreement with those of Katsumura
et al. [1] at lower temperatures. Kabakchi and Lebedeva [3]
also measured the temperature dependence of G and G„ ~ usingOH n oU-j
solutions of potassium bichromate in 0.4 molar sulphuric acid.
The results indicate that the temperature coefficients of these
G-values are ca. 0.32 and -0.10, respectively, compared wth ca.
0.21 and -0.07 deduced by Katsumura et al. [1]. The values of
G~, calculated by Kabakchi and Lebedeva [3] depend on the valuesUn
of G + G [2] obtained from their yields of Fe3+ in the

eag H2
ferrous sulphate system, so they are expected to be higher than

the values of Katsumura et al. [1].

Elliot et al. [4] have measured G(H ) = 5.1 at 300 °C in

the deaerated ferrous sulphate system and also G(EL) = 4.3 and

5.1 at 25 °C and 300 °C, respectively, in 0.4 molar sulphuric

acid solution containing 0.1 molar methanol. In each case

G(H0) is a measure of Gu + G _ + Gu and in the latter they^ H e n~aq 2
correspond to a temperature coefficient of 0.07% per C.

The ferrous sulphate and eerie sulphate systems have also
been studied up to 150 C and 80 C, respectively, using fast

—1 oneutrons with a mean LET of ca. 40 keV y m [2]. Up to 150 C
the temperature coefficients are 0.65% per °C for (e + H),
0.53 for OH and -0.45 for H202, but at higher temperatures the
pattern of water decomposition is estimated to be very similar
to that for y-icays [5]. This is an important conclusion with
regard to model calculations of coolant radiolysis because fast
neutrons contribute significantly to the total dose absorbed by
the reactor cooling water.

Less information is available from steady-state experi-
ments (Y-radiolysis) in neutral water. Jha et al. [7] measured
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the yield of the hydrated electron in solutions containing SF-D
or KUO and found it to increase rather uniformly from 2.5 at 0
°C to 4.8 molecules per 100 eV at 300 °C, corresponding to a
temperature coefficient of ca. 0.3% per °C. Kabakchi and
Lebedeva [8] measured the yield of H„ from 20 to 250 °C in

-3 -3aerated 10 mol dm KBr solution as 0.44 ±0.02 molecules per
100 eV over the whole range. Contradictory results were
reported by Burns and Marsh [6] who obtained G(Hp) = 2 at 300
and 410 C. They interpreted this yield, which decreased with
increasing dose, as indicating that the yields of e~~ , H and H0ag 2.
are 0.4, 0.3 and 2.0, respectively, at 410 °C.

Recently, Elliot at al. [3] found the yield of H9 to have
a negative temperature coefficient in KBr solution and a
slightly positive one in NaN02 solution over the range 20-300
C. They point out that in experiments designed to measure
yields of H~ it is important to minimise the mass fraction of
water present in the vapour phase where G(H2) is ca. 7 at
elevated temperatures.

2.2. Pulse radiolysis studies

The pulse method is suitable for measuring the yields of
the radical products of water radiolysis, e~ , H and OH. Aaq
number of studies in neutral solution have been made recently
[10-12], the results of which are in good agreement with the
steady-state data of Jha et al. [7]. Shiraishi et al. [10,11]

«• f*\have measured the yield of e up to 250 C by direct observ-ag
ation or as Cd+ [10] and up to 200 °C as MV*+ [11],

e~ + Cd2+ -> Cd+ (6)aq
e~ 4- MV2+ -* MV*+ (7)aq

(Mv = methyl viologen)
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and Buxton and Wood [12] have measured G - + G., + G up to 200e__ n un
C in solutions of formate and methyl viologen,

H, OH + HCO~
OX

2
MV24- MV

(8)

(9)
The benefit of converting the primary radicals e~ , H and OH toaq
M7* is that MV* is stable enough for its optical spectrum to

be characterised quantitatively up to 200 °C [11].

10

D-

e + H + Hoaq ^

H2°2

I H2

0

FIG. 1
acid (

100 200 300

Measured G-values in 0.4 molar sulphuric
) and neutral water (O)
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_
The G-values of the primary products in 0.4 mol dm H

2
S04

and in neutral water are summarised in fig. 1 as averages of
data obtained in independent studies as described above. In 0.4
molar sulphuric acid the temperature coefficient of (G + G )

ag H'
is ca. 0.07% per °C which is markedly smaller than that of Ge-aq
in neutral water. The reason for this is not known at present
but it may be associated with the conversion of e to H in
acidic solution,

* H (10)
From the standpoint of reactor technology the important results

eaq+H

are that the temperature coefficients of G _ and GnH are ca.
aq OH

0.25% per °C up to 250 °C in neutral water and the temperature

coefficient of G„ is ca. 0.16%. Measurements of G at
H2 2°2

elevated temperature in neutral water have not yet been made.

In view of the smooth increases in yields shown in figs. 1

and 2, it seems reasonable to assume that the data can be extra-

polated to reactor temperatures (300-330 °C). Of course,

FIG. 2 pK values of OH, H02, ̂ 2°2 and H2°
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measurements at these temperatures are desirable, but systems on
which to make them may be difficult to find because of thermal
instability limitations.

3. pK VALUES OF OH AND IKL

Apart fron water itself, the ionisable products of water
radiolysis are OH, H02 and H2O2 whose basic forms are 0*~, O2*~
and H02 respectively. Although H0_ is a very minor product
under deoxygenated conditions, it is a major one when oxygen is
present because of the rapid reactions (11)-(13)

H + O2 -* H02 (11)
elq + 02 * °2*~ (12)

H02 + 02*~ + H+ (13)
In the case of OH ionisation takes place via the fast reaction
(14)

OH + OH~ -»• 0*~ + H20 (14)
It is important to know how temperature affects equilibria (13)
and (14) because in each case the reactivities of the acidic and
basic forms of the radicals differ significantly. For example,
O*~ is a reductant whereas H02 is an oxidant, and OH is an ele-
ctrophile whilst 0*~ is a nucleophile [13].

3.1

The temperature dependence of the pK of H02 has been
determined spectroscopically because the absorption spectra of
H0„ and O2'~ are significantly different [14]. In one study
Christensen and Sehested [15] converted the primary radicals
formed in reaction (1) to H02/O'~ via reactions (15), (11) and
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(12) using a mixture of O2 and EL at high pressure (14-15 MPa) ,
OH + H2 -*• H + H20 (15)

At ambient temperature H02 has pK = 4.8 [14] so it was necessary
to select buffer systems with pK close to 5 and whose temperat-
ure dependence is known in order to control the pH of the
solution. Phosphate and acetate buffers proved to be suitable
and Christensen and Sehested were able to determine the pK of
H02 up to 285 °C. In another study, Buxton et al. [16]
converted OH to 02*~ via reactions (16) and (17),

OH + HC0~ -> C0'~ + H0 (16)

C02*~ + 02 -»• 02*~ + C02 (17)
and also used formate to buffer the system. They obtained pK
values up to 200 C.

The results are averaged in fig. 2 and also include
earlier measurements by Schwarz and Bielski [17] at 2 °C and 60
C. There is good agreement between the three sets of data and
the shape of the plot is typical of a weak acid. It should be
noted that the experimentally measured quantity is the product
of G-value and extinction coefficient for HO„ and 0 * , and this
increases with temperature. Christensen and Sehested assumed
that the G-values of HO? and 02* are independent of temper-
ature, after making a small correction for changes due to spur
scavenging [15] , so that the change in eG was attributed to a
change in e. Conversely, Buxton et al. [16] attributed the
change in eG to a change in G-value. That the two treatments
yield data in fairly close agreement is because the pK for HO«
is derived from egn (18)

Ki3 ' %-2 -V
where A is the absorbance due to R(= H02 + 02*~) at i
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pH, and HO- or 02* at low or high pH, respectively. Since A is
proportional to eG, changes in either of these quantities with
temperature tend to cancel out in eqn (18). It is worth noting
here that the temperature dependence of eG for H02 in acid
solution is significantly less than that for 02*~ in neutral
solution [15,16]. This is in keeping with the temperature
dependences of the radicals shown in fig. 1.

3.2. OH

The pK of OH can be determined by a kinetic method whereby
a solute is chosen which reacts with OH but not with 0* . One
such solute is the carbonate ion and Buxton et al. [16] used
this to determine the pK of OH up to 200 C. Confirmatory data
up to 80 °C were obtained by Elliot and McCracken [17] using the
same method but with ferrocyanide ion as the solute. The data
are shown in fig. 2 together with the pK's for HO« (v.s) and H„0
and H202 taken from the literature. In each case there is a
smooth dependence on temperature so that extrapolation up to
reactor temperatures can be made with some confidence.

4. RATE CONSTANTS FOR FREE RADICALS

To model the radiolysis of the water in the primary heat
system of a nuclear reactor it is also necessary to know the
rate constants of the many reactions of the free radical prod-
ucts of water radiolysis, see for example refs. [9] and [19].
In several cases it may never be possible to measure reaction
rates at ca. 300 °C because of experimental limitations and so
the reliability of extrapolating data obtained at lower temper-
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atures must be assessed. Hitherto, it has generally been the
practice to extrapolate from near room temperature using the
Arrhenius relationship,

k = Aexp(-E ./RT) (19)ace
but this is not a valid method when reactions occur at rates
approaching diffusion control at room temperature. Under these
conditions the observed rate constant, k , , is given byoos

kactkdiff
kobs= k+k..f_ <2°)act diff

where k . is the rate constant that would be observed if thereact
were no diffusive restriction on the reaction rate and k,.ff is
the rate constant for complete diffusion control. If k andact
k, .„ relate to processes having different activation energies
then, in addition to purely activation-controlled (slow)
reactions and wholly diffusion-controlled (fast) reactions, the
situation can arise where k . a k,.« at ambient temperature
but k , * k . at reactor temperature. This will occur whenobs act
the activation energy for the diffusive process is greater than
that for the chemical reaction. These three situations have all
been recognised in recent work.

4.1. Reactions with k , = k .

By definition these are slow reactions at room temperature.
A number of these have been identified which obey egn (19) and

Qare listed in table I. They are characterised by k . s 5 x 10
dm mol s~ at 20 °C, i.e. k . - 0.05 k,.„, but the values

_of E range from 4 to 24 kJ mol so it is not possible to3CC

assign a value of E . to a reaction on the basis of its value
of k at room temperature.
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TABLE I. Rate parameters for seme purely activation-controlled
reactions [20].

Reaction

OH + Cu2+
OH + Fe2+
OH + H202
OH + H2
OH + HCOZ
OH + C03
H09 + HO
TT 1 TT \̂ ""

eaq + S203~ 9

ka . (20 °C)act
3 — 1 — 1dm mol s

3.1 x 108
4.3 x 108
2.7 x 107
3.4 x 107
8.5 x 106
4.2 x 108
8.4 x 105
5 x 107
1 x 108

Eact
kJ mol

13.3
9.2
14.0
19.0
21.2
23.6
20.6
16.6
4.0

Tmax
°C

220
220
160
230
200
200
285
80
200

a. Ref. [21]

4.2. Reactions with k,

For a truly diffusion controlled reaction between species
A and B k, . ,;,; is given by the Smoluchowski eqn,

kdiff
where r and D are the reaction radius and diffusion coefficient,
respectively, of the reacting species. If both species are ionic
the righthand side of egn (21) is multiplied by the Debye factor
So far, the only reactions that have been shown to be truly dif-
fusion con toi led over an extended range of temperature (up to
200 C) are those of e + nitrobenzene and e -f 1,1 '-dimethylaq aq
4-4'-bipyridinium ion where the temperature dependence corres-
ponds to the activation energy for the self-diffusion of water
[21].

62



3.5

FIG. 3 Temperature dependence of k (OH + OH)

TABLE II. Rate parameters of some reactions which are described

by eqn (20) [21].

Reaction

OH + Fe)CN)î~D
OH + HCO2
OH + OH
H + 02
e~ + 02
e~ + H

kact at 25 °C
3 -1 -1dm mol s

4.0 x 1010
6.5 x 109
1.0 x 109
3.3 x 1010
6.5 x 1010
3.0 x 1010

Eact
kJ mol"1

7.0
4.0
3.7
6.3

11.5
14.0

Tmax
°C

120
200
200
200
200
200aq
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4.3. Reactions with k ^ given by eqn (20)

Although many reactions of e , H and OH have rateaq
constants close to the diffusion limited value at 20 °C, those
that have been measured to elevated temperatures are, more often
than not, described by egn (20). One example is shown in fig. 3
from which it is evident that extrapolation of rate data from
room temperature to reactor temperatures assuming diffusion-
controlled behaviour over the whole temperature range can be
very misleading.

Rate parameters of some reactions which are described by
eqn (20) are listed in table II. The notable features are the
generally large values of k at 25 °C and the small values ofact
E ,. Since many of the important reactions in water radiolysisact
appear to be diffusion controlled at ambient temperature but may
not be at elevated temperatures, it is clearly important to
measure their rates over as a wide a range of temperature as
possible to establish the rate parameters in eqn (20). Then it
should be possible to extrapolate the data to the required
temperatures with sane confidence.

5. CONCLUSIONS

A clear picture is emerging of the radiation chemistry of
water at elevated temperatures. Up to ca. 250 °C there are only
relatively minor changes in the yields of the decomposition
products, mainly represented by an increase in the yields of the
radicals. These data not only provide new information against
which to test theoretical models of the radiolysis of water but
also strongly suggest that they can be smoothly extrapolated to
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temperatures pertaining to water-cooled reactors. Nevertheless,
direct measurements are desirable if suitable systems can be
designed for them.

It is also clear that reaction rates must be measured over
a wide temperature range if valid extrapolations to reactor
temperatures are to be made. These kinetic data are also of
fundamental importance to an understanding of the mechanistic
details of reactions whose rates are limited by diffusion at
ambient temperature.

I am grateful to Dr. A.J Elliot for many helpful and
stimulating discussions.
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CURRENT STATUS OF RADIATION CHEMICAL
STUDIES WITH HEAVY IONS*

R.H. SCHULER, J.A. LAVERNE
Radiation Laboratory,
University of Notre Dame,
Notre Dame, Indiana,
United States of America

Abstract

The history of radiation chemical studies with heavy ions is briefly
reviewed and the scope of current activities is summarized. Attention is
focused on the significance of these studies to discussions of track
effects in radiation chemistry.

Recognizing that a large number of studies were carried out with

a-particles during the f i rs t half of this century we will

restrict the present discussion to work carried out since 1950

when the general availability of accelerated heavy ions made it

possible to examine the dependence of radiation chemical yields

on the energy loss characteristics of the irradiating particle.

Studies prior to 1950 are summarized in a variety of books such

as those of Lind^ ) and Bacq and Alexander . ^ 2 ) Reviews such as

that of Bur ton* 3 ) indicate the state of the art immediately af ter

World War II. The present summary is based on a compilation by

the Notre Dame Radiation Chemical Data Center of the more recent

work which appeared as a bibliography in Radiation Physics and

Chemistry in 1981^ ^ and has since been updated to be current

through the third quarter of 1988.(5) A total of 515 papers

covering the period since 1950 are included in the 1988

revision. The references are distributed between the di f ferent

The research described herein was supported by the Office of Basic
Energy Sciences of the Department of Energy. This is Document Wo.
NDRL-3145A from the Notre Dame Radiation Laboratory.
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TABLE I

DISTRIBUTION OF STUDIES OF THE HEAVY
PARTICLE RADIOLYSIS OF LIQUIDS AND AQUEOUS SOLUTIONS

Classification
Water, Aqueous Solutions: Inorganic Solutes
Water, Aqueous Solutions: Organic Solutes
Liquids, Nonaqueous Solutions
General and Reviews
Theoretical
TOTAL

References
1980a

165
19
97
53

_ 58
392

References
1988b

221
29
118
67
80
515

- Reference 4
- Reference 5

areas of interest as indicated in Table I. Approximately 8
papers/year appeared in the 1950's. Since 1960 there have been
12-15 papers/year with, of course, considerable fluctuation
resulting from prominent efforts of individual investigators.
While the volume of reports is not great, one must keep in mind
that studies are difficult and slow going because of limited
access to appropriate experimental facilities. There is clearly
a continuing interest in this topic, particularly as it applies
to areas of radiobiology.

We first examine some details of the publication history in
this area of research and then summarize the experimental
facilities available and approaches that can be used to carry out
studies with heavy ions. Finally the importance of these
experimental studies in discussions of track effects in radiation
chemistry is briefly considered.
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Publication History
Studies of the decomposition of water by a-particles date

back to the early 1900's and it was known as early as 1901 that
substantially higher decomposition yields resulted from
irradiation with a-particles than with X-rays.(°) In particular
molecular hydrogen was shown to continue to be produced in a
substantial yield in the case of a-particle irradiations whereas
it reached only a low steady state with X-rays. By the time of
the Manhattan Project (1942)̂  this difference was well
recognized as resulting from the high density of energy
deposition along the track of a-particle tracks which caused high
rates for radical combination. The term Linear Energy Transfer
(LET) was coined by the radiobiological community(7) to describe
the energy loss along the path of an ionizing particle and to
give a parameter with which to characterize this energy loss.
For a given heavy ion LET is/ in fact, identical to the stopping
power (i.e. dE/dx). It was not until the development of
experiments using accelerated ions in the 1950's that detailed
studies of the dependence of radiation chemical reactions on LET
readily became possible. Essentially all the studies with heavy
particles before 1950 were carried out with a-particles, using
210Po produced in the decay of radon.

With the post World War II development of heavy ion
accelerators it has become possible to study the dependence of
radiation yields on particle type and energy. Studies in the mid
1950s mainly used protons, deuterons and helium ions accelerated
at cyclotrons and employed absorber techniques to vary the
particle energies. Much attention was focused on the Fricke
dosimeter. These studies provided particularly valuable data on
the Fricke system for particles have LET'S up to ~ 25 eV/Â. In
these studies comparison of the yields for oxidation of ferrous
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ion in aerated and deaerated systems and for reduction of eerie
ion provided information on the energy dependence of the H atoms
and OH radical yields. It was also shown as early as 1957 that
the yields for radicals escaping the heavy ion track were
somewhat greater for helium ions than for protons having the same
LET.<8>

Studies were also carried out during the late 1950's in
alcohols and in hydrocarbons, with some emphasis in the latter
case on aromatic systems because of the projected use of
aromatics in organic moderated reactors. Such a use was, in
part, based on the relatively low yield for H2 production in the
y-ray radiolysis of benzene and terphenyl. However, it has since
been recognized that H2 is only a minor product. Complications
have led to the demise of organic moderation as a practical
reactor concept. As it turns out, H2 is produced from benzene in
relatively greater amounts in the tracks of heavy ions than in
electron radiolysis. As a result H2 production can be
used to monitor the importance of track processes. A detailed
study with radiations up to 30 MeV carbon ions, having LET'S up
to 80 eV/Â, has since been carried out.(') In these cases the H2
yields approach 1 molecules/100 eV, or ~ 25 times that for fast
electrons (0.04 molecule/100 eV).

During recent years particles produced at alternating
gradient cyclotrons and linear accelerators have provided
radiations having energies greater than 100 MeV and LET1s up to
600 eV/Â. In these cases the initial energy can be varied by
changing the accelerator parameters. This aspect is important
because otherwise straggling and fragmentation problems make it
difficult to define precisely the particle characteristics when
absorber techniques are used. Currently there are, worldwide,
some six heavy ion accelerators being used to carry out radiation
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Chemical experiments and another eight which could be equipped
readily for relevant studies.

Approaches
Because one wants to compare yields for different particles

with results from theoretical studies it is necessary to have
radiations with well defined characteristics so that absolute
differential yields can be determined. The differential yield
represents the yields for a track segment at a particular
energy. Where the particle is stopped in the sample, these
yields can be obtained from the slope of plots of GQEO as a
function of EQ/ where GQ represents the yield averaged over the
track and EQ represents the particle energy as it enters the
sample and i.e.

Since experimental uncertainties make it impossible to determine
Gj_ directly from measurements over small increments in particle
energy we have found it convenient to plot GQEO as a function of
EQ and then determine G^ by taking the derivative of a polymonial
fit to such a plot. For particles having energies up to 50
MeV/nucleon, where the ranges are less than 1 cm, such an
approach works quite well. For more energetic particles, such as
the several hundred MeV/nucleon particles available at the
Lawrence Berkely Laboratory BEVALAC, where the ranges are many
centimeter, differential yields can be directly determined for
track segments.' ' Unfortunately such measurements are
complicated by fragmentation of the initial ion while passing
through the sample.
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Most measurements of yield are determined from the amount of
product formed and the energy input as determined from knowledge
of the particle energy and measurements of the total number of
irradiating particles. The latter requires monitoring of the
particle current on an absolute basis. Since beam currents are
small/ e.g. ~ 10~9 amps, and stray currents are frequently
generated in the measuring apparatus as a result of secondary
emission and scattering accurate measurement of the charge input
is particularly difficult. The present authors monitor the
current with a charge collection apparatus which is a Faraday
cage. This apparatus is described elsewhere.^11^ Current
integrators are sufficiently accurate to determine the total
charge input to ~ 1% are readily available. Determination of
particle energy requires correction of the energy of the particle
produced by the accelerator for energy losses in the window
system. At high energies the latter correction is relatively
small and reasonable estimates are readily made so that radiation
yields can usually be determined as accurately as permitted by
the chemical measurements. At low energies the corrections are
quite substantial and possible errors become quite large/
particularly in the region of the Bragg peak. Typical particle
energies for low mass ions and residual ranges have been
summarized.^ We note that the quantity of particular interest
is not so much GQ but rather GOEQ the total amount of product at
energy EQ. This value is determined from the chemical
measurement and does not directly involve EQ.

Significance of Heavy Ion Studies
Studies of the energy dependence for ferrous oxidation in

the Fricke system by a variety of heavy particles have now
provided a detailed picture of the dependence of water
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dissociation and H atom production on track structure.() Of
particular importance is the very clear demonstration that LET
is, in itself, not a sufficient parameter with which to
characterize track effects in radiation chemistry. This result
is in many ways expected because at a given LET the particle
velocity required to produce a given LET increases with mass and
charge. The density of energy deposition correspondingly
decreases. As a result processes such as intratrack
recombination of radical becomes less important and a relatively
greater fraction of reactive intermediates diffuse into the bulk
phase to enter into processes occurring at relatively long
times. From time resolved studies we now know that intratrack
processes in spurs occur on the hundred picosecond time scale and
are virtually complete at microsecond times. Presumably the
predominant processes in tracks of heavy particles are even more
rapid, i.e. considerably less than nanoseconds.

The various studies carried out to date have provided a firm
foundation on which to base a description of intratrack processes
in water radiolysis. Theoretical studies of Chatterjee and
Magee,' ' for example, give a description largely in
correspondence with the experimental results. In general there
is a reasonable understanding of the nature of track processes in
water radiolysis even though in some instances, such as HÛ2*
production from water, one has yet to delineate the chemical
mechanism involved.

It is clear from the studies already carried out, that even
with the most densely ionizing radiations there are small yields
of H atoms and OH radicals.^12^ This aspect is particular
important to radiobiological applications where many mechanisms
are considered to involve radical intermediates. In general the
information now available for aqueous systems provides
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information on which to model radiobiological processes involving
radicals in the tracks of heavy ions. The situation in non
aqueous media is much less well defined and much work has yet to
be done. Existing data is extremely limited and generally has
only very qualitative understanding in substances such as
hydrocarbons.

We see at this meeting a substantial and expanding interest
in radiolytic studies with heavy particles. One can expect that
this interest will continue but that, because of the difficulties
involved, experimental work will proceed at a relatively slow
pace.
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SOLID STATE PULSE RADIOLYSIS
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Abstract

The paper stresses the insufficient knowledge of solid
state radiation chemistry contrasting with well developed
radiation chemistry of liquids. The basic difference between
solids and liquids consists in rapid decay of intermediates in
the latters and a long life of reactive species in the solid
state, due to a low mobility of system constituents. Due to esr
investigation, radiothermoluminesce, lyoluminescence etc the
knowledge is developing on comparatively stable species, but
their precursors, or other short lived species decaying to stable
compounds remain unknown. In spite of experimental difficulties,
caused mainly by a not sufficient transparency of samples, pulse
radiolysis in the solid state is developing. Different approaches
are presented with examples of results. They contribute to the
knowledge of solid state radiation chemistry. Nonoptical methods
of detection of intermediates in solid state pulse radiolysis
(e.g. electrical conductivity) are not discussed in the present
paper.

1. INTRODUCTION

Solid state radiation chemistry seems to be a not
sufficiently explored field yet. As concerns the condensed phase,
the majority of radiation chemistry studies have been performed
using liquid systems. Few papers only deal with the solid phase,
especially if one discounts liquids frozen to the amorphous
state.

Radiation chemistry of liquids shows well defined situation
of intermediates and stable products. Due to the mobility of
molecules, the unstable products disappear usually in
microseconds and the remaining stable products of radiolysis are
detected and determined with usuall tools of analytical
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chemistry. Cases of semistable intermediates are encountered in
exceptional cases, like hydrogen peroxides reacting in the Fricke
system for seconds, easy followed electrochemically.

Limited mobility of reactive species in the solid state is
the cause of more complicated situation of intermediatea in that
form of condensed phase. There are mare stages of reaching the
thermodynamic equilibrium here and very often many intermediates
survive for years and .may be easily detected long after the
irradiation by esr, lyoluminescence, radiothermoluminesce etc.
Electrons trapped in ceramics are case in point. They are stable
enough to be used for archeological dating, because rather high
temperatures only, exceeding those of crystalline transitions,
may cause detrapping of electrons.

Although some of surviving intermediates in the solid state
may be considered as the primary chemical species appearing just
after the act of electron detachment, other surviving species may
have their precursors. Therefore a tool is needed for the
detection of short living intermediates in the solid phase and
pulse radiolysis seems to be the most suitable method. One can
realize already at the first glance, that application of pulse
radiolysis to the solid state will have its own features and
difficulties, not encountered in liquid state pulse radiolysis.

2. EXPERIMENTAL APPROACH
A proper experimental approach is crucial in the pulse

radiolysis of solid state. Already the visual inspection of
samples creates doubtss concerning application of optical methods
of detection. Severe restrictions seem to apply in connection
with a limited number of pulses which may be applied to the
sample without causing change of response in the study of
intermediates and their kinetics of decay.

Let us discuss the first, most important problem of
transparency. Figure 1 shows schematically different options of
pulse radialysis with optical detection of intermediates.
Approaching pulse radiolysis of solid samples one has to make
every effort to apply conventional technique, i.e. the beam of
analytical light shining through the sample in direct path. That
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FIG. 1. Pulse radiolysis of solid sample, a. Conventional arrangement in the case of acceptable trans-
parency, b. Diffuse reflectance arrangement, c. Cerenkov light self-absorption method in two varia-
tions. M denotes the monochromator and the measuring system.

approach has its own long history because it already had prepared
difficulties in making ordinary spectrophotometric investigation
an deep frozen samples of systems forming transparent glasses.
Many système had to be abandoned because preparation of a perfect
glass was simply impossible. Some systems had to be modified to
the extend in which answers to the problem could hardly be
obtained. Even with the proper choice of the frozen system, the
realization and reproducibility was very difficult and very often
so called "cracked glasses" were obtained which most probably
were partly crystalline materials. Anyway, the deep frozen
glasses have a rather narrow application in pulse radiolysis,
because products formed in the first pulse are practically stable
and have to be bleached, before the next pulse can be applied.
Irradiation of glasses is important in the study of spectra in
frozen matrices with intermediates of prolonged life and of their
decays occuring in the time of minutes, hours and days.

There are cases, in which preparation of polycrystalline
material Is possible with such high transmission, that
conventional measurement of intermediates in pulse radiolysis
arrangement is possible. That is the case with aqueous clathrates
[1] which easily may be obtained in perfect polycrystalline
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aggregate consisting of millimeter-size crystals with no voids
between them. Samples of tetrabutylammonium hydroxide, fluoride,
bromide, or oxalate hydrates may be prepared by crystallization
of carefully molten large crystals, directly in the pulse
radiolysis cell. Samples of these compounds resemble liquids as
concerns the transparency. Unfortunately the method of
preparation of samples by crystallization from melt finds
application limited to few favourable cases. Usually it works
with compounds of temperature of melting, slightly higher than
ambient. Good results has been obtained with samples melting
below the freezing point of water. Examples are again in the
field of clathrates.

Another approach seems to be the preparation of
monocrystals, or at least of large crystal conglomerates. The
latters may be arranged in cells in a way in which they form an
average layer of millimeter deep thickness with no domination of
voids of gas. Some hydrates has been investigated in that way
£2] , although the quantitative approach is much more complicated
than in the case of samples filling completely the cell like
liquid samples.

Last but not least the technique of sample preparation used
in the infrared spectroscopy may help. It consists in pressing
crystals into pellets in conventional hydraulic presses used in
the IR laboratory. However, the majority of compounds hardly
succumbs to a completely transparent sample without additives.
The IR-spectroscopist uses usually the mixture of investigated
compound with KBr, obtaining transparent samples, suitable for
the preparation of spectra. The technique is perfect for IR
measurements but is of doubtful application in the case of pulse
radiolysis. Intermediates in KBr radiolysis may disturb
investigation of products to be studied. The same applies in an
even higher degree to liquids in which crystals of investigated
compounds could be suspended.

In the effect of preparation of solid samples by one of the
mentioned methods, a partial transparency is achieved. The
question arises what opacity, in terms of optical density may be
tolerated. The answer depends on the optical quality of the pulse
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radiolysis apparatus used. The usage of not fully transparent
sample is accompanied by higher level of noise. In that respect
the proper acquisition and processing of data may be of help in
enhancing the signal to noise ratio. The experience shows, that
in many cases the opacity expressed as O. D. of ca 1.0 vs. air,
may be successfully negotiated.

Conventional work on not very transparent samples may
prepare difficulties in the interpretation of measurements. With
a satisfactory transparency the real path of analytical light is
equal to the geometrical one. However, with a low transparency,
close to the limits of possibility of obtaining a meaningful
signal, the real path of light is longer than the geometrical
one, due to internal reflections. Therefore the quantization of
the O.D. has to be made with proper restrictions.

The conventional pulse radiolysis equipment with the beam of
analyzing light passing through the sample cannot satisfy all
needs of solid state work. The first choice in pulse radiolysis
of opaque samples seems to be the diffusive reflectance method
(Fig 1 b) investigated e.g. by Land C3]. The diffuse reflectance
spectrophotometry has been applied first in the solid state
photochemistry, mainly for investigation of stable products of
photolysis. The technique is difficult in realization and
interpretation and the present author prefers the method which
makes use of the Cerenkov light emitted from the irradiation
zone, attenuated by the absorption due to intermediates <Fig.
le).

Figure 1 c shows two versions of measurement. The choice is
determined by the geometry of Cerenkov light which depends on the
7i value of the material, by the thickness of the sample and by
the energy of used electrons. Emitted light is analyzed, as any
analytical light, by time resolved spectrophotometry. The
conventional pulse radiolysis arrangement is sufficient,
providing that there is no disturbing electronic influence on the
measuring circuit during the pulse. There is a strong demand on
the rectangular shape of the pulse with possibly sharp rise time.
If there are no absorbing species building up during the pulse,
the time profile of Cerenkov light recorded by the pulse
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radiolysis arrangement is exactly Identical with the time profile
of the electron pulse, measured by the solenoid or collected as
the charge behind the cell. In the case of an intermediate
absorbing at the chosen wavelength, only the light level at the
beginning of the pulse is not disturbed and is entered into
calculations as IQ. The light level is diminishing with time and
may be recalculated into the optical density values, although the
function is more complicated than with usuall recalculation of
transmission into CKD. in classical pulse radiolysis. The simple
formula in conventional pulse radiolysis:

I/I0 = 10~D

where I is the intensity of light in the presence of absorbing
intermediate, I is the intensity of light before the pulse at
the same wavelength, D is the product of molar absorptivity e and
the light path I,

changes into:

I/Io = <1 - 10~~D> / D Lu 10

where the symbols have the same meaning, but D incorporates
I which is no longer the geometrical path of light like in
transparent samples. The light emitted in opaque samples travels
a much longer way than the shortest geometrical one. The real
average pathlength may be estimated using samples of different
thickness

If the transient has a long half life time in comparison to
the pulse length, the build up is linear with time, but when the
decay time is comparable to the duration of pulse, the build up
is leveled and the algorithm is similar to the case of activation
of a short lived nucllde in the nuclear reactor of constant
neutron flux. There is the extensive literature published on the
method, allowing proper application [4,51. It is the advantage of
the method in allowing an investigation of samples as opaque as
aspirin tablet, but there is a serious disadvantage of the time
scale limited to the duration of the pulse. Therefore the spectra
are of perfect value, but decays may be estimated, if at all, in
the cases of t comparable to the length of pulse.
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The second difficulty connected with solid state pulse
radiolysis is the possibility of formation of too much product of
radiolysis during subsequent pulses, thus changing the system.
That difficulty is common to all versions of solid state pulse
radiolysis shown on Fig.1. It has been proved experimentally that
radiolysis products capacity of majority of systems is high
enough to tolerate thousands of pulses. In unknown systems it is
advisable to make repetition of identical initial pulses after
series of records at different wavelength. The experience gained
with many of solid compounds has shown that frequent change of
samples is not needed and usually the accumulated dose tolerance
is high. Only two cases has been noted <Na SO .5 H O and Na S.92 2 3 2 2
HO) in which the first pulse creates intensively absorbing
species, demanding conveyor-type sample changing.

3. EXAMPLES OF RESULTS OF PULSE RADIOLYSIS IN SOLID STATE

Historically first application of pulse radiolysis method
with Cerenkov light seIfabsorption has been focused on hydrates
of alkaline metals hydroxides. An intensive absorption with
maximum between 580 and 620 nm (depending on concentration of
water), observed at the room temperature has been easily
identified as due to the electron trapped in aqueous moiety,
because no influence of the cation, even of the <CH ) BT , has3 4
been found C6, 71. Some of the hydrates were later prepared in
transparent form and conventional pulse radiolysis has been
applied. Former estimates of life times observed by the Cerenkov
method has been confirmed and determined more precisely [1, 2,].
Solid state pulse radiolysis applied to hydrates has shown the
role of lattice imperfections in radiation chemistry of solids.
In the case of hydrates the vacancy of one water molecule in the
aqueous moiety of the hydrate has been proposed as the trap for
electrons.

Competing reactions have a specific character in solid state
radiation chemistry. Thermalized electron may react with a
chemical scavenger or may be trapped in energetically and
geometrically proper location. Thus a competition takes place for
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dry electron. E.g. in the case of hydrates containing NO as
guest in the crystalline clathrate structure, there is a
competition for electron between NO and the point defect, a
specific vacancy of HO molecule. It has been found
experimentally, that the dry electron reacts with N O very slowly
and the trap shows much greater crossection for the reaction with
e~dr . The most of electrons appear just after the pulse, but
decay later faster than without N O. The same N O-clathrateJ 2 2
system in the liquid state does not show the hydrated electron at
all because of it rapid reaction with NO. The reaction of the
dry electron with NZO in liquid water is probably not very much
faster than in the solid state. Interaction between water and NO
is possibly changing the reactivity of the latter. Pulse
radiolysis of solid hydrates helped to separate the sequence of
reactions. The fact of small crossection for the reaction between
dry electron and NO has to be taken into account in other
systems and media where dry electron is supposed to react with
nitrogen suboxide.

Pulse radiolysis in solid state may show fine differences of
the structure of the matrix. Paper C8] presents transformation of
the trap with the electron on the microsecond time scale at 170K,
corroborating with assumed relaxation of water molecules in
similar systems.

Another example of application of the solid state pulse
radiolysis is connected with looking for precursors of esr stable
spectra observed long after the irradiation. Other intermediates
which have no relation to esr spectra or products detected
analytically, may be observed by pulse radiolysis during the
pulse. E. g. the solid alanine, popular nowadays as dosimeter
(with esr detection) in radiation processing shows a transient
optical absorption spectrum with the maximum at 520 nm. Other
aminoacids show very different behaviour. The results will be
published soon.

4. CONCLUSIONS AND OUTLOOK
The comparatively young solid state pulse radiolysis is in

the phase of collecting experimental facts. Interpretation of
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experimental results will demand a new look into the radiation
chemistry of the solid state in general. Among problems unique to
solid state are: micro- and macro heterogeneity of the material,
the role of imperfections, spur phenomena in solid media,
transportation of intermediates, specific energy transfer etc.
Execution of solid state pulse radiolysis at temperatures
different from ambient will be more important than in the case of
liquids because of higher activation energies involved.

It is hoped that solid state pulse radiolysis will gain
importance in basic research. On the applied side, the
development of knowledge in solid state radiation chemistry will
stimulate new applications of radiation processing and dosimetry.
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Abstract

We have immobilized asparaginase in a thermally reversible
hydrogel by radiation curing solutions of N-isopropyl acrylamide mixed
with monomer-conjugated enzyme and a crosslinker. We then measured the
immobilized enzyme activities as a function of radiation dose and
temperature. The immobilized enzyme is much more stable to radiation than
the free enzyme or the monomer-conjugated enzyme. We have found that
we are able to cycle the gel above and below its lower critical solution
temperature, causing a reversible shrinking and swelling of the gel to occur
in the aqueous environment, without significant loss of enzyme activity.
The enzyme activity is "turned off in the shrunken gel above the LCST, but
regains its activity when the gel reswells below the LCST. This system
represents a novel way of preparing an immobilized enzyme reactor which
can be turned on and off by small changes in temperature, and which then
may act as a temperature sensitive reaction "valve" for exothermic reactions.

1. INTRODUCTION

Enzymes are widely used as industrial catalysts, in diagnostic and chemical
assays and as therapeutic agents. Since enzymes are proteins, and liable to
breakdown, they are often immobilized on or within various support
materials in order to stabilize them and prolong their useful lifetimes, as well
as to protect the environment from them. A variety of immobilization
techniques have been used for this purpose, including physical adsorption,
crosslinking, covalent attachment and entrapment (e.g. 1, 2). Radiation
techniques may also be used to immobilize enzymes (3), e.g. by covalent
attachment to a radiation graft copolymer (4-6) or by either covalent or
physical immobilization within a radiation-cured hydrogel (7-13).

Asparaginase is currently the principal therapeutic agent for treating
acute lymphatic leukemia (14). However, this enzyme can cause
immunologie and toxicologie effects in its native form (15). These adverse
effects can be reduced when the enzyme is immobilized. A variety of
immobilization techniques have been utilized for this purpose (16,17).

We have previously immobilized asparaginase onto a radiation graft
copolymer of polymethacrylic acid deposited within the pores of a hollow
fiber plasma filtration unit (18,19). We have also immobilized asparaginase
onto a preirradiated cellulose paper by subsequent graft copolymerization
onto the pre-activated cellulose backbones of monomer-conjugated enzyme
plus acrylamide (6). In related studies, we have incorporated monomer-
conjugated asparaginase into chemically-cured thermally reversible
hydrogels (9,10). These latter hydrogels were prepared from crosslinked
copolymers of N-isopropyl acrylamide (NIPAAm) and acrylamide (AAm),
where each copolymer exhibits a different lower critical solution temperature
(LCST). Such gels shrink significantly when warmed above their LCSTs,
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which ranged from 32°C to ca. 50°C for the copplymer gels studied. The
gels reversibly reswell when cooled below their LCSTs (9,10). In this
study we have extended this approach by using radiation for the first time to
cure a thermally reversible gel containing an immobilized enzyme. We
report on the effect of radiation dose, radiation temperature and gel reaction
temperature on the activity of asparaginase in a poly(NIPAAm) hydrogel.

2. MATERIAL AND METHODS

2.1 Materials

N-isopropylacrylamide was obtained from Eastman Kodak Co..
Methylene-bis-acrylamide (MBAAm) and N,N,N',N'-
tetramethylethylenediamine(TEMED) were obtained from Aldrich. N-
succinimidyl aery late (NSA) was synthesized following the method of
Adalsteinsson et al. (20). L-asparaginase aminohydrolase (L-asparaginase)
derived from Escherichia Coli was obtained as ELSPAR from Merck, Sharp
and Dohme. Asparagine and Nessler reagent (Sigma Ammonia Color
Reagent) were obtained from Sigma. PD-10 Sephadex Columns were
purchased from Pharmacia.

2.2 Monomer Conjugation of Enzyme

We have previously published this protocol (21) which was adapted
from the procedure of Adalsteinsson, et. al. (20).

2.3 Radiation Curing of Poly (NIP AAm)-Asparaginase Hydrogels

The following is a typical protocol for preparing the enzyme-
hydrogel: A 1.2M NIPAAm solution in 0.01M PBS buffer, pH 8.6 was
prepared with crosslinker (MBAAm), so that the crosslinker to monomer
molar ratio was equal to 1 to 300. The monomer solution was sparged for
20 minutes using nitrogen, and the enzyme solution was added to reach a
molar concentration of 4.25 x 10'3. The mixture was degassed by pulling a
vacuum using a standard laboratory aspirator, until no bubbling was
observed. The mixture was immediately poured into glass molds (thickness
2 mm). The polymerization was initiated using gamma-irradiation from
60Co source (0.486 Mrad/day) for 16 hours at ambient temperature. The
gel was washed three times with 1% Triton X-100 in deionized water, one
time with deionized water and one time with 0.01M PBS buffer, pH 8.6.
The gel was cut into small discs and stored at 4°C in 0.01M PBS buffer, pH
8.6.

We also synthesized a series of gels by irradiation at different
temperatures from -78° to 20°C and at radiation doses from 0.12 to 0.486
Mrad. We irradiated native and monomer-conjugated enzymes in PBS
buffer solution, treated exactly as the gel forming solutions.

In another series of gels, crosslinker concentration was varied by
using four different ratios of crosslinker to monomer (1/400 to 1/100). The
polymerization for this series was carried out at ambient temperature with a
0.32 Mrad radiation dose.

The enzyme activities in all of these gels and solutions were tested
using the Nessler assay, as described below.
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2 . 4 Measurement of Enzyme Activity

L-asparaginase reacts with L-asparagine to produce aspartic acid and
ammonia. The amount of ammonia was determined by addition of Nessler
reagent (65% solution of mercuric chloride or mercuric iodide). We
incubated 5 ml 0.06M L-asparagine solution in 0.01M PBS buffer, pH 8.6
for 5 min at 25°C. One gel disc was added and allowed to react 10 minutes.
This reaction time corresponds to a constant rate of turnover for the enzyme
reaction. (See Results).

The reaction was terminated by removing the gel disc. Following
the enzyme reaction, 0.05 ml of the reaction mixture was transferred to a
tube containing 1.8 ml deionized water; 0.5 ml Nessler reagent was then
added. The sample absorbance against a blank was determinated at 420 nm
(using a Bausch and Lomb Spectronic R 1001) after 10 minutes. The blank
was prepared by repeating the above process without adding the gel disc.
For each sample a minimum of three discs were tested.

The native enzyme solution activity was determined using a similar
procedure. Instead of the gel disc, O.lml of enzyme solution (0.72mg/ml)
was added and the reaction was stopped by adding 0.05 ml Trichlorhydric
acid (TCA). The blanks for this experiment were prepared by adding the
acid prior to the enzyme.

One International Unit (I.U.) of L-asparaginase releases one
of ammonia per minute. The specific activity of the enzyme in LU. was
calculated using a standard curve obtained by reacting Nessler reagent with
ammonium sulfate as a source of ammonia.

I.U. = (Abs./0.562)(V/t)(ml/min)

3. RESULTS AND DISCUSSION

We first established that the 10 min. time chosen to measure enzyme
activities in our gels was appropriate. We measured the ammonium
aspartate product produced as a function of time by one gel at 29°C, in a
0.05M asparagine solution. It can be seen in Fig. 1 that the 10 minute time
point is in the period of constant rate of turnover, which is desirable. Thus,
all other studies reported here are for 10 minute runs.

We then tested the influence of radiation conditions on the enzyme
activity. Kaetsu and co-workers (8) have prepared immobilized enzyme
systems by low temperature irradiation of supercooled glassy monomer
solutions containing dissolved enzymes. They suggested that -78°C was an
appropriate temperature for such an immobilization process. We also varied
the radiation temperature between -78°C and ambient (18°C) and measured
asparaginase activity at 29°C in hydrogels cured with a 0.4 Mrad dose.
Figure 2 shows that the activity is very little influenced by the temperature
during irradiation. However, the mechanical strength of the gel varied
visibly with radiation temperature. The gels formed between -78°C and -
15°C were very weak and opaque, while that formed at 0° was also opaque
but stronger, but still easily torn. Only at ambient temperature did we obtain
a strong, transparent gel. Thus, we chose this condition for all of our
subsequent studies.
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We then investigated the effect of radiation dose on the relative
enzyme activity (normalized to the initial, zero dose activity) for three types
of asparaginase: (1) free enzyme in solution, (2) monomer-conjugated
enzyme in solution and (3) immobilized enzyme in our LCST hydrogel.
The results are shown in Figure 3.

It can be seen that the free enzyme rapidly loses activity as dose
increases, and retains less than 30% of its initial activity at 0.5 Mrad.
Monomer-conjugation of the enzyme protects it somewhat from the
radiation, as it retains about 50% of its activity at 0.5 Mrad. However, the
most interesting result is that the hydrogel-immobilized enzyme is most
stable to the radiation, and retains as much as 80-90% of its activity over the
whole range of doses studied. The gel may stabilize the enzyme by one or
more covalent attachments to the polymer network. Also, the effects of
radiation on the aqueous phase inside the gel, perhaps in combination with
the polymer chains, may generate a less reactive spectrum of free radicals,
ion-radicals and other species which can attack and deactivate the enzyme.

We then tested the effect of reaction temperature on the enzyme
activity within the thermally reversible hydrogel. We prepared one enzyme-
gel system by irradiation at ambient temperature to a dose of 0.32 Mrad.
We men measured the generation of ammonium aspartate from asparagine
after 10 minutes of reaction with the enzyme-gel at various increasing
temperatures from 25°C to 37°C. Following this series of increasing
temperatures, we cooled the gel and remeasured the enzyme activity within
the gel for the same series of decreasing temperatures. Figure 4 shows
these results.

It can be seen that the activity of the enzyme increases with
temperature up to about 32° C. This increase is due both to the increase in
substrate (and product) diffusion rates as well as to the increase in enzyme-
substrate reaction rate with temperature. This occurs despite the gradual
shrinkage and loss of some pore water as the temperature approaches the
LCST of the hydrogel (9-12). However, once the LCST is passed (ca.
33° C) the gel rapidly shrinks and loses a large fraction of its aqueous
swelling solution. This loss of pore volume significantly reduces the rates
of substrate diffusion in in as well as that of product out to the surrounding
solution, where it is assayed. Thus, the measured activity rapidly drops as
temperature rises to 37°C. When the gel is cooled, the activity is regained
and rises to a maximum ca. 32°, then drops after that to 25°C, following the
same curve as before. This shows that the effect is reversible and is due to
pore collapse and reexpansion as the gel is warmed and cooled in sequence.

We have noted similar behavior with chemically-cured LCST
hydrogels containing immobilized enzymes and cells (9-12, 23). We have
also shown that both the diffusion and partition coefficients in these gels
drop rapidly at the LCST, especially the diffusivity, and this is due to the
loss of "free", bulk-like water as the gel shrinks (23,24).

4. CONCLUSIONS

In conclusion, we have shown that:

1) Radiation may be used to form an immobilized enzyme-gel by
curing an aqueous monomer-crosslinker solution containing a
monomer-conjugated enzyme.
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2) Neither radiation temperature nor dose have a significant
influence on the enzyme activity in the gel. The gel appears to
"protect" the enzyme from the radiation.

3) The enzyme-gel may be "turned on and off" reversibly by
warming and then cooling through the LCST of the gel.

4) Such temperature control of hydrogel-immobilized catalysts
may have wide biomédical and industrial uses.
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Abstract

Epoxides can be radiation-polymerized using electron beam
or gamma irradiation. The polymerization process occurs
mostly by a cationic mechanism. Water acts as an inhibitor
of the cationic mechanism, and, therefore, monomers have to
be carefully dried. Epoxies are used in a large variety of
products, including structural composites. Radiation
polymerization of their matrices offers some unique
advantages, such as lower residual stresses due to ambient
temperature processing. Carbon fibre-epoxy composites are
used extensively in satellites. Because of the concerns
about the integrity of satellite components in outer space,
there is also considerable interest in the study of
radiation effects on epoxies. Polymer matrices in the
composites used in satellites in geosynchronous orbits get
exposed to very high doses during their lifespan of ~30
years. In this paper, radiation polymerization of
cyclohexene oxide, as an example of the radiation
polymerization of epoxides, radiation curing of carbon
fibre-acrylated epoxy composites and radiation effects on
some epoxies are briefly reviewed.

1. INTRODUCTION
Epoxies constitute an important class of plastics.

Organic compounds containing the three-membered oxirane ring
system, also known as the epoxides, are the starting points
for the epoxy resins. The most common epoxies are the
diglycidyl ethers [1] produced by the reactions of
epichlorhydrin with bisphenol A and its derivatives.

Epoxies are particularly good for use in reinforced
composite structures. They provide high strength-to-weight
ratios and good thermal and electrical properties. In the
aircraft and aerospace industries, carbon fibre-epoxy
composites are being increasingly used. The industrial
usefulness of epoxies continues to encourage further work on
them [2-4].

Polymerization to produce epoxies can be done by a number
of methods, including radiation curing [5,6]. The extent of
radiation curing on the industrial scale appears to be
small. However, because of the overall advantages of
radiation curing [7], which include increased cure speed,
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ambient processing temperatures, elimination of chemical
initiators and reduced residual stresses in composites [8],
its industrial use is expected to increase. The possibility
of this increase is further strengthened with the potential
of the new 10-MeV electron accelerators, which could cure
thin composites (< 4 cm, unit density) with electrons and
thick ones (< 20 cm, unit density) with X-rays [9].

The environment in outer space, where carbon fibre-epoxy
composites are being used in satellites, is very severe.
These composites have to maintain their integrity and
function despite repeated thermal cycling (from -150 to
175°C) every day, and exposures to sunlight and a mixed
field of high-energy radiations. Because radiation-cured
composites contain no catalysts, they may offer better
characteristics for use in outer space.

This brief review focuses on radiation polymerization of
epoxies, taking cyclohexene oxide as an example, radiation
curing of a carbon fibre-acrylated epoxy composite, and
radiation effects on some epoxies, to elucidate the
behaviour of composites in outer space.

2. RADIATION POLYMERIZATION
Radiation polymerization of many epoxides, including

cyclohexene oxide, has been widely investigated [6,10-12].
Cyclohexene oxide undergoes radiation-induced polymerization
in liquid, glassy solid and crystalline states [10,11], to
give a solid amorphous polymer. Convincing evidence for the
inhibitory role of water in radiation polymerization of
cyclohexene oxide has been reported [10], It was found that
the addition of 0.02% water to carefully dried monomer
reduced its rate of polymerization by 10%, whereas the
addition of 0.5% water reduced the rate by a factor of 2.5.
For the dry monomer, the polymerization rate increased with
temperature, from 4%/h at 0°C to 20%/h at 50°C.
Polymerization was also inhibited by ammonia, suggesting a
cationic mechanism [10,12], starting with the formation of
the monomer cation and an anion (electron or a solute
anion):

C6H100 -> C6H100* + X- [1]
The cation undergoes stepwise addition to the monomer,
leading to the formation of the polymer:

C6H100+ + (n-1) C6H100 -» (C6H100)n+ [2]
(C6H100)n+ + X- -» (C6H100)n [3]

However, the growth of the cation can be inhibited by water
or ammonia,

6H9° + H30+ [4]
NH3 + (C6H100)n_(m+1)C6H90 + NV
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or by chain transfer (proton transfer to the monomer)

<C6H100)Vm + C6H100 -> (C6H100)n_ (m+1)C6H90 +

C6HU0+ [6]

Oxygen does not inhibit cationic polymerization, and
therefore radiation polymerization of epoxides can be
carried out in air. However, the inhibition of cationic
reactions by traces of water requires careful drying of the
monomers, thus making the process unattractive to industry.

In comparison to the epoxides, acrylated epoxy resins
lend themselves well to radiation polymerization [6] and do
not seem to be as sensitive to inhibition by moisture. Thus,
radiation processing is a potentially useful technology for
the manufacture of composites from acrylated epoxies.

3. RADIATION PROCESSING OF CARBON FIBRE-ACRYLATED EPOXY
COMPOSITES

A resin system combining an epoxy diacrylate oligomer
(50% by mass), a polybutadiene diacrylate oligomer (30%) and
the multifunctional monomer dipentaerythritol
monohydroxypentaacrylate (20%) has been used for preparing
carbon fibre-acrylated epoxy composites [8,13]. The
polybutadiene diacrylate was included in the resin
formulation to improve the flexibility and impact resistance
of the epoxy diacrylate polymer. The dipentaerythritol
monohydroxypentaacrylate was added to improve the
weatherability and the flexibility of the formulation
[8, 13].

For reinforcement, a plain-weave carbon fabric, produced
from polyacrylonitrile (PAN) precursor, was selected from an
aircraft manufacturer's qualified products list [8,13].
Composites containing carbon fibres are particularly suited
to radiation processing, since carbon fibres exhibit
excellent radiation stability. The mechanical properties of
carbon fibres are not adversely affected by electron beam
treatment to a dose of 50 MGy [14].

For fabricating the composite material, laminates
containing 14 plys, all in the same fibre orientation (±1°),
were made using standard hand layup methods [8]. Both
vacuum-bag and external-pressure (< 600 kPa) techniques were
used during radiation processing with 10-MeV electrons from
the AECL 1-10/1 linear electron accelerator. The key
mechanical properties of the composite produced compare
favourably with the specifications of a leading aircraft
manufacturer, as shown in Table I.

The gel fraction of the radiation-polymerized matrix was
found to depend on the dose rate [8]. The samples irradiated
with gamma radiation (dose rate 16 kGy/h, nitrogen
atmosphere) reached a gel fraction of 97%, whereas those
irradiated with 10-MeV electrons (dose rate 1300 kGy/h,
nitrogen atmosphere) had a gel fraction of 88%. The reasons
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TABLE I: INDUSTRIAL CARBON FABRIC-EPOXY PREPREG
LAMINATE SPECIFICATIONS AND RESULTS

PROPERTY
Ultimate Tensile
Strength (MPa)

Tensile Modulus (GPa)
Tensile Strain (-cm/cm) x 106

TEST
TEMP.

<°C)

20-130
20-130
20
130

SPECIFICATIONS
MINIMUM
AVERAGE2

480
59

7000
6500

MINIMUM
VALUE3

410
55
-
-

EB-TREATED PREPREG
PROPER'1

AVERAGE2

580
57

11,400
-

'IBS2
MINIMUM
VALUE3

565
49

10,000
-

(1) The laminate contains 14 plys, all in the same fibre orientation (±1°).
(2) At least five specimens were tested.
(3) For single samples.



for this dose-rate dependence are not yet known. In the
presence of air, the gel fraction decreased by about 8% in
the case of gamma irradiation, but was unchanged in the case
of electron-beam irradiation. This oxygen effect suggests
that the radiation-polymerization occurs at least partially
via a free radical mechanism. It is known that the
inhibitory effect of oxygen on free radical processes in
polymers decreases with increasing dose rate [15], primarily
because the dissolved oxygen gets consumed and the diffusion
of further oxygen is slow compared to the rates of the
radiation-induced reactions.

Radiation polymerization is essentially an adiabatic
process. It is important, therefore, to monitor the
temperature rise in the composites during irradiation. A
dose of 42 kGy delivered at a rate of 1300 kGy/h caused a
temperature rise of 39°C at the surface of the laminate and
46°C internally [8,16]. At the dose rate of 16 kGy/h, during
gamma irradiation, the sample temperature rose by 19°C, both
internally and at the surface, at a dose of 30 kGy and then
remained constant on further gamma irradiation [16].

Fourier-transform infrared spectroscopy of the
individually irradiated (100 kGy) epoxy diacrylate,
polybutadiene diacrylate and dipentaerythritol
monohydroxypentaacrylate showed that (i) the amount of
unsaturation was reduced in each; (ii) carbon dioxide was a
radiolysis product in both the polybutadiene diacrylate and
the dipentaerythritol monohydroxypentaacrylate; and (iii)
the polyether structure was not affected by irradiation
[16].

4. RADIATION EFFECTS
The components of satellites in geosynchronous orbits are

expected to receive ~ 1-MGy dose in their projected 30-year
lifespan. Irradiation is known to induce crosslinking and
degradation in epoxies [17,18]. In the case of structural
composites, the aims of the irradiation studies include (i)
improvements in the properties of the matrices, and (ii)
determination of the radio- and thermal resistance of the
matrices at conditions similar to those in outer space.

There are several polymers, other than epoxies, that are
known to be radiation-resistant. For example, (i)
polyetheretherketone is reported to have withstood doses up
to 11 MGy without significant degradation [19], and (ii)
polyetherimide is fairly resistant to gamma radiation (94%
retention of tensile strength on irradiation to 4 MGy [20]).
Unfortunately, very few of the studies include details of
chemical changes (degradation and crosslinking) that take
place on irradiation.

In general, less is known about the basic mechanisms of
crosslinking in epoxies than in polyethylene [21,22]. It may
be assumed that, as in the case of polyethylene, radiation-
induced breakage of the C-H bond in epoxies would play an
important role in the crosslinking reactions:
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RCH2OCH2R -* (RCH;,OCHR)- + H- [7]
2 (RCHjOCHR)- -> RCH2OCHR [8]

RCH2OCHR
Tilmans and Krokosky [23] investigated the effect of

radiation on the mechanical properties of a thermally cured
epoxy system consisting of Epon 828 epoxy resin and phenyl
glycidyl ether as the reactive diluent (Shell), and the
curing agent EM 308 (Thiokol). Their results suggest that
crosslinking, which enhanced the strength of the composite,
was predominant up to a dose of 20 MGy. However, the
strength decreased at higher doses, presumably because of
degradation.

Sykes and Bowles [24] investigated the effect of
electron beam (1 MeV) irradiations (1 MGy) of two epoxy-
graphite composites under vacuum at about 30°C. One was the
commercially available T300/CE339 systems, which is probably
a dicyandiamide-cured diglycidyl epoxy with carboxy-
terminated butadiene-acrylonitrile elastomer copolymer and
the other its modification in which the elastomer had been
omitted. They reported that (i) during thermal cycling (-150
to 175°C) there was significant microcracking of the
irradiated samples, and (ii) at low doses (< 1 MGy) the
sample containing the elastomer exhibited more
microcracking.

Netravali and coworkers [18] investigated
irradiation of a crosslinked epoxy resin formed by the
reaction of tetraglycidyl-4,4'-diaminodiphenyl methane and
the curing agent diaminodiphenyl sulfone. The irradiations
were done with 0.5-MeV electrons (dose up to 4 MGy) or 60Co
gamma radiation (dose up to 1.6 MGy). Differential scanning
calorimetry of the cured samples showed a large exothermic
peak at 272°C, suggesting an exothermic curing reaction of
the unreacted epoxy groups. Irradiation of the resin reduced
this exothermic peak (~ 85% of the unirradiated at a dose of
~ 2 MGy). Infrared spectroscopy confirmed the reduction of
the residual epoxy groups on irradiation.
CONCLUDING REMARKS

The requirement to carefully dry the monomers has
discouraged the industrial use of radiation polymerization
of pure epoxide systems. The current alternative to
extensive drying of the epoxides is to incorporate catalysts
[6], acrylics or other monomers in the formulations [6,8].

A radiation-curable carbon fibre-acrylated epoxy
composite has been prepared that meets the typical physical
and mechanical property specifications of the aircraft
industry [16](Table I). Optimization of the formulation used
may provide a composite material with improved properties
for use in aircraft and satellites.

To understand the effects of mixed radiation fields
and thermal cycling in outer space, it would be useful to
supplement the experiments on the changes in relevant
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mechanical properties, with studies on simultaneous chemical
changes. The studies should also be extended to mixed
radiation fields, including electrons, gamma radiation and
heavier energetic particles, known to bombard objects in
outer space. Materials used in outer space are also exposed
to a wide spectrum of sunlight, with a bigger component of
ultraviolet than that reaching the earth's surface. Thus
further research on radiation effects on composites should
also incorporate appropriate photolysis studies.
Simultaneous irradiation of matrices with high-energy
radiation and ultraviolet light is likely to increase their
degradation, as compared to radiolysis alone.
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Abstract

Aqueous solutions of hyaluronic acid have been irradiated under
various conditions and the amount of strand scission was determined
viscometrically. OH radicals were found to be some 1.5 times more
potent than H atoms at inducing breaks, methanol, propan-2-ol and
t-butanol radicals produced relatively little breakage (potency less
than 3% that of *OH). Tetranitromethane (TNM) has been used to
measure the yield of reducing radicals produced on OH radical attack
on hyaluronic acid, around 80% of the hyaluronic acid radicals reacted
with TNM (ie. are reducing radicals) with a rate constant of 4.5 x

8 ~1 3 —110 mol dm s .In contrast similar measurements on the
polysaccharide model, £-cyclodextrin, indicated that all the radicals
formed were reducing. The presence of TNM or oxygen during radiolysis
caused a 3O% fall in chain breakage. The majority of radicals produced
in both hyaluronic acid and (S-cyclodextrin are either 1,2 dihydroxy or
1-hydroxy 2-alkoxy type radicals, both of which form £-carbonyl
radicals by the acid {and base) catalysed elimination of water or
alcohol. These e-carbonyl radicals are considerably less reducing than
their parent <>(-hydroxy radicals and are not expected to react with
TNM. By determining the extent of reaction with TNM as a function of
TNM concentration, the first order rate constant for the formation of
the £-carbonyl radicals can be calculated on applying simple
competition kinetics. The rate constant at pH 4 was found to be about
4 x 10 s in the case of hyaluronic acid radicals, with the
J3-cyclodextrin system even at pH 2.8 the rate constant was less than 2
x 103 s"1.
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1. INTRODUCTION
Hyaluronic acid is a pclysaccharide and a member of the group known

as mucopolysaccharides or glycosaminoglycans. The monomeric repeating
unit in hyaluronic acid is D-glucuronic acid fc-1-3 linked to N-acetyl
D-glucosamine, these subunits are then linked together by £-1-4
glycosidic bonds (Fig. 1). Hyaluronic acid is a major constituent of
loose connective tissue although its presence in nature would seem to
be considerably more widespread in that it has been found, often in
very small amounts in ev€>ry human tissue for which it has been
analysed [1].

Ionising radiation is used to sterilise human tissue for storage in
tissue banks, where it is then available for transplantation. Much of
the most useful tissue is connective tissue and it is important that
the effects of radiation on the tissue components is well understood.
Hyaluronic acid seems to be particularly sensitive to radiation [2]
and is a prime candidate for study.

In diseases such as arthritis, hyaluronic acid in the synovial
fluid is degraded and free radical mediated processes are believed to
be responsible [3]. The application of standard radiation chemistry
techniques permits the detailed study of many of the reactions
involved.

Hyaluronic acid, in its naturally occurring state, has a high
molecular weight (several million Daltons) and when dissolved in water
forms viscous solutions. Indeed it is this property which is thought
to confer on hyaluronic acid much of its biological usefulness [1].
Relatively simple methods can be utilised to measure viscosities and
since viscosity is quantitatively related to the molecular size of the
solute, these data enable the average solute molecular weight to be
calculated. This procedure has been applied to hyaluronic acid
solutions irradiated under a variety of conditions in order to measure
the chain breaking potency of selected attacking radicals.

There are a number of possible sites on hyaluronic acid where a
free radical could be formed. A very elegant technique was developed
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COOH CH2OH

NHCOCHa

Figure 1. Repeating unit of Hyaluronic acid.

to distinguish the two major radicals formed by "OH addition to
pyrimidines [4], This method is based on the differing redox
potentials of the adducts, the 6-yl radical (the reducing radical) is
able to reduce the oxidant tetranitromethane (TNM), while not reacting
with the reductant N-N-N'-N'-tetramethyl phenylene-diamine (TMPD). In
contrast the 5-yl radical (the oxidising radical) reacts with TMPD but
not with TNM. The concentrations of the products of these reactions,
TMPD from TMPD and the nitro-form anion (NF~) from TNM, can be
readily determined spectrophotometrically. In the past few years this
method has been used with great success to determine specific radical
yields in a number of systems [5]. In the work presented here, TNM has
been used as a probe to examine hyaluronic acid radicals. The effect
of TNM on free radical mediated hyaluronic acid chain scission has
also been investigated, p-cyclodextrin is a cyclic polysaccharide
consisting of seven jS-l-4-linked glucose molecules and provides a
model for an infinitely long linear polysaccharide chain. For
comparative purposes, TNM has also been used to measure the radiation
yields of reducing radicals formed in irradiated £-cyclodextrin
solutions.
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2. MATERIALS AND METHODS

Hyaluronic acid (highly pure) was a gift from Pharmacia, Uppsala,
Sweden. All other chemicals were of "Analar" or equivalent grade.
Water was triply distilled, the final distillation being from alkaline
permanganate.

Viscometry and the evaluation of viscometric data were performed as
previously described [6].

Steady-state irradiations were performed with either a Co (0.06
Gy/s) or a Cs (0.01 Gy/s) irradiation source. Fricke dosimetry
was employed. Pulse radiolysis was carried out at The Paterson
Institute for Cancer Research, Manchester, U.K. [7], To ensure
internal consistency, a nitrous oxide saturated 1 x 10 mol dm

— 3 — "îformate solution pH 7, containing 0.5-1.0 x 10 mol dm TNM was
used as dosimeter, taking G(NF~) to be 6 molecules/lOOeV and the
extinction coefficient of NF at 35Onm to be 14600 mol dm
cm [8]. TNM concentrations were determined by the addition of a
known volume of concentrated hydrazine solution (so that there was a
large excess of hydrazine over TNM) to convert the TNM to NF~ (to
ensure a rapid reaction the final pH of the solution was made ca. 9.5
by the addition of sodium hydroxide). Possible contamination of
unirradiated solutions by NF~ was avoided by making use of the

— "?volatility of TNM. A pre-gassed (N„O) solution of 1 x 10~ mol
Tdm sodium bicarbonate pH 9 was saturated with TNM and nitrous

oxide was then passed through this solution and into the sample
solution (also pre-gassed) where TNM vapour carried in the N_0
dissolved.

3. RESULTS AND DISCUSSION
Dilute aqueous solutions have been irradiated and under these

H20 VVAA* 'OH, "H, e~aq, H, H202, H2 (1)

conditions almost all of the energy deposited is in the water and
water derived radicals and products are formed (reaction (1)). The
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radiolyt:c yields (G(values)) of these species have been established
as being 2.7, 2.7, 0.6, 2.7, 0.55 and 0.7 molecules/lOOeV for *OH,
e~ , *H, H , H~ and H-,0- respectively [5]. By varying theaq & £ £.
experimental conditions, the system can be made essentially
uni-radical (reactions (2)-(5)) and the attack of selected radicals on
chosen substrates can be studied. In reaction (5) RR'CHOH represents

e~ + N00 —* "OH + ~OH + N0 (2)aq 4 z
e~ + H* —* *H (3)aq
'OH + t-butanol —» H20 + t-butanol* (4)
'OH('H) + RR'CHOH —» H20(H2) + RR'COH (5)

aliphatic alcohols such as methanol (R = R' = H) and propan-2-ol (R =
^

R = CH,). The rates of reactions (2)-(5) approach the diffusion
controlled limit and under the conditions chosen for this work are
complete in less than 1 s. In nitrous oxide saturated solution "OH
is the major initial attacking radical (reaction (2)}. The yield of
*H can be enhanced by lowering the pH (reaction (3)). Use has been
made of the large difference in the reactivities of 'OH and "H
with t-butanol (the bimolecular rate constant for "H is lower by a
factor of 5,000) to selectively scavenge the former (reaction (4)) and
hence enable the reactions of "H to be studied. In nitrous oxide
saturated solutions of alcohols, all the primary water radicals are
converted to alcohol radicals (reaction (5)).

Table I shows the average number of strand breaks produced per
hyaluronic acid molecule per Gray on irradiating aqueous hyaluronic
acid solutions under various conditions. In order to compare the
potencies of the various radicals produced with regard to their
abilities to cause chain scission, the data is also expressed in Table
I as breaks per molecule per attacking radical. As can be seen "OH
is more potent than "H, while both methanol and propan-2-ol radicals
produce relatively little breakage. Previous measurements seemed to
indicate that t-butanol radicals were significantly more potent than
methanol radicals at strand breakage [6]. There is no good reason for
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Table I. Chain breakage induced in hyaluronic acid {1.5 x 1O Maf
viscosity average molecular weight 2 megaDaltons) in
aqueous solution by the attack of various radiation
produced radicals (values calculated from yield-dose plots)

Irradiation Major Attacking I0x(breaks/molecule )
Conditions Radical per Gy

pH Ie, N20
pH 2.6, N
0.5M t-buéanol
pH Ie, N200.5M metnanol
pH 7C, N200.5M propan-2-ol
pH 7e, N20IM t-butanol,

*OH 4.0
'H 1.6

methanol 0.098
radical
propan-2-ol O.013
radical
t-butanol 0.07
radical

I018x (breaks/
molécule), dm

per
attacking radical

1.2
0.78

0.026

0.0035

0.019
0.05M propan-2-ol
pH 7
(4:1)

N-0/0

pH 7 N,O
O.5mM TNM

'OH

'OH

2.9.

2.5

0.87

0.75

(a) in terms of repeating subunits.
(b) G('OH) = 5.4; G('H) = 3.3; G(methanol radicals) = Gtpropanol

radicals) = 6; G(t-butanol radicals) = 5.4 molecules/lOOeV.
(c) 2mM phosphate buffer.

such a difference and a possible explanation for its apparent
existence might be that in the t-butanol system some *H reacted with
hyaluronic acid to give breaks. In the methanol system all *H were
scavenged by the methanol. An attempt was made to allow for strand
breakage due to *H attack, however uncertainties in the relevant
rate constants could easily lead to the apparent differences in
potency. On irradiating a t-butanol/propan-2-ol/hyaluronic acid
mixture in which the majority of "OH give t-butanol radicals and
"H are completely scavenged by the alcohols, hardly any strand
breakage occurs (Table I). Consequently in common with the other two
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alcohol radicals, t-butanol radicals produce very little chain
scission at the dose rates employed (0.01 Gy s ). It may be that at
much lower dose rates or with the low fluxes of radicals likely to be
encountered in biological systems when self annihilation reactions are
much slower, "secondary radical" attack on hyaluronic acid could lead
to strand breakage.

"OH and *H react rapidly with hyaluronic acid (rate constants,
9 x 108 and 6.4 x 107 mol"1 dm3 s respectively [9]) and
are expected to abstract H-atoms (reaction (6)) to form radicals

HA-H + 'OH(-H) ——* HA" + H20(H2) (6)

centred at carbon atoms. In the case of *H attack (pH 2, O.5 mol
dm"3 t-butanol, degassed) full yields of H2 were in fact obtained.
In solutions of simple carbohydrates such as ribose or glucose, *OH
attack is essentially random. If hyaluronic acid behaves similarly
most of the radicals produced would be ̂ -hydroxy or fî-alkoxy radicals
and these would be expected to react with TNM to produce NF [5].
However from NF yields in irradiated hyaluronic acid (1 x 10
mol" dm , N20, pH 7) solutions containing TNM, it appears that
only 82% of the hyaluronic acid radicals are reducing. In contrast
similar experiments using p-cyclodextrin in place of hyaluronic acid
gave 100% reducing radicals. The main differences in primary structure
between hyaluronic acid and ̂ -cyclodextrin are the C-6 carboxyl group
(-CH2OH in cyclodextrin) and the C-2 acetamido group (-OH in
cyclodextrin). Direct attack of *OH on the acetamido group should be
small (the rate constant for "OH reacting with acetamide is less
than one tenth that for its reaction with glucose). A radical located
at C-2 of the N-acetamido glucose subunit is similar in structure to
the C-6-yl radical in uracil and so, by analogy, would be expected to
be reducing. This leaves the radical at C-5 of the hyaluronic acid
glucuronic acid residue as a possible "oxidising" radical. Random
radical production by H-abstraction from hyaluronic acid would mean
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that the yield of each of the possible eleven radicals would be 9% of
the total radical yield. Since the measured yield of reducing radicals
is 82%, the inference is that either two types of radical do not react
with TNM or 'OH attack, perhaps due to the secondary structure of
hyaluronic acid, is not entirely random. A third possibility, the
rearrangement of an initially formed reducing radical into an
oxidising radical cannot entirely be ruled out, however such a
reaction would have to be extremely rapid (rate constant greater than
1 x 1O mol dm s ) since even at TNM concentrations of 1 x
10 mol dm there was no significant increase in the yield of
NF~ (the rate constant for TNM reacting with hyaluronic acid

Û _ 1 "3 _ 1radicals is 4.5 x 10 mol dm s , this was measured pulse
radiolytically by determining the pseudo first order rate constant for
NF~ formation as a function of [TNM]).

One of the main features of the free radical chemistry of simple
carbohydrates is the elimination of water from 1,2 dihydroxy radicals
with the formation of the corresponding R-carbonyl radicals (reaction
(7), R = H) [5], In glucose, for example, of the six possible radicals

-COHCHOR- —————* -COCH- + HOR (7)

four are of this type. However in ß-cyclodextrin only two of the six
possible radicals are 1,2 dihydroxy radicals, and hence the water
elimination reaction in polysaccharides will be relatively less
important than for simple sugars. l-Hydroxy-2-alkoxy radicals can
eliminate the alcohol again forming the corresponding -carbonyl
radicals (reaction (7), R = alkyl), this reaction has a lower rate
constant than the equivalent water elimination reaction, both
reactions are acid (and base) catalysed [10,5]. Out of the eleven
possible hyaluronic acid radicals those at C-2, C-4 and C-6 of the
acetamido-glucose moiety and those at C-2 and C-3 of the glucuronic
acid are l-hydroxy-2-alkoxy type radicals. Alkoxy elimination from all
of these radicals with the exception of the C-6 radical is strand
breakage (the alkoxy group is the adjacent sugar subunit). In the case
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CHOH CHAIN

NHCOCHs

NHCOCHg

Reaction Scheme 1. A possible mechanism to account for the lowering of
free-radical-induced hyaluronic acid chain scission brought about by
the presence of oxygen or TNM.

of the C-6 radical ring opening would occur with the formation of a
hemiacetal at C-l, this would be unstable and would also give a strand
break as shown in reaction Scheme 1 (the C-4 acetamido-glucose radical
could similarly ring open as an alternative to eliminating the
adjacent sugar, the final result would)in both instances,be chain
breakage). The C-2 and C-3 glucuronic acid radicals are 1,2 dihydroxy
radicals and thus might in fact be expected to preferentially
eliminate water rather than the adjacent sugar, in which case three
out of the eleven hyaluronic acid radicals would produce breaks by
^-alkoxy elimination. The formation of chain breaks has been found to
follow first order kinetics although more than two component reactions
appear to be involved, at neutral pH the overall half-life for
breakage was found to be ca. l ms [11]. A value of this order of
magnitude is quite compatable with the possible involvement of
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elimination from 1-hydroxy 2-alkoxy type hyaluronic acid radicals, the
rate constant for which would seem to be less than 3 x 1O mol
dm s~ (see below), in the presence of TNM (or oxygen), these
radicals would be oxidised to give the corresponding carbonyl
derivatives, so preventing chain breakage {see, for example, reaction
Scheme 1). As shown in Table I the presence of TNM or oxygen does
indeed reduce breakage, similar "protection* by oxygen against chain
scission was reported for the radiolysis of cellobiose solutions [12].
If it is assumed that the four hyaluronic acid radicals based at the
carbon atoms involved in the glycosidic linkages are hydrolysed to
produce breaks [5], then in the absence of oxidant seven of the
possible radicals would lead to breaks. In the presence of oxidant all
of these radicals would be oxidised, those based on the "glycosidic"
carbons would thus be converted (via solvolysis of the intermediate
carbocation) to hemiacetals which would decompose to give breaks, the
other three radicals, as mentioned above, would be converted to stable
aldehydes or ketones and would not now lead to breaks. Hence,
according to this simple model, the addition of TNM should reduce
breakage by a factor of 3/7 (43%), which as can be seen from Table I
is approximately the case (the experimental value for the decrease in
breakage is 38%). As already mentioned «/.-hydroxy £-hydroxy-alkyl or
«<-hydroxy jS-alkoxy radicals are reducing and react with TNM, however
the resulting /^-carbonyl radicals formed in reaction (7) are less
reducing and may well not react with TNM (they do not, for example,
react with methyl viologen [10]). Consequently by measuring NF
yields as a function of TNM concentration, and applying simple
competition kinetics, it should be possible to obtain the first order
rate constant for the elimination reaction. Preliminary experiments on
hyaluronic acid at neutral pH indicate the rate constant to be less
than 4 x 10 s~ . Since the elimination reaction should be acid
catalysed the experiment was repeated at pH 4 when a value of ca. 4 x
10 mol dm s was found. A similar experiment performed
with £-cyclodextrin at pH 2.8 indicated that here the rate constant
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for conversion to £-carbonyl radicals is less than 2 x 10 s
The reason for the difference between £-cyclodextrin and hyaluronic
acid could be that the local H+ concentration in the vicinity of the
hyaluronic acid is elevated due to its being a negatively charged
polyelectrolyte. Further experiments are currently being undertaken to
extend and clarify these results.
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Abstract

The application of polymers for photochemical energy storage is
described. A sytem is reported which enables the storage of energy for a
time period in the range of minutes. Such systems require polymers
covalently linked to specific functional groups, which is the only way to
achieve linkage between a polymeric ion and a specific group which
possess the same electric charge. In systems where the binding is a result
of electrostatic interactions only, a local opposite field exists at the site of
the reaction. In such cases, the retardation is by 2-3 orders of magnitude
as compared with 6-7 orders which is observed in a covalently linked
systems.

A method based on application of ionizing radiation for the formation
of covalent links between a polymer, and a functional molecule is
reported. It requires pulse radiolytic investigations of the chemical
kinetics in polymer solutions as well as in the solutions of the functional
molecules.

The advantage of the radiation induced method is that it enables the
use of natural polymers. It can be applied to fields other than
photochemical storage of energy, such as preparation of model systems
for biological and medical research, on line analysis and specific
interactions.

General background
Polyelectrolytes are known to have a considerable effect on the rates

of chemical reactions [1]. Thus, reactions between ionic species possessing
the same type of charge are enhanced by polyelectrolytes which possess
an opposite charge. This effect is because of the concentration of the
reactive ions in the polymer domain, due to the electrostatic interactions.
Reactions between oppositely charged ions are retarded by
polyelectrolytes, since the electric fields of these polymers attract the
counter ions, and at the same time they repel the ions which have the
same charge as the polymer. Consequently, the reactive species are
differently distributed in the solution volume, and their reaction rate is
changed. This feature of polyelectrolytes has been investigated with
special emphasis on retardation of photochemical back electron transfer
reactions. Such reactions, in a solar-photochemical assembly, are
responsible for the energy losses after the primary stages of
photoabsorption and electron transfer. The understanding of the nature of
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such reactions may assist with the optimization of future solar
photochemical storage systems. Kinetically (relatively) stable redox systems
which store energy may be combined with appropraite catalysts for
hydrogen and oxygen formation from water,

A typical photochemical conversion and storage system involves the
following reactions:

o

S* A
4S+ + 2H2O
2A- 2H2O

4S + O2 + 4H+

2A + H2 + 2OH-

(1)
(2)
(3)
(4)

Reaction (1) represents the excitation of a photosensitizer S. The excited
state S* must possess the appropriate energy and a sufficiently long
lifetime to be able to transfer an electron to the acceptor A (or to accept
an electron from a donor; these two cases are symmetrical). Reactions (3)
and (4) produce O2 and H2 respectively, and may require appropriate
redox catalysts. The net result of the reaction sequence (1X4) is the
decomposition of water to H2 and O2.

It is not possible to store all the energy absorbed in process (1) since
reactions (2X4) require a certain driving force. Energy storage means that
the products formed possess higher free energy than the reactants. An
activation energy barrier must exist between the products formed and the
initial reactants, and this can be achieved only if part of the absorbed
photon energy is "lost" by its conversion to heat. Therefore a partial loss
of the absorbed energy cannot be avoided. Since a spontaneous process
proceeds in the direction of lower free energy, the possibility of losing
the excess free energy during any of the intermediate stages by the
so-called "back reactions" is very likely.

(5)
complex formation

S* + A ? . . > .SA*

A «-
back reaction

(6)
charge rearrangement

S+A-*
(7)

charge separation

(8)
diffusion to bulk

(12) s+

Figurel: Reaction sequence in photochemical electron transfer.
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In common with ordinary chemical processes, photochemical electron
transfer takes place in several steps. The first step involves excitation
(reaction (1)) followed by the formation of a photochemical pair (reaction
(5)). These species, after charge rearrangement (reaction (6)), produce the
photochemical cage (pathway (7)) from which the electron transfer
products may diffuse to the bulk (pathway (8)). The back reactions, in
which the original ground state reactants are formed, may take place at
each of the steps. This is shown in Figure 1. While the deactivation and
spontaneous self decay of S* can be suppressed in many systems by using
sufficiently high concentrations of A, reactions (9X12) remain the main
obstacle to achieving direct photochemical energy storage with reasonable
yields.

Use of Microassemblies
The overall efficiency of photoinduced electron transfer systems such

as those described above may vary considerably in an organized assembly.
The rates and yields of reactions occurring in these microheterogeneous
systems can be dramatically changed according to the nature of the
microenvironment and the photoredox systems.

We will restrict our discussion to the effects of polyelectrolytes, which
are polyionic molecules, usually with a high charge density. In many cases
there is a charge on every repeating unit. The high charge density of the
polyionic molecule provides a strong electric field which may be
exploited for accelerating or retarding reactions of charged species and
hence may be useful in controlling photoredox reactions.

The ability of polyelectrolytes to enhance or retard the rates of
chemical reactions is well known.

Retardation of Reactions Between Oppositely Charged Species
The inhibiting effects of polyelectrolytes on reaction rates between

ions possessing opposite charges, has been studied [2-8]. The inhibition is
generally due to the combination of electrostatic attraction of the ionic
reactants with the electric charge opposite to the charge of the polymer,
and repulsion of the ions with the same charge as the polymer. The
retardation factors are usually much smaller than those of acceleration; in
most cases they are only 1-2 orders of magnitude. Retardation effects
caused by factors other than electrostatic attraction and repulsion have
also been reported.

Enhancement of Photochemical Electron Transfer Between Small Simple Ions
As expected, when both the excited state and the quencher are ions

which possess the same charge, the addition of a polyelectrolyte with an
opposite charge enhances the quenching rate. There is, however, an
important difference when quenching of an excited state is involved, as
compared with an ordinary reaction between counter ions. This difference
is due to the relatively short lifetime of the excited states, particularly
when aqueous solutions serve as the reaction medium. Compounds
presently being used as redox photosensitizers include heterocyclic
complexes of some transition metals such as Ru, Ir, Os, Rh, Cr,
polynuclear compounds, heterocyclic derivatives such as thionine,
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Figure 2. Dependence of &q (PVSXcorr) on [Fe(III)]. Open points are for
kq(PVS)(corr). Solid points are for kq(PV SXcorr 10.73x10* Af"1 fl, where the
latter term is the limiting rate constant extrapolated to infinite dilution in the
polymer field. Reference 10.

méthylène blue, phenothiazine, aromatic compounds and segments such as
phenanthrene, some simple ions such as uranyl as well as porphyrins. The
latter can be solubilized as sulfonates or pyridinium salts. The most
popular photosensitizer is the Ru(bpy)|+ which absorbs light in the visible
range (peak at 450 nm), and has a triplet lifetime of about 0.6 JJLS.

Meisel and Matheson, [9] reported the effect of PVS on the
photoinduced electron transfer from excited Ru(bpy)2+ to Cu2+ ions. A
pronounced enhancement of the quenching rate of the lowest charge
transfer state of Ru(bpy)|+ by Cu2+ ions is observed A quenching
reversal phenomenon was reported at higher Cu2+ concentrations owing
to the displacement of Ru(bpy)2+ from the potential field of the polymer
by the Cu2+ ions. No net electron transfer products could be observed,
perhaps because of an enhanced back reaction. The phenomenon of
quenching reversal is also observed in the system Ru(bpy)2+ - Fe(III) in
the presence of polyvinylsulfate. The enhanced quenching effect and the
quenching reversal are shown in Figure 2.

Charge Separation Assisted by Poly electrolytes
In the particular case where the photochemical electron transfer

products are ions which possess opposite charges, the addition of a
polyelectrolyte may have an effect on the yield of products as well as on
the rate of their back reaction. Such an effect was reported by
Meyerstein et al. [11], using Ru(bpy)|+ as a photosensitizer and the neutral
molecular species Fe-Nitrilo-three-acetate or Co-acetyl-acetonate as
electron acceptor quenchers. Addition of the negative polyelectroly
polyvinylsulfate induced a remarkable increase of the quantum yield for
electron transfer. Similar results have been reported by Sassoon and
Rabani [12] for the Ru(bpy)2(CN)2 ferricyanide system.
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Figure 3. Oscilloscope traces (superimposed 10-15 times) of emission at 600 nm
and bleaching at 440 nm. (a) Quenching of the emission of Ru(bpy)2(CN)'2 by
Fe(CN% in the absence of polybrene, and (b) in the presence of polybrene. (c)
Bleaching ofRu(bpy)2(CN)2 following laser pulse with Fe(CN% in the absence
of polybrene, and (d) in the presence of polybrene. RB is the residual bleaching
observed after all Ru(bpy)2(CN)'2 has decayed away. When corrected for the
self decay of the excited Ru complex, it corresponds to a quantum yield 1 for the
electron transfer products. [Ru(bpy)2(CN)2] = SJxlO'5 M, [Fe(CN%] =
3.0x10^ M, [polybrene] = 134xlO~2 M (in monomer units). The number of
photons deposited per cm3 per laser pulse is (9, 9,13,17)xl015 for (a), (b), (c),
and (d) respectively.

The polymer used in the latter case has a relatively low molecular
weight with only eleven monomer units. The negative ferricyanide ions
are confined to the volume of the positive field of the polymer while the
photosensitizer Ru(bpy)2(CN)2 possesses no charge and is in the bulk.
Typical results are shown in Figure 3.

The back reaction between the photochemical products Fe(CN)g~ and
Ru(bpy)2(CN)2

+ proceeds with a rate constant of 4.5xl09 M'V1. This value
is not much lower than the diffusion controlled limit. The lack of a large
inhibition effect on the back reactions is quite general for small
heterocyclic complex molecules.

Retardation of Back Reactions in Polymers Covalently Linked to Ruthenium
Bipyridine

The lack of strong inhibition of the back reactions in polyelectrolyte
systems involving non-polymeric electron donors and acceptors calls for
the consideration of two effects. Firstly, it is possible that a fraction of
the counterions is the bulk at any given time. The back reaction, in this
case, may take place via this fraction. Secondly there is a neutralization
effect of the polymer charge at the site of reaction, when one of the
reacting species is a polymer conversion.
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The polymers are usually poly salts with inert monovalent counterions.
In the presence of ionic photosensitizers or quenchers, the total ionic
charge of the counter ions is larger than the polymer charge so that part
of the counter ions must be in the bulk. Although photochemical
reactants which are multicharged ions, are expected to replace the
original monovalent counter ions of the polymer, the question arises as to
whether the dynamic equilibrium between bound and "free" ions does not
leave a fraction of the reactant counter ions in the bulk. Even if this
fraction is very small, e.g., 0.01, this sets an upper limit of 102 for the
retardation effect by the polymer. Formation of a covalent link between
the reactant and the polymer may be exploited in order to combine
photochemical reactants and polymers which possess the same charge
signs. In this way, the partial neutralization effect is avoided, while the
appropriate reactant is kept in the polymer field

Two Polymer Systems
Sassoon and Rabani [13] studied the decay of polybrene radicals by

pulse radiolysis. In the presence of N2O at near neutral pH, the hydrated
electrons produced by the pulse are converted to OH radicals. The OH
and H abstract hydrogen from the polybrene and produce polybrene free
radicals. Therefore, in this system, practically all the radiation primary
radicals are converted to polybrene radicals. Monomeric radicals similar in
structure to the polybrene radical are expected to decay by a diffusion
controlled bimolecular reaction. However, the combined effects of the
electric field and the slower diffusion rate of the polymer is expected to
slow down the decay. Comparison between the rates of decay of the
polymeric and monomeric radicals serve to estimate the maximum
retardation factors which can be obtained in such systems. Indeed, the
lifetime of the polybrene radical has been measured to be several seconds
(Figure 4). This is more than four orders of magnitude slower than the
corresponding reaction of a monomeric model radical.

2%

10 20 30 40
time (s)

Figure 4. Decay of polybrene radicals measured at 302 nm. Initial radical
concentration 11 jxM, polybrene concentration 0.73 mM (in monomer units).
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Figure 5. Photosensitized electron transfer systems containing two
polyelectrolytes. (a) The photosensitizer Pl bound to a negative poly electrolyte
transfers an electron to a neutral quencher Q^ to produce Q^~ which is repelled
by the negative poly electrolyte to a second negative polyelectrolyte. (The back
reaction between the oxidized photosensitizer and the reduced acceptor is
drastically retarded as a result of their covalent attachment to negative
polyelectrolytes.) (b) An analogous system with electron transfer finally
yielding a reduced photosensitizer P2~ and an oxidized donor species D+ on
separate positive polyelectrolytes.

The results described above led to the construction of photochemical
redox systems with very large retardation factors for the back reactions.
This is shown schematically in Figure 5.

In a specific model system for phtochemical energy storage we used
two positive polymers. One of the polymers is covalently linked to
ruthenium-tris-bipyridine, while the other one is linked to
tetramethylphenylenediamine (TMPD). Both polymers are dissolved in
water, and in addition the solution contains methoxydimethylaniline
[1,14,15]. The ruthenium compound absorbs light and produces the triplet
state of the ruthenium-tris-bipyridine according to equation (13), where
poly-Ru(bpy)|+ stands for the linked ruthenium complex. The excited
molecule has a lifetime of about half a microsecond, which is enough to
allow it to react with the methoxydimethylaniline (reaction (14)).

pory-Ru(bpy)f poly-Ru(bpy)|+ (13)

poly-Ru(bpy)|+*

NMe, NMe9j

—— poly-Ru(bpy)++ m (14)

OMe OMe

The reaction involves electron transfer from the methoxy dimethylaniline
to the excited ruthenium compound, with subsequent formation of a
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Ru(I) compound and a methoxy-dimethylanline positive radical ion. This
positive ion is repelled by the positive electric field of the polymer,
diffuses to the bulk and reacts with the poly-TMPD according to
equation (15).

NMe2 NMe2

+ poly-TMPD —— r y + poly-TMPD+ (15)

OMe

Reaction (15) takes place since the oxidized methoxy-dimethylaniline has a
redox potential which is more positive than that of TMPD. The positive
ion radical of methoxy-dimethylaniline is relatively stable (with respect to
dismutation or recombination) and therefore lives long enough to react
with poly-TMPD despite the positive field of the polymer. The back
reaction between poly-Ru(I) and the methoxydimethylaniline positive
radical ion is prevented by using an excess of poly-TMPD which
successfully competes for the oxidizing species. Thus, it is possible to
obtain a pair of photochemical products which cannot back react quickly,
since each of the products is linked to a different polymer molecule. The
strong electric field of the polymers combined with the relatively slow
diffusion rate retards the back reaction by more than six orders of
magnitude.

Recent results obtained in our laboratory indicate that covalent linking
of the reactive center to the polymer chain is an essential condition for
strong retardation of the photochemical back reaction [16]. Electrostatic
binding to the polymer is also possible, in cases where the reacting
species are oppositely charged. However, in such cases, exchange with
other counter ions may take place, and even a very small bulk
concentration of reactive molecules may enhance the overall back
reaction rate. If the reactive species are multi-charged ions, particularly if
they possess 3 or more charges, it is possible to obtain a system where
practically all the reacting species are in the volume of the polymer field.
This can be achieved by applying polymers where the original coutner
ions are monovalent and therefore unable to exchange with a significant
amount of the multivalent counter ions. However, even in such systems,
the back electron transfer reaction cannot be retarded by more than 2-3
orders of magnitude, as indicated by the recent experiments [16]. The
reason for this is proba.bly the existence of a local opposite field (to that
of the polymer) at the site of the back reaction. Therefore, a most
effective retardation of the back reactions can be achieved only when the
polymer and the reactive moiety possess the same charge so that the
polymer field remains uninterrupted at the reaction site. This requires a
covalent link, otherwise the reactive species might be repelled to the
bulk, and the effect of the polymer would be decreased.

Synthesis
The development of simple synthetic techniques for specific functional

groups pendant on polymer chains is important for photochemical energy
storage as well as for other fields of science. Of particular interest is the
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possibility to modify existing polymer molecules by linking specific
segments. In collaboration with D. Behar, V. Markovic, P. Neta and J.
Silverman [17,18] we have demonstrated the possible use of radiation
chemistry for such modifications. The principle is based on radiation
induced formation of polymeric free radicals, which react with free
radicals derived from the specific molecules which are chosen to be
linked to the polymer. Thus, aqueous solutions of polyethyleneglycol
(neutral), polystyrenesulfonate (negative) and polybrene (positive,
repeating unit is an alkyl quaternary ammonium salt) produce an organic
free radical upon irradiation in the presence of nitrous oxide. In the
absence of other solutes, such radicals decay by a second order process
(the polystyrene sulfonate is an exception, the mechanism there is much
more complicated). Free radicals produced by OH addition to
ruthenium-tris-bipyridine or iridium-tris-bipyridine react with the polymer
free radicals and produce a covalent link. Pulse radiolysis is a powerful
tool for the investigation of the radical radical kinetics in the various
systems. The understanding of the kinetics is essential for optimization of
the linking process. The photophysics of the photosensitizater-polymer
linked system is very similar to that of the free photosensitizer. The
radiation method is not selective. The OH attacks the polymers at various
different sites. It also produces a variety of OH adducts upon its reaction
with the photosensitizer so that the product is a mixture of a large
number of similar compounds. This may not make a great difference
concerning the properties of the photochemical redox systems, but it adds
difficulties to the basic investigations.

The method has the advantage that one can use existing polymers,
which are only slightly modified. This enables the linking of reactive
segments to natural polymers, for example, which is difficult or
impossible to synthesize. Such a technique may be valuable in fields other
than photochemcial energy storage, whenever a polymer has to be linked
to a specific functional group, or even for linking of two different
polymers. Application can be found in specific interactions, model
systems for biological and medical research and on-line analysis.
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RECENT DEVELOPMENTS IN RADIATION CHEMISTRY
AT IRI-TU DELFT

A. HUMMEL
Interfaculty Reactor Institute,
Technical University Delft,
Delft, Netherlands

Abstract

The research in the radiation chemistry group at IRI-TU Delft comprises the
following activities:
a. Fundamental radiation chemistry

Charge separation in nonpolar liquids; ionization and recombination non-
homogeneous kinetics, computer simulation of spurs
Thermalization
Primary species; holes, electrons and excited states

b. Applications to research in various fields
Polymers
Catalysis
Biological systems; DNA
Solar energy

c. Development of experimental facilities
Pulsed Van de Graaff accelerator
Optical detection, absorption and emission; conductivity, DC and
microwaves
Product Analysis
Data treatment and automatization

The development in the various research projects will be discussed.

Introduction

The Interfaculty Reactor Institute (IRI) of the Technical University Delft
(TUD) operates as a main research facility a 2MW swimming-pool reactor,
which is used for neutron-beam research, radiochemistry and reactor physics
research. In addition there is a 3MeV pulsed Van de Graaff electron-
accelerator {which is the main radiation source for the research in the
radiation chemistry group) a variable energy positron source, a Febetron
electron-accelerator, a Co-60 irradiation facility and various other
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sources. The mission of the IRI is to carry out research with these
facilities, stimulate the use of the research facilities by the Dutch scien-
tific community and provide education in the various disciplines that are
covered. The IRI is operated by the Technical university Delft and is
governed by a board of trustees with a representation from the TUD, other
Dutch universities and industry.

Radiation Chemistry

The basic philosophy of the group has been to carry out fundamental radia-
tion chemistry research on the one hand and on the other to provide a broad
basis for collaboration with workers in other fields, both theoretically and
experimentally. The IRI group is the only one in Holland where fundamental
radiation chemistry research is carried out. Through the years work in col-
laboration with Dutch universities has been done in the field of radiation
damage of DNA (with the Department of biophysics of the Free University
Amsterdam), on various aspects of photochemistry (with photochemistry groups
of the Universities of Leiden and Amsterdam) and in the field of polymer-
modification and grafting (with the Universities of Twente, Groningen,
Eindhoven and Delft). In the last field occasionally industry has also been
involved. The fundamental work is more internationally oriented and several
research projects have been carried out in collaboration with laboratories
abroad. The international collaboration has been stimulated greatly by the
employment of post-doctoral fellows with a background in radiation chemistry
in foreign laboratories and summer-visitors from abroad.
The permanent staff of the radiation chemistry group consists of 4 scien-
tists (dr. J.M. Warman, dr.ir. L.H. Luthjens, dr. M.P. de Haas and the
author) and 6 technical assistants. In addition on the average 4 to 5 posi-
tions have been available through the years for post-doctoral fellows and
Ph.D students. Also Ph.D students and staff members from the universities
(and also undergradute students) come to the IRI at regular intervals to
carry out experiments with the accelerator, in collaboration with our staff
members.
The research in the radition chemistry group may be subdivided in the fol-
lowing three activities

a. Fundamental radiation chemistry
b. Applications to research in various fields
c. Development of experimental facilities.
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The research effort in each of these sections in our group is comparable in
magnitude. Most of the research on basic problems (a) and on experimental
facilities (c) is done by IRI-personel, the work on applications is mostly
carried out in collaboration. As will be shown below development of ex-
perimental facilities (accelerator, detection techniques, data treatment)
has been crucial for the progress in both fundamental radiation chemistry
research and in the applications. In the following we shall briefly review
some aspects of the recent progress in each of the above mentioned
activities.

Fundamental radiation chemistry

The research has been directed towards gaining an understanding of the
charge separation resulting from the interaction of high-energy radiation in
nonpolar liquids, with an emphasis on liquid saturated hydrocarbons, CCl̂ .
but also Cf-Fc: and liquid noble gases. A broad spectrum of experimental tech-
niques has been used: observation of transients by means of pulse radiolysis
with optical absorption and emission, dc and microwave conductivity, but
also product analysis and escaped ion yield measurement. The development of
the microwave conductivity technique in our laboratory has been crucial for
this work . Also the development of a fast pulsing system for the Van de
Graaff accelerator (300ps), in combination with fast sampling techniques
(lOOps) and fast digitizers (700ps, 50ps) has been of great importance (see
under Development of experimental facilities).

In this way we have been able to study the nature of the transient
primary charged species as well as the nonhomogeneous kinetics of the charge
separation process. Although some doubt has been cast in the literature on
the existence of fast electron-hole movement in cyclohexane, as proposed by
us years ago, recent experiments with cis-and trans-decalin (optical emis-
sion, microwave conductivity, product analysis) have shown convincingly that
the phenomenon exists in these liquids. Mobilities and chemical reactivities
of the holes have been studied. There is good evidence that the phenomenon

(2 3 4)is of a general nature, although the lifetime may often be limited .
In our efforts to find charge migration with electron-attaching molecules,
in a way analogous to the electron-hole movement, we have shown that fast
electron migration exists in Ĉ F,- and moreover that the electron in somewhat

C? R fi\delocalized1 '5t '.
The microwave conductivity method enables us to study charge migration

in solids without the necessity of electrode contact (Ib) . Fast electron and
( 7 A Q ̂proton migration in ice has been studied ' . Charge migration in

131



teflon* 'and more recently in polyethylene* ' has also been observed. The
transport of charge is of obvious importance for the ensueing chemistry. We
shall return to this below.

Nonhomogeneous recombination of oppositely charged species, in single
pairs and in clusters of pairs is a predominant process in nonpolar liquids,
but even plays a significant role in polar systems. One of the major stum-
bling blocks in the interpretation of the experimental data involving
nonhomogeneous kinetics has been the difficulty of the mathematical treat-
ment of the problem of the movement of more than two charged species in each
other's field. Even in the track of fast electrons however the majority of
the ionizations takes place in groups of more than one event, giving rise to
groups of pairs of oppositely charged species in each other's Coulomb field.
An important break-through has been achieved by us recently in the treatment

(12)of the multi-ion-pair case by means of computer-simulation . This
development is an immediate result of the progress in computational
facilities. Single ion-pair kinetics applies to an important fraction of the
ionizations (from gas phase data we estimate 30#) and for relatively long
times, when the multi-E>air clusters have decayed to single pairs. The
problem of the formation of singlet and triplet excited states on recombina-
tion of charged species, which is of direct importance for the resulting
chemistry, has been considered by computer simulations and compared with ex-

(3)perimental results on singlet formation in the decalins . Several aspects
of the nonhomogeneous kinetics of clusters of ion pairs are being studied.

Thus far we have discussed only the recombination aspect of the charge
separation problem, starting at the moment of thermalization of the charged
species. Study of the phenomena before thermalization is a great challenge.
Experiments on thermalization in liquid noble gases, using subnanosecond dc
and microwave conductivity techniques have shown that thermalization can

15)directly be observed ' . Thermalization and heating in the Coulomb
field is an important process to be studied, especially for high mobility
liquids .

Applications to research in various fields

The study of the chemical effects of high energy radiation in matter touches
on a large variety of problems that may be considered as subjects of long
existing fields in physics and chemistry or that have developed more
recently into separate disciplines. The field of radiation chemistry is in-
terdisciplinary in itself and rather ill defined. The subdivision into
fundamental radiation chemistry and applications to other fields is there-
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fore somewhat arbitrary. In the following we discuss some of the
applications we have been involved in.

Polymers
As we mentioned above the microwave conductivity method provides an excel-
lent way to measure charge migration in solids, without the necessity of
electrical contacts. Measurements with powders is therefore also possible.
We have shown that charge migration occurs in teflon, which we ascribe to
charge transfer of the electron from one fluorine atom to another, without
dissociation occurring^ . Recently we have also measured charge migration
in UHMW polyethylene, during ca 6 ns after the irradiation pulse, with an
indication of anisotropy . We do not yet know whether it is the hole or
the electron that is observed. Not only is the phenomenon of charge migra-
tion an interesting material property, it is also of great importance for
the nature of the chemical effects of high energy radiation.

High energy radiation has also been used by groups from Dutch univer-
sities (see above) in order to study cross-linking in stretched UHMW,
polyethylene cross-linking and scission in polymer blends, and grafting on

11 f\ \polymers. Some work on coatings has also been carried out

Catalysis
The microwave conductivity technique has been used to study the ionization

( 17)in semiconductor particles (CdS, Ti02) in relation to catalysisv . The
kinetics of the disappearance of holes and electrons after pulsed irradia-
tion, with and without dopants, is studied and compared with the catalytic
properties. This work is carried out in collaboration.

We have just started a project, in which pulse radiolysis is used to
study transient species formed by reaction of excess electrons with transi-
tion metal complexes in relation with homogeneous catalysis, in
collaboration with the university of Athens.

Biological systems, DNA
For several years we have collaborated with the Free University, Amsterdam
on several aspects of radiation damage in DNA. Pulse radiolysis experiments
on DNA radicals in solution have been carried out and has shown evidence for

11A \charge migration^ . Charge migration in DNA/ice systems has also been
studied by means of microwave conductivity, which has shown that fast
electron migration with substantial lifetime occurs even in thin layers of

(19 20)water (ice) around the DNA but not in the DNA molecule .
Substantial progress has been made in the non-homogeneous kinetics of the

(21)reaction of radicals in water with DNA
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Photochemistry, molecular electronics
It has been shown in our laboratory that measurement of the microwave ab-
sorption provides a unique method to determine the dipole moment of solute

(22)excited states formed by pulsed laser excitation, in nonpolar liquids
Using an excimer laser the intramolecular charge separation in specially
synthesized donor-acceptor compound have been studied. This work has been
carried out in collaboration with groups of the university of Leiden,
Amsterdam and Sydney (Australia)*23' 24> 25>

Development of experimental facilities

Van de Graaff accelerator
A passive pulse shaping device has been developed which, in combination with
a delay line, enables us to obtain a 300ps pulse from the

/ py pO \
accelerator . The length of the pulse is determined by the losses in
the long delay line in the accelerator terminal which is necessary for ob-
taining a sufficient delay between pretrigger (also developed at IRI) and

(29)electron pulse . It is expected that the pulse can be shortened to ca
lOOps after installation of an improved delay line system.

Research is carried out on increasing the beam current during the pulse
by studying various aspects of cathode behaviour in collaboration with in-
dustry (Philips). Production of large currents with short duration by means
of photo emission resulting from illumination of the cathode appears to be
promising and pilot experiments are planned. In connection with this project
laser-development work is carried out also.

Detection in pulse radiolysis
A new high-intensity pulsed Xe-lamp system has been developed for optical
absorption measurements. Using the Digitizer with 50ps time response the
time resolution of the equipment is limited by the pulse length of the
electron pulse. For optical emission experiments we measure the fluorescence
in the direction opposite to that of electron beam, in combination with a
special cell, in order to minimize the contribution of Cherenkov light.
Emission is measured either with a sampling system (lOOps time resolution)
or with one of the transient digitizers (Tektronix 7912, 700ps and 7250»
50ps) . Fast DC conductivity measuring systems have been developed in col-
laboration with the Mount Vernon Hospital. The time resolution of the
equipment used for aqueous solutions is 6ns , and for nonpolar solutions
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The method for determining the (DC) conductivity by measurement of the
microwave absorption has been developed in our laboratory . Equipment with
X-band as well as Q-band is available. The time resolution is approximately
0.5ns (Q-band), limited by the time response of the diode used for the
measurement of the intensity of the microwaves. In a recent experiment where
the microwave field is directly applied to the fast digitizer, without the
diode, it has been shown that the oscillating microwave field can be ob-
served directly and that a time resolution of about 200ps has been
reached .

Computers
All pulse radiolysis data are obtained in digital form and can be stored
either in the memory of the central IRI-computer (VAX 8350) and/or on tapes
or floppy discs for each experimenter individually. Data treatment can be
carried out with the central facility and with Atari's. Kinetic plots and
spectra can be observed with graphic displays and can be registered with
plotters. A logarithmic clock is available, which is especially useful for
disperse kinetics. Signal averaging can be carried out either automatically
or manually.
Various parameters of the accelerator as well as the detection equipment are
controlled by computer.
Application of computers for data aquisition and handling has proved to be
of great value, not only for increasing the efficiency of the use of the
equipment but also for increasing the possibilities for interactive use of
the pulse radiolysis equipment. In a number of cases automatic control of
experimental parameters however has proved to be indispensable.

Concluding remarks

Important progress in our understanding of the chemical processes resulting
from the interaction of high energy radiation has been made in recent years.
Application of radiation chemistry and experimental facilities to other
fields of fundamental and industry oriented research continues to increase,
and will be enhanced by an increasing understanding of the basic radiation
chemical processes.
The growing complexity of the necessary experimental facilities results in
an increasing investment in capital and running cost and results in a grow-
ing critical mass in manpower. Only a few countries will be able to support
the most advanced facilities and international collaboration seems to be
needed. It would appear that the IEEA could play a role.
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NEW DEVELOPMENTS IN RADIATION CHEMISTRY
APPLICATIONS IN JAPAN

S. MACHI
Takasaki Radiation Chemistry Research Establishment,
Japan Atomic Energy Research Institute,
Watanuki-machi, Takasaki, Gunma,
Japan

Abstract

Industrial application of radiation chemistry was first achieved in 1960
and has grown since then in mainly polymeric materials and medical products
sterilization. Nowadays about 180 electron beam machines are used for
radiation processing. Research and development haven been carried out in
governmental institutes such as JAERI and private companies, and new
applications have been commercialized.

Environmental conservation is an important task in Japan and application
study of radiation processing for this purpose has also been conducted.
Radiation chemistry is also playing an important role to estimate the
life-time of organic materials used in nuclear plants under radiation
exposure. This paper reports overview of up-to-date radiation applications
and its future trends in Japan.

1. New Polymer Applications

1.1. New Drug Delivery System

Since radiation induced polymerization can be carried out even at room
temperature, drugs can be capsuled in polymer matrix by the polymerization
without its degradation, for their controlled delivery. Anti-cancer drugs
have been immobilized and successfully tested in clinics. Recently a new drug
delivery system which is sensible to temperature was developed by our
Institute. Scheme of the preparation is shown in Figure 1. This polymer of
proline methyl ester is swollen at 4 C and insulin release rate is increased
while at 35 C it shrinks and the release rate is decreased as shown in
Figure 2.
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Fig. 1.
Model scheme for preparation of temperature-activated mechanochemical polymer
formulations containing insulin for drug delivery systems
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Fig. 2.
In vivo release profile of insulin from a poly(acryloyl-L-
proline methyl ester) formulation between 4°C and 37°C
at 24-hour intervals

1.2. Battery Separator

Graft Polymerization by pre-irradiation method has been used for
manufacturing battery separators, in acrylic acid grafted polyethylene. This
technology was developed by our group and transferred to industry. The
separator is used for silver oxide battery and other secondary batteries and
shows excellent life time, and its commercial production is increasing.
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1.3. New Deodorant

New deodorant has been developed by our institute by using radiation
grafting of styrène and chloromethyl styrène onto polypropylene fiber followed
by sulfonation and quatemization. These products have much higher capacity
as deodorants and adsorb efficiently acidic and alkaline pollutants.
Commercial production will be started in 1989 in Japan.

1.4. Crosslinked Polymers

Radiation crosslinking is widely used for polyethylene for wire
insulation, heat shrinkable materials and foamed polyethylene. New products
of radiation crosslinked materials have been developed by the Sumitomo
Electric Industries (crosslinked polyurethane and nylon). The hot water
resistance of the radiation crosslinked polyurethane, used for cable of
antilock brake sensor of automobile, is greatly improved.

Radiation crosslinking of natural rubber latex has been studied within
the scope of the IAEA regional cooperation project for South-East Asia and
Pacific. Better qualities of manufactured products in terms of transparency,
smaller amount of ash and sulphur dioxide formation at incineration as well as
smaller hazard to skin are advantages of this process.

TABLE I. EB CURING PROCESSES IN JAPAN

Year
1988/89

1987/88

1986

1986

1985

1984
1982

1979

1973
- 80

Product
Precoated Steel
PVC -Laminated
PCB(electro-
conductive )
Micro Floppy
Discs
Plastic Sheet
Printing
Juice Carton
Printing

Gypsum Tile
Precoated Steel

Cement Roof Tile

Motorcycle Parts
(steel, ABS, PP)

Company
Nisshin
Steel

CMK

TDK

Mitsumura
Printing
Tetra Pak
Japan

Achilles
Dai-Nippon
Ptg. Ellio
Nakazato
Sangyo
Suzuki
Motor

Remarks

175 keV, 300 mA

2 lines

280 keV, 40 mA
300 keV, 80 mA
2 lines
300 keV, 100 mA

300 keV, 100 mA
(2 heads)
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1.5. Curing of Surface Coating

This application is most widely used and still expanding in industries.
Major applications are listed in Table I. Further development of new
applications is expected in finding new formulation of coatings and substrates.

2. Environmental Conservation

2.1. SO and HO Removals from Stack Gases
£+ X

Stack gas treatment to remove SO and NO by electron beams was
first studied by the joint, research of JAERI and Ebara Mfg. 17 years ago.
Based on this research the US Department of Energy had carried out pilot scale
experiments to study commercial feasibility of this technology for
purification of coal combustion gases. The results indicate technology
reliability and economic merit in comparison with conventional chemical
treatment.

JAERI group has carried out basic research in support of US DOE Project
in order to further elucidate details of the reaction mechanism. Recently it
was found that NO is partially reduced to Nitrogen in addition to the
conversion to nitric acid,. Reaction mechanism so far elucidated is summarized
in Figure 3.

A demonstration plant of commercial scale should be operated to study
engineering terms and to show long time operational reliability.

2.2. Waste Water and Water Treatment

Waste water containing pollutants not degradable by biological treatment
can be treated by radiation to reduce its COD. Chlorinated organic compounds
polluting water can be efficiently removed by radiation in the presence of
ozone. This technology can be used for treatment of drinking water and waste
water. Extensive studies are conducted in JAERI Takasaki in this important
field.
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Fig. 3. Reaction process of electron-beam flue gas treatment.

2.3. Sewage Sludge Treatment and Its Composting

In Japan more than 200 million tons of sludge is disposed from sewage
treatment plants per year to land and ocean or incinerated (contributing to)
environmental pollution. Only 20% of sludge is used for farming land. Our
group has studied the technology to disinfect sludge by electron beams and
compost it efficiently. Pilot experiment has been carried out to show
technical and economical feasibility of the technology.

3. Ion Beam Applications

New project of ion beam applications and chemistry has been initiated in
JAERI and four ion beam accelerators including AVF cyclotron will be installed
in four years. Major research projects are (1) material science under space
environment, (2) material science for nuclear fusion environment,
(3) biotechnology application, (4) development of new functional materials.
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TABLE H. NUMBER OF ELECTRON ACCELERATORS IN JAPAN

Application Field

Research & Development
Curing
Wire & Cable Insulation
Pre-Curing of Tire Rubber
Shrinkable Tube & Sheet.
Polyolefin Foam
Others
Total

Number

64
50
38
9
8
6
5

180

Power

Energy(MeV) Current (mA)
0.175 - 3.0
0.2 - 0.3
0.3 - 2.0
0.5 - 0.8
0.3 - 3.0
0.5 - 1.0
0.5 - 2.0

100
600
100
220
100
100
60

The radiation technology based on EB applications has been very well
established in Japan. The total number of machines used for different
applications is shown in Table II.
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GENERAL SURVEY OF RADIATION CHEMISTRY IN FRANCE

L. GILLES
Institut de recherche technologique et

de développement industriel,
Commissariat à l'énergie atomique,
Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France

Abstract

A récent symposium held in France allowed the meeting of about a hundred french
speaking scientists, fundamental and applied researchers as well as industrials, interested in
the field of radiation chemistry - Most of the french laboratories and/or groups were
represented.

After a glimpse of their activity, pointing out more precisely their main domain of research,
the tools employed depending upon steady state studies or pulsed sources, the importance -
number of people employed - in each group, five principal axes will be considered :

1. Studies on the primary effects of the interaction of radiations with matter for which a
strong correlation appears between radiolytic and photolytic studies to understand the
solvation process of electron ;

2. Studies of chemical reactions induced by radiolysis for which the use of heavy ions can
give a new impulse ;

3. Studies on the effects of radicals in biochemistry for which the radiolytic methods appear
the best way to produce radicals involved in biological mechanism as, for instance, the
respiration ;

4. Studies of the biological effects of radiations and more particulary some effects of
hydroxyl radical;

5. Some industrial applications of radiations in view of destroying pathogenic germs in food,
for grafting and reticulation of polymers.

The fate of water and solutes used in nuclear reactors as well as the effects of irradiation on
nuclear wastes will be also considered.

Amongst the multitude of questions arising from the obvious interest of scientists for
Radiation Chemistry, various ways of reflexion could be developed considering the
stagnation of this discipline in the context of the present time, the studies for which
radiolytic methods are irreplaceable, the new ways of studies offered by the development of
nuclear power.
Finally the contribution of teaching and the necessity to maintain a high level of education
will be emphasized.

PRELIMINARY

In order to present a comprehensive survey, it appeared advisable to request written
contributions from the many laboratories, groups and industrial firms involved in radiation
chemistry in France.
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I wish to especially thank those who have assisted me with this survey through their
contributions or advice : J. BELLONI and B. HICKEL, french observers at the above-
mentioned meeting, R.BENSASSON, D. BRAULT, J. CADET, A. CHAPIRO,
Y.CHELET, G.DUPLATRE, V. FAVAUDON, C. FERRADINI, G. GAUSSENS,
Y. HENON, J. MARCHAL, J. POTTIER, J.RAFFI and R. TEOULE.

INTRODUCTION

A recent symposium held at Marly-le-Roi, France (14-17 June 1988) hosted a meeting of
about one hundred french-speaking scientists, either fundamental or applied researchers,
involved in the field of radiation chemistry. Some of the participants were also very active in
teaching at the university level.

This symposium provided the. second opportunity within a very short period to review the
research conducted and to consider the future of radiation chemistry in France. The
preceding event was a one-day workshop organized in 1987 by the CEA at the Institut
National des Sciences et Techniques Nucléaires (INSTN) at Saclay, in commemoration of
Jack SUTTON. The papers presented during the symposium were published in the January
1988 issue of the Journal de Chimie Physique, together with a review of some ideas which
emerged during the workshop devoted to the future of radiation chemistry.

Finally, a survey entitled "Glimpses in Ninety years of Radiation Chemistry in France" by C.
FERRADINI and R. V. BENSASSON will be published in the near future. In this survey,
the authors present an extensive review of the activities of the main groups in France at the
beginning of radiolytic studies : HAISSINSKY's group at the Institut du
Radium/Laboratoire Curie, MAGAT's group at the Laboratoire de Chimie-Physique in
Paris and Orsay, HERING's and SUTTON's group at the CEA's CEN Saclay (Nuclear
Research Center). The interaction between the various laboratories is also presented and
the current activity of each french group is reported, including radiation chemistry at
Strasbourg (University and Centre de Recherches Nucléaires, Centre de Recherche sur les
Macromolécules), Toulouse (Centre de Physique Atomique), and thé CEA's nuclear
research centers at Cadarache and Grenoble. In addition, applications of radiation chemistry
are considered, particularly the activity of the laboratories at the CEA's Saclay center and
some future opportunities relating to instrumentation, as well as interdisciplinary exchanges
with chemistry, biology and medicine.

1. CURRENT STATUS OF RADIATION CHEMISTRY IN FRANCE

Research into the effects of ionizing radiation on the three states of matter (gas, liquid and
solid) is being conducted at Universities, the Centre National pour la Recherche Scientifique
(CNRS), and the CEA's principal nuclear research centers.

It would be tempting to make an effort to classify each of these major research entities into
well-defined categories ranging from fundamental research to industrial applications. In fact,
although the research performed at universities is generally fundamental, the greatest
variety of activities is clearly being carried out by the CEA, which is involved in both
research and development.

Regarding the development of the tools required for this research, the radiation sources,
only a handful of french industrial firms are active in this market. This situation prevails
clearly because the radiolysis market is and probably will continue to be too small.

None the less, some french industrial firms are now contemplating the use of radiation hi
very new fields as, for instance, sterilization. As a result, the traditional radiation chemistry
environment may eventually change and thus create additional requirements, both
intellectual and technological, stemming from new directions in research.
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As in any scientific field, the "logistic" support for radiation chemistry is provided at the
educational level in a range of courses offered at Universities, the Conservatoire National
des Arts et Métiers (CNAM) and the CEA's INSTN. Seminars and workshops are organized
to allow researchers and engineers to meet and exchange their experience.

The following presentation of research programs and projects conducted by french
laboratories and groups is divided into four main categories :

- activities mainly concerning fundamental research conducted by Universities and the
CNRS;

- activities of the CEA Group, ranging from fundamental research conducted at the
nuclear research centers to industrial applications;

- industrial applications and development by Companies in France ;
- educational activities.

1.1. Research at Universities and the CNRS (Table I)

Université R, DESCARTES/Paris - Laboratoire de Chimie Physique.

Based in the Medical School, the team of 16 members headed by Professor
C.FERRADINI is specialized in the study of biochemical reactions. It is particularly
interested in the reactions of oxygen radicals (hydroxyl radicals, Superoxide ions, oxygen
in the singlet state) with antitumor drugs, vitamins, proteins and peptides, as well as the
chemistry of bioradicals. The results obtained using pulse radiolysis and gamma
irradiation illustrate the importance of improved understanding of radiation effects on
living cells and on the treatment of cancer. They are moreover highly promising in many
areas of biology and hi the treatment of diseases in which the role of radicals is
increasingly evident. The laboratory has a cobalt 60 source of ~100 Ci and a Febetron
708 electron gun for its own pulse radiolysis research requirements, but the researchers
have often collaborated with other laboratories, particularly with the "Febetron team" at
the Saclay nuclear research center, for almost 20 years, and more recently with the
University of Sherbrooke in Canada.

It should also be mentioned that Professor C.FERRADINI and Dr. J.PUCHEAULT
have published a book in french on the study of the biological effects of ionizing
radiation.

Muséum National d'Histoire Naturelle, Paris

Dr. R.BENSASSON and Dr. R.SANTUS have concentrated their efforts specifically on
the study of biomolecular photolysis. They have nevertheless performed pulse radiolysis
investigations concerning the same molecules using the facilities of the Christie Hospital
at Manchester in the United Kingdom.
A new collaborative effort was recently initiated with the Institut Curie Biologie.
R.BENSASSON is co-author with EJ.LAND and T.G.TRUSCOTT of a book entitled
"Flash Photolysis and Pulse Radiolysis : Contributions to the Chemistry of Biology and
Medicine".
For his part, Dr. D.BRAULT has investigated the reactions of certain porphyrines using
pulse radiolysis in collaboration with Dr P.NETA at the NBS in Washington and
Dr L.K.PATTERSON at the Radiation Laboratory of the University of Notre Dame
(USA).

Institut de Biologie Physico-Chimique, Laboratoire de Biophysique - Paris

The team headed by Dr. Y.HENRI and Dr. A.GUISSANI is conducting research in
close collaboration with the Saclay nuclear research center (Febetron team). This
research is focused on two main areas : the chemistry of copper-based proteins and the
reactions of radicals with drugs for the treatment of cancer.
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Laboratoire de Chimie Macromoléculaire - THIAIS

During the last 4 years, the studies of this laboratory, headed by Dr A.CHAPIRO were
concerned with :

- polymerization and copolymerization of monomers engaged in associative complexes,
- preparation and proterties of perm - selective membranes,
- preparation of hydrogels by grafting of polymers in solution.

Besides such applied researches, fundamental studies are conducted on the nature of
initiating centers created under radiation.

Institut Curie - Biologie, Centre Universitaire d'Orsay.

The radiobioloby research conducted at the Institut Curie - Biologie concerned the
analysis of nucleic acid lesions induced in the genome of encaryotic cells by ionizing
radiation, including neutrons, as well as the mechanisms governing their repair and
regulation. The ultimate goal of this research is to further the understanding of the
molecular and cellular biology of cancers.
The laboratory recently acquired a 4.5 MeV linear electron accelerator (Kinetron)
manufactured by CGR-MeV and also has a cobalt-60 source. Under the supervision of
Dr. J.M.LHOSTE and Dr.V.FAVAUDON, it is now focusing on a new area of
radiotherapy research addressing two complementary themes :
- fundamental research, particularly analysis of the action of antitumor drugs or

radiosentizers ;
- radiotherapy, e.g. the study of metabolic modifications of tumors grafted in animals

following radiotherapy and chemotherapy treatments.
Special collaborative projects have been initiated with the Laboratoire de Chimie -
Physique of the R.DESCARTES University (under Professor C.FERRADINI) and the
Muséum National d'Histoire Naturelle (under Dr. R.SANTUS and Dr.
R.BENSASSON) to conduct research into the effects of ionizing radiation in the field of
biological and medical applications.

Université de Paris-Sud (ORSAY) - Laboratoire de Physico-Chimie des Rayonnements

Primarily and still concerned with the effects of electrons in non-aqueous environments
to enhance the understanding of ion-electron recombination probabilities, and with the
determination of the most probable parent ion-electron distances in various solvents, the
main area of research for the team of 16 members headed by Dr. J.BELLONI is the
reduction of metal ions and the resulting aggregation dynamics. The laboratory was thus
able to produce subcolloidal metal aggregates.

Intensive research into the control of aggregate size, the understanding of aggregate
structure, as well as the redox potential and the resistance to catalytic poisons is being
conducted, for instance to simulate the photographic development process or to achieve
a radiolytic synthesis of metal "nanoaggregates" in ion-exchange fluorinated membranes.
Thus activity of this Laboratory covers now a very wide range of topics from
fundamental to applied research.
The laboratory has a panoramic source of cobalt 60 (3000 Ci) and a Febetron electron
gun which emits 600 keV electron pulses of Snsec (4 J/pulse).

Institut Ch. SADRON (Strasbourg) - Laboratoire Dégradation et Stabilisation des
Polymères.

Dr. J.MARCHAL is currently using two panoramic irradiation units equipped with
gamma radiation sources to conduct research into the oxidizing degradation of olefins,
an aging factor, and into the origin of olefin photostabilization by steric hindrance
amines.
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Laboratoire de Chimie Nucléaire, Centre de Recherches Nucléaires (Strasbourg)

Dr. J.ChABBE and Dr. G.DUPLATRE are conducting innovative research into fast
radiolysis reactions in liquids using probes sensitive to numerous properties and
structures of matter (positon and positonium). This research specifically concerns the
dynamics of solvation in liquids, phase change phenomena and, more generally, the
detection and characterization of defects.
As a result of numerous collaborative efforts mainly conducted abroad with such
countries as Poland, Spain, Mexico and Brazil, the laboratory team comprising two full-
time researchers has undertaken and is pursuing a wide variety of research themes.
The laboratory is equipped with three spectroscopy installations for the positon life time
with time resolutions of up to 300 psec.
Experiments are under way for the comparison of data derived from pulse radiolysis
methods and specific laboratory methods developed to study fast reactions.

12. Activities of the CEA Group Nuclear Research Centers (Table I)

Owing to the type of R&D conducted in these centers, the CEA is chiefly endeavoring
to improve the understanding of the effects of all kinds of radiation on man and nuclear
components. It is therefore not surprising that numerous engineers and technicians at
these centers are involved in wide-ranging radiation chemistry research in dosimetry,
fundamental and applied research, and industrial applications, since the CEA Group's
Compagnie Oris-Industrie has an industrial mission.

a) Research and dosimetry
Grenoble Nuclear Research Center - IRF/Département de Recherche
Fondamentale

Dr. J.CADET and Dr. R.TEOULE are investigating the principal mechanisms
governing the radiation-induced degradation of nucleic acids and their components, as
well as the effects of ionizing radiation on isolated or in-cell DNA. They have extended
their research to the photosensitization reactions of nucleic acids.
The main domain of interest of this group of 8 people covers three axis : mechanistic
studies of the radiation - induced decomposition of DNA model compounds,
photosensitization of DNA components, determination of radiation-induced lesions
within cellular DNA.

Cadarache Nuclear Research Center - IRF/Département de Biologie
The laboratory with 6 persons, is equipped with a gamma source of 18 600 Ci (137 Cs).
The Radioagronomy Department developed an early interest in the degradation of
polysaccharides. The group of researchers working with Dr. J.RAFFI demonstrated that
products formed by irradiation are not fundamentally different from products formed by
thermolytic methods. It should also be mentioned that the department is involved in
food irradiation research and is developing methods for identifying irradiated foodstuffs.
Active collaborations have been built up in that particular field with Universities of
Marseille (Pr G. LESGARDS) and Cardiff (Dr J.K.EVANS).
This group, headed by Dr SAINT LEBE, has a Research Agreement with IAEA for
identification of ionized foods.

Saclay Nuclear Research Center

- FEBETRON TEAM - IRDI/DESICP/
Département d'Etude des Lasers et de la Physico-Chimie

Since 1969, when the Febetron team was established, the laboratory of Dr. B.HICKEL
has the best suited and most available equipment for liquid phase and condensed matter
research. The pulsed radiation source employed is a Febetron electron gun which has
been modified to emit 2 MeV electron pulses during 20 nsec.
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In addition to his specific area of interest encompassing anion solvation phenomena, the
properties of solvated electrons in polar solvents such as alcohols (and more recently
anhydrous hydrogen fluoride), the structure of micelles and instable oxidation states of
metal ions, Dr. B. HICKEL is maintaining close collaboration with teams at the CNRS
(under the supervision of Professors C.FERRADINI, M.P.PILENI, BALPERT),
together with long-standing cooperation with the Riso laboratory in Denmark.

Laboratoire Primaire de Métrologie des Rayonnements Ionisants/ ORIS-DAMRI :
This laboratory is in charge of reference standards metrology. Accordingly, it performs
measurement of high radiation doses at high dose rates and established a procedure for
manufacturing and checking the quality of alanine dosimeters in 1987. It also designed
and engineered the automation of an EPR spectrometer instrumentation system.
The CEA thus has the expertise required to calibrate and assess radiation standards.
Related services and products are supplied, particularly for hospitals and clinics,
industrial firms and research laboratories.

b) Applied Research and Industrial Applications

- Radiation is used primarily for industrial applications but also for more general
activities. Accordingly, for several years the CEA has been making its skills available to
the French Culture Ministry, French museums and regional authorities for the
treatment and preservation of artifacts. A regional artifact preservation center (ARC-
Nudeart) is being established at Grenoble and will pool the CEA's know-how with
other protection and renovation techniques.

Laboratoire d'Applications Biologiques des Rayonnements/ ORIS-I :
Based at Saclay under the Compagnie Oris-Industrie, this laboratory has a staff of 32
people and an extensive array of irradiation facilities. These facilities include : two
gamma irradiation units (one 20 000 curie, cobalt-60 unit and one 3.7 x 10 Bq unit),
two electron accelerators, one of which is a VAN DE GRAAFF unit.
The scope of applications encompasses medical applications (orthopaedics, gynaecology,
haemocompatibility), energy applications particularly for nuclear qualification
(qualification of equipment for Electricité de France, studies performed for Framatome
and for nuclear safety organizations in France and abroad), and industrial applications
such as radiosterilization and cross-linking of polymer films.
Numerous collaborative efforts are being implemented with research laboratories at
universities, the CNRS and hospitals. These efforts cover the following areas :

. gynaecology, orthopaedics, haemocompatibility ;
. human and veterinary pharmacy (time-delay drugs, intrau-terine devices, hip

and knee prostheses).

Département d'Electronique et d'Instrumentation Nucléaire/IRDI-D.LETI
In the area of radiation generators, construction of a model has been initiated to
validate a new design for an electron accelerator within the LETI Department of the
Industrial Research and Development Institute at Saclay. Short-term testing projects are
being carried out to develop a machine for industrial food processing.

13. Industrial Applications and Developments by Companies in France

The first patents filed back in 1955 by A.CHAPIRO, M.MAGAT and J.SEBBAN quickly
attracted the attention of companies such as Pechiney and Saint Gobain for the
industrial development of polymer grafting using radiation techniques.

- COMPAGNIE FRANÇAISE DE RAFFINAGE is currently pursuing industrial
production using this technique for grafting of acrylic acid on polyolefin.

- Founded in Lyon 25 years ago, CONSERVATOME is producing 1200 tonnes per year
of a cross-linked polyethylene film known as Girolène using radiation techniques. The
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specific property of this product is its ability to shrink under the influence of heat for
packaging applications. Conservatome is also using ionizing radiation for medical
equipment sterilization and food processing.

GAMMASTER, a company established in 1968, is a leading European firm active in toll
processing using gamma radiation techniques. It already has branches in the
Netherlands and in West Germany, and will open a plant at Marseille in March 1989.
Most of its business concerns the radiosterilization of medical and surgical
instruments. Gammaster is not involved in research, but occasionally participates in
short-range scientific projects such as the development of dosimetry systems or the
testing of polymers used in medical products.

Founded in 1966 by the Thomson Group, the Corbeville Ionizing Radiation Applications
Center (CARIC) has been supplying industrial irradiation services as a subsidiary of
the Perouse Group since 1985. It is involved in three areas of business : toll processing,
experimental testing of composite materials and foodstuffs, and engineering for the
construction of irradiation units.
CARIC has two irradiation units located at Orsay. Each unit is equipped with a CGR-
MeV linear electron accelerator, one installed since 1966 and the other in 1987.

The industrial development of radiation sources for research needs is virtually non-
existent in France. This situation may be explained by the use at the advent of pulse
technology in France, at the end of the sixties, of exclusively electron guns of the
Febreton type, which were employed in research laboratories for a variety of reasons
(ease of use, cost).

It should nevertheless be emphasized that a new demand may emerge in the future.
Furthermore, it has to be noticed that be the new radiation source which will employed
at by the Institut Curie Biologie is a Kinetron linear electron accelerator recently
developed by CGR-MeV.

1.4. Educational Activities

The rapid survey presented supposes a substantial effort to train researchers, engineers
and technicians. This training is offered in the form of specialized courses, and also in
seminars locally organized by the laboratories involved. Education is provided by
definition at Universities, but also by accredited Institutions such as the Conservatoire
National des Arts et Métiers (CNAM) and the CEA's INSTN.

2. GENERAL CONSIDERATIONS

Many of the research laboratories are located in Paris or the surrounding area. Notable
exceptions to this rule are the laboratories based in Strasbourg, Grenoble and Cadarache.

Numerous collaborations have been built up.
The laboratory headed by Dr.B.HICKEL at the Saclay nuclear research center is a pertinent
example of this situation. The research team there participates fully in the activities of a
joint research unit with the CNRS. In addition, traditional collaborative efforts are being
pursued in particular with the Laboratoire de Chimie-Physique (R DESCARTES
University) and the Institut de Biologie Physico-Chimique. Moreover occasional
collaborative projects are also created to carry out specific research subjects (e.g.with
LOUVAIN LA NEUVE University).
It should also be indicated that, after a long period of "mutual ignorance", the radiolysis and
photolysis laboratories now often collaborate on problems that are actually quite
complementary or similar. Many examples of this collaboration are to be found at the Saclay
nuclear research center, the Muséum National d'Histoire Naturelle and other Institutions.
Many researchers also do not hesitate to use techniques calling on radiolysis and radiolytic-
induced species for specific investigations employing ions and radicals and, more generally,
to study the mechanisms due to redox reactions.
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Another significant trend is as follows : with one exception related with the use of heavy
ions, and in contrast to the situation about 20 years ago, the investigation of primary energy
deposit phenomena is no longer in vogue. As a result of technological advances, interest has
now converged on the determination of reaction mechanisms through the detection of
transient species and the determination of product appearance/disappearance kinetics.
This trend may involve the risk of losing the previously gained knowledge, which educators
should attempt to prevent.
Research into the photoionization of gas molecules using synchrotron or laser radiation has
contributed so extensively to the understanding of the primary mechanisms governing the
production and dissociation of ions that gas radiolysis has become virtually non-existent in
France.
The many laboratories and the wide range of research themes adressed in France actually
mask a degree of stagnation reflected by the low turnover in research teams and the
decreasing number of "domestic" students educated in radiation chemistry and trained with
the use of radiolysis techniques ; nevertheless considering the relatively constant number of
publications concerning pulse radiolysis throughout the world, our national situation does
not appear as exceptional.

3. TRENDS

Regarding areas of research, the recent radiation chemistry research symposium (JECR)
held at MARLY-LE-ROI on 14-17 June 1988 identified current and future targets for french
researchers:
a) modelling

Theoretical scientists continue to express interest in the dynamics of electron solvation
owing particularly to the recent contributions of photophysicists and the results
obtained with "femtosecond" lasers.

b) contribution of radiolysis to reaction mechanisms research
Experiments such as those aimed at forming silver aggregates using pulsed radiolysis
and enabling measurement of the aggregates redox potential, could improve a better
understanding of the photographic process. In particular, they may help to explain why
a critical size of latent image germs must be achieved for its development.

c) biological mechanisms probed using radiolysis
Researchers know, for example, that some radicals are formed by biological processes
such as respiration. Radiolysis is a suitable method for producing these radicals and
investigating then- chemical reactivity. It can also be readily demonstrated that the
reduction of heme in hemoproteins by hydrated electrons does not occur directly.

d) biological effects of radiation
Despite extensive research, the biological effects of radiation are still not completely
understood. It now appears certain that the hydroxyl radical is the most toxic one in the
case of indirect effects, that is the effects resulting from one of the products of water
radiolysis.

e) radiation applications
Non-medical applications of ionizing radiation required a long time for development.
Current trends nevertheless appear promising, namely :

- irradiation to destroy pathogenic bacteria in food ;
- techniques for grafting and cross-linking polymers used particularly for

manufacturing biocompatible materials to make prostheses ;
- nuclear qualification.

The development of nuclear energy to a mature stage in France will help to maintain teams
of versatile researchers who are experts in radiolysis at least at the CEA. Typical research
targets thus include achieving a precise understanding of the mechanisms governing the
radiolysis of water and aqueous solutions, particularly at high temperatures hi connexion
with the corrosion phenomena in nuclear reactors.
Spent fuel reprocessing requires a comprehensive investigation of valence changes and
hydrolysis for ions exposed to radiation.
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Disposai of nuclear wastes in deep geological formations (granite, clay, salt) for hundreds or
even thousands of years raises difficult questions concerning the resistance of materials to
radiation and the release of hydrogen and oxygen due to the dissociation of any water
present.
Finally, such releases must be prevented during the transportation of radioactive solutions.

- Furthermore, a current research trend is the investigation of phase influence on the
processes involved : the dissociative attachment and auto ionizing resonance processes in
the gaseous phase, as well as the solvation of ions in the liquid phase.

- Finally, numerous applications will require investigation of radiolysis using heavy ions as
well as protons on radiobiology and radiotherapy, and using electrons at energies below
15 MeV (to avoid activating the target materials) for food irradiation research.

- Prospects for new technology are emerging for the simultaneous implementation of several
research methods. These methods include : absorption and emission spectroscopy,
Raman resonance, electron paramagnetic resonance, polarography and conductivity.

- The findings of the workshop in commemoration of Jack SUTTON are still pertinent. The
priorities identified at that time were :

- reinforce existing research teams ;
- train new researchers ;
- modernize equipment ;
- strengthen ties between fundamental and applied research.

According to these priorities the french scientific community would need the creation of a
fast kinetics research center which would combine research teams, comprising
photochemists and radiation chemists, from the CEA, Universities and the CNRS. Such a
center could provide a place for accommodating researchers and holding meetings of a much
larger community.
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Abstract

Current status and actuel1 projects of radiation application
in GDR are described. Basic research is discussed.
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1, INTRODUCTION

Radiation application has a long tradition in G.D.R. A 2uO
I-..Ci—gamma facility was installed in 197O in Radeberg for
sterilisation of medical supplies. 760 ground water wells
were equipped by means of barslaped radiation sources with a
total amnount of Co-60 of 42 F'Bq. The gamma radiation
protects the aquifers' channels against the deposition of
unsalable iron and manganese oxide hydrates by biological
action [l}. Studies of irradiation treatment of onion due
to sprout inhibition started in 19&J and now beeing in a
pilot production scale using 2 special gamma facilities [2].
The radiation induced chlorination of FVC also arrived the
industrial pilot scale because of the advantages in
comparision wath conventionally treated material [ 3]. The
first application of a 1,5 MeV-High-Voltage 6O KW-
accelerator for FE—crosslint ing in cable industry in G.D.R.
was installed in 1975. There are treated 10-30 KV-cable
insulations [43.
The research projects have to be related to such application
fields, which have future prospects in the country. That is
the reason, that the industrial application of electron
accelerators was getting pronounced since 1980.

2. PROJECTS USING 20-50 KeV LOW ENERSY ACCELERATORS

For industrial implementation Type series of high power
electron beam guns were developed in the Forschungsinstitut

157



M. v. Ardenne, Dresden, providing beam powe»" in the range
between 5 kW and 12OO kW. The length of the beam path in
the working vacuum chamber at pressure of ca. lO"* Pa varies
between 1,5 m and 3 m. The beam deflection is realized by
means of a 1OO kHz radiofrequency.
The main application of Electron beams (EB) is the thermal
surface modification. As applied in the heat treatment of
subsurface rones of metal parts EB enhances the physical
and/or the chemical properties of highly stressed surface
regions in order to improve performance in service.
Hardness, resistance to wear and corrosion get increased.
Because of the high thermal conductivity of metals, the
confinement requires energy sources of high power density.
EB meets these requirements as well as other demands of
modern technology better than laser beams (LB), if the beam
power is greater than 3 kW.

2.1 Hardening [5]

Homogeneous hardening of a surface layer with thickness h
requires that the material be heated to a temperature above
the austenizing température throughout the1 none avoiding the
surface fusing. The hardness can be increased by more than a
factor of 2. EB~hardening hae been used increasing!v since
1984 in heavy engineering and machine-making enterprices of
the G.D.R. In most cases EB-H is performed in multa—purpose
plants, which also perform EB welding. Typical items are
quill's, harvesters' mower blads, the life tame of which got
twized.

2.2 Fusing [5]
Despite to difficulties due to the specifity of liguid phase
processes (convection, surface tension etc) EB offers to
enhance the stres&ability of marginal rones in order to
improve the tribological properties of parts in addition to
an improved resistance to abrasive, corrosive and rolling
wear. Favorable effects can be attained especially in steel,
grey cast, iron, aluminium alloys, and titanium alloys.

Wearing zones of rockers, camshafts, pistons can be
succèsfully heated. Automated production plant engineered
for EB-Fusion treatment of pistons with diameters in the
range of S>-32u mm per excample is equipped with 2 * 1C KW
electron guns, allowing produce 220000 pistons per year.

2.3 Annealing [63

The homogenous heating of metal strips be annealed with heat
up—rates of 10s I- /S can be easely done by means of EB.
Without a special heat-treatment program cold-rolled strip
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steel can be improved in its mechanical properties and
processing features. There are suggested various plants and
equipment for EB-anneal ing for strip steel and non-ferrous
metals on industrial scale.

.4 Evapora t ion /Coating [73

The Physical vapor Deposition - FVD - in vacuum is the most
important technology to procuce thin layers or coatings. The
EE has stimulated this technique very much, because of
direct heating of the évaporant surface in a water cooled
cruicible lavers of high purity can be produced up to 50 urn
s"-1-. The electron gun can be separated from the evaporation
flux using a transverse magnetic field and magnetic lenses
for beam guidance.

Application is realized in standard evaporation plants (EB)
for electronics and optical industries. EB-coatxng of
piastres, paper, tapes and metal strip allow high production
speeds of 2OO m min~"x, strip with &X> mm using 2?; 600 KW-
units for evaporation and 2x 6OO KW for preheating of the
strip.

Z. PROJECTS FOR THE 200 I- eV-ACCELERATQR (LEA)

This low energy electron accelerator was developed as
prototype for technological studies in the CIIR. It is a
single gap accelerator using a Linear cathode as an electron
emitter. As design principle that of the "Electrocurtain"—
processors of Energy Science«? Inc £ S3 was adapted. The
accelerator consists of the head connected by a high voltage
cable to the power supply. The high voltage is fed to an
electrical optical svstem consisting of the tungsten
falament cathode and lense? forming the electron strip. The
filament is located in the center of an cylindrical vacuum
chamber and the emitted electrons get accelerated to the
ground potential of the camber. After penetrating the 10 urn
Ti-window they reach the irradiation zone. Electron energy
varies between 15O-2OO 1-eV, maximum current: 3O mA, the beam
width 7O cm. The uniformity of the current over the cathode
is ± IS"/.. The longitudinal uniformity of the current is
monitored bv means of a measuring grid. The window has
dimensions of 20x JLOOO mm and contains on both sides
channels for water cooling. Thin parallel copper strips
support the foil. Energy loss within the window is less than
107. at 200 ^eV. A maximum dose rate of 1,1 mGy per second
was arrived. That means a product speed of 120m/min at 10
I By-dose level £10].That 20O )• eV-accelerator mainly was
designed for curing, grafting and drying, which are operated
at normal pressure.
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3.1 Curing of Wooden Production

The accelerator LEA is now woriing as part of a pilot line
which was built for electron beam curing of furniture
elements. The line is operated under contract with the
industry. It consists of following major parts: fully
inertizable conveyer section, lacquer curtain coating
machine, accelerator LEA with self-shielded radiation
protection and inert gas unit. The conve/or is divided into
three sections with independent speed controllers. Thus,
lacquer coating, condationing and curing can be done at
different speeds. The conveyor speed can be varied from 10
to 80 m/min and special entrance and exit elements of the
conveyor section minimize inert gas consumption. As inert
gas nitrogen is u&ed which is generated from liquid nitrogen
containing typically 10 ppm oxygen. A tvpical inert gas
consumption is 3D ~ 25 nfVh.
The EEC of coatings has advantages in comparision with
conventional chemical methods of curing, especially energy
savings and minimal air pollution using solventless binders.
In SDR were studied the behaviour of binder systems as
polyesters, epoxies, polyurethanes and also vinyl monomers
[11} . The aim of research was the formulation of acrylic
binder systems with curing doses 5O f-Gy and with pendulum
hardness values of _ 10O immediately after irradiation. The
influence of oxygen on the EEC in given systems was
investigated [12],

4. PROJECTS USING THE 5OO t eV-̂ CCELERATOR TYPE "AURORA"

The evV> (-eV-high- power acceJerator (4O~oO teV) AIRORA is
manufactured in the Efremov-Institute in Leningrad, Soviet
Union. This type is used in GDR for curing at textiles and
the irradiation of flue gases.

4.J Curing of Textiles
As a pa Jot plant in the textil industry was installed an 5Oj
leVHslectron accelerator (50 Hd) of AURORA Type. The
Institute of Fibre's Technology developed the so called
particularly cured textiles wath the aim of structuration of
textil surfaces. Using the fibre property of shrinl-ing after
curing the textile is covered by a thin 1 mm—aluminium maŝ
wath holes during .irradiation. An other technology developed
uses the strong dependence of the radical concentration on
temperature. If selected areas of the irradiated material
are heated by means of a special roller, no radicals mal-e
curing over there. It was observed, that the behaviour of
irradiated textiles due to electrostatic charge, the uptake
of moisture and dust was improved D-33.
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4.2 Irradiation of flue Gases

A pilot plant for the exhaust gas cleaning by means of
electron beams is under consideration. The main purpose is
to check the EBFAR-principle LlOl, which combines the EB-
induced oxidation of SCfe and NoM with a plasmachemical
reactor. High energy electrons are injected in the flue gas
stream and produce electrical carriers. The thermalized
electrons are accelerated up to excitation energies of
wished radicals by means of the electrical field. If
ionisation collision can be avoided the specific energy per
radical can be decreased in comparision with the B-values.

5. BASIC RESEARCH

Fundamental research projects have to be related to such
application fields, which have future prospects in the
country. Radiation chemistry is a well developed field but
only a few technological processes arrived an industrial
scale in chemical industry.,, p. e. the chlorination of FVC.
The important benefits in GDR came from the cabel and wire
and plastic industries, from the sterilization of medical
supplies and also from the radiation induced prevention of
the ochre deposition in wells.
5.1 New application lines to be considered
5.1.1. Application of the EB-curing in furniture and

printing industries
5.1.2. Environmental applications, especially the flue gas

cleaning, waste water treatment and degradation
of toxic compounds (halocarbons)

5.1.3. Irradiation of food and fodder
5.1.4. Applications in the electronic industry

5.1.5. Application of radiation in biology and medicine

In preparation of these and in feedback of the applied
research the basic research program is suggested as follow:

5.2 Research projects

5.2.1. Studies of fast, excitation and charge transfer
processes in the ns-ps-range (pulsed electrons &
photons)5 especially to the "fast hole" interaction
in nonpolar hydrocarbons,, of the primary processes in
aIcylhalogenides, alcanes, polymers etc. 1143.
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5.2.2. Radiolysis studies in polar media at high temperature
and pressure related tc the safety of pressurised
water reactors

5.2.3. Study of the radiation induced decomposition of
macromolecules, p. e. FVC, cellulose etc. in respect
to problems of recycling

5.2.4. Thermal ization, excitation, ionization, negative ion
and cluster formation, especially interactions of
products like dinners, trimers in gas systems and the
investigation of the SCta/NO« oxidation mechanism
including the influence of electrical fields 115} .

5.2.5. Time resolved studies of the radiation induced
electrical carriers and their behaviour in
semiconductors, of the defects in solids and of
carriers in space charges and superconducting
ma. ter ia Is

5.2.6. Studies of fast charge and energy transfer in
macromolecules induced by ps-electron pulses and fs-
photon pulses Ci6l .

5.3 Experimental equipment for basic research

The experimental technique is located in the Central
Institute of Isotope and Radiation Research in Leipzig. The
following facilities are available:
5.3.1. The 4-11 MeV LINPC "ELECTRQxilCA'1, giving 1 ns-pulses

with a 3 Krad dose. 5 kW power in the us-regime
optical analysis in the range 200-1200 nm, emission
(1 ns) and absorption (2 ns)
Use of 30 ps-fine structure pulses and a conductivity
cell are in preparation

5.3.2. The 1 MeV "ELIT", single pulses down to 3OO ps,
optical analysis 2OO—12OO nm, beam coupled ESR with
time resolution of us

5.3.3. The 23 MeV MICROTRON, 20 uA electrons, us-pulses, up
to 0.5 kW power, irradiation with electrons of 1, 2,
3 ... 23 MeV or bremsst rah lung

5.3.4. The 500 keV "AURORA", 20 kW beam power for applied
research

162



REFERENCES

[l] WISSEL, D., LEONHARDT, J.W., BEISE, E., The Appli-
cation of Gamma Radiation to Combat Ochre Deposition
in Drilled Water Wells, Radiât. Phys. Chem. 25 ,
(1985) 57.

[2] DÖLLSTÄDT, R., GRAHN, CH., HaBNER, G., REINHARDT, I.,
SCHUNKE, H.-W., SFRINZ, H.,WINKLER, E., A New Onion
Irradiator. Proc. II.Work Meeting Rad.Applic.aRad,,
(1981) Leipzig.

[3] EOF:, M., FRIESE, K., REINHARDT, I., Radiation Induced
Chlorination of FVC, lAEA-Conf. Ind. Appl. Radioisot.
Rad.Tec hn., Grenoble, (1981) (Ex tended Synopsis).

[4] PQSSELT, K., FLÜGGE, D., HEINRICH, H.-J., NIESNER,
CH., SCHINKE, F., F'roc. of CMEA Symp. Rad. Chem. Mod.,
Warshaw (1977).

[5] SCHILLER, S., PANZER, S., Thermal Surface Modification
by electron beam high—speed scanning. Ann. Rev. Mater.
Sei 18: (1988) 121-4O.

[6] SCHILLER, S., PURSTER, H., Hötzsch, G-, JäSCH, G.,
ODRICH, D., ANTON, K.H., Annealing of metal strip with
electron beams. 8th International Conf. on Vacutim
Meta11urgy, Lin z, Austria (1985).

[7] SCHILLER, S., HEISING, H., FRACH, P., Electron beam
evaporation. In: Surfacing Technologies Handbook
(T.S. Sudarshan Ed.), Marcel Dekker, Inc. New York
(1988).

[&] AARONSON, J.N., NABLQ, S.V., Nucl. Instr. Meth.in
Physics Res., B 10/11 (1985) 998.

[9} LEONHARDT, J.W., SCHQTTKA, A., KŒNERT, P., MEHNERT,
R., New Electron Irradiation Facility of the CIIR,
Leipzig, Proc. IV. Conf. Radioisot. Appl. Rad. Proc.
Ind., Leipzig, (1988) (in Press).

[lOJ LEONHARDT, j!.W., BOB, J., GROSSE, H.-J., FOFP, P.,
Radiation Induced SO^-Oxidation, Proc. V. Tihary
Symp., Siofok (1982).

[ll] SCHMIDT, J., MAI, H., DECKER, U., SAALBACH, B.,
Acrylates with higher Malmesses far EBC, Proc. 4th
Conf.Radioisotop.Appl.Rad.Proc.Ind., Leipzig (1988)
(in Press).

tl2'] SCHMIDT, J., MAI, H. , SAALBACH, B., Influence of
Oxygen on EBC of Coatings. Proc. 4th Conf.
Radioisotop. Appl. Rad. F'roc. Ind., Leipzig (1988) (in
Press).

[13] DORSCHNER, H., HEGER, A., FUTZGER, D., Praktische
Erfahrungen beim Einsatz der Elektronenbeschleuniger-
anlage des Instittttes für Technologie der Fasern,
Dresden, für die strahlenchemische Modifizierung Hocn-
polymer, Faserforschung- Lind Textiltechnik, 29 3 (1978)
199.

163



[14] BFEEË, 0., Zentral institut fur Isotopen- und Strahlen-
forschung, Leipzig, personal communication
EŒS, .T., Zentralinstitut fur Isotopen- und Strahlen—
forschunq, Leipzig, personal communication
rd-̂ ERT, R., Zentral inst i tut für Isotopen- und Strah-
len forsc l Tung, Leipzig, personal commuinication

[15]

164



RADIATION CHEMISTRY AT HARWELL

W.G. BURNS
Harwell Laboratory,
United Kingdom Atomic Energy Authority,
Harwell, Didcot, Oxfordshire,
United Kingdom

Abstract

Radiation Chemistry is pursued at Harwell in order to
provide a basis for advice given to the nuclear industry where
the efficiency and safety of its operations, with respect both to
its own workers and the general public, could potentially be
affected by radiation chemical effects. For example we advise
the fuel reprocessing organization, (BNF pic) the nuclear reactor
construction (NNC) and operating organizations (CEGB), and
undertake relevant contract work for external customers. We
undertake specific investigations involving experiments and their
interpretation, including predictions involving scaling from
laboratory experiments to large scale systems, and purely
modelling projects. The types of system investigated are varied.
In gas phase radiolysis they include high dose rate fission
fragment irradiation of caesium iodide vapour in helium at ca
400°C in the fuel clad gap, where iodine atom concentrations can
affect stress corrosion cracking of the Zircaloy cladding.
Another gas phase investigation addresses the gamma/neutron
irradiation of C02/CH4/H20 mixtures in advanced gas-cooledreactors, where carbonaceous deposits on surfaces can affect
reactor efficiency. We work on systems related to the storage
and transport of irradiated aqueous or wet materials, including
the radiolysis of plutonium nitrate solutions. Important topics
are the effect of irradiation on corrosion, and the speciation of
the actinides in long-term repository storage. This speciation
is normally calculated using thermodynamic principles which do
not apply in a radiation field and we evaluate the impact of
radiolytic reactions by establishing the rates of the forward and
reverse reactions which control the notional redox equilibria and
potentials so that reactions of radiolytic species can be allowed
to compete with them. Our current main effort is directed
towards understanding the radiation and thermal chemistry of
dilute iodide solutions to provide a basis for advice on the
safety of pressurised water reactors in certain fault conditions.

Studies of the effects of radiation chemistry are being
pursued in many of the Divisions of the Harwell Laboratory. This
reflects the importance of radiation chemical effects in many
operations of the nuclear industry. As more detailed attention
is paid to the safety of the industry's workers and of the
general public the widespread influence of these effects becomes
clearer. We wish to discuss the work of the Radiation Chemistry
Section, which is part of Reactor Materials and Radiation
Chemistry Group in Chemistry Division. Its role is to provide
advice to the British nuclear industry in matters where radiation
chemical effects impinge on aspects of the safety and efficiency
of operations. In addition the section performs relevant
fundamental work and contract work for external customers [1],
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The radiation chemistry section undertakes specific
investigations involving experiments and their interpretation,
including predictions involving scaling from laboratory
experiments to large scale systems, and purely modelling
projects. The investigations cover a wide range of systems,
including gas phase and aqueous phase radiolysis, and liquid/
solid interactions. Some of the principal areas of study are now
described.

Our main effort is currently directed towards understanding
the radiolysis of very dilute iodide solutions [2,3,4,5], This
topic is of interest since iodine is a fission product whose
radioactive forms may constitute a significant potential
radiological hazard if released in a PWR or BWR reactor fault.
In some of these fault conditions the aqueous medium can be in
the form of aerosol droplets at 100 to 150°C from which volatile
iodine can readily partition into the large gas space of a
reactor containment.

In some types of reactor fault, the caesium iodide released
into the water from the fuel can take part in thermal and
radiolytic oxidation which can cause molecular iodine to be
formed. This can partition into the vapour phase if the reactor
vessel is breached, giving access to the containment space.
Laboratory studies of relevant aqueous thermal and radiolytic
chemistry of iodine species [4,5] are being carried out
internationally and modelling procedures are being used to apply
laboratory results to predict effects in full scale plant. An
important effect in full scale prediction is that because of the
large vapour to liquid volume ratio iodine is removed efficiently
by partitioning from the liquid and this has significant
consequences for the total amount of iodide which can be
transferred to the vapour phase [5]. An interesting point is
that inside an operating reactor fuel can the iodine exists
mainly as caesium iodide vapour.

Consequently our studies have included computer simulation
of gas phase radiolysis in the fuel clad gap where high dose rate
fission fragment irradiation of caesium iodide vapour in helium
occurs at ca 400°C, and iodine atom concentrations can affect the
possibility of stress corrosion cracking of the Zircaloy
cladding. The gas mix is irradiated by an intense (5w/g) fission
fragment irradiation field and the solid/vapour interactions
between the iodine and metal and oxide species present are
important [6].

Another gas phase radiolysis investigation addresses the
gamma/neutron irradiation of C02/CH4/H20 mixtures under the
conditions pertinent to the coolant gas mixture of an advanced
gas-cooled reactor. In AGRs the coolant gas carbon dioxide,
although itself radiation stable, when under irradiation at 20-40
bar, 600-900K, dose-rate ca. Iwg"1 (reactor conditions) it could
erode and weaken the graphite moderator. Carbon monoxide and
methane are added and they minimise this unwanted effect.
However, some of the transient species formed radiolytically from
the methane react catalytically with the surface of the stainless
steel fuel cladding and produce a carbonaceous deposit which reduces
the heat transfer from the fuel to gas, lowering the reactor's
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efficiency. To understand and eventually to alleviate this
difficulty Norfolk et al [7] and Marsh et al [8] have developed a
computer simulation of the chemistry of the AGR gas mix. Studies
at Harwell [9], [10], have extended the scope of the simulation
to the cycling of the bulk flowing gas through an irradiated core
section and an unirradiated section in which the concentrations
of CO, H20 and CHA, are restored to their required values, as
occurs in the reactor circuit. We have also developed a
quantitative method for analysing the mass transfer of transient
species to a surface in a fast flowing medium which for such
species is an improvement on the usual approximate method of a
mass transfer coefficient.
Studies on water-cooled reactor systems have recently focussed on
Boiling Water Reactors. In BWR systems high temperature aqueous
radiolysis produces hydrogen and oxygen which partition into the
water vapour in a two-phase annular flow system. As the coolant
proceeds at high speed up the fuel channel the steam fraction and
fluid linear velocity increase, preserving a constant mass flux
along the flow path. Work at Harwell [11] simulated these
effects for the Winfrith steam generating reactor, and suggested
that Zircaloy cladding corrosion might be lessened by adding
hydrogen to the feedwater. Such additions are now being made
worldwide in BWRs, not to protect Zircaloy cladding, but to
protect stainless steel (eg 304L) components from intergranular
stress corrosion cracking (IGSCC) which is assisted by
irradiation. The General Electric series of jet pump reactors
shows interesting features in the concentrations of dissolved
oxygen and hydrogen in the recirculation loop water, where they
all contain 200 to 300 ppb dissolved oxygen and varying
concentrations of hydrogen in the absence of deliberately added
hydrogen. Those reactors which produce lower hydrogen
concentrations when no hydrogen is added need lower additional
hdyrogen to suppress oxygen concentrations below a given level
[12]. This problem has been addressed by computer simulation by
Japanese and British workers [13] [1A] [1]. It appears that
radiolysis in the downcomer region outside the reactor core is
important. Crucial to such chemical calculations are reliable
values for the high temperature yields of aqueous radiolytic
products and high temperature rate and equilibrium constants for
their reactions, and work is proceeding here and elsewhere to
gather these data [15-17].

We work on systems related to the storage and transport of
irradiated aqueous or wet materials, including the radiolysis of
plutonium nitrate solutions. Important topics are the effect of
irradiation on corrosion, and the speciation of the actinides in
long-term repository storage. This speciation is normally
calculated using thermodynamic principles and we have to evaluate
the impact of radiolytic reactions by attempting to establish the
rates of the foward and reverse reactions which control the
notional redox equilibrium and potential so that reactions of
radiolytic species can be allowed to compete with them. Note
that equilibrium thermodynamic principles do not apply in a
radiation field. We have modelled the effect of radiolysis in
changing the speciation, usually by oxidation, of radionuclides.
In some cases agreement with laboratory irradiation experiments
has been achieved. The importance of this subject is due to the
easier permeability through rock formation and the higher
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solubility of oxidised species, especially anions such as
pertechnetate [18]. We have also studied the effect of
irradiation on leach rates of vitrified highly active waste
[19].
On the fundamental side our collaborative work with Oxford
University [20,21,22] compares the results of stochastic and
deterministic calculational routes for primary yields and suggest
possibly that the early effects of gamma irradiation water
molecules to be dissociated together in linked groups of
several molecules rather than in smaller groups of unlinked
molecules.

Our studies also include radiation effects in the corrosion
of stainless and mild steels. It is intereting to note that in
the modelling of the large scale effects of boundary reactions in
turbulent flow, and electrochemical reactions in corrosion, we
are using, with different time and spatial scales, similar
methods to those used to model the diffusion kinetic processes of
spurs and tracks.

We expect to continue to provide sound advice based on good
basic science and our considerable skills in the simulation of
large scale radiolytic effects. This latter activity is as
rewarding intellectually as basic science involving the design
and interpretation of laboratory experiments, a field in which we
also expect to continue contributing high quality relevant work.

Thanks are due to Dr W S Walters for help in the preparation
of this paper.
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AN OVERVIEW OF SOME BASIC AND APPLIED
RADIATION CHEMISTRY STUDIES AT TROMBAY

P.N. MOORTHY
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Trombay, Bombay,
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Abstract

Radiation Chemistry and related aspects con-
stitute the basis of R&d programmes in many groups at
the Bhabha Atomic Research Centre (BARC) at Trombay.
The present paper gives an overview of the recent re-
searches carried out in this field in the Chemistry
Division of BARC.These comprise : (i) studies on the
generation and reactions of transient species by the
pulse radiolysis technique, (ii) charge migration and
reaction in glassy matrices, (iii) radiation induced
polymerization, (iv) radiation protection of vitamins,
(v) radiation effects on lubricants, (vi) biomédical
applications of radiation cross linked PVA gel and
(vii) effect of high energy <»C- particles on the
catalytic properties of oxides.Some of the topics
proposed to be investigated in the near future are
also mentioned.

1.INTRODUCTION

In the Bhabha Atomic Research Centre (BARC) at.
Trombay near Bombay , nuclear related work had
started in the early fifties.As this involved handling
of different types of radiations and radioactive
substances/the importance of a thorough understanding
of the effects of radiations on a variety of systems
was recognised almost from the beginning.The subject
had its formal beginning with the studies on the
chemical effects of neutron induced nuclear transfor-
mations in transition metal complexes,primarily aimed
at producing high specific activity isotopes via (n,O
reactions in the nuclear reactor.In the early sixties
we had to tackle the problem of deposition of radioac-
tive chromium in the reactor coolant water pipes.As
the coolant water contained traces of K2CrO^ added toprevent the biofouling of the coolant water, inves-
tigations were directed to asses the role of radiation
chemistry of chromate solutions under conditions
prevalent in the reactor. This activity later evolved
into systematic studies on the radiation chemistry of
aqueous systems both at room temperature and at 77 K
with the objective of elucidating radiolytic
mechanisms.The possible use of terphenyls as coolants
in heavy water moderated organic cooled reactors [1]
spurred interest in the radiation chemistry of organic
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molecules,particularly those that undergo polymeriza-
tion initiated by radiation. Some of these activities
have culminated in developments of useful products and
processes such as wood plastic composites [2,3], sul-
fochlorination of hydrocarbons to produce biodegra-
dable detergents [4], modification of textile fibres
[5] etc.

2.PULSE RADIOLYSIS
2.1.Experimental setup

This is shown schematically in Fig.l and has
been described earllier [6].The electron beam pulse
from a 7 MeV LINAC ( Ray Technologies U.K.) irradiates
the sample contained in a rectangular "Suprasil1
cuvette of 1 cm optical path length and the transient
species generated in the cell contents are monitored
by employing "white1 light beam from a 450 W pulsed
Xenon arc lamp in perpendicular geometry . The detec-
tion of transient light intensity changes is done
using a R-955 (HTV Co.Japan) photomultiplier tube, the
output of which is fed to a fast digital storage scope
(Iwatsu Electric Co.Japan Model TS 8123 ).The digital

SAMPLE CELL
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1CUTOFF
FILTER

I
l L
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FIG.1 SCHEMATIC DIAGRAM OF PULSE RADIOLYSIS SET UP
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data from the scope are read and processed by an IBM
PC/XT system to give kinetic and spectral parameters
of the transient species.The same system (with the
monitoring light switched off ) is also used for the
study of e-beam induced transient light emission.
2.2.Systems studied
2.2.1. Excited states in solutions of coumarin dyes

7-Amino coumarin dyes (Scheme 1) are well known
as laser dyes.For a compound to be an efficient laser
dye the probability of intersystem crossing from the
singlet to the triplet state should be as low as
possible,so that loss of the dye under high intensity
pumping light through chemical reactions of long lived
triplets is minimised.For this reason triplets of
these dyes cannot be populated with significant yield
by photoexcitation.Nevertheless it is important to
have a good knowledge of the photophysical properties
of these compounds to be able to choose proper con-
centrations and additives in the dye solutions so as
to minimise dye loss via the triplet path, however
small.We have therefore explored the feasibility of
studying the triplets of these compounds by pulse
radiolysis. Radiolysis of benzene produces triplet
benzene with G-value of 4.2 [7]. As triplet energy of
benzene is high (82 k cals mol"1) the triplets of many
solutes can be generated by energy transfer from
benzene. By this route, we were able to produce the
triplets of all the coumarin dyes enumerated in Scheme
1. The authenticity of these triplets was confirmed by
energy transfer from other known triplets which in
turn were generated from benzene triplets by energy
transfer [8]. Their energies were estimated by energy
transfer from other donor triplets of known energy and
energy transfer to acceptors of known triplet level.
Two significant findings from this work are : (a) the
T-T absorption spectra of these dyes are broad and
overlap the flourescence spectrumyhence if not
scavenged,even a low concentration of triplets can
significantly affect laser performance;(b) the triplet
energies ( 50-60 k cals mol "-1- )are much higher than
that of singlet 02 ; hence molecular(triplet) oxygenshould be a good scavenger for the dye triplets.

C1 : R = CH3 C102: R = CH3

C1F: R =CF3 C153: R = CF3

SCHEME 1. 7-AMINO COUMARIN DYES
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Intense emission signals were also observed in
solutions of these dyes in various solvents under
pulsed e-beam irradiation. The emission spectra, in
all cases were identical to the photon excited
fluorescence spectra in the respective solvents.From a
detailed study of one of the dyes , viz. C 153, in
cyclohexane, it was concluded that the emission
originates from the first singlet excited state of the
dye which is produced by energy transfer from the
excited solvent molecules, greater part of which arise
from excitation by Cerenkov light produced by the
electron beam passing through the medium [9],
2.2.2.Redox reactions of thiazine dyes in aqueous
solutions

Thiazine dyes have the phenothiazine ring as
the common structural unit.Some of the phenothiazines
are important as drugs,while others such as thionine
have been studied extensively in the past for their
potential use in photogalvanic cells for the direct
conversion of light to electrical energy. As redox
reactions of these compounds are thought to play a key
role in both these areas we have studied the one
electron reduction and oxidation of thionine,méthylène
blue and toluidine; blue in aqueous solution by the
pulse radiolysis technique [6,10-12], All the three
compuonds undergo easy one electron reduction by e~acf
and other reducing radicals.The transient absorption
spectra of the semireduced dye species(D~)exhibited
absorption bands red shifted with respect to those of
the parent dye(D).Oxidizing radicals such as Cl?" ,
T1(II), Br2~ and ̂  were found to bring about one
electron oxidation of these compounds to give semi-
oxidized dye species (D+) with absorption maxima blue
shifted as compared to those of the dye molecules.The
standard potentials for the D/D~ and D+/D couples were
estimated to be respectively ~ + 0.05 and 1.3 Volts vs
NHE. OH radicals also react with these compounds to
give a mixture of species , one of which is , in acid
solutions , the semioxidized species.
3.GAMMA RADIOLYSIS
3.1.Charge migration and reaction in frozen matrices
3.1.1.Aqueous matrices

Our detailed investigations [13] on the reac-
tions of trapped electrons and 0" radical ions in V-
irradiated frozen alkali hydroxide matrices at 77 K
revealed that radiation produced mobile electrons can
react with dissolved Oo before being stably trapped.
The product of this reaction, Q*^ is also formed when
the trapped electrons are made mobile by warming to
160 K or by light excitation in their absorption band
(photobleaching) followed by reaction with 0?.This
species was identifiable by its charecteristic ESR
spectrum and its yield was found to be directly
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proportional to the concentration of dissolved oxygen
in the matrix. Further annealing of the matrix at
various higher temperatures was found to lead to
interesting changes in the ESR spectra.Thus at 178 K
an entirely new ESR pattern distinctly different from
that of 02~ was observed which on annealing at highertemperatures gradually got retransformed to the
original pattern of the 02~ species/the retransforma-tion being fast and complete at 245 K . By the use of
selective scavengers for mobile electrons (precursors
of et ~) and holes (precursors of 0") it was shown
that both these species are essential for the forma-
tion of the species observed at 178 K. This , coupled
with the interconvertibility of this species and 02~lead us to infer that the former is a loose complex of
02~ and 0~ such as 02~ .... 0~ .
3.1.2.Alcohol matrices

The reactivity of trapped electrons produced
by /-irradiation at 77 K towards various solutes was
studied as a function of trap depth by employing
glassy matrices consisting of mixtures of methanol and
isopropanol.In such mixtures the ratio of the two com-
ponents can be varied over a wide range ( 90:10 to
10:90 ), thereby changing the nature of the trapping
sites substantially [14,15]. As the percentage of
isopropanol in the glass increases, the absorption max-
imum of e^r~ was found to be red shifted ( 518 to 585nm) showing that the trap depth decreases.

The various solutes studied were acetone,uranyl
nitrate,carbon disulphide and benzyl chloride . A
solute can lower the yield of Q^r~ by reacting with
electron either before or after trapping. The molar
concentration of scavenger required to reduce the
yield of etr~ to half of the value obtained in the
absence of any scavenger ( S-[/2 ) , was determined for
various solutes. It was observed that for the effi-
cient scavenger {e.g. U02(NC>3)2 },the Si /2 value does
not change significantly over the entire range of
glass composition. However , for the less efficient
scavenger (e.g.acetone) , the S-, /? value decreases as
the concentration of isopropanol increases indicating
that less efficient scavenger becomes more efficient
as the trap depth decreases.These results support
Miller's model of electron tunnelling in glassy
matrices [16].
3.1.3.Hydrocarbon matrices

Reactions of radiation produced mobile
electrons and holes with a variety of solutes have
also been investigated in glassy hydrocarbon matrices.
•V-i r radiated CH2I2 in 3-methyl pentane glasses [17]
showed absorption maxima at 385 and 570 nm ;the inten-
sities of the absorption increased with increasing
concentration of the solute . The 385 nm peak disap-
peared in presence of cation scavengers such as MTHF
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while the 575 nm peak was reduced in intensity by
typical electron scavengers such as biphenyl.The 385
nm peak was therefore assigned to the solute cation
and the 570 nm peak to the solute radical ( CH2I )produced by dissociative electron capture by the
solute.Whereas the CH2I2+ yield was found to increaselinearly with CH2I2 concentration,that of I2 (measuredafter thawing the irradiated matrix ) increased much
more rapidly.Similarly addition of benzene did not
affect the CH2I2+ yield but lowered that of I2 , theeffect being more pronounced at higher CH2I2 concen-
tration . These results were interpreted as suggesting
the existance of CH2I2 in clusters in the 3-MP matrixat 77 K.In support, of this interpretation it was found
that in the radiolysis of CH2I2 in 3-MP in the liquidmatrix at 300 K where aggregation is not expected to
occur , the I2 yield was linear with solute concen-
ration.

Anion radical formation and its conversion to
ketyl radical by protonation were studied with both
protiated and flourinated organic solutes in 2-MTHF
and 3-MP glasses 118].The irradiated matrices showed
optical absorption maxima in the visible and in a few
cases also in the UV region attributable to the anion
radical.Acetylacetone showed modified spectral fea-
tures on warming the irradiated matrix for a few
seconds and recooling to 77 K,the change being attri-
butable to the protonation of the anion radical to
give the ketyl radical.Spectra attributable to presol-
vated anions (solvent dipoles randomly oriented) were
observed in the case of benzophenone and perfluoro-
benzophenone . From the results of thermostimulated
current measurements in y~- irradiated 3-MP glasses
containing C^Fg as solute,electron attachment to this
solute was shown to be nondissociative [19] . Also
perfluoro 2-butyl tetrahydrofuran glass was found to
be a very useful matrix for the stabilization of
solute cations.

3.2.Studies on vitamins
3.2.1.Radiation protection studies in aqueous solution

The vitamins of the B-complex group are water
soluble organic compounds with complex organic
structure,but most of them contain heteroaromatic
nuclei , such as pyridine ( in nicotinamide and
pyridoxin ) , pyrimidine ( in thiamin,folic acid and
riboflavin) , thiazole ( in thiamin ) , pyrazine ( in
riboflavin and folic acid ) , benzene ( in riboflavin)
and porphyrin ( in cyanocobalamin ).Although they also
contain side chains and groups of varying complexity
attached to these nuclei,the known reactivity of the
above mentioned heteroaromatic compounds,coupled with
the activating influence of the side chains would make
one expect these molecules to be highly reactive
towards the primary radiolytic species from water.
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Therefore these compounds can be expected to undergo
extensive degradion when irradiated in aqueous media.
It was found that even at a dose of 50 krads there is
considerable destruction of these compounds when irra-
diated in air saturated 10~4 mol dm"-3 aqueous
solutions.Under this condition/of course the destruc-
tion is largely due to reaction with OH radicals as
the eaq~ and H atoms are scavenged by O2.ln order toshow conclusively that OH radicals as well as eaq~ andH atoms contribute to the radiolytic degradation two
sets of solutions were irradiated and compared : (i)
N20 saturated solution where the eaq~ are quantita-tively scavenged by N^O to give OH radicals and hence
the effect is expected to be almost exclusively due to
OH radicals { as G(OH)=Gea(.j~ + GQH } and (u) argon
saturated solution containing 0.1 mol dm t-butanol
as a selective scavenger for OH radicals . Under the
latter condition_the effect is entirely due to the
reactions of eaq~ and H as the ^-hydroxyl radical
formed by the reaction of OH with t-butanol is unreac-
tive towards the vitamin molecules.In both cases there
was appreciable depletion of the vitamin molecules in-
dicating the importance of eaq~ , H and OH in the
radiolytic degradation of these molecules.From this it
is clear that inorder to protect the vitamin molecules
from radiolytic degradation in aqueous solutions one
must use scavengers for both OH radicals and e_q~. Wehave explored the feasibility of using glucose/N20 andglucose/02 as such scavengers.Here glucose serves as
the H atom and OH radical scavenger,the product radi-
cal being unreactive towrds the vitamins.N20 and Onserve as electron scavengers . The products of radio-
lysis of glucose,notably gluconic and glucuronic acids
and dihydroxy acetone have been shown [20] to be non-
toxic to mammals.From the absorption spectra of the
different vitamin solutions irradiated to low doses in
presence of glucose and 02 or glucose and N20 con-clusive evidence for the protection of the vitamin
molecules was obtained.In order to find out the use-
fulness of this procedure we have further studied
these systems up to the normal sterilization dose of
2.5 Mrads[21].It was found that in all cases,although
the above additives inhibit the decomposition of the
vitamin as compared to solutions containing no glucose
there is no complete protection particularly at high
doses.This is largely due to the limited solubility of
these gaseous additives and hence their depletion with
increasing dose.More detailed investigations revealed
that a real competetion is involved between 02 and thevitamin molecule for eaq~ and between the vitamin andglucose for OH radicals and H atoms.
3.2.2.Reactions of vitamin radical intermediates with
hydrogen peroxide

A systematic investigation [22] of solutions
irradiated under conditions such that the initial
reaction is exclusively with either eaq~ ( argonsaturated solution with t-butanol as OH scavenger) or
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OH (®2° saturated solutions) both in the absence and
presence of initially added H202 revealed the impor-tance of radical - H2C>2 reactions.Thus the radical in-termediates produced by eaq~ reaction with the
vitamins were found to react: efficiently in the case
of thiamin and nicotinamide,less so in the case of
folic acid and not at all in the case of pyridoxin.In
the case of riboflavin the one electron reduction
product as well as the fully reduced form were found
to react with H202.Similarly the data on G (-vit.) and
G (H202 ^ -*-n N2° saturate<3 solutions with and withoutadded H202 revealed that the vitamin radicals formedby the reaction of OH with these molecules are reac-
tive towards H202 in the case of pyridoxin,folic acid,cyanocobalamin and thiamin but not so in the case of
riboflavin and nicotinamide.Rate constant values for
some of these radical-H202 reactions have been deter-mined and reported [23],
3.3.Polymerization

Extensive work has been carried out on the
radiation induced polymerization of acrylates and
methacrylates [24,25] . The number average molecular
weights were found to be much lower than the molecular
weights expected on the basis of kinetic chain length.
This strongly suggests chain transfer from the growing
polymer radical to the monomer leaving behind terminal
unsaturation which was confirmed by IR spectra of the
polymers obtained.Whenever a growing polymer radical
meets a polymer molecule with terminal unsaturation ,a
branched growing polymer radical results leading to
rapid propagation of the polymerization process. Be-
cause of such branched polymer structure the polyacry-
lates and methacrylates are more amorphous in chare-
cter.In our view it is this chain transfer to the
monomer followed by branching as observed above that
is responsible for the auto acceleration experimen-
tally observed rather than the viscosity effect
hitherto postulated.Also the polymers obtained in the
initial stages of polymerization from thoroughly
purified monomers exhibited bimodal distribution of
molecular weights.The molecular weights of the polymer
were found to be lowered to a much larger extent in
presence of compounds such as benzoquinone which acts
as both free radical and electron scavenger as com-
pared to biphenyl which is an anion scavenger.Hence
contribution of both anionic and free radical
mechanisms was inferred in the case of the radiation
induced polymerization of acrylates and methacrylates.
4.APPLICATIONS

4.1.Radiation effects on lubricants
Radiation is one of the extreme environments

encountered in nuclear technology . Lubricants and
hydrolic fluids exposed to radiation are known to un-
dergo radiolysis and produce degradation products or
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polymers which can drastically affect their physical
and chemical properties and also impair their
performance.

An evaluatory cum development programme was un-
dertaken with a view to indiginisation of lubricants
and oils for the nuclear power plants [26,27] . In a
number of oils irradiated to doses upto 109 rads the
molecular weights were found to increase up to 67 %
and the kinematic viscosities upto 1000 % . On the
basis of the results of radiation exposures and in
situ tests within the power reactor as well as
outside, an indiginous blend of grease for the fuell-
ing machine head of our PHWR was developed ;this blend
was found to be more radiation resistant than the
imported brands in use earlier.

4.2.Biomaterials from radiatiqn_crosslinked PVA
A number of useful applications of V-radiation

crosslinked polyvinyl alcohol (PVA ) have been deve-
loped in our laboratory [ 28,29 ].An inexpensive and
fast method for the detection of bilirubin in urine
was developed by encapsulating a detecting agent in
the crosslinked PVA.The gel allows the selective dif-
fusion of bilirubin and keeps other pigments out,thus
providing a simple method for the diagnosis of infec-
tive hepatitis. The same material has also been found
useful for the immobilization of enzymes such as
urease and glucose oxidase and offers a nontoxic
alternative to polyacrylamide gel immobilized systems.
Similarly adsorbants such as activated charcoal encap-
sulated in the radiation crosslinked PVA gel have been
found to be useful as oral sorbates and hemo perfusion
devices for the removal of toxins from human systems.
Yet another application is for the encapsulation of
the bacterium Bacillus Sphaericus effective for the
killing of mosquito larvae in stagnant waters and
hence usefull in controlling malaria.

4.3.Radiolytic reduction of metal ions in aqueous
soluticm
4.3.1.Production of metals in fine powder form

Iradiation of aqueous solutions of divalent
metals such as Cu2+ , Co24" ,Ni2+ and Cd2+ containing
formate ions to convert OH radicals to the reducing
C02 species was found to form a precipitate of the
respective metal [30] . The precipitate consisted of
fine particles of the metal and was very reactive
towards oxygen.By using hypophosphite ion as the OH
scavenger,an autocatalytic reduction could be brought
about and thus more than 90 % conversion of the
divalent ion to the metal form was achieved with V-
doses of -1 krad.The metal powder obtained in this
case had a narrow particle size distribution,contained
-2% phosphorus and was stable towards oxygen.
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4.3.2.Separation of Eu from rare earth mixtures
In acidic ( ̂ SO/̂  ) solutions containing iso-

propanol and Eu-Sm/Pr mixture, the Eu3+ ion was found
to be selectively reducible by the isopropanol radi-
cals to give a precipitate of EuSO^ , the other rare
earths being unaffected [31] . This provides an easy
method of separation of Eu from such mixtures.

4• 4. "f- irradiation effect on the catalytic activity
of oxides

Irradiation of metal oxides with ionizing
radiations can lead to production of atomic as well as
electronic point defects.The atomic point defects such
as interstitials , vacancies and dislocations are
produced more effectively by energetic heavy particles
such as neutrons, <<-particles and protons, ft- and •/"-
rays produce mainly electronic defects such as
electrons and holes.Ionizing radiations can also lead
to the production of different oxidation states of the
metal ions in the case of transition metal oxides.The
introduction of these new entities by irradiation may
lead to an increase or decrease in the concentration
of pre-existing catalytic centres or introduce new
ones in these compounds.One would therefore expect to
find changes in the catalytic properties of these com-
pounds as a result of irradiation.In our work [32] on
the effect 40 MeV jü -particle irradiation on the ac-
tivity of /?-Mn02 for H202 decomposition we observedthat the catalytic activity increased with increasing
dose and reached a plateau when low beam currents ( <
0.8/*A) were employed.At high beam currents (> 2 /£ A)
the catalytic activity reached a maximum with increas-
ing oL- dose and then decreased.The catalytic centres
appear to be Mn , both existing prior to irradiation
as well as produced by irradiation . Experimental
results indicated the latter to be of two types , one
easily annealable and hence inferred to be produced by
reaction of radiation produced mobile electrons with
Mn4+ (MnOo) and the other requiring higher temperature
for annealing and hence inferred to be produced by
displacement collisions of the <?C- particle with the
Mn02.

5.Future programmes
In our future programmes in radiation chemistry

there will be greater emphasis on the study of systems
of radiobiological and biomédical importance and also
those that are of relevance to conversion of light to
chemical energy and viceversa . We also plan to
initiate studies on the transient and permanent radia-
tion effects on solid state electronic devices and on
radiation chemistry at high temperatures and pressures
relevant to our PHW power reactor programmes.
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RADIATION CHEMISTRY IN CHINA

Jüan WU, Guanghui WANG
Department of Technical Physics,
Beijing University,
Beijing, China

Abstract

Radiation chemistry in China has a short but remarkable
history. It has evolved, first, from the interest for chemistry
related to the technology of nuclear reactors and radiation
effects on polymers or induced polymerization. Several
universities in China introduced radiation chemistry into academic
curriculum, undergraduate and graduate level, in early 1960s.

At present there are 10-15 centres in China actively involved
in fundamental and applied research in radiation chemistry, at
universities, national and local institutions.

The research programmes cover a broad range of topics from
primary processes in radiation chemistry to various applications
in industry, biology and medicine.

As of 1983 the Journal of Radiation Research and Radiation
Processing is regularly published.

1. HISTORY IN BRIEF
The branch of radiation chemistry in China was first founded

in about 1957. At beginning stage, it was developed in two
directions: the first was radiation chemistry which related to the
technology of nuclear reactor and after treatment of nuclear fuels;
the second was polymer radiation chemistry which was focused on
the front line of research at that time such as studies of
radiation initiated polymerization in solid state, ring opening
polymerization of triformal, explosive polymerization of
acetaldehyde and thermal oxidation of irradiated polyethylene.

The achievements in that period were presented at the first
radiation chemistry meeting of China held in Changchun, Nov.20-31,
1963.

Since 1978, it was further developed and new fields were
seen in radiation chemistry in China. Systematic, fundamental
studies were carried out in the field of energy transfer,
radiation chemistry of organic compounds and theory of
crosslinking and more attention was paid to radiation processing.

On July 3-7, 1981, Radiation Research and Radiation
Processing Society was founded in Shanghai and organized the first
meeting of radiation research and radiation processing.

In Oct. 1983, Journal of Radiation Research and Radiation
Processing started publication in Chinese and Journal of Isotopes
in June 1986. At now a stronger researcher team is involved in the
most fields of radiation chemistry.
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2. EDUCATION
It was in 1960 that we started to foster scientists

specilized in radiation chemistry in Beijing University. The
programme include: training courses and training undergraduate
and graduate students. At present, several universities including
Beijing University, University of Science and Technology of China,
University of Science and Technology of Shanghai and Beijing
Normal University have ability to offer B.S. and M.S. degrees in
the field of radiation chemistry. Also there are Ph.D. programmes
in this area in Beijing University and University of Science and
Technology of China. In addition all above-mentioned Universities
have carried out scientific research works in radiation chemistry.
3. INSTITUTE , RADIATION CENTRE AND FACILITIES

With respect of radiation facilities, more than ten
radiation centres and institutes have their own Co-60 gamma ray

15 5sources with a capacity over 3.7 x 10 Bq (10 curie)- There are4no less than 46 Co-60 gamma ray sources with capacity over 10
curie in China. Among these centres and institutes some of them
possess a researcher team in radiation chemistry such as Institute
of Atomic Energy at Beijing; Shanghai Institute of Nuclear
Research , Academia Sinica; Changchun Institute of Applied
Chemistry, Academia Sinica; Shanghai Research Institute of
Chemical Industry; Institute of Physics of Xinjing, Academia
S\nica; Institute of Biophysics, Academia Sinica; Chenguang-
institute of chemical Industry and Hei Longjiang Institute of
Technical Physics.

The pulse radiolysis machine is not well equipted in China
but a 10 sec. pulse radiolysis machine is under adjusting
operation in Institute of Low Energy Nuclear Physics of Beijing
Normal University and a 10~* sec. one is under construction in
Shanghai Institute of Nuclear Research.
4. ACHIEVEMENT
4.1. Fundamental Studies
4.1.1.Studies of radiation energy transfer and mechanism of

radiation protection
(a) By concerning the primary radiation processes of DNA and
radiation modifiers a fast radiation protection mechanism - charge
transfer protection has been explored. Studies of some binary
molecular mixtures such as thymine-cysteine, thymine-histidine,
dTMP-hydroxycinnamic acid derivatives, DNA-caffeie acid etc.
showed that the charge transfer protector is a substance with
higher EA but lower IP than the target molecule, and the charge
transfer sensitizer is a substance with both EA and IP higher than
the target molecule. Furthermore, H transfer repair mechanism also
has been discussed.
(b) A new idea of application of scavengers was developed in
which the multiple effects of chemical scavengers were
successfully used to investigate radiolysis of cyclohexane. By
using the excited singlet probe MPP and TBP we not only have got
the yields of excited singlets of Benzene ( 1.4±0.2 ), cyclohexane
( 1.5±Q.2 ), TBP ( 1.4±0.3 ) and the yields of the geminate ions
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of cyclohexane (3.8) but also utilized the multiple effects of MPP
and TBP successfully in the research of different transfer
processes in radiolysis of cyclohexane.

When TBP was used as a chemical probe in studying energy
transfer kinetics, it performed as an acceptor . because of its
very small molar extinction coefficient the Förster type energy
transfer process can be avoided. The rate constants of the energy
transfer for TBP-alkanes binary systems were determined and it was
found that energy transfer process is controlled by diffusive
motion of the reacting species. Morever, the unusually high rates
of energy transfer from excited alkanes to solute, which had been
reported by some groups, can be elucidated. Furthermore TBP was
used as a probe for detecting the excited states of cyclohexane
and more reliable G value of cyclohexane were obtained . In
addition it also can be used as a probe for detecting the
geminate ion pairs of alkane.
(c) The probability of positronium formation in molecularsubstances was investigated from the viewpoint of radiation
chemistry. That is effect of radiation protection on the
probability of positronium formation. A new conception so called
"radiation protective function" (F) was proposed and a correlative
equation with both the probability of Ps-formation (I ) and

\>
radiation protective function was derived in " ideal binary
systems" according to the competitive reaction mechanism in the
spur. It was found that systems containing positive hole scavenger
pyrrolidine possesses a larger radiation protection ability
comparing with dioxane and trimethylamine to n-heptane and that
for anion aqueous solutions the order of radiation protection of
the anions to watei is r>SCN~>S2~>Er~>Cl~>F~ .

4.1.2. Radiolysis of organic compounds
In the field dealing with dependence of radiation stability

on the molecular structuie, radiation chemistry of organophos-
phorus compounds has been investigated in detail. It was found
that the C-P bonds in dialkyl alkylphosphonates as well as dialkyl
arylphosphonates are weak bonds and their radiation stabilities
are less than that of C-C bonds in the ester alkyl chains. The
bond scission of C-C bonds of ester alkyl group is by no means
completely random during the irradiation and the CW.-H and CU-C^
bonds are more readily broken than other C-H and C-C bonds.

Other studies of radiolysis of organic compounds done in
China include: radiolysis of important organic solvents such as
CCI and ethanol in which new results have been obtained,4
radiolysis of organic aqueous solution in which attentions were
paid to the OH attack of glycoside.

4.1.3. Chemical Evolution
Being contrary with traditional conclusion, a new way of

chemical evolution was advanced: under the primitive sea
conditions (pH 8.0-8.5, 50-100°C ) HCN or its salts in water
bodies could go back to atmosphere and be more effectively
converted into biological organic molecules under the action of
electric discharge than in liquid by the action of ionizing
radiation. It may be an important pathway which converts HCN into
biomolecules on the primordial earth.
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4.2. Radiation Chemistry of Polymeric Systems
Most of investigations in the area have been proceeded inthe polymer chemistry.

(a) The influence of molecular configuration on degradationdegree in the process of radiation crosslinking reactions was
studied. The rigid chain polymer with higher glass transition
temperature Tg and ff (hindrance factor of internal rotation )
value and the polymer containing some structure unit of radiation
degradation type obey Charlesby-Pinner relationship and branched
polymer and flexible chain polymer with lower Tg and tf value obey
Chen-Liu-Tang relationship. In consideration of the deviation of
experimental results from Charlesby-Pinner's and Chen-Liu-Tangs
expressions relating sol. fraction to radiation dose, an exponent
ß concerned with the structure and property parameters of a
polymer (Tg and f ) was introduced and assumed that the fracture
density is proportional to R (R is radiation dose). Thus, a
general formula relating sol. fraction to radiation dose was
derived. When 6=0.1 arid 0.5 this expression is reduced to
Charlesby's equation and Chen's equation respectively.
(b) It is a broad field of radiation crosslinking that there is
in China. Some works about enhanced radiation crosslinking of
polymer have been done theoretically. According to the two models
of enhanced crosslinking and by using the method of probability
the theoretical relationships between crosslinked structure
parameters and sol. fractions of crosslinked polymers were
derived.

In practice, enhanced radiation crosslinking of polymer
(effect of polyfunctional monomers on radiation crosslinking of
LDPE) and heat shrinking behaviour of gamma radiation crosslinked
polyethylene have been systematically studied.

A lot of works have been performed in detail on crosslinking
of siloxane copolymer, fluoropolymer, polysulfone and polyamide, a
multiple-phase system for polydimethylvinylsiloxane and copolymer
of ethylene-vinyl acetate which was crosslinked by means of
radiation has good heat-shrinkage properties. In preparation of
the system PDMVS acts as a sensitizer of the radiation
crosslinking of EVA. The studies of radiation-induced crosslinking
of siloxane copolymers with various contents of vinyl group is
another progress. The existance of vinyl groups in the copolymer
macromolecules could reduce the gelation dose and hence increasesthe G value of crosslinking because vinyl group is very sensitive
to radiation induced crosslinking. In another work the high
temperature property of radiation crosslinked F-46 shows
beneficial improvement. It was discovered by means of x-ray
photoelectron spectroscopy that the different crosslinking bonds
were formed in polysulfone irradiated at different temperature.
With polyamide the crosslinking of polyamide 1010 can be
characterized by crystallization temperature and its electrical
property and thermal resistance are improved by radiation
crosslinking.

Additive effect on radiation crosslinking of PVC and
polypropylene has been investigated. It was found that the
addition of difunctional monomer, diethylene glycol diacrylate to
PVC improved its insulating and mechanical properties.
(c) The important works about radiation polymerization are
radiation polymerization of acrylamide and the preirradiation
polymerization of vinyl monomers.
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A pilot process of polymerization of acrylamide in
concentration 30-35% by weight of aqueous solution with the
additive disodium EDTA has been reported.

Preparation of super water absorbent - polyacrylamide
hydrogels of high water retention by radiation techniques and
hydrolysis is also successful. Polyacrylamide hydrogel I (PAM-HGI)
which retains distilled water (350g/g) has been prepared by
radiation crosslinking1 of polyacrylamide (Mw 9.8 x 10*6 ).
Polyacrylamide hydrogel II (PAM-HGII) was made by alkaline
hydrolysis of PAM-HGI to enhance its hydrophilic character.

Radiation polymerization of acrylamide in solid state also
has been described and unfortunatly tl» polymers formed by
radiation polymerization of acrylamide in solid state were
insoluble due to intermolecular crosslinking. When the chain
transfer agent, isoproyl alcohol, was added, which effectively
inhibits the crosslinking to give water soluble polymer, 95%
conversion and molecular weight more than 5 x 106 polyacrylamide
were obtained at a monomer concentration 65% in ice bath.

The preirradiation polymerization of vinyl monomers has been
studied in details. In some cases some vinyl monomer radicals can
be stored in peroxide form. When used, it can be decomposed by
different methods to liberate free radical and causes
polymerization immediately. The whole process has often to be
carried out at place off source, and polymerization proceedes in
more mild condition.

The study on the kinetics of the radiation synthesis of
poly-2-hydroxyethyl methacrylate (,PHEMA) hydrogel shows that at
first the HEMA is polymerized by radiation and then the PHEMA gel
is formed after 20% conversion . The polymerization-crosslinking
of HEMA proceedes as a free radical mechanism: Voo^I0'^ This
radiation-crosslinking process only need a suitable irradiation
dose such as less than 1 x 10̂  Gy, thus a high gel can be
obtained.

It has been succeeded in applying above principle for
preirradiation polymerization of MMA to manufacture thick block
PMMA and for the preirradiation copolymerization and crosslinking
of another vinyl monomers to prepare soft lenses and release
polymer drugs.

Plasma discharge is another way to initiate polymerization.
Plasma polymerized film of hexafluoropropene has been prepared and
more attention will be paid to this area.
(d) Radiation grafting is another branch of China's radiation
chemistry. Preparation of permselective membranes of high
performance by radiation graft copolymerization of hydrophobic and
hydrophilic monomers on different polymeric substrates has been
performed. The most of the polymer films and monomers used are
Teflon FEP (F46), polyethylene (PE), styrène (St), acrylic acid
(AA), methacrylic acid (MAA) and divinylbenzene (DVB). The
radiation induced graft copolymerization of pre-irradiated F-46
and PE film with St and DVB in vapor phase has been carried out in
order to prepare various sorts of ion exchange membranes. It was
found that grafting in gaseous phase caused less homopolymer in
the system and the quality of obtained F-46 ion exchange membranes
might be improved.

A thin permselective membrane was prepared by the radiation
induced graft copolymerization of pre-irradiated PE film with MAA
in toluene. The resulting membrane shows good chemical inertness
and fine permselectively and thus has been used satisfactorily as
cell separator material of the Zn-AgO batteries.
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The studies on radiation grafting of acrylic acid onto
polypropylene are ongoing and the hydrophilicity, gas
penetrability and dying ability of grafted product were all
improved.

In the research of radiation induced graft copolymerization
of polytetrafluroethylene-styrene-fumaric acid relation between
surface structure arid adhesive property has been discovered. In
the case of surface grafting, the adhesive strength was found U>
be above 100 kg/ein̂  . On the contrary, the adhesive strength was
found to be lower than 4& kg/cm

In modification of the natural polymer materials good
filling effect can also be achieved in the radiâtion-induced graft
copolymerization of n-butyl acrylate onto chrom-tanned skin,
(e) Not only scientific research in polymer radiation chemistry
was widely operated in China but also practical applications. Main
radiation polymeric commercial products are listed as following:
radiation crosslinked polyethylene shrinkage tube; radiation
crosslinked silicone rubber; radiation crosslinked wire and cable;
preirradiated PE grafting film with MAA (cell separator material
of the Zn-AgO batteries); radiation polymerized acrylic amide;
radiation copolymer of acrylic acid and acrylic butyrate;
radiation grafting acrylic acid on PTFE for modifying adhesion;
radiation degraded PTFE wax and radiation resistance
polypropylene.
4.3. Radiation Chemistry Related to Nuclear Technology

Radiolysis of various home made cation and anion (exchange)
resin have been studied and the inhibition of the gamma
radiolysis of the polystyrene sulfonic acid resin by some solutes
has been found. In these reactions the relative rate constants
between inhibitor and excited water were calculated.

Radiation chemistry of tributyl phosphate has been
investigated in detail. The nature and structure of strong
complexing compounds, long chain acid phosphate and complex
compounds of TBP containing nitrogen formed in gamma irradiated
TBP-dodecane system were studied and it was found that stilbene is
a very effective inhibitor for the radiolysis of TBP in the TBP-
dodecane system.

In the studies ralating to nuclear technology some radiation
resistance polymers have been got.
4.4. Dosimetry

At present, many specilist are involved in the radiation
dosimetry. The water-calorimeter and ferrous-sulfate dosimeter are
to be accepted as national standards. The high-dose measurement
systems of gamma-ray from cobalt-60 are being established. For the
transfer dosimeter systems alanine (ESR), ceric-cerous sulfate
solution are the choice. The radiochromic dye films, perspex and
visual dose labels would be recommended as routine dosimeter.

5. PROSPECT
(a) The radiation chemistry related with substances of
biological interest will be developed, such as radioprotection
mechanism of synthetic sinapic acid amine salt derivatives,
radiolysis of the chief components of Chinese herbal medicine and
radiolytic kinetics of transformed protein molecule.
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(b) Fundamental study on radiolysis of typical organic compounds
will be proceeded to solve such problems:(1) exact radiolysis
mechanism of typical organic compounds. (2) making clear on
multiscavenger effect. (3) kinetic behavior of electron and H atom
in organic medium.
(c) Enhancing the studies of effects of various additives on
radiation crosslinking of PE for wire, cables and shrinkage tube
with different characteristies.
(d) To approach the possibility to construct a pilot plant to
treat the fuel gas by electron beam with international cooperation
and support from UNDP.
(e) Advanced Studies on radiation technology for immobilization
of bioactive materials may be proposed as (1) introducing
pnsirradiation polymerization method to immobilize bioactive
material. (2) to inquire the reason of deactivation of enzymes
with increasing of grafting yield and the quantity of bound
protein when we immobilize enzymes onto films through radiation
grafting . (3) to study the possibility of using peroxidase in
initiating polymerization in organic phase.
(f) Electron beam curing of oligomers for magnetic media
coatings.
(g) Establishment of high dose measurement systems of electron
beams.
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INTRAMOLECULAR LONG RANGE ELECTRON TRANSFER
REACTIONS IN PEPTIDES AND PROTEINS*

M. FARAGGI
Department of Chemistry,
Nuclear Research Centre Negev,
Beer-Sheva, Israel

M.H. KLAPPER
Division of Biological Chemistry,
Department of Chemistry,
Ohio State University,
Columbus, Ohio,
United States of America

Until recently, the thought that electrons might
migrate over long distances (> 10 A) within a single
protein or between proteins within a complex was en-
tertained by few and dismissed by most. But we now
have numerous reports, based on flash photolysis and
pulse radiolysis experiments, of Long Range Electron
Transfer (LRET) in proteins and other organic mole-
cules, and we recognize that LRET may be important in
photosynthesis, respiration, and radiation induced
radical damage to proteins and nucleic acids.

In explanation of these long range transfers
many researchers have designed experiments to test
the predictions of a theory associated with R.A.
Marcus. This semiclassical argument postulates that
upon the proper nuclear rearrangement, treated in
terms of an activation energy, the electron tunnels
from donor to acceptor. The subsequently derived
predictions are that: i) the LRET rate constant,
k(et), decreases exponentially with increasing dis-
tance between redox centers; i.e., k(et) « exp[-ßr],
where ß is a damping constant and r the distance
between centers; ii) as the potential energy diffe-
rence, AG°, becomes more negative, k(et) first in-
creases, reaches a maximum value and then decreases;
i.e., the "inverted region" effect; iii) k(et) should
vary with the geometric orientation between donor and
acceptor; iv) k(et) is influenced by .the solvent in
which the electron transfer occurs; v) the transfer
rate should become constant and finite at low tempe-
ratures where nuclear motion is no longer signi-
ficant.

* A more detailed review of long range electron
transfer in proteins and polypeptides will appear
in "Excess Electrons in Dielectric Media", eds. C.
Ferradini and J.-P. Jay-Gerin, CRC Press.

195



To date LRET has been studied in at least 30
proteins, generally of known crystal structure and
modified so as to establish a suitable electron
donor/acceptor pair separated by a presumably known
distance. We, for example, have converted the single
cysteine sulfhydryls of both the hemoglobin a-subunit
and the hemerythrin subunit to mixed disulfides.
Upon reduction of the disulfide bond with the formate
radical, the product disulfide radical anion becomes
a donor for electron transfer to the iron acceptor
already in the holoprotein. As a further example,
others have replaced protein heme groups with a zinc-
porphyrin that upon photoactivation becomes the elec-
tron donor.

On the basis of these many studies there is no
doubt that LRET occurs in proteins over distances as
long as 30 A; whether these results are explainable
in terms of Marcus theory is still unclear. There are
apparent trends in that k(et) does roughly decrease as
distance increases and equilibrium driving force
decreases. However, when all the results obtained
with different proteins studied in different labora-
tories are considered, the correlations become more
labored. On the other hand, results obtained from the
cytochrome c/cytochrome bf- protein complex that con-
tains various mixed metal heme centers [McLendon, G.
(1988) Ace. Chem. Research 21, 160] show an "inverted
region"; and below 170 K the rate constant for elec-
tron transfer between the two metalloporphyrins of
the [Zn,Fe(III)] hybrid hemoglobin becomes tempera-
ture independent [Peterson-Kennedy, et al. (1984) J.
Am. Chem. Soc. 106, 5010]. However, researchers have
still not isolated potential complications due to the
relative donor/acceptor geometries and to the influ-
ence of the environment around the redox pair.

Moreover, additional questions have arisen. Does
electron transfer occur "through space" over the
shortest straight line through the protein matrix, or
does it occur via a best path composed of covalent
and/or hydrogen bonds? Do protein structural ele-
ments, such as the a-helix and the ß-sheet, modulate
electron transfer rates? These questions are impor-
tant for both chemical and physiological reasons;
e.g., it is reasonable to propose that the rate at
which an electron negotiates through the protein is
biologically significant and, hence, because of evo-
lutionary pressures, subject to the imposition of
path specificities on the LRET process.

Because proteins are inherently complicated, we
and others have begun studying LRET in oligopeptides.
Our initial pulse radiolysis experiments have been
with the tyrosine phenolic side chain electron donor
and the tryptophan radical indolyl side chain accep-
tor, separated from one another by an oligoproline
spacer. With Förster energy transfer experiments,
Chiu and Bersohn [(1987) Biopolymers 16, 277] have
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shown that each proline located between the trypto-
phan and tyrosine linearly increases the separation
of the aromatic side chains. In the tyr-(pro) -trp
series with a Ae of approximately 55 mV and over a
distance up to approximately 20 A ln[k(et)] decreases
linearly with the proline number, as predicted by
Marcus theory,. However,_the damping factor, ß, is
unexpectedly low, < 0.3 A 1. Moreover, the compar-
ison of our data with those of others [Isied, et al.
(1985) J. Am. Chem. Soc. 107 7432; Schanze and Sauer
(1988) J. Am. Chem Soc. 110,1180] who used different
donor/acceptor pairs at the oligoproline ends suggest
that the magnitude of ß may decrease as the redox
potential difference of the pair decreases [Faraggi,
et al. (1989) J. Am, Chem. Soc. Ill, in press]. This
observation, not yet addressed in terms of Marcus
theory, suggests that the proline chain "resistivity"
might be reduced even further by arranging for a Ae
of zero.

In conclusion, the now well documented long
range electron transfer in proteins and peptides
frees us from the requirement for close physical
proximity of electron donor/acceptor centers; whether
this LRET is explained in terms of Marcus theory
remains to be established.

Acknowledgement: This work was supported by grants
no. 85-00217 and 86-00206 from the United States-
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THE ROLE OF SULPHUR COMPOUNDS IN AFFECTING
RADIATION RESPONSE: MOLECULAR ASPECTS

M. TAMBA
Istituto di Fotochimica e Radiazioni

d'Alta Energia (CNR),
Bologna, Italy

Cellular thiols, almost entirely consisting of glutathione
(GSH), have been much implicated in determining the
radiosensitivity of cells and the level of the oxygen effect
in response to radiation [1/2]. Current ideas postulate that
cellular thiols and GSH in particular exert the function
stated above mainly throughout radiation chemical
mechanisms. The figure shows schematically some possible
mechanisms of radiation damage and protection. Central to
this model is the target radical, T", and its fate, which is
critical in determining deleterious biological consequences.
Thiols can positively interfere by free radical protection.
Whether protection occurs by scavenging of hydroxyl radicals
or by hydrogen atom or electron donation, thiyl radicals,
RS', will be formed.

H20,H2

Recent results make the thiyl radical much more reactive
than commonly believed. In fact the radical, which has an
oxidising nature, has been observed to react rapidly with
antioxidants, to abstract carbon bound H atoms and to add
rapidly molecular oxygen [3,4]. In this paper are presented
some recent results on the interaction of thiyl radicals of
different nature with oxygen and on the fate of the
resulting sulphur peroxyl radical, RSOO*.
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The results can be summarized in this way:
1) RS' rapidly reacts with oxygen (^y 2xl09M~1s~1

producing the correspondent thiol peroxyl radical RSOO"
through an equilibrium reaction

RS- 4 o2

2) RSOO' of different origin are all characterized by a
weak transient absorption in the 540-560 nm spectral
region ;

3) for GSH, the decay of GSOO' occurs with a first
order kinetics suggesting intramolecular
rearrangement with formation of carbon centered
radical, *G(-H)SOOH, and/or sulphynyl radical, GSO';

4) GSOO' efficiently accepts electrons from several
natural and man-made antioxidant ( D ) , including Vit.
C, NADH, ABTS, at a rate comparable with that of GS'

RSOO' + D ———— »-RSOO" + Dt

5) RSOO' inactivates some enzymes, like lysozyme and
trypsin, while RS' is often almost completely harmless
to the enzyme C£italytic activity.

Despite the difficult to establish unequivocally what
happens within cells, the present results suggest that the
fast conjugation of RS' with oxygen leading to potentially
harmful thiol peroxyl radicals is one of the factors to be
carefully considered in the context of the oxygen effect and
chemical repair processes.
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SOME IMPLICATIONS OF STUDIES OF ELECTRONS IN
FLUIDS FOR THE VISUALIZATION OF QUANTUM MECHANICS

G.R. FREEMAN
Chemistry Department,
University of Alberta,
Edmonton, Alberta, Canada

Our studies of electrons in fluids have been accompanied by
attempts to visualize their behavior. This has assisted in the
visualization of several quantum mechanical processes and has
led to modifications of their traditional interpretations. For
example, the intensity of atomic fluorescence that- follows the
photodissociation of Ca2 molecules is modulated in time [1].
The modulation is due to the interaction of single photons with
two dissociating atoms and has been said to be analogous to the
interaction of single photons with two Young-type slits [1,2],
However, the modulation is mainly caused by resonant radiative
coupling between the two atoms and is not analogous to
diffraction by two slits.

+Grangier, Aspect and Vigue [1 ] photodissociated Ca2
molecules with 120 ps pulses of laser photons and measured the
time dependence of the fluorescence.

Ca* + Ca-~- j.
^"^7^0 + 2Ca ^+ Ca*

The Ca2 dissociated and the atoms separated with a relative
velocity of 1060 ± 60 m/s. Fluorescence was measured at right
angles to the laser beam. By passing the fluorescence through a
polarizer they selected photons emitted along the axis of the
line of flight of the separating atoms. This fluorescence
displayed a time modulation during the first nanosecond after
excitation.

The modulation of emitted intensity as a function of time
corresponds to a decreased probability of emission when the
atoms were separated by an odd number of half -wavelengths of the
photons, n\ /2 with n odd, and a relatively higher emission
probability when n was even. To emphasize this relationship the
emission intensities in Ref. [1] have been replotted in Fig. 1
as a function of the distance between the separating atoms in
units of XQ/ the time required for the atoms to increase their
separation by XQ = 423 nm was 0.40 ± 0.02 ns.

The observed intensity I of light emitted by an
electronically excited population of N nondissociating species
is I = C(-dN /dt), where Ç is the detection efficiency. Hence,

where T is the decay constant and N * is the number at time
t = 0.
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Fig. 1 Parallel polarized fluorescence intensity as a function
of time -u and interatomic distance d (in units of \0 = 423nm). • , experimental, background subtracted Ref. [1 ]. —-,
right side of eq. (3), with T 2.3 x 1O8 s~1. ———, eq. (3)
filtered by a sliding Gaussian with a 180 ps (0.45 X ) full
width at half maximum. The experimental plot in Ref. [1] shows
T = 0 at the first maximum, which is equivalent to shifting the
theoretical curves by the response time of the system, 180 ps.

In the photodissociating Ca2 system the value of F is
affected by resonant radiative coupling between the separating
atoms [1,2]. Time t is replaced by t, the time after
dissociation of the molecule. On the timescale of the
measurements, dissociation is instantaneous after
photoexcitation [1]. The rate of detection of II polarized
light, I||f is determined by the following equations (see eqs.
(16), (23) and Appendix I of Ref. [2]]).

T
I,,/Ç||N0* = T1 (T) expC-/ T1 (t1 )dT' ] (3)

o
r ' ( T ) = r t i + f * ( u ) i (4)

where u is the distance 6(m) between the atoms at time -u divided
by the radianlength ?
u (radians) = vt/fc = ÔA«, and

U

= \o/2it of the emitted photons,

(5)_ 3; .sin u sin u
2 ( 3u u

Eq. (4) represents the effect of resonant radiative
coupling between the atoms as they separate [2]. The value of
the right side of eq. (3) is plotted against T in Fig. 1.
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The experimental detection system [1] had a Gaussian time
resolution with a 180 ps full width at half maximum. Eq. (4)
was therefore processed with a sliding Gaussian filter factor
exp[-(T'-i:)2/(108 ps)2] = explXd'-d)2/(0.270 ko)2]' which 9avethe full line in Fig. 1. The minima at X /2 and 3X /2 are
quantitatively explained by resonant radiative coupling between
the atoms. At greater separations the undulation is dominated
by noise. The value F = 2.3 x 1O8 s~1 was used, which
corresponds to a mean lifetime of 4.4 ns, compared to the
reported atomic lifetime of 4.7 ns [1,2].

The emission minima at atom separation distances equal to
an odd number of half-wavelengths of the photon indicates a
tendency to form a localized state of the photon between the
atoms at those separations. The emission maxima at atom
separations equal to integral numbers of complete wavelengths
might indicate that a photon can have a physical length of one
wavelength. Conventional quantum mechanics gives no information
about the length of a photon, but we would like to know it.

In the first paragraph of p.789 of Ref. [2] the intended
statement appears to be A|?a - P,J = 8.8 x 10 kg»m/s >
•fi /\o = 2.5 x 10~28 kg»m/s, rather than A|?a - Pb| » h/XQ.
Furthermore, the displayed relation &|Ra - Rb|AJPa - P^j
> *fi is simply a reformulation of their relation (32), which
reduces to A|Pa - P̂  | ~-îî/A|Ra - Rjjl*

It was suggested [1,2] that the oscillating emission
probability from dissociating Ca^ molecules was an effect
analogous to that of single-photons interacting with two
slits. "This experiment is thus analogous to a single-photon
Young's slit experiment, in which the 'slits' (the atoms) are
moving" [1]. The 1-slit and 2-slit interactions of single
elementary particles are as much a subject of lively debate now
as they were sixty years ago, and they are important to the
understanding of the foundations of quantum mechanics. The
separating pair of atoms has vacuum between them; two slits are
separated by an opaque material. Fig. 1 demonstrates that the
effect is due to resonant coupling; the experiment was therefore
not analogous to a single-photon two-slit experiment of the
Young type.

Finally, the Heisenberg limitations of information are a
factor of 2it less severe than suggested [1], and measurement of
XQ to an accuracy of 1 pm would permit one to say which atom
emitted the photon. That remains a challenge.
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ADVANCEMENTS OF RADIATION INDUCED DEGRADATION
OF POLLUTANTS IN DRINKING AND WASTE WATER

N. GETOFF
Institute for Theoretical Chemistry

and Radiation Chemistry,
University of Vienna,
Vienna, Austria

The water can be designated as the most important foodstuff for all
living systems including man. The development of various industries as well
as increased use of chemicals in agriculture and daily life etc. resulted in
great problems of the water resources. The radiation induced degradation of
pollutants, especially of halogenated hydrocarbons, offers an efficient and
economically acceptable possibility in the future (Getoff, 1989 and réf.
therein).

The decomposition of several biological resistant pollutants in water
such as: dichloromethane, chloroform, 1,1,1-trichloroethane and
trichloroethylene has been studied as a function of dose in aerated
solutions. The yield of Cl~ was taken as an indicator for the decomposition
degree of each individual pollutant. The formation of aldehydes and simple
carboxylic acids were observed as intermediate products. They can be
completely decomposed at increased dose.

In addition to these studies, also various mixtures of chlorohydrocarbons_3(0.2 to 361 mg/dm ) were irradiated with a dose of 1.9 kGy (190 krad) in
the presence of air. As shown in Table I a complete degradation of these
substances is achieved.

The radiation induced degradation of aqueous pollutants in technical
scale can be easily realized by means of powerful electron accelerators. At
present they can provide an electron beam (2-10 MeV and more) with rather high
power (30-300 kW and above). A meaningful and efficient performance of the
method is shown in Fig. 1, where the electron treatment of the polluted water
is followed by a conventional biological purification.

Finally, the absorption spectra and kinetics of CH , CH,0_, CJA^
O J £. £. J

and C2H50 species were reinvestigated. In Fig. 2 the spectra with
their characteristic data are shown. For explanation of the results probable
reaction mechanisms are presented.
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Table I. Radiation induced decomposition of some chlorohydrocarbons
m water in the presence of air *)
Applied dose: 1.9 kGy

Sample
Nr.

1

2

3

4

5

Pollutants In water/ijg.dm"3

Treat-
ment

unlrr.
Irrad.
unlrr.
Irrad.
unlrr.
Irrad.
unlrr.
Irrad,
unlrr.
Irrad.

CH2C12

• ~

.-
48
rid
23
rid
—

CHClj

32nd
—

—

2.3
nd
2.5
nd

CCI,,

--

25-

—

1.1
0.1

0.2
nd

C13C-CH3

°i7nd
0.2
nd
107
0.8
0.2
nd
4.5
nd

C12C=CHC1

—

—

1.1
nd

_

361
nd

ci2c=cci2
—

_

_

_

0.2
nd

The GC-analysis were performed with "Vista 6000", Varlan Ltd.,by Doz.D. u. Bauer.
Traceable limit: < 0.1 ug.dnf3

nd = non detectable
CH2C12 = DlchloromethaneCHClj = Chloroform
CCI,, = Carbontetrachloride

C13C-CH ,1,1-TrIchloroethane
Trlchloroethylene

C12C=CC12 = Tetrachloroethylene
C12C=CHC1

waste water

River

Fig. 1 ! Scheme of radiation Induced decomposition of
pollutants In waste water.
(CR) Collecting reservoir
(T) Tank for adjustment of the water layer thickness

and flow velocity
(EA) Electron accelerator
(CBP) Conventional biological purification.
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THE RADIOLYSIS OF AQUEOUS SOLUTIONS
OF GLYCOSIDES

Rongyao YUAN, Jüan WU
Department of Technical Physics,
Beijing University,
Beijing, China

Glycosides are widely distributed in nature. The study of
radiolysis of giycosides may provide the criteria for enacting the
hygienic safety standard of irradiated foods and sterilization of
pharmaceuticals.

In this paper three types of aqueous solutions of giycosides,
glycyrrhizin, baicalin and 1,8-dihydro- xyanthraquinone-ß-D-
glycoside have been investigated. The yields of decomposition of
giycosides are determined. When high dose is applied their G
values decrease as doses increase. Some radiolysis products are
identified. The influences of radical scavengers, 0 , NO , KCNS

Lf &

and isopropanol, are observed. Radiolysis is mainly caused by OH
radical. The OH addition compound of l,8-dihydroxyanthraquinone-ß-
D-glucoside has been found. Radiation induced hydrolysis of
glycosidic linkage is not the main process, the proportion of
dissociated aglycon to total radiolysis products are less than 10%
for giycosides. As the medicinal property of aglycon is always
similar to that of the original glucoside, so we must put the
stress on the separation and identification of the compound, which
is formed by addition reaction or oxidative reaction with OH
radical under gamma irradiation of glycoside.
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USING MULTI-EFFECTS OF CHEMICAL SCAVENGERS
TO STUDY THE RADIOLYSIS OF CYCLOHEXANE-
4-METHYL-4-PHENYL-2-PENTANONE SYSTEM AND
CYCLOHEXANE-TRIBUTYL-PHOSPHATE SYSTEM

Nan ZHANG, Jüan WU
Department of Technical Physics,
Beijing University,
Beijing, China

A new conception about application of scavengers is
developed. The multiple effects of chemical scavengers have been
used in the investigation of radiolysis of cyclohexane. Using the
excited singlet probe MPP and TBP, we obtained the yields of
excited singlets of benzene (l.4±0.2), cyclohexane (1.5+0.2), TBP
(1.410.3), the yields of the thermal hydrogen atoms of cyclohexane
(1.5) which come mainly from the geminate ions, and the yields of
the geminate ions of cyclohexane (3.8). The atom detachment of
excited singlets of cyclohexane is little. The multiple effects of
MPP and TBP were successfully used in the research of different
transfer processes in the radiolysis of cyclohexane. The kinetics
of hydrogen atom capture and proton transfer was also discussed.

The multiple, effects of scavengers are always unavoidable
but useful in figuring out the whole picture of the radiolysis if
one or two processes are unique and easily detected. A lot of
unexpected information can be approached after a careful selection
of such scavengers.
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THE CRYSTALLIZATION KINETICS OF IRRADIATED
POLYPROPYLENE WITH ADDITIVES

Wenxiu CHEN, Shui YU
Department of Technical Physics,
Beijing University,
Beijing, China

The flexibility and radiation tolerance of poly-
propylene(PP) have the relation to its crystallinity.
PP with various additives, forming in different con-
trolling and other treatment have the effect on its
crystallinity and also on its crystallization kine-
tics. The paramaters of crystallization kinetics of
PP were changed by mixing additive or irradiation.
The Avrami exponent(n value) of PP were decreased
from 3.49 to 2.71 with the increasing of isothermal
crystallization temperature(T ), but the n value
increased from 2.5 to 3»98 wi£h T during less phtha-
locyanine green dye (^0.3$ w/w) mixing into PP. The
crystallization rate of PP with dye increased almost
two times as the PP without dye and the crystalliza-
tion heat (AH, J/g) were changed (Pig.l). After irra-
diation the n value and H decreased with the increa-
sing of dose (Pig.2). By means of IR and electronic
microscopy techniques, the charaterist of PP under
the influence of additive and dose were evaluated.
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Fig.l The crystallization heat(AH) of PP under

different isothermal crystallization
temperature (TJ. curve 1, isotactic PP
without additive, curve 2 and 3 i~PP
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RADIATION CHEMISTRY OF FLUE GASES

F. BUSI
Istituto di Scienze Chimiche,
Université di Bologna,
Bologna, Italy

Abstract

A chemical mechanism for the radiolysis of combustion gases
produced in fossil fuel power plants, in agreement with a large
body of experimental results is presented. The process represent
an example of successful application of radiation chemistry to
the control of air pollution problems.

Introduction
In spite of the extensive studies reported in the recent

years, fundamental questions on the relationship between the
formation of acid precipitation and the chemistry of sulfur
dioxide, SO , and nitrogen oxides, NO = NO + NO , in the pol-

L - A L .

luted atmosphere remain to be answered.
Oxidation of S09 and NO and formation of acidic nitrate and

L. X

sulphate aerosols occur in the gas-phase and liquid-phase atmo-
spheri c-mi crodlopl ets.

In the gas-phase the oxidation reactions are initiated by
the absorption of sunlight which induces the formation of the
oxidizing radicals 'OH, -0, and HO*. Reactions of the primary oxi

c. • —
dizing radicals and secondary organic peroxide radicals yield
sulfuric and nitric acids [1]. The results obtained by field mea-
surements on the rate of S0? oxidation cannot be completely
explained by reactions with light induced primary and secondary
radicals since rapid conversion of sulfur dioxide has been obser-
ved at night time, under conditions of high humidity. Catalytic
autoxidation of SO in aqueous microdloplets has been suggested
as a nonphotolitic patway for the rapid accumulation of H SO. in
humid atmospheres. The reaction of SO with oxygen and a variety
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of inorganic and organic compounds can be accelerated in the pre-
sence of transition metal ions, such as Co(II), Co(III), Cu(II),
Fe(II), Fe(III), Mn(II), and Ni(II) [2,3].

The determination of the catalytic autoxidation mechanism of
SO- has been, for many years, the goal of researches in many
fields. The results reported are characterized by serious disa-
greements on reaction rates, rate laws, and pH dependence [2,3].

High energy irradiation of a gas mixture of the same composj_
tion of polluted air induces oxidation processes initiated by the
radicals '0, -OH, H0';, and RO' (organic peroxides) and reduction
processes due to reactions of N- radicals [4-24]. Radiation
stry studies can, therefore, help understanding the many fundameri
tal gas-phase processes related to acid rain development. Impor-
tant results for the determination of the SO- autoxidation mecha-
nism have, also, been obtained by pulse radiolysis studies of
sulfur dioxide aqueous solutions. The experiments have identified
the nature, the physico-chemical properties and the decay kinetics
of the intermediates but the initial step of the autoxidation
process catalysed by trace metal ions still remains to be cla-
rified [25].

The radiolysis studies of power plants flue gas, which is an
example of highly polluted air, has shown that, upon addition of
a basic compound, SO- and NO can be removed with yields thatmake

L- A

the process economically convenient [24].
In the present communication we illustrate the chemistry of

the radiation induced SO and NO removal from fossil fuel power
L. A

plants stock gases in the presence of stichiometric amount of am-
monia ([NH ] = 2[SO ] + [NO ]). The NH is added to the system in

O L. A O

order to form ammonium salts which can be removed in situ by
electrostatic precipitators or filters.

Primary processes
The radiolysis of stock gas yield reduction and oxidation of

the pollutant components as final result of a complex chain of
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processes which are initiated by the energy deposition of the
incident radiation.

The fraction of energy absorbed by each component of a gas
mixture is proportional to its concentration and stopping power.

In the N2 (68%), H20 (10%), C02 (12%), 02 (8%), NO (360 ppm),
N02 (10 ppm), SO (1000 ppm), and NH3 (2380 ppm) mixture, which
rapresents a typical flue gas system with added NH , the compo-

G

nents which significantly interact with the radiation are nitro-
gen, water, carbon dioxide, and oxygen. We have developed a gene-
ralised model for the calculation of the radialysis yields under
different experimental conditions. The calculated yields are in
good agreement with a large body of experimental measurements
[18-21].

The primary processes induced by radiation can be represented
by [18]:

N2 ->HH. N*, e", N+, N', N*, N*
G = 2.27, 2.96, 0.69, 1.90, 1.15, 0.29

02 *++ 02, e", 0+, 0*, 0*
6 = 2.07, 3.30, 1.23, 1.41, 1.90

H20 +-~ H20+, e", FT, 'OH, 0', OH+, H+, H£
G = 1.99, 3.23, 4.15, 4.25, 0.45, 0.57, 0.67, 0.45

C02 +++ O)!", e", C0+, 0+, 0', CO
G = 2.24, 2.96, 0.51, 0.21, 0.51, 0.21

The primary species, X. are produced at a rate given by:

dX./dt = G x D/N x 100

where D, eV l s , is the dose rate, G is the number of molecu-
les produced per 100 eV of energy absorbed by the parent compound
and N is the Avogadro's number. The species undergo fast reactions
for which the following mechanism was assumed
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a) ion-molecule reactions.

X / 1 * A t l fy\J S O

o \ M i 1 1 f\ v 1 1 r\2; N + H20 > H20

3) 0* + H20 ——— > H20+

n \ f\ i I 1 r\ s. l | f\4; u + H u - > HU
+ +

6) H20+ + H20 ——— > H/

11 \ 1-1"*" . r>n v fo !
ö^ U + L,U„ / LU +

+
y j \j ' wU x o u — ,r f / O ** r t ' o

10) e" + C02 + M ——— > C02

11) e~ + 0 +M ——— > 0~1 J. J C 1 U_ 'II S U_

12) 02 + C02 ——— > C02

b) neutralization reactions.

13) e" + X+ —— > X* —— > pr

1 n \ r"*n~ t n r\ v 1 114; tü„ + HU > H
L, O

+ N

+ 0

+ OH

«;+
2

+ 02

oduct:

15) 02 + C02 ——— > CO + 0 +

c) uncharged species reactions.
16) N + N ——— > N
17) H + 02 ——— > H02
18) OH + OH ——— > HO

19) H02 + H02
20) 0 + 0 + M

21) OH + OH ——— > HO + 0

22) N* + 02 ——— > NO + 0

23) OH + HO ——— > HO + 0
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The model gives, for the system under consideration, 6(*OH)=
= 3.26, G(H02) = 3.60, G(N-) = 1.53, G('N*) = 0.90, G(O') = 1.02,
and 6(CO) = 0.24, in good agreement with experimental results
[18].

2 2The reaction of excited nitrogen radical, -N* = N( D)+N( P),
with 0» produces NO during radiolysis with a yield of G(NO)=0.90
and increases the yield of oxygen radical.

Reaction of primary radicals with low concentration components
The minor components of the gas mixture, SO-, NO, NO-, and

NH-, cannot compete with neutralization reactions and most of the
ion-molecule reactions but can scaveng the 'OH, HO", *N, and *0
radicals.

The following mechanism, for the flue gas composition pre-
viously defined, refer to an irradiation temperature of 80°C.

The -OH radical reacts with NH , SO , NO and NO while the
O L. L-

HO* radical reacts predominantly with nitrogen oxide:

24) NH + -OH ———> -NH + HO
0 L- C.

25) S02 + -OH ———> HOSO*

26) NO + -OH ———> HNO

27) N02 + -OH ———> HNO

28) NO + HO;; ——> NO + OH
29) N0 + H0 ———>

Reaction 28, in the dose range up to 3 Mrad, converts over
70% of HO* to -OH radical, figure 1.

The yields of 'OH radical reactions change during the radio-
lysis with the concentration of the reactants, figure 2. The cal-
culated yields give due account for the desappearance of SO by
heterogeneous thermo-based processes.
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NO

NO2* HOj

1 Dose , M rad

Fig. 1. Calculated yields of the HO^ radical reactions vs. dose.

3

O C X ) OH

t Dose.Mrad 2

Fig. 2. Calculated yiels of the "OH radical reactions vs. dose.
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The -NH radical, produced in reaction 24, reduces nitrogen
oxide and dioxide according to:

30) -NH2 + NO
31) -NH + N0

The yields of NO reduced in reactions 30 and 31, calculatedX
for different doses, figure 3, indicate that the reduction proces^
ses •
ned.
ses fully account for -NH radical decay in the dose range exami-

The decay mechanism of the product of reaction 25, HSO' ra-
dical, has been extensively studied and the following mechanism
has been proposed [1]:

32) HSO + *OH

33) HSO^ + "OH ——— > S03 + H2
34) HSO' + N02 ——— > HOS02ONO

35) HSO; + H00 ——— > H0SOCO d . £ 3

36) HSO: + o —— > HOSO o:
ô L. L. C.

37) 2 HSO ——— >

38) HOSO o: + HSO; —— > 2 HSO:
L. C. 3 *T

39) HOS0202 + NO ——— > HSO^ + N0

40) HOS0202 + NO ——— > HOS02ON02
41) HOS020* + S02 ——— > HSO^ + S0

42) HSO^ + NO ——— > HOS02ONO

43) HOS0202 + N* ——— > HSO^ + NO

The calculated product yields of reactions 32-43, figure 4,
give G(HSO;) = G(HSOl) = G(HSO;) + G(HOS00ON00), which indicateso b 4 L c.
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1.8

1.0

Q (X)

0.5 _

0.0

•NH 2 4 NO2

0 1 Dose,Mrad 2 3

Fig. 3. Calculated yields of the -NH2 radical reactions vs. dose.

1.0 .

0.8 -

0,0
1 Do*e, Mrad 2

Fig. 4. Calculated product yields of the HOSO^ radical decay pro-
cesses vs.. dose.
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that only reactions 36, 39, 40 and 41, are relevant under the pre
sent experimental conditions.

The yields of reactions 26 and 27 change with the ratio
[NO]/[N(L], figure 2. The nitrous acid, produced primarely in
reaction 26, undergoes back reactions 44-46:

44) HNO + HN02 ——— > NO +

45) HN02 + HN03
46) HN02 +*OH

The yields of back reactions 45 and 46 are negligible, and
that of reaction 44, calculated at different doses, is shown in
figure 5. The results have been obtained giving due account to he
terogeneous reactions of HNO» and HNO which dissolve in aerosol

L. O

microdroplets according to the mechanism discussed later.

1.0

0.8

0.6

G C X )

0.4

0.2

O.O

1 Dose, Mrad 2

Fig. 5. Calculated yield for HN02 back reaction 2HN02 = N0+N02+
+ HO at different doses.
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1.5 _

OCX) _

0.5

0.0

N.

N,O

Dose, Mrad

Fig. 6. Calculated product yields of -N radical reactions vs.
dose.

The ground state nitrogen radical reacts with ni trogen oxides
according to

47) *N + NO -

48) 'N + NO -

49) 'N + NO. -f. i-

The product yields of reactions 47-49 are shown in figure 6,

-> NO + NO
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Reactions 47, 49 and 22 increase considerably the yield of
oxygen radical to a value which only slightly depends on the dose
absorbed by the system and for 1.0 Mrad is 6('0) = 3.30.

The *0 radical undergoes reactions with 0_ and the oxides
present. The reaction with molecular oxygen yields 0_ which gives

•\J

the some oxidation processes as *0 does:

50) '0
51) '0 + NO ——— > N02
52) '0

53) "0 + N02 ———> NO + 02
54) "0 + S02 ———> S03

The back reaction 53 reduces the removal efficiency of '0 ra_
dical as the oxidation of NO to NO proceeds. The yields of the
relevant '0 radical reactions, at different doses, are shown in
figure 7.

The nitric, sulfuric, and nitrous acid vapors produced du-
ring the radiolysis of the gas mixture condense together with wa-
ter molecules, mainly on existing aerosol particles which serve
as nuclei for the phase transition. The neutralization of sulfu-
ric acid and nitric acid aerosol by ammonia gas occurs at a rate
lower than the rate expected if the diffusion of NhL to the aero-
sol droplet was the rate determining step, and depends on the ae-
rosol particle size and concentration. Experiments performed in a
laboratory flow reactor indicate that partial neutralization to
NH.HSO is relatively fast under the conditions present in the E-
-Beam treatment, but the complete neutralization to (NH ) SO. is
a slow process [26]. A complete physico-chemical understanding of
the aerosol acid neutralization by ammonia gas is not available,
but the results obtained indicate that the rate of the process ijn
creases with particle concentration and size. Therefore addition
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O C X )

1 Dose, Mrad

Fig. 7. Calculated yields of -0 radical reactions vs. dose.

of powdery material should significantly contribute to acid aero-
sol neutralization reaction.

The nitrous acid absorbed in liquid droplet, in the presence
of dissolved SCL(H O'SOJ, undergoes chemical processes according
to the following reactions, at pH = 3-5 [3]:

K,
55) HN02(g) HK02(1) H = -9.49 Kcal mol-l

K
56) HNOr (56_ N02 H = -2.00 Kcal mol

where K,1/lrrx = 49.0 M atnf (Schwartz and Frieberg, 1981); andHl 55) .
K,,,A = 7.1 x 10 M [21];(56)
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PPM

300 >

200 _

100 _

O.O 0.4 0.8 Dose, Mrad 1.6 2.0

Fig. 8. Calculated removal yields for EBARA flue gas; 1.0 Mrad
s"1 dose rate.

57) 2HN0

58) 2HN0

-> 2HSO + NO + HO + 2H

The contribution of reaction 58 is negligible due to the low

rate of reaction. The products of the post-irradiation process of

nitrous acid are mainly nitric acid and nitrous oxide. The value

calculated by the model for the N?0 yield produced at 1.8 Mrad of

energy absorbed by the system is 83 ppm which compares satisfacto

ry with the measured value of 76 ppm [27].

The calculated NO in the gas mixture, for 360 ppm of NO inj^
X

tially present, after 1.8 Mrad of energy absorbed, amounts to 138
ppm (N0„, 107 ppm; NO, 31 ppm), figure 8, which compares well to
the experimental value of NO , 128 ppm, measured in the EBARA pi-

/\

lot plant after the process vessel [27]. The value measured at the
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EBARA system outlet is 69 ppm and therefore post-irradiation remo
val reactions must occur.

Since significant pre-irradiation removal of NO , mainly NO,
A

was not experimentally observed, except when powdery material is
added to the gas mixture, we assumed that the post-irradiation re
moval is due to liquid-phase reactions of N0?, according to

H(59)
2(1)

= 1 x 10"2 M atm"1 [21], and

60) M+n + SO"2 ——— > M(n'1} + SO"

6i) so: + o9 — > so:à c. b
62) SO" + SO"2 ——— > 2 SO:b o 4
63) SO" + NO ——— > "OSO ONO
. H2° - -64) OS0ON0 — ̂ -> N0 + HS0 + H

where reaction 60-64 are based on the metal catalized autoxidation
mechanism proposed [2] to explain the results obtained by Hayon
and co-workers [25].

In the presence of liquid-phase, sulfur dioxide undergoes
the following equilibrium reactions

I/
65) SO-, . - (65) H.O'SOoMv AH = -6.24 Kcal mol"12(g) ————— 2 2(1)

66) H0'S0, - H+ + HSO AH = - 3.98 Kcal mol"1

i/
67) HSO" • (67^ H+ + SO2" AH = -2.98 Kcal mol"10 <j

where Ku,-n> = 1.24 M atm is the Henry's law constant, K„ =n\oy;? bo
= 1.23 x 10 M and Kc., = 6.61 x 10 M are the first and the se-o/
cond dissociation equilibrium constants, respectively. The

232



fraction of SCL which is absorbed in the liquid phase strongly de
pends on the pH and is given by [2]:

= (KH(65)/a)xP(St)2)

where

a"1 = (1 + K66/[H+] + K66 x K67/[H+]2)

In the pH range 2-6, ammonia is strongly absorbed in the lv
quid phase [21]

68) NH0, . NH,,.» AH = -8.17 Kcal mol"13(g) ———— 3(1]

where Kufcn^ = 58.9 M atm . Therefore, the presence of ammonia
n(bo)

in the gas-phase increases the pH of the liquid phase and the
fraction of SO absorbed.

In addition to ammonia and sulfur dioxide, other components
of the gas mixture can be absorbed in the liquid-phase; for exam-
ple, the presence of oxygen is of great importance:

I/
69) 02, . H(69) 02(1) AH = -3.57 Kcal mol"1

-3 -lwhere K..,..-̂  = 1.26 x 10 M atm . Oxygen reacts with sulfur
dioxide according to the following simple stoichiometry [2]

,(2-n)-70) H O S 0 " " + 1/2 0_ ———> H SOjn 2 2 n 4

where n varies from 0 to 2 depending on pH. Autoxidation process
70, is slow but the reaction can be accelerated by the presence

2+ 3+ 2+ 2+ 4+of trace-metal ions such as Fe , Fe , Ni , Mn , or V , which
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have been detected in the particulate released from oil and coal-
-fired power plants. The metal catalyzed autoxidation is not ful-
ly understood but empirical equations for the reaction rate have

3+been derived under different experimental conditions. As for Fe
2+and Mn catalyzed autoxidation, the expression which can be ap-

plied to the flue gas system, in the presence of NH , is (Jacob
O

and Hoffmann, 1983):

71) -d[S02(aq)]T/dt = 4.7 x [Mn2Y/[H+] +

+ 1 x 107 x ([Fe3+] [S02(aq)])2

for [SO , .] > 10"5 M and pH = 3-5; and

[S°2(aq)]T = CH2°'S°2] + [HS°3] + ~

Quantitative evaluation of the removal of SO- in theaqueous-
-phase requires, in addition to the purely chemical pathways, the
knowledge of various parameters, such as the physical process of
nucleation scavenging, the droplet size and growth of condensa-
tion nuclei, the concentration of major aqueous-phase species,the
pH of the droplet, etc. The values of these parameters are not a-
vailable and strongly depend of the quality of the fuel, the cha-
racteristic of the power plant, the flue gas cooling system, etc.
Therefore, no quantitative analysis is, at present, possible. Ne-
vertheless, the suggested chemical pathways can explain the re-
sults obtained under different experimental conditions.

Conclusions

The competitive thermal processes in the radiation treatment
of S0? give the major contribution to the final abatement yield.
The nitrogen oxides are essentially removed during the irradia-
tion step. The efficiency of the process can be enhanced by the
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addition of powdery material which increases the water nucleation
process and the amount of NO absorbed in the liquid-phase.

A
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