
CONF-820575—10

DE84 013120

ELECTRON REACTIONS IN MODEL LIQUIDS AND BIOLOGICAL SYSTEMS

prepared by

G. Bakale, Principal Investigator, and
E.C. Gregg, Co-Principal Investigator

for

The U.S. Department of Energy

Contract No. DE-AC02-78EV04746

15th Annual Radiological Physics Contractors' Meeting

Gettysburg, Pennsylvania

May 4 - 6 , 1982

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



ELECTRON REACTIONS IN MODEL LIQUIDS AND BIOLOGICAL SYSTEMS

1. Introduction

Our research program encompasses a wide variety of electron transport and
reaction processes that we study in systems that range from measurements of
quasifree-electron mobilities and attachment rates in nonpolar liquids to
oxidative and reductive conversion of procarcinogens to ultimate carcinogens
in bacteria. A list of the specific projects that are currently under study
includes:

(a) Field-dependent electron attachment (!»?);
(b) Dependence of electron attachment rate on electron-acceptor dipole

moment (3,4);
(c) Electron attachment in i-octane/TMS mixtures;
(d) Electron attachment/detachment equilibria (5);
(e) Electron attachment to reversed micelles (6);.
(f) Electron attachment to chemical carcinogens (7-9);
(g) Radiation-induced bacterial mutagenesis (10); and
(h) Bacterial mutagenicity of nitrobenzene derivatives.

We shall now discuss the techniques employed in these studies and follow this
with a discussion of the results we have obtained and our plans for future work
in these areas.

2. Experimental Techniques
The basic technique that we use in all measurements of electron mobilities,

u , and attachment rate constants, k 's, is pulse-conductivity, which is best
described in References (11) and (12) for measurements of u and k , respectively.
Briefly, the liquid under study is homogeneously irradiated between the electrodes
of a parallel-plate ion chamber by a pulse of ionizing radiation that is of
negligible length compared to the experimental quasifree-electron half-life.

The electrons and other radiolytic charge-carriers, which are primarily
ions, drift in the electric field produced by a potential difference applied
across the electrodes, and the drifting charges in the field induce a current
in the external circuit that is recorded oscillographically over the time regime
of interest. The induced current is proportional to the product of the number
and mobility of the charge-carriers, and because the number of electrons and
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ions is about equal but ug » u. , the electronic component of the induced
current is typically orders of magnitude greater than that of the ions.

Three fates are available to quasifree electrons drifting between the
electrodes: [)] electron-ion recombination, [2] drift to the anode where
neutralization occurs, and [3] attachment to electrophilic solutes and/or
adventitious impurities. Experimental conditions such as dose/pulse, applied
electric field, solvent purity, and/or solute concentration are adjusted to
ensure dominance of only one of the three electron-decay modes. In measuring
k , for example, the dose/pulse and applied field are minimized to reduce
electron losses to recombination and to neutralization at the anode, respectively,
whereas sufficient electron scavenger is added so that electron-scavenger
attachment predominates. Under these conditions, pseudo-first-order kinetics
apply and the electron half-life, t,y2» is readily obtained from a semi-log
plot of electron current vs_. time. The measured t,.? is then combined with the
solute concentration, [S], to yield ke via the equation:

ke = In 2/t1/2 [Sj (I)

The pulsed-irradiation sources used in our studies are a Van de Graaff
generator that produces 1 MeV electron pulses with a pulse-width of «v 10 nsec
and a linear accelerator that produces 15 MeV electrons with a minimum pulse
width of 2 nsec. The 30-psec fine-structure pulses of the latter are used in
our psec-conductivity experiments described in Sections 3(c) and (e) and in
Reference (6).

For our studies of bacteri.al mutagenesis and in vivo damage to DNA, we use
the Ames Salmonella bioassay which is the most widely used and most effective
short-term test for chemical carcinogens. The Ames test is based on the premise
that carcinogens are mutagens and involves the use of histidine-deficient
auxitrophs of Salmonella typhimurium that were developed by Ames' group to
identify mutagens that induce either base-pair substitution or frameshift
mutations at specific sites in bacterial DNA. This test is ideally suited for
determining the mutagenicity of chemicals that our k measurements indicate to-
be electrophiles, for studying electron-transfer reactions in the metabolic
activation process, and for studying radiation-induced mutagenesis.
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3- Results and Proposed Research
(a) Field-dependent electron attachment.

We have observed field-dependent ke's in liquids at both extremes of
the u spectrum. In high-mobility liquids such as argon and xenon, we attribute
the field dependence of the attachment process to changes in the electron-energy
distribution induced by the external electric field (1). At the other extreme,
we have reported field-enhanced ke's -in liquid ethane and propane that reflect
field-enhanced mobilities of electrons that remain at thermal energy (2).
We are currently attempting to extend the former class of energy-dependent k 's
to liquid tetramethylsilane (TMS), which would be the first observation of this
type in a molecular solvent. Both classes of field-dependent ke's imply that
the reactions of electrons produced in an ionizing event are spatially dependent
upon the distance of the electron from the parent ion, which is a dependence
that has heretofore been ignored in radiation physics, chemistry and biology.

(b) Dependence of ke on electron-acceptor dipole moment.
Our study of electron attachment to nitrobenzene derivatives in liquid

n-hexane and c-hexane was the first observation that long-range forces in a
liquid can influence k (3). This study was limited to low-mobility solvents
(u = 0.07 - 0.2 cm /Vs at 20°C), and we have recently extended this study to
liquid isooctane (ue = 5.4 cm /Vs at 20°C) to ascertain if electron-dipole
interaction also influences the attachment process in this intermediate-mobility
liquid. Our results indicate that although the acceptor dipole moment also
affects ke in isooctane, other factors appear to be equally or more important.
We have recently reported these observations (4) and continue to seek a model
that is consistent with the measured ke's.

(c) Electron attachment in i-octane/TMS mixtures.
Studies of u in mixtures of solvents having different electron-transport

properties have contributed greatly to electron-transport theory, but few
analogous studies of k have been done to complement electron-attachment theory.
Consequently, we have initiated a study of electron attachment to CC1* and
ethyl bromide in i-octane/TMS mixtures. Our preliminary finding is that the
ke of both solutes is dependent upon a property of the mixture other than ue or
V , the conduction-band energy of the mixture. Studies with other solutes and
solvent mixtures are needed to identify this property. For these studies which
require numerous kfi measurements, we need a picosecond-conductivity technique
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that is described in Reference (6).
(d) Electron attachment/detachment equilibria.

Our observation of an ion-molecule detachment reaction in the liquid
phase (13) preceded our studies of electron attachment/detachment equilibria.
The latter studies provide unique thermochemical data that are unavailable
through other measurements. For example, our study of electron attachment to
and detachment from p-difluorobenzene-(p-DFB) in n-hexane and c-hexane yielded
activation energies, activation entropies and enthalpies of reaction for the
process in addition to an electron affinity of -0.34 eV for p-DFB (5). We have
applied the same technique to studying the attachment/detachment reactions of
nicotine, pyridine and N-methylpyrrolidine and plan to report these results soon.

(e) Electron attachment to reversed micelles.
The unique water-encapsulating and membrane-mimetic properties of

reversed micelles make these pseudo-biomolecules the ideal system in which to
bridge the gap from model nonpolar liquids to aqueous biological systems. Our
study of electron attachment to Aerosol OT (AOT) reversed micelles in i-octane
provided the first direct measure of the ke's of these multimolecular aggregates
and illustrated the influence of encapsulated water on the attachment process (6).

We have now extended this study of electron capture by A0T/H90 reversed
2micelles to the solvent TMS in which u is 100 cm /Vs. We found k to be ^ 100

times less than in i-octane at low water concentrations; however, at H^O/AOT
weight-percent ratioes >1, k in TMS exceeds k in i-octane and reaches a value
of ^ 10 M s at the highest HgO concentration that is attainable. We plan
further studies of this system and of another reversed micelle, Triton X-100,
in the same solvents.

The extremely fast attachment reactions of these reversed micelles
and a lower limiting concentration at which the micelles are stable necessitated
that we use the picosecond-conductivity technique developed by G. Beck for these
measurements. We plan to use the same technique to measure the mobility of
electrons in the structured water that is encapsulated in the micelle. We
envisage that u in this medium will be orders of magnitude greater than that
of solvated electrons and have conjectured that such a medium should approximate
that of the water that surrounds polar biomolecules (14).
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(f) Electron attachment to chemical carcinogens.
The pseudo-nonpolar electron-transport properties that we proposed for

the sheath of water that encases biomolecules (14) and the ubiquity of electron-
transfer processes in biological systems suggested that the attachment properties
of xenobiomolecules could be determined in nonpolar liquids. This premise
coupled with the dogma that "carcinogens are electrophiles" prompted us to
study the electron attachment properties of carcinogens in nonpolar liquids.

In c-hexane, we found that 37 of 42 carcinogens attach electrons at
diffusion-controlled rates, whereas 30 of 34 noncarcinogens attach electrons
at significantly lower rates (7). Since we and others have found that k is
strongly dependent upon the medium in which attachment occurs, we extended the
carcinogen-attachment study to i-octane and recently reported that in this
solvent 29 of 35 carcinogens attach electrons et diffusion-controlled rates in
contrast to the non-diffusion-controlled rates found for 23 of 27 noncarcinogens
(8,9). These results imply that ke compares favorably with bacterial mutagenicity
as an indicator of a chemical's carcinogenicity, and it is this property,
mutagenicity, upon which most short-term carcinogen screening tests are based.
Consequently, we are currently measuring the k 's of other carcinogens and
noncarcinogens to establish on a firmer basis the ke-carcinogenicity correlation
in order to attempt to develop an improved screening test for carcinogens,

(g) Radiation-induced bacterial mutagenesis.

Our interest in DNA damage and short-term carcinogen screening tests
has led to our utilizing the most successful of these tests to study radiation-
induced mutagenesis, viz., the Ames Salmonella bioassay. We found tester strains
TA1537, TA98 and TA100 to be mutated by X-rays and y-rays and also a marked
radiation sensitivity of the TA98 strain (10). We plan to use the Ames bioassay
to study radiation modifiers and to determine if nonmutagenic electrophiles can
protect DNA from damage by chemical mutagens.

(h) Bacterial mutagenicity of nitrobenzene derivatives.
The correlation that we observed between ke and carcinogenicity (7-9)

combined with the diffusion-controlled ke's that we measured for more than forty
nitrobenzene derivatives (3,4) prompted us to investigate the bacterial muta-
genicity of this class of compounds. Again we used the Ames bioassay to determine
mutagenicity and in preliminary studies tested those nitroaromatics for which
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mutagenicity data were available. We found m- and p-nitroaniline, o- and p-
nitroanisole and m- and p-nitrobenzoic acid to be mutagenic and are currently
testing other nitrobenzene derivatives.
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