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field. The u, of liquid C

Summary Progress Report o

-,

Thg éuaéi—free electron attachment rate, ke, and mobility,“ue,
were studied in non-polar solutions using pulsed conductivity
techniques. Measurements of ke of >50 nitro compounds in liquids
haying My ranging from <0.1 to 100 cm2/volt sec at temperatures
from -100 to +40°C indicated electron-dipole interactions are
importaqt in liﬁuids having u, < 1 cmz/volt sec. The Smoluchowski
equation was modified to include electron-dipole interactions and
calculated ke;s agreed with observations within t 20 percent. The
cellular enhancement ratio, CER, of nine of the nitro compounds
were measured and a correlation between ke and CER was found
which was used to refine a model of cellular radiosensitization
involving quasi-free electrons. Diffusion-controlled ke's were

observed for several carcinogens and in reversed micellar

solutions. Field—dependent ke's were measured in liquids having

“é ranging from lO_Abto 500 cmz/volt sec and were found to increase

at Mo < 1 and &eérease at Mo > 70 cmz/volt sec with increaging
2H6 was measured from -40°C through the
critical temperature at fields up to 180 kV/cm and a transition
from polaron to delocalized electron conduction was observed. A
pico-second (ps) pulse conductivity technique was developed and
hot electron and/or autoionization processés were 6bserved in
tetramethylsilane,-TMS, 200 ps after:the ionizing pulse. A dose,
field, and polarity dependent conductivity spike having a life-

time of 100 ps was observed in TMS and is interpreted as a pre-

breakdown phenomenon.




ELECTRON ATTACHMENT TO POLAR SOLUTES

I) = Electron-Bipole Interaction

In the course of determining what factors influence the
electron attachﬁent rate to radiosensitizers, &e.discovered
that the attachment rate depended sﬁrongly on the dipole moment
of the electron acceptor. To clarify this effect; which has
not’been qbserved for SOlvated electron reactions, we measured
the electron attachment rates of a series of 39 nitrocompounds
that had dipole moments ranging from 0.5 to ~ 7 Debye. vA'fulll
descripﬁion of this work is presentéd in the appended manuscript,
"Electron Attachment to Nitro Compounds in Liquid Cyciohéxane",
and is summarized along with mdre recent studies of this subject
in the following.

The rate constants were measured with an ac#uracy of
T 10 percent usihg the pulsed conductivity teéhnique that we
developed (1) and were found to range from 3 - 7 X lOlev_ls“l
in liquid cyclohexane at 20°C. These values are greater than

the diffusion-controlled rate constant, kd’ of 'a non-polar solute

in the same liquid (2,3), which is given by 4y
kg = 471 (D, +. DR (1]

where De and D, are the diffusion coefficients of the electron

S



~ and solute, respectively, and R.is the effective encounter

radius, i.e. the electron-solute separation distance at which

‘attachment occurs. .In liquid cyclohexane at 20°C, b, = 5.5 x

-3

- 10 ¢m2/sec (from the Nernst-Einstein equation for‘ue = 0.22

' cm2/volt—sec) and De >> D.,. For a non-polar solute of radius

S
3.5 &, Eq. I yields k; = 1.5 x 101217t
Modification of Eq. I to include both electron-induced
dipole and electron—dlpole interaction for electron attachment

to polar'solutes yields a larger value of R, namely:

o] -

(see attached manuscript for-details of derivabipn=and nomen-—---
clature). The effective dipole moment, Moggo is dependent upon

the electron-dipole orientation angle 6 and is given by
‘ |
|

Mogg = W coS e [I11]

where p is the solute dipole moment.

Values of k, and ueff were calculated for solute dipole

d
moments-ranging from 0.5 to 7 Debye and agreed with the measured
rate constants for 36 to 39 monosubstituted nitrobenzenes-and

for sevéral poly-substituted nitrobenzeﬁes. Fromvstudiesvof the
latter we conclude that steric effects did not inhibit the rate

of electron attachment -and that resonance-decoupled nitro-groups

on the same solute serve as independent electron acceptor sites.

This suggests that poly-nitro or nitrilo substituted aromatic

compounds are good radiosensitizer candidates.




Another prediction méde from‘this study of electrén attach-
ﬁent‘to polar solutes is that the electron-dipoleﬁinteraction
should'influeﬁce the attachmeﬁt rate more strongly in liquids
having.a low ele;tron mobility (e.g. cyclohexane, Hg = 0.22 cmz/
volt-sec) than in a high mobility liquid such as tetramethylsilane
(TM™S, Hg = 95 cmz/volt-sec). This is based upon the dipole
having more time to rotate into a favorable orientation in a
low mobility liquid during the time that the electronfis
temporarily trapped by the solvent, whereas in TMS the electrén
remaiﬁs free and moves through the liquid with a uniform thermal
velocity of A2 x 106 cm/sec. With this average velocity the
electron is within the dipole attraction “range" of 18 & for
én'acceptor having a dipole moment of 7_Debye (see Table V of

13sec, which is less than the rotational

manuscript) for 10~
period of molecules.

In order to test this hypothesis the electroﬁ attachment
rates to ortho and para-dinitrobenzene (o- and p-DNB, dipole
moments are 6;1 and Q.S Debye respectively) in TMS were measured.
In‘agreément with our prediction, the electron attachment rates
to these two dinitrobenzenes in TMS are both 5% 1 x 1014M-lsec-l,
whereas we observed a threefold differenée in the attachment
rates in cyclohexane.

These electron attachmént rates in TMS are the highest
attééhment rates. observed in a liquid at room temperature which
suggests that these reactions are trul& diffusion-controlled.
Quantitative evidence of this may be obtained by sﬁbstitutiﬁg

14 ~1 -1 or

the measured attachment rate constant of 5 x 100 M ~s

6=



. 8.3 x:lO—7ém3/sec and the diffusion coefficient of 2.4 cmz/sec

(f:om He and the Nernst Einstein_equation)'into Equation I and
solving fof R. The effective encounter radius obtained is
2.8 o which is in reasonable agreement with the hard core
radius of 3.0 & of toluene determined from viscosity measure-
ments, Thus, electron-dipole interaction does not enhance
the attachment rate in liquids in which the electron is not
trapped for some fraction of its lifetime by the liquid.
Cyclohexane and TMS represent limiting cases of the effect
of liquid'étructure oh electron—~dipole interaction. With these
limits es;ablished, we are now studying electron attachment to
polar solutes in liquids having intermediate electron mobilities.
These include the solvents (ue,‘cmz/volt—seg) cyclopentane (l.l);

isoctane (5.5), neohexane (n10) and isoctane-TMS mixture (ue

‘ranges‘from 5.5 to 95 cmz/volt.sec, see Part 4 of this Section).

Another means of studying electron interactions with solutes
and solvents is through the effect of temperature on the electron
attachment rate. The activation energies of electron attachment
to several substituted nitrobenzenes have been measured and are
listed in Table 1. The activation energies are ¥3 kcal/mole for
all of the nitro compounds studied which results from the
activation energy of the mobility being 3 kcal/mole (5), i.e.
from Equation I, kd increases with temperature only-through the
incfease.in De (or ue).with temperature. The contribution to
kd due to the temperature dependence of R in Equation'II is only

12 per cent in the 5 - 40°C temperature range that we studied

for this solvent.



Table 1. Activation energy, Eact’ of electron

attachment to solutes in cyclohexane
from 5-40°C.

Solute . .~ E___, kcal/mole
) act .
Nitrocyclohexane 2.8
Nitrobenzene . : 3.4
o-Dinitrobenzene 2.9
o-Nitrobenzonitrile 3.2
p—Nitfobenzonitrile 3.5
p~Fluoronitrobenzene : 3.0

Carbon tetrachloride ' 2.8




The temperature dependence of kD in TMS’iS'different,»however,
for in this 1liquid, De is unchanged from +20 to -98°C. ’Thus, any
change in kdeith T must be.due'to the R term in Equation II.

The predominant'temperature’dependence in Eq. ITI is the T—l pre-
error function term which predicts an enhancement of the attach-
ment rate by 50_pefvcent as the temperature decreases from +20 to
-78°C. This is the dependence we observed for electron attach-
ment to the nitro compounds listed in Table 2 with enhancement of
the electron éttachment rate at the.lower temperature ranging from
10 to 90 per cent. | |

This result, however, is conﬁradictory to our conclusion
that electron-dipole interaction is negligible in TMS and,
consequently, Eq. II should not apply to the electron attachment
process. We are attempting to resolve this apparent paradox
through studies of electron attachment to polar solutes in

TMS and in isoctane-TMS mixtures at.intermediate temperatures. .

v

1I) "Quasi-Free" Contrasted With '"Dry'" > Electrons

Another study that we are presently conducting is to
establish the correlation between the quasi-free electron and
dry electron attachment‘pr&cesses. We had broposed that such-
a correlation between the two types of electrons should exist
before any suggestion.was made by others that quasi-free
electron reactions in non-polar liquids may simulate dry
electron reactions in aqueous solutioms. In order to detérminé
if the two-electroﬁic species have similar reactive properties;

we are studying the electron attachment rates of solutes in

non~polar liquids that have already been studied in concentrated

-9-




-10-

Table 2. Electron Attachment Rate Constants of Nitro -
' Compounds in Tetramethylsilane at 20 and
-78°C. Y
k x 107417t
Solute | _20°Cc - -78°C -
o-Dinitrobenzene 4.6 6.4 S o ‘ 1
p?Dinitrobenzene 5.5 6.1
o—Nitrotolueﬁe o 0.82 1.2
p-Nitrotoluene . 0.58 = 1.1

p-Nitroacetophenone 1.9 2.5




with Dr. C.L. Greenstock of Atomic Energy of Canada, Whiteshell

effective. This is in accord with our predictions as is the

" forming relatively short-lived anions when attachment occurs

poléf média 6,7).

Pfeliminary results from thisvStudy'are preéente& in Table 3
whiCh illustrates that solutes which attach dry electrons at high
rates also attach quasi-free electrons very efficiently.

Extension of thi; study to other solutes for which the dry
electron attachment rates are known and to other non-polar liquids
shouldvresuit in an estimate of the mobility and diffusion
coefficient of the dry electron. Knowledge of these transport.
parameters within an ofder of magnitude would be invaluable in. . |
improving the theory of the reéctionS»that occur following inter- |

action of ionizing radiation in biological systems.

ELECTRON ATTACHMENT AND'BIOLOGICAL-PROCESSES

1) Radidation Sensitizers

A more direct study of the role of electron attachment in

hypoxic cellular radiosensitization was made in collaboration

Nuclear Laboratory. Dr. Greenstock measufed the ;ellularb
enhancement ratios of three series of ortho-, méta— and para-
nitro compounds for which we had measured ;he electron attach-
ment fates.‘ The results are summarized in Table 2 where one

sees that the dinitro-compounds -are the most effective hypoxic

cell sensitizers with the ortho-compound being the most

poor sensitization by the bromonitrobenzenes. The latter

compounds were predicted to be poor sensitizers due to their

(see Table 4). The enhancement ratio appears to involve both

~11~




-12-

Comparison of Rates of Attachment of Quasi-free

Table 3.
Electrons in Cyclohexane and of Dry Electrons
in Ethanol to Various Solutes.
Tk x lOmlOM—ls_l
. , (a)
Solute ‘ Quasi-free Dry
Carbon Tetrachloride - 300 1.2
Chloroform 300 1.1
Nitrobenzene y 510 o L.2
Acetophenone o 360 1.2
Methyl Ethyl Ketone ‘ 0.7 0.6
Acetone 0.5 0.5




Table 4. Cellular enhancement ratio, C;E.R., electron attachment rate constant
(in cyclohexane at. 20°C), k, product anion lifetime, T, and logarithm
of the product kT of substituted nitrobenzene compounds.

-13-

(a) Cellular enhancement ratios measured by C.L. Greenstock, pfivate

communication.

(b) Reference 19, Table 1

Sensitizer _ _c.E.®? kxlO-lenls-l‘ T, usec KT, M
o-~dinitrobenzene - | 1.7 6. 463 9.5 |
vm—dinitrobenzene 1.6 5. 537 9.4
p-dinitrobenzene 1.6 2. 421 9.1
o-nitrobenzaldehyde 1.5 5. 395 9.3
mfnitrobenzaldehyde 1.2 4. 205 9.0

" p-nitrobenzaldehyde 1.4 3. 47 8.2
o-bromonitrobenzene 1.4 6. 18 (8.0
m-bromonitrobenzene 1.2 5. 21 8.1
p-bromonitrobenzene 1.1 5. 10 7.7




thevelectrbn attachﬁeﬁt rate ahd the product anion lifetime and
~as"a first attempt to determiné the correlation function, the
énhancement ratio was plottedvas a function of the log of the
product kT (Fig. 1). There éppears to be a good cdrrelation
betweenvthese parameters. for 7 of the 9 ﬁitro compounds studied. .
The .two nitro compounds which déviafe most from the
correlation are ofbromonitrobenzene and m~nitrobenzaldehyde.
Since-cellulér respiration is intimately related té the radio-
_sensitization process due to oxygen depletion effects, Qe
predict that the anomolous behavior of the two nitro-compounds
is due to o?bromonitrobenzene.iﬁhibiting'and‘m—nitrobénzaldehyde
s;imulating cellﬁiar respiration more éfficiently_than the
other nit;o,compodﬁds. An‘additionél‘factor'to consider is the
: cellulaf'toxicity, and both cellular resPiration_and toxicity
studies of the nine nitro compounds have been initiated in

collaboraﬁion with Dr. J. Biaglow's group in our laboratory.

-Ii) Carcinoggnesis

Another biological process which appears to involve quasi-
free electrons is carcinogenesis. Measurements of electron
attachmént rates to several carcinogens in non-polar liquids
are summarized in Table 5 which illustrates that all of the
carcinogens studied attach e}ectrons at diffusion~controlled
rates. This is in contrast to reaction fates orders of mag-
nitude less for electron attachment to naturally occuring
cellular components (8) and to several compounds recognized -
to be non-carcinogens such as caffein, nicotine, and ethanol (9).

 The high attachment rate constants of carcinogens suggest °

“14=
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Table 5. Electron attachment rate constants of carcinogens in
non-polar liquids at 20°C.

k x 107y 171

in solvent:

Carcinogen n-hexane c-hexane i-octane
benzo-a-pyrene 1.3 4.0 ‘12
2-nitrofluorene 1.3 4.8 36
4-nitroquinoline—N—oxidé 0.9 2.1 10
chloroform. l.2v 3.0 13
carbon tetrachloride 1.2 3.0 -




- that thisiproperty could.bevused as a pre-screening test of
suspected éarcinogens. The maiﬁ advantages of this pre-screéning
ﬁethod cdﬁpared to otﬁer screening tests.are sensitivity and
speed.. The high electron mbbility and attachment rates combine
to make picogram quantities of a'cércinogen'detectable in
analysis times of less than 20 minutes. A positive reéponse
from the pre-screening electron attachment test, which we've
aifeady found for-many radiation sensitizers, would indicate

a need for further étudy in one of the more time consuming

and more expensive conventional screening tests that are
available (10).

We hope to more firmly establish the electron attachment
carcinogenicity correlation through measurements of ﬁhe electron
attachment rate constanté of compounds clearly recognized as
' being either carcinogens or non;carcinogens. Among the non-
carcinogenic drugs tested, nicotine was found to have an
unusuai electron attachment.behavior, viz, both electron
attachment to nicofine and electron detachment from the product
anion occurred. at about the'same rate which resulted in an
electron attachment-detachment equilibrium. Eduilibria of this
type generélly are very temperature dependent which permits
evaluétidn of the thermodynamic properties of the electron
acceptor-donor (11,12).

We found a similar electron attachment-detachment equilibrium
to occur with para-difluorobenzene (p-DFB) in normal and cyclo-

‘hexane from 5 to 35°C. Compﬁter'analysis of the temperature

16—



deﬁendeﬁce of the equilibria by Dr. R.A. Holroyd of the Broék—
haven National Laboratory Chemistry Department yielded an
electron affinity for p~DFB of ;0.34eV. This value ié in
marked contrast to the gas phase value ofk+0.18 eV which
illustrates the marked influence of electfdn—solvent and
anion-solvent interactions on the feaction ﬁroperties of
electrohs,

The electron affinities of the ortho- and meta-difluoro-
benzenes are now being measﬁred to determine the role of solute
dipole moment on the electron affinity. Drugs having
pharmacological properties similar to nicotine will be studied
to determine if the electron attachment-detachment equilibrium

is biologically importént.

ELECTRON TRANSPORT IN BIOLOGICAL SYSTEMS
Although a better understanding,of.thé electroﬁ attachment
process is'valuaﬁle in clarif&iﬁg ﬁhe roles that electrons play
in biological processes, a more detailed knowledge of electron
transport in biological systems is of equal importance.
Cellular electron transport can be conveniently divided into
three categdrieé:
(1) intra-molecular tranéport within biomolecules such
as proteins, RNA and DNA which appear to have
semi-conductor: properties (13,14,15).
(i1) .electron transport through the structured, quasi-
lattice multilayers of water bound to highly polar

biomolecules and into the disordered bulk water, and

-17-




(iii) electron;transport through structured layers of

amphipathic molecules that constitute memebrane walls.

I Intra=molecular Transport

Concerning the first category, we have applied the pulse-
conductivity techniéue to direétly measﬁring microsecond.decay
processes of charge carriers in strandé of RNA and DNA; however,
tﬁe observed currents were non-ohmic and varied greatly with
different sémpies. We.havé designéd an improved sample holder
which will permit us to maintain the biomolecules under Qacuum
~during the measurement which should improve‘reproducibility.
Sample preparation techniques, also have‘been improved and
these modifications may permit us to make the first dirgct
measurementé‘of the mobilities of electrons and holes in DNA
and RNA. |

I1I) Inter-molecular Transport

The second and most comﬁlex typé of cellular electron
transport could only be treated theoretically until recerntly
since technology prevented our making direct -observations of
the properties of electrons occurring when the enviroﬁment of
the electron changes from a highly structured, pseudo-non-polar
medium to one in which electron-dipole interactions predominate
and the electron becomes fully solvated. This is the type of
environmental change that an electron encounters after being
ejected from a polar biomolecule such as DNA that has absorbed
sufficient energy for ionization to occur.

The best experimental simuiation of the changes of the

electronic properties that occur during this solvent transition
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~are in studies1being conducted at the Reactor Institute, Delft,
The Netherlands;_where A. Hummel and J.M. Warman recently ﬁéve
applied a pulsed microwave conductivity technique to studies
of frozen aqueous solutions (16). Obsérvatioﬁ of a highly
reactive, very mobile charge-carrier in the frozen solutions
containing various.solutes, including DNA, indicate that. this
charge—carriér is an unsolvated electron. We have maintained
close contact with this group for years and anticipate directly
collaborating with them in a joint study of determining the
attachment and transport proﬁérties of electrons in frozen
polar media.
Thesé experimental studies should rigorously test the
model that we derived to describe the charge transport properties
of cellular media following an ionizing event in the cell (17,18).
In this model the time.and position dependency of the mobility
of the ejected electron is considered as it loses energy to the
medium which has a time and position dependent dielectric
"constant! ranging from 3.5 to>80. The probability of the
electron encountering and attaching to an electron affinic
solute before becoming solvated is also considered as well as
what subsequent electron reaction pathways are modified if
attachment occurs. An-abétract of the paper fo be presented |
is appended.

III)' Membrane Transport

The third category of electron transport related to biological
systems that we studied was electron migration through membranes.

Cellular membrane wall structure is simulated to a high degree in
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' thé'walls of micelles formed by.surfaCtants in polar solvents
(20). 1In non—polér solvents,va gfeat variety of ampﬁipathic

" molecules coalééce to form inverted or reversed micelles in
whicﬁ the hydrophobic '"tails" éf the.solute extend into the
non-polar solQent and the hydrophilic "heads" aggregate at

thé interior. The polar enﬁironment of theqreversed micelle
sqlubilizes polar solutes present in the solution which aids
in stdbilizing the entire aggregate. Defails of the structure
-and catalytic propertiés of these unique macromolecules have
been bresented in a recent review (21).

.Welhave observed reversed micellar formation of licithin,
cholesterol, and chlorophyll in normal cyclohexane and in
isoctane (18). Our most recent studies were directed at
determining the electron transport properties of these species
which are of particular interest because electron reactions
rlay a key roie in photobiological processes (15,22-24).
Further, water incorporated in the inner reversed micelle
pool is knqwn to have considerabie stfucture aé is reflected
by the solubilized water in Aerosol OT, sodium bis (2-ethylhexyl)
solfosuccinate, having a dieiectric cénstant of 2-4 (25).
Electron reactions in this structured water-should be another
means of simulating radiation biological electronic processes.

In order to clarify theée aspects of the electron transport
modifying properties of reversed micelles, we wanted a reverse
micelle system for study which had well defined physical
properties. We chose Aerosdl_pT (AOT) which is known to have j

the structured water pool referred to above and which has a
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known micellar weight and geometry in liquid hydrocarbons
determined from ultracéntrifugation,'1ight scattering, and
viscometric studies by‘Peri (26).

‘We observed two components in the decay of the ion current
iﬁ AOT-normal hexané solutions varying in cqmposition from
0.32 to 6 weighf percent with an applied electric field
ranging from 15 to 150 kV/cm. The major linear component

4cmz/volt sec and the

yielded an ion mobility of 2.2 x 10~
minor component. could onlyvbe assignedva lower 1limit of

>4 x iO_Scmz/volt sec due to the non-linear natﬁfe of the '  h
decay. Converting these mobilities to diffusion coefficients = §
using the Nerpst—Einstein.equation yields values of. the |
diffusion coéfficients of 5.5 x 10-6 and %l X 10—7cm2/sec

for the majér and minor components, respectively. The

" diffusion coefficient of the major micellar component is in
fair agreement with Peri's value of 3 x 10f6cm2/sec for.
Aerosol OT in isoctane (26). The micellar Qeight of this
aggregate is V9,000 which corresponds td 25 AOT molecules/
micelle.b'No higher molecular weight aggregates were detected
by Peri that corresponded to the slower decaying current we
observed, but this may have been due td the different sensiti-
vities of the‘experimental techniques.

In aqueous micellar solutiomns, hydrated electrons attach
to non-polar solutes in micelles at diffusion-controlled rates
(27) and appear to tunnel through the electrical double layer
at the micelle-water interface (28). The reaction rate

constants observed in these studies are in good agreement
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wi;h the rate constant of 2.5 x lOlOM'-ls-l calculated from

diffusion theory for a micelle having a radius of 45 & and
with the hydrated electron having a diffusion coefficient
of 4.5 x lO-Scmz/sec;A |

We attempted to compére the quasi-free electron attach-
ment rate in AOT-isoctane sqlutions‘with thé above studies
but found that the electron attachmént reaction was too fast
for us to observe (tl/z <20 nsec). This may be due to
analogous attachment processes occurring in the two_Systéms
but with the reactioﬁ rate  of the quasi-free electron being
n3000 times greater than that of the hydrated electron due
to the diffusion coefficient of the fqrmef being greatér
th;n that of the iatter by this factor. Consequently, a
sub-micromolar concentratién of an efficient electron
attaching impurity would have‘reducéd the quasi-free electron
lifetime to <20 nsec in the AOT—1300cfane solution but could
have been tolerated in the aqueous micellar system.

We have'improved oﬁr purification techniques and are now
preparing to repeat the AOT-isooctane éxperiments. When we
are able to observe electrons with a half-life >200 nsec.in'
this system, polar electron accepfor molecﬁles will be added
to the solution and their electron attachment rafe constants
measured. Polar electron acceptors that we have already
studied in pure non-polar liquids will be used and the
influence of the micelle on the electron attachment rate of
the acceptor will be determined. When this is established,

‘other reverse micelles will be substituted for AOT in order
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to determine the effect of micellar structure on the electron

attachment and transport processes. The first micelles we
will study are lecithin and chlorophyll since these will
provide information on electron transport through cellular
membranes and chloroblasts. Subsequent studies will include
electron attachment to nitromididazole radiésensitizers in
lecithin or other reversed micelles that simulate cellular

membranes.

ELECTRON TRANSPORT AND ATTACHMENT PROCESS IN MODEL LIQUIDS
The studies described in the preceeding portions of this
Section are all related to the role of electroms in biolbgical

processes and utilize kndwledge of quasi-free electron trans-

port and reaction properties acquired within the last few

years. Many questions of a more fundamental nature con-
cerning thé physicq—chemicalkproperties of excess electrons
in liquids are unanswered. We are continuiﬁg to provide
answers to these questioné particularly in the areas of the

effecf of high electric fields on the electron-solvent and

electron~solute interactions. Our current sutdies, which all

use the pulse conductivity technique that we developed to
measure electron attachment rates (1) and electron mobilities
are described in the following. Unless noted otherwise,
these stﬁdies.are done in collaboration with Dr. W.F. Schmidt

of the Hahn-Meitner Institute in West Berlin.

I) Simulation of Transport Tones in Cellular Water
Our work on the energy dependence of electron attachment

reactions in atomic liquids (32,33) is now being extended to
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~ the molecuiar liquids neopentaﬁe, TﬁS and CH4 thch.were chosen
for‘this.study bécéuse all three solvents exhibit electron
"heating".effects at a criticél field, Ec’ above which the
elgctron mobility decreases. The Ec values of these liquids
are neopentane, 15 kV/ecm (6), TMS, 10 kV/cm (7) and CH4,

1.5 kV/cm. SF, was chosen as the electron acceptor since

6
this molecule has an ektremely energy dependent electron
attachment cross section in both the gas (29) and liquid
(32,33) phases which peaks at thermal energy

Prellmlnary resultsvln neopentane—SF6 solutlons indicate
no change in the eiectron attachmeﬁt rate constant of

2.5 x 1014M ~lg7t at electric fields ranging from 5 to 50 kV/cm.

A decrease of ~50 percent, from 2.6 to 1.8 x 1014M 1 l
was measured in TMS-—SF6 solutions over the same range of
fields. Preliminary experiments in CH4—-SF6 solutions from
0.5 to 5 kV/cem indicate_a.similar energy dependence of the
attachment ratée constant; however, ail of these measurements
will be repeated in.a newly designed ion chamber having la;ger
electrodes and a greater inter-electrode. distance. This
nodification will reduce electron loss to the electrodes
which is the electron decay process that competes with
electron attachment to SF6. |

Studies of the field dependence of electron attachment to
SF6 in C2H6 and C3H8 were also initiated. The transéort
properties of ;hese liquids over the temperature raﬁge of

-140 to -50°C contrast markedly with those of neopentane,

TMS and CH4 which is reflected in Mo ranging from <10—3 to
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ml.cmzlvoit-sec; These low mobilitieS'ére due to poiaron;like
transpo;t of the electrons in ?2H6 and C3H8 Witﬁ the electron
hopping between solvent traps (34-36). In earlier studies we
had determined the electron mean jump distance and the jump-
ing frequency from the high field transport properties of
these liquids. | |

The jumping frequency. increases at high fields due to -
distortion of the electron-solvent potential well which re;
sults in a field dependent increases_in‘ue. We hypothesized
that this increased jumping frequency would be reflected in
an increased attachment rate of electrons under high‘field
copditidns.

Thevattachment rates measured at —7S°C in C2H6 and C3H8
are consistent with this hypothesis. The rate constants
increased proportionately wiﬁh the field enhanced mobility
at electric fields ranging from 50-100 kV/cm. This study is
now being extended to lower temperatures'at which the jumping
frequency,of-C2H6 decreases but that of C3H8 is unchanged.

In addition to these electron attachmenﬁ studies in
liquids having.electron mobilities <1 and >70 cmz/volt sec,
we are preparing to study the electron attachment process
in the intermediate‘électron mobility region of 5-70 cmz/volt
sec. We have measured the électron mobility in isooctane-
TMS mixtures aﬁd found values of 18 cmz/volt sec at 23 mole
pércent and 63 cmZ/volt sec at 83 mole percent isooctane in

TMS. The electron mobilities of intermediate mixtures will

be determined along with the high field electron transport
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behavior. When these transport properties are established for
the mixtures, the low and high field electron attachment rates
will be studied in order to close the gap of knowledge that

" now exists in this intermediate electron mobility region (3).-

II) Electron Transport in Pure Liquids

a) Conventional Pulse Conductivity

We have begun another study designed to bridge the gap
between low and high mobility electron transport processes.
Our earlier studies of liquid ethane covered a temperature
range from -160 to -60°C with correéponding electron mobilities

3 to 1 cmg/volt sec (34-36). We are noQ able

ranging from @10-
to extend this study through the critical teﬁperature of iiquid '
ethane at 32.1°C by using an ion chémber désignéd by W. Doldissen
of the Héhn~Meitner Institute, West Berlin, whoAis also
collaborating in this s&udy. The 50Q stainless steel ion
chamber is capable of withstanding internal pressures of
>50 atm. and electric fields of 180 kV/cm havé been applied
without breakdown.

An electron mobility of ~40 cmz/volt sec was meaéured
ipbliquid C2H6'at'20°C and the mobility was found to decrease
at fields >50 kV/cm which indicates that the transition from
polaron to delocalized electron transport had occurred. The
electron mobility increased monotonically through the critiéal
temperature which is in contrast ﬁo the electron mobility
maxima observed in other liquids near the critical temperature

(30,31). Measurements at temperatures from -40 to +40°C may

indicate at what mobility the electron transport mechanism
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changes. Electron'attachment stﬁdies in liquid C2H6 at these
same temperatures are planned.
The final study of electron mobilities in liquids

using conventional pulse conductivity'techniques that we are

conducting is to determine if an isotope effect exists for

electron transport in liquids. Among the liquid hydrocarbons

that we have studied, CH, is the easiest to purify and has

4
well defined electron transport characteristics (31,36);
consequently, we have chosen the deuterated analog for our

isotope effect study. We are now in the process of preparing

CD4 of sufficient purity to measure the electron transport
4

properties in this liquid at fields ranging from 102—10 kV/cm.

b) Picosecond Pulse Conductivity
The applicétion of picosecond, ps, sampling techniques

to pulsed conductivity measurements by Dr. G. Beck of the
Hahn~-Meitner Institute, West Berlin has opened up a new time
regime for studying electron transport and attachment pro-
cesses in non—poiar liquids. We are cbllaboratipg with
Dr. Beck in this pioneering area and already have directly
observed processes that appear to coﬁflict'with existing
theory which of necessity has been based on post nanosecoﬁd
measurements. , .

The train of 50 ps fine structure pulses that make

up the '3" nanosecond electron pulses from the Hahn-Meitner

Linac is illustrated in Figure 3A. The dots represént the

5 ps sampling times; the time between each train of pulses in

20 milliseconds.
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The growth in the conductivity signal produced by
irradiating TMS in an ion chamber with an applied field.of
10 kV/cm by bremstréhlung produced from the electron pulses
in 3A impinging on a lead target is shown in Figure 3B. The
conductivity signal grows with each irradiation pulse and no
significant decay by attachment, recombinaéion or drift to

the electrode occurs. This is the behavior expected for

electrons in a pure liquid at this dose and with this

electric field. However, the slow rise in the growth of the

-conductivity signal after each pulse is not consistent with

existing theory.

An expansion of this slow.growth by the sampling
computer is shown in,Fngre 3C where the rise time from 10-90
percent of the growth is seen to require ~160 ps. This is
significantly longer than the rise time of_the cell and
sampling system which is ~30 ps as demonstrated by the spikes
observed from the same cell gndrshown in Figure 4. Attgmpts
to increase this slow growth by using cells having electrodes
of different areas and sepafated at different distances did
not decrease the rise time of the conductivity signal.

We tentatively offer two explanations for the observed
slow growth. One is the production of meta-stable suéef—
excited states which have lifetimes ranging from 10-150 ps
and which upon ibnizing eject electrons which then gontribute
to the conductivity signal. To test this, benzene, a classical
scavenger of excited statés; was added at a concentration of
~0.5M to the TMS. No change in the conductivity growth was

observed which suggests'that delayed ionization is not the

*
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answer. However, other ekéited sfate s;avengers will be used
before rejecting this hypéthesis.

"A second explanation is that the electron thermali-
zation time in TMS may be as long as 160 ps. Hot electrons
which have a more random motion than thermal electronéﬂand
would, therefére, have a lower drift velocify and contribute
less to the conductivity. Upon thermalizing at later times,
the electrons Qould make their full contribution to the con-
ductivity signal. This hypothesis is in cdntradictién to
existing thermalization theofy Wﬁich states that electromns in
liquids reach thermal ehergy within 0.1 pé after the ionizing-:
event. This hypothesis is now being tested by édding éolutes
which should be efficient electron thermalizers to the TMS.

A second set of observations shown in Figures 4A and
B also conflict with existing theory. Irradiating TMS directly
with the fine structure electron pulseé rather than bremstrahlung
to increase the dose-rate produced the large, fast éurrent
spikes oﬁ the normal conductivity signal. The spikes were
found Fo be dose; fieldbaﬁd polarity dependent and were re-
produced in different samples of TMS. )

In>Figur¢ 4A with 10 kV/cm applied, no spike was
obsefved until the dose. (and conductivity signal) had accumu-
lated to the level shown (scaling factors to give the con-
ductivity currents are not available at this time).. A second
spike was observed when the fourth fiﬁe stfucture pulse raised
the conductivity signal to the séme level. At 5,000 kVcm, no

spikes were observed and at higher fields breakdown occurred.
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The effect of the field polarity'on'the spikes is

shown in Figure 4B. Under identical conditions as A except
for the reversed polarity, the spike was observed after the

second pulse irradiated the TMS (same ordinate scaling factor

" in A and B). At -5kV/cm, no spikes were observed. N

We tentatively propose that the spikes are a pre-

breakdown phenomenon which may involve an electron avalanching

effect that extinguishes in a few ps. Such effects have been

proposed in breakdown fheory but have not been‘observed at
these low fields. We were able to resolve these spikes only
because of the resolutioh of the ps sampling technique; the
same spikes would_have been integrated by conventional
electronics to an almost negligible perturbétion of the
conductivity signal.

These preliminary experiments demonstrate thaf a new
field of knowledge is available for exploration by ps con-
ductivity sampling techniques. This téchniqﬁe should be
valuable in improving our understanding of electronic‘trans—
port and reaction processes both in radiation chemistry and
radiation biology.

c) Liquid-filled Radiation Detectors

The récent develbpment»of‘a variety of liquid argon-
filled radiation detectors indicate that these detectors have
advantages of increased sensitivity and spatial resolution
éompared to conventional gas-filled or solid-state detectors.
These édvantages, however, are offéet by the cryogenic pro-

blems associated with liquid argon.
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Our studies of TMS, tetramethyl tin and, eurrently
tetramethyl lead at high electric fields suggest that these
liquids would be ideal for an ambient liquid-filled detector.

An ion chamber having an alpha ray source at one electrode’

" has been constructed and the response characteristics of

the chamber filled with TMS are being determined.
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FIGURE LEGENDS

Figure 1. Enhancement ratio as a function of log kT for the
substituted nitrobenzene compounds listed in
- Table IV.

Figure 2. Dependence of eleétron mobility on solvent
B composition ‘in isooctane—tetramethylsllene
mixture at 20 C.

‘ - Figure-:3. " (A)-Train=o6f-=five<50 picoéecond"finé4structure'"

; } _ pulses_in the Hahn-Meitner Instltute -Linac :

| : : electron-pulse..

‘ ' " (B). Growth:of-¢dnductivity -signal from-a-parallel-. .
plate ion chamber filled with TMS at 20°C and
with an applied field of 10 kV/em following
irradiation:by bremstrahlung from a lead target
irradiated with pulses shown in A,

(C) Details-of:conductivity growth in first two
pulses of B,

Figure 4. -(A) Observance of. "prebreakdown' conductivity pulses
‘at third and fourth pulses of TMS irradiated by
electron fine structure pulses with -applied field
of 10 kV/cm.

(B) -Same .conditions—as A.except negative-polarity of
applied field. Note that -"prebreakdown' occurs
at second pulse (lower dose than third pulse of
A) and that rise-time of spike is 50 picoseconds.
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The Mechanism of DNA Replication in'Physarum'pOIYCepHalum and the
Effect of Tonizing Radiation on this Process

E.N, Brewer

For some time the principal goais of this laboratory have been to
determine the biochemical requirements for eukaryofié DNA replication and
for the repair of DNA damaged by ioniéing radiation. During the current
cdntraét period we have made fufther progress toward‘the achievement of
both of these objectives:
.l) a stimulatory factor for DNA synthesis in isolated nuclgi of Physarum

"pOlYQgphalum.has been partially purified; 2) rejoiniﬁg of radiation-

induced double~strand breaks in nuclei isélated from this organism has been
demonstra;ed. In addition, we.have devised a simplifigd version éf the
standard growth medium used to cultivate Physdrum. Using this improved
medium, the plasmodial growth rate is higher and the nuclear division cycle
shorter and more reproducible.

A. A simplified growth medium for Physarum polycephalum.

In order to determine the possible effects of Ca++ on DNA strand
break rejoining following irradiatibn of intact plasmodia of Physarum (cf.
Proposed Research, 1976-1977), attemﬁts were made to cultivate the organism
én nutriént media coﬁtaihing various leveis of Ca++. Although Ca++ has been
reported to be mnecessary for growth of thsarum (Daniel aqd Rusch, DeVeloE.
"gigl,,'gé, 47-59, 1961); we found instead that cultures grew at least as
vigorously in the absence, as in presence, of Ca++ salts. Consequently,.the
requirements for each of the other components of the Daniel-Rusch medium were
- investigated, It ﬁas found that added POAE, Mn++, Fe'" and zn™h (beyond the
levels present in the yeast extract and tryptome components of this medium)

were also unnecessary for growth of microplasmodia in shaken culture. Indeed,

with the nutrient medium which we have adopted for routine use in this labora-



tory (Brewer and Prior, Physarum-Newsletter, 8, 45, 1976), growth rates

are somewhat higher, andintefmitotictimes shorter and more reproducible

than had been obtained previously. The studies reported below were carried
at 26.5°C

out using cultures of Physarum maintained/on this simplified growth medium.

B. Biochemical requirements for DNA synthesis in isolate& nuclei of

Physarum polycephalum

We have showﬁ previously that maximal DNA synthesis in homogenates
or isolated nuclei of Physarum requires the presence of Mg++, EGTA,:dextran,
ATP, andvall four deoxyribonucleoside triphosphates (Brewer and Ting, J. Cell.

Physiol., 86, 459-470, 1975, C00-78~312; Brewer, Biochim. Biophys. Acta, 402,

363-371, 1975, CQO—78—334). Many other exogenous substaﬁces have been tested
for their ability to stimulate DNA synthesis in such'nuclear-preparations.
None has yet been found to stimulate synthesis significantly in vitro with
the e#ception of protamine. However, the latter substance éppears to prevent
damage to nuclei during hémogenization of plasmodia, rather than to stimulate
the rate or extent of DNA synthesis per se (Brewef, Annual Reﬁort, 1975-6,
C00-2486-365).

More recently, we have found that a substance present in the post-nuclear
supernatant fraction is able to stimulatevéynthesié in nuclei which have been
washed several times Qith the plasmodial homogenizing medium, but not in homo-
genates or unwashed nuclei (Fig. 1). It seems likely, therefore, that a sﬁb—
stantial portion of this substance is extracted from nuclear preparations by
repeafed Washing.

The stimulatory factor is also present in heated (100°C for 5min) water-
extracts of either S- or G2—phase plasmodia. From such heated extracts the
active‘principle can be recovered by lyophilization. Tﬁis adtivity is non-

dialyzable, insoluble in hot ethanol, and is destroyed by ashing (Table I).
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Fig. 1 Stimulation of DNA synthesis
in nuclei isolated from Physarum.
Nuclei were isolated during early S
phase, washed with homogenizing med-
ium as shown on the abscissa, and
resuspended in the original post
-nuclear supernatant fraction.
Incorporation of [3H]dATP during

a 120-min incubation period was
determined as described previously

" (see text).




Table I. Properties of the stimulatory factor for DNA synthesis in washed

nuclei.
Expt. Preparation
1 ' H,0 (heated)

H20 extract (heated)

dial. heated HZO ext.
2 , HZO (heated)
| H,0 extract (heated)

lyéph. heated H20 ext.

residué affer hqt ethanol extn.
3 . v - HZO (heated)

ﬂ H,0 extract (heated)

. residual ash

cpm_i av. dev.
3600 + 210
4568 + 540
4558 + 252
2544 + 63 
5253 i. 375
5583 + 93
4980_i 120
3620 + 234
4454 + 315
3682 412

|+

Concentrated H20 extracts were prepared by homogenizing plasmodia with

" 2 volumes of-HzO, centrifuging at 10,000 x g for 10 min, heating at 100° for

5 min, and centrifuging at 10,000 x g for 10 min. Heated extracts (or
heated H20) were then diluted 9:1 with‘homogeﬁizing medium and aésayed,for
stimulation of DNA synthesis in washed nuclei as described previously (see

text). Dried residues were taken up in heated H20 prior to array.



Thus, the evidence obtained so far sﬁggests that this endogenous stimulatory
factor is a relatively high—molecular-wgight Substance; Attempts to further
purify the active material are in progess (see Proposed Research).

In a similar study, nuclei were extracted with the plasmodial homogeniz-
ing medium containing Kyro EOB (a non—ionic.detergent), 0.5M NaCl, or 0.3 M
magnesium acetate, all of which greatly reduce nuclear DNA-synthesizing activ-
ity. In these cases, however, the DNA-synthesizing activities of the‘reéidﬁal
nuclei could not be restored by recombinatiqn.with the corresponding nuclear

extracts (Table II).

C. Joining of DNA strand breaks in nuclei isolated from Physérum
For the past several yearé we have attemﬁted, unsuccessfully, to
démonstrate rejoining, in vitro, of DNA "single-strand breaks" (aésayed by
alkaline sucrose density gradient sedimentation) produced by y-irradiation

of intact plasmodia of Physarum (see“Annual Reports 1972-1976). Recently,

however, we have found that substantial rejoining of double-strand breaks

in isolated nuclei can be demonstrated by neutral sucrose density gradient

centrifugation analysis (Fig. 2). Unlike the requirements for DNA replica-

tion in nuclear preparations (see section B, above), joining of double-strand
breaks does not require addition of EGTA, ATP, or the deoxyribonucleoSide
triphosphates to the cell-free system. Dextran and Mg++, however,. are required
for maximal joining activity. Little rejoining is seen after l‘hr of incuba-
tion in vitro, but rejoining appears to be maximal after 2 hr, énd'no further
shift in the sedimentation ﬁrofile can be seen after a 4—hr incubation period
(Table III).

Rejoining of doﬁble—strapd breaks.has been demonstrated previously in intact

plasmodia of Physarum (Brewer and Nygaard, Nature New Biol., 1229, 108-110,

1972, COO;78—é67). In thét communication we showed that plasmodia irradiated



Table II. :Effect'of various nuclear extracts on DNA synthesis in extracted

nuclei of Physarum.

ExEt; Preparation Resusp. Medium ‘ cpm + av. dev.
1 : Unextracted nuclei Regular homogenizing medium 6913 + 158
Nuclei extracted with .
0.17% Kyro EOB " + dil. Kyro : 1669 + 30
" " " 4 dil. Kyro extract 1575 + 120
-2 Unextracted nuclei Regular homogenizing medium 8631 + 16
Nuclei extracted with ' ' _ ‘
0.5 M NaCl " + dil. NaCl 1063 + 16
" " " + dil. NaCl extract 1002 + 8
3 Unextracted nuclei Regular homogenizing medium 6263 + 650
Nuclei extracted with ' : +—+
0.3 M magnesium acetate " +dil. Mg 2262 + 79
" S " + dil. Mgtt extract 2597 +

Nuclei isolated from Physarum by the standard method were extracted with
0.1% Kyro EOB, 0.5 M NaCl, or 0.3 M magnesium acetate, resuspended in the
appropriate medium and incubated with [3H]dATP as usual (Brewer, Biochim,

Biophys. Acta, 402,v 363-371, 1975, C00-78-334). (The detergent or salts .

were in the plasmodial homogenizing medium). Extracts were prepared by
extracting 10 X the number of nuclei assayed. The concentrated extracts were
diluted 9:1 with -homogenizing medium in order to reduce the detergent or salt
contents to levels which have .relatively little inhibitory effect. The mag-
- nesium acetate extract was dialyzed against regular  homogenizing medium in
order to eliminate excess Mg '. In all cases, the appropriate control media

were similarly treated.



":Fig; 2; .Rejoiniﬁg of y-radiation-induced DNA strand breaks in nuclei
fusion, with‘[BH],or-[lac]thymidine (cf. Brewer and Nygaard, Nature Eéy
."gigl,;‘ggg, 108-~110, 1972} C00-78-267). During the G2 periéd preceding
metaphase III, or 30 min after MIII, hal?es of the [BH]—labeled plasmodium-
wére gxposed‘to 90 kR 60Co vy-radiation. Nuclei were then isolated, resus-
pended'in the standard homogenizing medium and incubated for O or 2 hr at
35°C, An unirra&iated [14C]—lébelea plasmodium was treated identically.
After incubation, [3H]—‘and [14C]-labeled nuclei were mixed, and neutral
suéroée density gradient sedimentation profiles determined as described

préviously (Brewer, J. Mol. Biol., 68, 401-412, 1972, C00-78-260; Brewer,

‘Biochim, Biophys. Acta, 402, 363-371, 1975, C00-78-334). Direction of sed-

imentation is from right to left.
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" 'Table TII. Requirements for rejoining of DNA strand breaksvig vitro.

" System

Complete,

H]
Complete,

"
?

" 'Rejoining

2 hf incubation ++
~ ATP, -dNTP's,-EGTA -

"  -dextran _

" g™ ' .
0 hr incubation o | -
1 hr incubation | o ‘ +
4 hr iﬁcubation o +%+

Plasmodia were irradiated during G, (90 kR), and nuclei were isolated

and incubated as described in Fig. 2. Joining equivalent to that shown in

Fig. 2 for nuclei isolated from G2-phase plasmodia incubated for 2 hr in

- vitro is indicated by +++. A slight but detectable increase in the

_sedimentation eoefficient of the irradiated DNA is indicated by +.'7The

absence of a detectable shift in the sedimentation profile is indicated

by -.



during the S.period were less able to complete.the repair of strand breaks

(single- or double-) than were those irradiated during G We hypothesized

9t
at that time that radiation damage to replicating DNA might become "fixed"
by‘fork movement past damaged_éites. It is of some interest, tﬁeréfore,-
that the present data indicate that double-strand breaks produced by irrad-
iatiqn of Gz-phase plasmodig are also repaired to a considerably greater
extent, in vitro, than are tho;e of S-phase plasmodia, under conditions
(-ATP, -dNTP's) which support very iittle DNA synthesis (Fig. 2). The
present data Suggest that this cell éycle—related difference in the ability
to effect the rejoining of strand breaks.may"be an inﬁrinsic property of the
nuclei themselvés, rather than a result qf damage fixatidn brought about by
replication of damaged DNA sites.

The apparent absence of repair of "

single—stfand breaks" under conditions
which support considerable double-strand break rejoining; raises a question
concerning the nature of the strand breaks manifested in alkaline sucrose
density grédients. Our data suggest, indeed,.that the majority of such
breaks may represent secoﬁdary strand scissions at‘alkali-iabile régiong-in
irradiated DNA as opppsed'to frank strand breaks resulting directly from

irradiation - (see also Kay and Ward, Radiat. Res. 69, 185-193, 1977;

Matsudaira et al., Biochim. Biophys. Acta, 476, 97-107, 1977). It should

be noted that there appears to be gréater initial damage to DNA irradiated

~during the S phase, as compared to the G, phase (Fig. 1). Since this finding

differs somewhat from that reported earlier (Brewer and Nygaard, Nature New

" Biol., 229, 108-110, 1972, C00-78-267), in which study the y-radiation was

delivered at a much higher dose rate (ca. 8 kR/min) than available at pres-

ent (ca. 3 kR/min), it seems likely that some of the DNA damage observed in
the current study may be repaired during the exposure period. In additionm,

a substanﬁial portion (perhaps 20%) of the DNA of S-phase plasmodia undergoes

-
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' . . ' . . ' 60 ‘ . . L
- replication during the 30 min exposure to Co. These complications make '
interpretation of the results somewhat more difficult. It is hoped, however,

that this problem can be alleviated in the near future by recharging of the
60 N

Co y-radiation source.



APPENDIX

A SIMPLIFIED GROWTH MEDIUM FOR PHYSARUM POLYCEPHALUM -

E.N. Brewef and Amanda Prior -

We have devised a simplified version of the Daniel and Rusch
(J. Gen;.Microbiol., 22,.47—59, 1961) growth medium. -One.liter of the
modified medium contains 10 g tfyptone, 3 8 yeast extract, 9 g dextrose,
3.6 g citric acid, and 0.5 g MgSOa’7H20; pH is brought to 4.6 wi;h 30%

KOH, and sterile hematin solution added to the sterile medium as usual.

Microplasmodialvgfowth rate is about 10% faster for the modified medium,

. and interdivision times are reduced from 9 to about 8 h, and are less

variable, for stationary macroplasmodia.

[Physarum Newsletter, 8, 45 (1976)]
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