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SUMMARY

Significant progress has been made in clarifying the transport and reac-

tion properties of quasifree electrons in model nonpolar liquids and biologi-

cal systems during this triennial reporting period. Our experiments and those

of others indicate that quasifree electrons simulate the behavior of unsol-

vated or dry electrons in aqueous media including the special case of biologi-

cal systems.

We developed a model of direct radiosensitization based on dry charge

-carriers having an extended lifetime in the sheath of structured water that

surrounds polar biomolecules. This model utilized results of picosecond

studies in which the pre-solvation lifetimes of dry electrons were shown to

increase with an increase in the rotational times of solvent molecules. Our

measurements of the quasifree electrons attachment  rate constants, k 's,

of radiosensitizers and biomolecules also contributed to the development of

this model which was found to be consistent with several of the observed

radiation-induced DNA-damaging properties of electron affinic radiosensitizers.

Concurrently with the development of this model, an increasing number of

radiosensitizers were found to be carcinogenic. Consequently, we measured the

k 's of known carcinogens and noncarcinogens and found that 37 of 42 carcino-
e
gens attached quasifree electrons at diffusion-controlled rates, whereas the

ke's of 30 of 34 noncarcinogens were significantly less.  We also found thd

quasifree electron attachment rates of various types of cigarette smoke to be

correlated with the cigarette tar content.

These results indicated that k measurements could serve as a valuablee
carcinogen-screening test and implied that unsolvated electrons play a role in

the initiating step of the carcinogenesis mechanism. To explore the k -carcino-e

genicity correlation further, we undertook a study of quasifree electron

attachment to the water pools of reversed micelles that we found could be used

to encapsulate microsomal enzymes that activate procarcinogens to their ulti-

mate reactive forms. In these reversed-micelle studies, which were conducted

in the picosecond time regime, we also controlled the degree of structuredness

of the water pools which determines the k  of the reversed micellar system.
e
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Another approach to controlling the microenvironment of quasifree

electrons in biological systems was done in studies of radiation-induced

damage to DNA in concentrated DNA solutions. The high concentration of DNA

induces more structure into the solutions than that occurring in typical

in vitro experiments, and this structural enhancement extends· the lifetime of
-

unsolvated charge-carriers.  A second technique of determining the DNA-damag-

ing effects of radiolytically produced charge-carriers is through our

recently initiated studies of synergistic mutagenesis in bacteria that we

simultaneously exposed to ionizing radiation and electrophilic chemical

carcinogens.

A study that also involved quasifree electron reaction properties of a

solute of biological interest was the attachment-detachment equilibrium of

nicotine in hexane solutions. In this work, both the kinetics and the

therodynamics of electron reactions were studied. An analogous study of the

attachment-detachment electron equilibrium of p-difluorobenzene in hexane

solutions provided a model system for the nicotine equilibrium.  A study of

electron attachment to CO2 in cyclohexane indicated that an attachment-de-

tachment equilibrium also occurs in this system at room temperature.

Studies of a more fundamental nature included high-field mobility

measurements of electrons in ethane under a wide range of conditions in which

the transition from localized to extended-state electron transport was

observed. In another high-field study, the first observations of field-depen-

dent k 's of localized electrons were made in solutions of SF6 in liquide

ethane and propane.
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PROGRESS REPORT

I, Introduction

Our study of phenoMena related to ionization in liquids

during this reporting period, SepteMber 1, 1977 to April 30,

1981, has focussed intensivels upon the transport and reaction

properties    of    quasi.'f ree,     or     excess,     electrons     in    nonpolar

liquids, The unique properties and ubiquitous nature of this

Most fundaMental reducing species has drawn the attention or

cheMists and physicists to radiation chenistry, the field in

which quastfree electron studies were initiated about ten sears

ago,      Thr o ugh     our      resear ch     p r ogr a M     w e     have     a t t e M p 'ted     to     ac qu a i n t

radiobiologists with this species so that knowledge which has

been gained of the physico-cheMical properties of quasifree

electrons Might be applied to the vast nuMber of biologicallw..,

related electron-transfer reactions« We recognize that an

er'ic:irmous    gap     exisos    between    elect'ion    reac'tions     in    nonpolar

liquids and electron reactions in vivo, but we shall deMonstrate

how this gap has been reduced in the past few wears and how we

have contributed to this reduction,

Our studies of quasifree electrons can be divided into two

Main areas, studies oT Model liquids and of biologicalls related

systeMs. We shall first report our studies in the forMer area

which we sub-divide into quaslfree electron transport studies

and quasifree electron reactions with solutes. AMOng the

solutes studied are MeMbrane-MiMetic reversed Micelles, which
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fot M a link ·to our biologically oriented work, We shall then·

conclude with a description of our studies of the role of

quasifree electrons in direct radiosensitzation and of the

significance   of    the    quasifree    electron    attachMent    rate    of    a

solute    serving    as    an    indicator     of    that    solute's    carcinogenic

propeties.

II, Electron Transport in Model Liquids

A key factor in understanding the electron transport

properties of liquids is a detailed knowledge of the electron

transport MechanisM, We have contributed significantly to this

area through our high-field studies of the electron drift

velocity, vd'

The vd of a therMal delocalized electron that drifts in an

applied field E has a Mobility u  given byt

u  = vd/E
(I)

e

i.e., ve reMains constant as vd increases proportionally with E.

This condition applies to fields at which a therMal equilibriUM

is Maintained between the electron and the solvent Molecules

which act ab absorbers of the excess energy that the electron

gains froM the field between collisions. As the field is

increased, however, a critical field E is reached above which
C

the electron cannot transfer all of the energy gained froM the

field to the solvent Molecules and the electron energ9

*
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inc'reases*      This    excess    energy     increases     the    randoMness    oi       the

electron Motion and is reflected in v increasing less than
d

..1/2 :proportionally with E and approxiMately with E   , 1*e., at

E >  Ec'  Vd  a  El/2 *
This hot-electron effect was first observed in a condensed

MediuM by Schockles in his studies of electron transport in

seMiconductors (1), and We Made the first observations of this

effect in Molecular liquids. The liquids that we studied

included Methane (2,3), neopentane (4), tetraMethylsilane or TMS

(0,01, and solutions of Methane and ethane (7,8)* In addition to

the El/2 dependence of vd  at E >  Ec characterizing extended-state
electron transport, all of these liquids have low-field u 's

e

evceeding 50 cM2  # ,4 serves 25    3.' ,   ,,.:>,      a no      this     high     value     o r     u
e

second    characteristic    of    non-·localized    electron    transport.

In contrast to this tspe of behavior, we have found that

excess electrons that are localized bs the solvent exhibit a

Much different behavior, In addition to having low-field u 's
e

that are significantly less than those of delocalized electrons

2(generally < 1 cM /Vs), the high field v of localized electrons
d

2increases approxiMately with E  at E>E. The actual field
C

dependence is given More rigorously by

ue(E) _2 k T

ue(0) - A
eE 2 kT

sinh (ALE) (II)
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wher e     u      (ED      and     u      (0  )      are     the     u      '  s a b o v e and below E ,
e              e                    e                                c

respectively, k is the BoltzMann const3nt, T is the absolute.,

teMeprature, A is the distance between localization sites and e

is    unit    electronic    charge,     The    field····enhanced    ve     Ma•:     be

visualized as an enhanceMent of the escape probability of the

electron froM its localization site when the field is

sufficientl., increased to distort the trap which allows Morel.,

facile electron escape. This field-assisted detrapping Model Was

developed by Bagley (9) and exhibits the SBMe field dependence

of ve at the fields we have studied as the sMall polaron Model
.... „of Reik (10) and Elros (11),

We have found the Bagley Model to be consistent with the

field-dependent u 's that we observed in liquid ethane

(4.12.13), propane (6,12) and n-pentane (6). A More rigorous

treatMent of the field dependence of the u 's in these liquids
e

which involves electron transport over barriers of fluctuating

heights has been proposed (14), but this Model was recently

shown to yield the saMe result as the original Bagley Model

(15). It appeai.': of the Models considered thus Tar. that 811

suffer    froM    one-diMensional     analysis    of    a    three·-di.Mensional

probleM (15,16), This will be discussed in More detail in the

following description of our recently coMpleted study of ethane

(16-18, see Appendix).

This introduction to our ethane studies stresses that
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electron transport in nonpolar liquids occurs through either a

localized or a delocalized MechanisM, Our earlier studies of

ethane <4«iZ,13) and Methane-ethane Mixtures (7,8) indicated

that ethane provided us with the ideal MediuM in which to studg

the transition froM localized electron transport at 1 C) W

teMperatures to delocalized transport at higher teMperatures. We

have reported the results of this study (16-18 and Appendix) and

shall now briefly SUMMarize this work,

The pulse-conductivity technique previously used in all of

our     Measure Ments     of     v d      v s     E     was     again     u s e d     and     w a s     described     in

detail in Reference (3), MeasureMents near the critical

teMperature, T p of 305*33°K necessitated our using an ion
'

C

chaMber capable of withstanding pressures in excess of 100

atMospheres, Electron attachMent to iMpurities at the higher

teMperatures    was    als 0    8    probleM    which    was    CircuM vented    by

reducing our drift-ti Me Me asi_ty'eMents to 415 nsec, and this

required that the ion-chaMber have 50-n iMpedance [see Fig. 2 of

Reference (16) in Appendix], The electrode area-gap ratio that

was required for the 50-0 iMpedance cell necessitated the use of

a guard ring to reduce fringe-field effects. With this 50-0 high

pressure ion-chaMber and with 8 500 MHz pulse 8Mplifier, the

respc)rise tiMe    of    the    entire    Meausre Ment    systeM    was   b  1     nsec.

The inter-dependence of teMperature and density effects on u
e

COMplicates straightforward analysis of the results, and

isochoric    and    isobaric    MeasureMents    were    conducted    to    delineate
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these effects on u  , The transition froM localized ·to
e

extended-state transport in the liquid ethane was found to occur

between 240 and 260'Kwhere the values of u were 3,5 and 5.5 cM2
e

/Vs, respectively, In this teMperature range the dependence of vd

on E changed froM E2 (localized) to El/2( extended state)* The

liquid density in this transition region ranges froM 12.5 - 15.5

Moles/1, which is in good agreeMent with the theoretical

prediction by Ki MI..Ira and Fueki of the transport transition to

occur in this density range (19), This result is also consistent

with our earlier studies of Methane-ethane Mixtures which

indicated that the localized to extended-state transition

occurred     in    an    ecit..1 iMolar     Mixture    of    ethane    and    Methane    where    u e

is   5 CM2/Vs at 111°K and where the ethane partial density is

10,5 Mole/1 (8)« Thus, it appears that Methane has a negligible

effect on electron localization.

FroM the dependence of vd on E at E > Ec in the

extended-state transport region, we found that the Mean

fractional energy loss, f, bs an electron in an inelastic

collision    with    et hane     is   g 10 , which is significantly greater-3

-4than f = 44 x 10 in electron-Methane collisions which we had

previously deterMined (5). This is in agreeMent with the

intuitive expectation that ethane is a better absorber of             '

electron    energy    than    Methane.

The seMe high-field data can also be coMpared with liquids

in which electron transport is known to be in an extended state*

9



Iii argon, Methane, neopentane and TMS, u  passes through a

MaxiMUM that is 2-10 tiMes the u  at T & however, we observedec
only     a     Much     less     pronounced     Ma xi M '..i M     in     the u of ethane at

e

teMperatures approaching T « We conclude that additional
C

electron    scattering    MechanisMS    occur     with    non-spherical     ethane

Molecules that do not occur in liquids of atoMS Or spherical

Molecules where Lekner's theory is More applicable to the

observed Mobility MaxiMB (20).

We also Made a careful study of the teMperature dependence

of u at densities near the critical density, p , which is 6.8
e                                                                  c

Mole/1 for ethane, A shallow ue Minimum was observed at Pc which
is another effect predicted by Lekner, who with Bishop ascribed

the MiniMB as arising froM electrons being localized bY

long-wavelength density fluctuations of the fluid near the

critical point (21). We used the theory of Lekner and Bishop to

calculate a critical point u  of 57 cM2/Vs in ethane, which is
e

in    reasonable    agree Ment    with    our     Measured    value    for     the    u
e

2MiniMI..IM    0'f  0   41)     c:M    / Vs,     'The    agreeMent    between    'theory    and

experiMent     for     ethane    May    be    fortuitous,     however,     since    an    order

of Magnitude discrepancr was found for the u MiniMUM at the
e

critical point of argon (21).

We also found a strong teMperature dependence of u  in
e

ethane at densities near Pc which also is consistent with
extended-state electron transport. The Marked dependence on T at

densities near p
arises    froM    the     strong    teMperature    dependence

C
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of the coMpressibility of the fluid at these densities, which

again is consistent with Lekner theory (20).

We conclude this discussion of electron transport in ethane

bs restating that a full destription of our results is given in

the appended Reference (16). In the SaMe study we also Measured

positive ion Mobilities which were found to follow Walden's

rule; i.e., the product of the ion Mobility and the liquid

viscosity was constant.
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III, Electron AttachMent in Model Liquids

A, Field-Dependent Electron AttachMent

We have illustrated in the preceding Section that our

studies of the field dependence of the electron Mobility have

been valuable in elucidating the details of the electron

transport Mechani sM in several nonpolar liquids* Our studies of

the field dependence of electron attachMent to several solutes

in liquid rare gases analogously provided new knowledge of the

MechanisM of delocalized electron attachMent in liquids (22,23).

With this experience in field-dependent electron transport and

attachMent, we undertook a study of field-dependent attachMent

of localized electrons, For this study, we chose the

electron-accepting solute that has been Most thoroughls studied

in the gas and liquid phases; viz«, SF6' We also chose as the

solvents for this study the two liquids in which we had MOS 't

intensively studied the field····dependent i.,   s,  naMely, e'thane and
propane. A full description of this recently coMpleted study is

appended, pp. A-71 to A-91, and we shall now briefly SUMMarize

this work,

The pulse-conductivits technique used to Meap_11' e    t h e

e].e<'troi-i  81.'ti)(hMent r .1.e col'i<:,tal"i'ts or'  ke 's wati  agii):i.n i..Ised
(24,25). At each teMperature at which k s were Measured,

e

inter-electrode distances and SF6 concentrations were chosen to
optiMize electron decay by attachMent to the solute while

MiniMizing electron losses by attachMent to iMpurities, by

12



neutralization at the anode, and by recoMbination with ions.

Despite our efforts to MaXiMiZe the attachMent process,

corrections    for     electron    decay    bs     the    three    other     debas    Modes

were required, The estiMated error in the reported values of k e

1        :.is    z    L. J    percen

bybeveral typical exaMples of the enhanceMent of the k
e

E when E exceeds Ec are shown in Figure 1, p. A-89 of Appendix,

The increase in k a t E>E reflects the field-enhancedec
 

increase     in 1..1 th*t we had observed earlier in liquid ethmie
e

(4.12.13) and propane flz) and the diffusion-controlled

attachMent of localized electrons by SF that we had reported in
6

ethane, propane and other "low-Mobility" solvents (25)*

The si Mplified forM of the SMoluchowski equation which

is applicable to localized electron attachMent to SF (see pp.
6

A-80 and A -81 of the Appendix for details) is given b: t

ke     =     1  1    R De
(III)

where R is the effective encounter r adius between the electron

and    SF6     and    [)        is    the    diff i..,si ] n    coefficient    of    the     localizede

electrons. Values of D May be obtained ir oM the Nernst-Einstein
e

equation:

De = pe MT/e (IV)

13



The proportional dependence of ke on De expected froM Eq, (III)

is shown in Figures 2 and 3, pp. A-90 and A-91 of Appendix, for

ethane and propane, respectivels, for which D Was   evaluated
e

·from    01..IT'     earlier     Measi.1..1 reMen'ts    of t..1 in this liquids. The slopes
e

of the plots of k  vs De for both ethane and propane Yield R =

14.5 A.

Before discussing the dynaMics of the electron-SF6

interaction that leads to the large observed value of R, we note

that the proportional dependence of ke on [  iMplies that the

ratio eDe/ve is apparently field-independent in liquid ethane

and    propane.     This    conclusion    contrasts    with    the    results    of

ShibaMura et al who recently found that this ratio was
--

field-dependent in liquid argon (26), We surMise that the

observed field dependence in the latter· study is related to

extended-state electron transport and inefficient MOMentuM

transfer froM the delocalized electrons to the solvent atoMs in

liquid argon, whereas the localized electrons in liquid ethane

and propane reMain at therMal energies at even the highest

fields   studied,    which   was    250   1·<.V/(M.

We return now to the observed value of R - 11,5 A in

liquid ethane and propane. The hard core radius of SF6 is onls

2.5 &, which suggests that long range electron-SF6 interactions

Must be considered to account for the reMaining difference .of 12

8.     Baird    has    considered    electron-31··6      interactions     in    several

solvents and also noted large values of R (27
). If we follow

14



Baird's approach to treating the electron-induced dipole

interaction but aSSUMe no screening of the interaction other

than    through    'the    dielectric    constant,    E   g     o'f    ethane,      the    distance

r  at which the electron-induced dipole interaction balances the
a

therMal energy is given byt

r          =   ·  (  a     e 2/2   e    k. T  )
1/4 (V)

a

At     T     =     1 9 5 0  K     where     E      =     1.75      (27)      a n d    a   ( S; 1 : 6)      =     6,5     8          (28),      r          isa

found to be 7 8, This represents a MaxiMuM of the electrostatic

interaction since screening effects by the solvent were ignored,

but r (MBX) is seen to account for only about half of the
a

observed R. Baird suggested that the discrepancy was due to

breakdown of Eq, (V) at distances approaching R and/or electron

tunneli 1..1 g t 0 51·· at R (27), Although we agree with these
6

possible explanations, we offer a third alternative.

In·our discussion of the field-dependent ve's of

localized electrons in Section II, we described the

field-enhanced ve's as resulting froM distortion of the

localization barriers bs the applied field with the enhanceMent

being given by Eq, CLI). Funabashi and Rao's Modification of Eq,

(Il) to include fluctuating barrier heights (14) and a More

recent treatMent of a siMilar probleM by Rao et al (29) in which

disorder was introduced into the electron-hopping MechanisM both

led to an inter-localization distance A of 7.5 - 10 R. we

15



suggest that R exceeds r  because electrons "instantaneously"
a

hop to the electron-induced dipole capture radius ra of 7 R froM

a distribution of distances of which A is the upper liMit; i.e.,

-                              -                                                                                                                      0S     =     r          4·      A      ,      where      A     is      the     M e a n     hopping     d j. stance     of   #  5 H,      Thus,
a

0
R would be expected to be 12 f 3 A, which is in reasonable

0agreeMent with our observed value of 14,5 A. This explanation of

the large Vlave of R in the electron attachMent MechanisM is

also consistent with that proposed by Yakovlev et el for
.--

electron scavenging in·norMal and cyclohexane (30)*

Our field-dependent u studies have received considerable
e

attention froM theoreticians (14,27.29,31-34), and we anticipate

that our field-dependent ke studies will recieve even More

attention, One of the fundaMental probleMs of radiation cheMical

physics which has evolved froM Onsager's classical electron            

escape-probability study (35) is to acurrately describe the            

lifetiMe distribution of ion-pairs. One of the Most successful

approack'ies to treating this probleM is to obtain inforMation

about the ion-pair lifetiMe distribution froM experiMentally

Measured     electron     and/or      ion     scavengine     yields     bs     using     an

inverse Laplace transforMation [for a review of this subject,

see Reference (36)], InforMation on the short-tiMe distribution

of     ion-pair     lifeti.Mes    requires    that    scavenger    concentrations    >

0.1 M be used, and at this concentration the average

inter·-scavenger     distance     is   #25    8.     Therefore,     any    charge

bcavenging that occurs deep within the Onsager critical radius

16



' can be expected to be field-dependent, but until now such

field-dependent scavenging has been ignored, although atteMPts

to consider the effects of field-dependent electron Mobilities

on the escape probability have been Made (31-3 4),

Our field-dependent electron Mobility end attachMent

studies also have practical iMplications to dielectric breakdown

phenoMena, A nUMber of studies have indicated that quasifree

electrons are involved in the initiation of the breakdown

process in dielectric liquids (37-39), and with the new

knowledge that our high-field electron transport and reaction

studies provide; 2 better understanding of the role of quasifree

electrons :in dielectric breakdown i<'s anticipated.

8, Electron Attachment to Polar Solutes

In the course of deterMining what factors influence the

electron att::3chMent rate to radiosens.it.i:2:ers, we discovered that

the attachMent rate depended strongly on the dipole MoMent of

t h e     e l e c, 't r'o n     acc:... '   tor'  *       To     clarify      this     effect,      which     h a s     n o t. e D

been observed for solvated electron reactions, we Measured the

k 's of a series of 39 nitrocoMpounds having dipole MOMents that
e

ranged     frc) 11     0,5     'to   #7     D e b ye,      A     full     description     of     this     w o r k.     has

been published (40) and is included in the Appendix, pp, A-5 to

A-11. We shall now briefly suMMarize this work and discuss our

subsequent studies of electron-dipole interactions,
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As in the field-dependent electron-attachMent study, the

ke's were again Measured using a pulsed-conductivity technique,

but the experiMental error was considerabls less (*10%) than in

the field-dependent ke study (*25%) because MeasureMent

conditions could be optiMized to reduce electron losses bw
)

recoMbination and by drift to the anode. Values of k  in
e

12    -1   -1cyclohexane at 293'K rang ed froM 3-7 x lu M s for the

nitroaroMatic    coMpounds    studied.     Sevepal     nitro    coMpounds    were

studied in both norMal and cyclohexane and the Measured ke s

were found to be about threefold greater in cyclohexane. This

threefold difference also applies to the u s in the twoe

solvents E, (n-hexane, 294°K) = 0,07 EM2/Vs cf. u (c-hexane, 294°e                                                        e
2K) = 0,22 cM /Vs, Reference (41)], which suggests that the k  »

e

are diffusion-liMited, Thus, we again begin our discussion of

the     re sults     w i t h     the     SMoluchows ki      equation,      Eq.       (III)      on     p.     13,

Incorporation of both electron-induced dipole and

electron-dipole interaction for electron attachMent to polar

solutes M o d i f i e s     Eq,       (III)      b s     increasing     R.      On     p p.      A-8 to A-9 of

the Appendix we derive the Modified R to be$

-1       c 1r )1/2 erf(81/2/r *) (VI)R   = 1/2 '
a                        a

where a = e 'Ek T and is the effective dipole MOMer't 't ofpeff peff

the solute and r* is the distance at which the electron-induced
a

dipole interiction energy is equal to kT. The effective dipole
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MOMent, peff ' is dependent upon the electron-dipole orientation

angle 0 and is given by:

ueff = p cos 8 (VII)

where u is the solute dipole MOMent,

Values of ke and veff wei.e calculated for solute dipole

MOMents ranging froM 0.5 to 7 DebYe and agreed within the

experiMental error with the Measured rate constants for 36 of 39

 onosubstituted nitrobenzenes and for several poly-substituted

nitrobenzenes. FroM studies of the latter we concluded that

steric effects did not inhibit the rate of electron attachMent

and    that    resonance····decoupled    nitro-groups    on    the     S aMe    solute

serve    as     independent    electron-ecceptor     sites.

We predicted froM this study that the electron-dipole

interaction should influence ke More strongly in "low-Mobility"

solvents such as esclohexane than in liquids such. as TMS where Ue
is 95 cM2/Vs (41)* This prediction is based on the dipole of the

solute requiring a finite tiMe to interact with the electron and

on this interaction tiMe increasing if the electron diffuses

More slowly bs the dipole, Thus, localized electrons in

cyclohexene have e greater probability of a MBKiMUM interaction

with a polar solute than do delocalized electrons In IMb,

In order to test  this hypothesis the electron attachMent

rates to ortho- and para-dinitrobenzene (o- and p-DNB; dipole
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.........MoMents are 6.1 and 0,5 Debse, respectively) in IMb were

Measured. In agreeMent with our prediction, the electron

attachMent rates to these two dinitrobenzenes in TMS are both 51

14 -1   -11 x 10  M sec , whereas we observed a threefold difference in

the 0- and p-DNB attachMent rates in cyclohexane.

These ke's are the highest attachMent rates observed in
14 -1 -1

a     liquid     at     rooM     'teM perat i.., re       G: .f.      14. e ( S; 1::. 6  )      =     2,1      x      lu          M         s          ,41)]

which suggests that these reactions are diffusion-controlle d*

. . . . . £ * 95 CM 2/UsUsing Eq, (IV) to evaluate D == Z.9 CM /s froM u
e                             e

and     substituting     this     valve     into     Eq *       (III)      s i e l d s     R     =     2.8     8,

which is approxiMatles the hard-core radius of the solute. Thus,

it appears that no electron-dipole interaction occurs in

electrons that attach to polar solutes in IMS.

Cyclohexane and TMS represent liMiting cases of solvent

effects on electron-dipole interactions. We are current13

studyi ng electron attachMent to nitroaroMatic solutes in a

solvent in which ve is interMediate between these extr eMes; viz,

2
in isooctane for which ve  = 5.3 cM /Vs (41). The preliMinary ke'S

of several nitroaroMatic solutes that we have recently

Measured in isooctane at rooM teMperature are listed in Table I, p. 21,

with the dipole MoMent of each solute. We can draw no

conclusions as yet froM these cursors results, but it should be

apparent that this study will provide inforMation on the degree

of electron localization in isooctane. This is particulars

significant since the quasi-localized" electron transport"
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Table I.  Dipole moments and electron attachment rate constants of
solutes measured in cyclohexane and isooctane at 20°C.

Solvent, kexlo-12M-ls-1

Solute isomer u, Debye c-hexane i-octane

Carbon Tetrachloride                        0 3.0 7.7

Dinitrobenzene 0- 6.1          6.7          53

P- 0.5 2.8           7.3

Nitrobenzonitrile 0- 6.2 6.6          41

p- 0.7 4.0          34

Fluoronitrobenzene 0- 5.0 5.7          45
m- 3.6 5.0         29

p-                      3.4          152.6

Nitrotoluene 0- 3.7 5.0          35
m- 4.2 5.8           41

p- 4.4 5.3          31

Nitroaniline 0- 4.1 4.9         10

N,N-dimethylnitroaniline 0- 4.2 5.6          22

P- 6.9 6.7          40
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2MechanisM in solvents in which ue ranges from  0.1 - 10 cM /Vs is

the least poorly understood Mobilits regiMe (42). This is

reflected in deviations froM proportionality of plots of ke vs [ 

in this Mobility range (13,44) and our high-field transport

studies indicating that
vd

ig ppear,; to show both an E and an E2                      -1/2

field dependence (4,8,12).
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C, Electron AttachMent-DetachMent Equilibria

Prior to this reporting period, We Made the first direct

observations of an ion-Molecule detachMent reaction in the

liquid phase (45)# The detachMent process that we observed May

be viewed as being related to Reaction (2) in the equilibriUM

e- 4· A -1 A- (1,2)
<-2

in that both reactions liberate a quasifree electron froM an

anion, Following our detachMent study, we initiated studies of

electron attachMent-detachMent equilibria in nonpolar liquids, a

process that also has been investigated by other groups (46-48).

A coMplete report (49) of our studs of electron attachMent to

and detachMent froM para-difluorobenzene, p-DFB: in norMal and

cyclohexane is appended, pp, A-25 to A-29. We shall now briefls

describe this 'work and our subsequent studies of electron

attachMent-detachMent equilibria in other swsteMS,

As in our other studies, pulse conductivits Was used to

prodi.ic·e    cil..las:Lf ree    elect T'or'is     in    no T'Ma 1     and ovclohexane solutions-.

and to Monitor their reaction with p-DFB, Values of kl and k2

for the attachMent and detachMent reactions, respectively, in

the hexanes are listed in Table I of Reference (49), p. A-26, at

teMperatures fr o M 5-28'C. Also included in Table I are values of

the equilibriuM constant, K, which is the ratio kl/k2' and the

teMperature dependence of K is plotted in Figure 2, p. A-27* The
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biMolecular attachMent reaction kl values are listed in units of
-1  -1M  s  , whereas the uniMolecular detachMent reaction has

diMensions  of  s -1;  consequently  K is expressed  in  M-1 .

The attachMent reactions are diffusion-liMited and,

therefore, exhibit teMperature dependences that are proportional

to D , In contrast, the detachMent reactions are extreMels
e

teMperature sensitive and are characterized by large activation

energies (19,2 and 21,6 kcal/Mol for n- and c-hexane,

.respectively) and by large pre····exponenti.al tactors. Activation

energies of this Magnitude would usually preclude the observance

of these reactions in the sub-Microsecond tiMe regiMe, but the

large   pre····exponential   factors   coMpensate   for   this   energy

reguireMent.

Treating this reaction according to transition-state

theory leads to activation entropies of 34 and 44 Cal/ Aol in n-

and c-hexane, respectively, which indicates that polarization ·of

solvent Molecules around the anions plays a significant role in

the detachMent reactions. We used the Born equation to evaluate

a    standard    free    energs    of    pC)].;Brization    of  %  -·· le V    or    ·-·23    kcal/Mol

for both solvents, Other therModynaMic paraMeters for the

equilibria were also evaluateo csee pp. A-27 and A-28) and were

coMbined to yield an electron affinity of -0.34 eV for p-DFB.

This result is interMediate between other MeasureMents of the

electron affinity of p-DFB that range froM -0.54 (50,51) to

+0.18 (52) eV, We used this result and the electron affinities
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of other solutes in several solvents (47,48) to deMonstrate that

the free energy of reaction is linearly dependent on the solute

electron affinity.

Another solute that we have studied during this Report

period is nicotine, which also teMporarils attaches electrons in

n- and c-hexane at teMperatures froM 5-30'C. Values of k,k
1        2

and K = kl/k2 for electron-nicotine attachMent-detachMent

equilibria in n- and c-hexane are presented in Table II. The

enthalpies of reaction derived FTOM plots of these data are

-28,9 kcal/Mol in c-hexane and -32.0 kcal/ Mole     in    n-*hexanee

The values of Al at rooM teMperature in both solvents

suggest that the electron attachMent reaction is

diffusion-controlled; however, the negative teMperature

dependence of kl indicates otherwise. Another characteristic of

the nicotine equilibriuM in these solvents is a seconders

attachMent reaction denoted by k3 which exhibits a positive

teMperature dependence, The two electron attachMent rate

constants kl and k3 suggest that nicotine attaches electrons at

two sites with the two sites having significantly. different k
e

's. Since nicotine Mas be viewed as being coMposed of two

Molecules; Pwridine and. N-Methylpyrrolidine, we studied electron

attachMent to these solutes to deterMine if these two Molecules

that coMpose nicotine attach electrons a  rates kl and k3.

An attachMent-detachMent equilibriUM was observed for pgridine

in cyclohexane and the teMperature dependence of K for pyridine
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Table II.  Values of kl' k2' k3 and K as a function

of temperature for nicotine in:

A.  Cyclohexane

-12            -6         -6           -11
T 103/T k x10 k x10 K x10 k x10

1              2         eq            3

(OK) (OK ) (sec ) (M-1  (M-lsec-1)
-1.

(M-lsec-1)         -1

285 3.51 2.58 0.8 3.23 5.8

287 3.48 2.55 1.1 2.32 6.0

289 3.46 2.46 1.3 1.90 5.0

291 3.44 2.26 1.9 1.19 5.0

294 3.41 2.31 3.0 0.77 4.4

295 3.39 2.21 3.9 0.57 5.2

297 3.37 2.59 6.8 0.38 4.0

299 3.34 2.40 8.5 0.29 3.5

301 3.32 2.14 10.2 0.21 4.5

303 3.30 2.19 12.8 0.19 3.6

B.  n-Hexane

283 3.53 1.45 0.60 2.41 3.3

285 3.52 1.16 0.70 1.66 3.3

287 3.48 0.97 0.85 1.15 2.0

289 3.46 1.04 1.5 0.70 3.4

291 3.44 1.03 2.0 0.51 2.9

293 3.41 0.92 2.6 0.36 3.6

295 3.39 0.66 3.2 0.21 3.2

297 3.37 0.66 3.85 0.17 2.9

299 3.34 0.67 6.5 0.10 2.8
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is coMpared with the K for nicotine in Figure 1, p. 28. The

enthalps of reaction is -26, kcal/Mol, which is slightly less

than the value found for nicotine. A significant k3 Was also

observed for electron attachMent to pyridine in c-hexane,

Electron attechMent to N-Methylpyrrolidine was negligible; an

1..' pper liMit of kl of this solute in c-hexane is 1010M-ls-1,

Thus, two atter hMent    sites    for     electrons    to    nicotine    does    not

appear to explain our results since pyridine itself appears to

attach electrons at two Markedly different attachMent rates.

We are currently atteMpting to deterMine the

significance of the K3's of nicotine and pwridine, Our cursors

' results are less reproducible than those of p-DFB which suggests

'that   an   electron-atteching     iMpurity    MB 3    contribute    to    the

observed  11.3's.   Consequently,   we  plan  to  repeat  our  Meat31-IT'eMents
for nicotine and pyridine in the hexanes with freshls purified

solutes; this is discussed in More detail in the 1981-82

Re search    Proposal.

Another solute that we have found to attach and detach

electrons in cyclohexane is CO2' This Molecule is of obvious

biological significance and was found by Baxendale et al (53) to

attach electrons at a diffusion-controlled rate; however, the

technique used by Baxendale et al required a high dose/pulse
-

which contributed to electron-ion recoMbination. We noted

previously that the ke of ((14 Measured bs Baxendale et al is--

50-100 percent greater than other published values (40), and we

1.
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Figure 1.  Arrhenius plot of ·the equilibrium constant, K = kl/k2'
of electron attachment to and detachment from
nicotine (0) and pyridine (0) in cyclohexa'ne.
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attribute this to uncorrected electron loss bs recoMbination. An

electron-ion    recoMbination    coMponent    to    the    electron    decay    curve

in their CO2 MeasureMents could siMilarly have Masked the

electron attachMent-detachMent equilibriuM, Our proposed study

of CO2 is also described in detail in the 1981-82 Research

p r o p o s e al..
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D. Picosecond Electron AttachMent to Reversed Micelles

The   intense   interest in aggregates of aflphii:w thii:

Molecules or Micelles,in solution is best exeMplified by the

2800 publications on this subject during the last decade (54).

This interest priMaril 9 steMs froM the MeMbrane-MiMetic

charRcteristics of MicelleE which provide unique

MicroenvironMents    thet    catalyze    a    variety    of    cheMical     reactions

(55). Of these Micelle-catalyzed reactions, attention has

recently    focusged    on    photosensitized    electron-  'transfer     processes

that are intiMately related to photosynthesis and, consequently,

solar-energy conversion (56-59). We have recentls subMitted for

publication our report of the first direct observations of

quasifree electron attachMent to Micelles; a preprint of this

report is appended [Reference (60), pp. A-58 to A-73 in Appendix],

and we shall now briefly describe this study and our current

work on Micellar solutions.

In an earlier Progress Report (12/1/76 ·11/30/77), we

described our MeasureMents of the Mobility, um' of reversed

Micelles and the apparent high quasifree attachMent rate of this

species, we were unable, however, to directls Measure values of

k  because a sufficientls high Micellar concentration is requir-

ed to ensure the forMation of Micelle aggregates, and this con-

centration requireMent decreased the electron half-lives to the

sub-nanoscond tiMe regiMe which we were unable to resolve. We

succeeded in Measuring Micellar k. '5 in our More recent studies,
however, by exploiting the tiMe resolution of a recently
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developed picosecond pulse-conductivity (PPC) technique to

Monitor electron lifetiMes TrOM %50 ps to several hundr ed ps

(60,61).

The    structure    of    Many    MicroeMuls ion    al 'id    reversed-

Micellar solutions is poorly understood; therefore, we chose the

Micelle that has been Most thoroughly studied, viz., sodiuM

di(2-ethylhexyl) sulfosuccinate or Aerosol OT (AOT). Heptane

could not be used as the solvent as it is in Many other studies

because      i..'  e      in      heptane       is      t o o      l o w      to      provide      an      a d e q u a t e

'.,signal-to-noise ratio for the PPC technique, Lonsequently,

2

isooctane with u    5,3 cM /Vs, which is #100 tiMes the ue of
20,046 CM /Vs in n-heptane, was used as the solvent.

The growth of the conductivity signal produced bs

electrons drifting in an electric field of 20 kV/cM following

irradiation of isooctane in the conductivits cell bs two fine

structure pulses of 16 MeV electrons is shown in Fig, la, p.

A-71. The exponential decay of the electron signal under the

saMe conditions but with electrons attaching to 6.2 x 10-4 M CC14

in     i.sooctane     is    shown     in     Figure     ].b;     'the    electron    half ···· life    'tl/2

of  4130 psec derived fr oM this trace Yields k(e  + CC14) = 8,4
.12  -1  -1

x 1 0  M  s  * Electron attachMent to AOT/H20 reversed Micell es

in isooctane is illustrated in Figs, le and ld which also show

the fourfold enhanceMent of the attachment rate as the ratio (bs

weight) R E H20/AOT is increased fros 0,1 to 1,5, This

dependence    of    the    quasifree    electron    attachMent    rate    or

reciprocal on R is illustrated in Fig, 2 (p. A-72) where
tl/2
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the linear dependence of the attachMent rate on the AOT

concentration     is    also    shown*

In order to evaluate k 's of the Micelles fr oM the

Measured tl/2 'sp the nuMber of AOT Molecules per Micelle, which

w e    d e n o t e    b ti    NAOT  '     M i.i st    b e    known.     Values    o f
N were Measured
AOT

under conditions siMilar to those in our experiMents by Zulauf

and    I:ick.e     (62),     and    'their    NAOT    values    are    listed    in    Table    I     (p.

A-69) for the range of R's that we studied, The electron

attachMent rate constants, kobs's, were calculated froM the

Measured tl/2 's and NAOT
values, and these are also listed in

12 -1 -1Table I and are seen to range froM 2-120 x 10 M s ovey a

range of R's froM 0,1 to 1,5.

Zulauf end Eicke (62) also Measured the radii of AOT/H2O

Micelles, r 's, and these are also included in Table I.,These
m

val I..les   of r and an electron radit-ls, r , of 2.7 A were used inm e
the SMoluchowski equation (Eq. I, p. A-64) to evaluate

diffusion-controlled electron attachMent rate constants, k 's,

of AOT/H20 reversed Micelles, Values of kd are listed in Table I

and are coMpared with P as     a     tivictioli     o f r iii Rig, 3 (p,
obs                       m

A-73). This coMparison clearly shows that the electron

attachMent rate does not becoMe diffusion-controlled until an r m

ofe  70     8     is    reached,     whic:h     indicates     that    A Ol/1·12O    aggiegates    dc)

not provide a sufficier'itly deep tidp for excess electron

attachMent at every collision until #30 H20 Molecules are

associated with each AOT. This conlcusion is qualitativels

consistent with that of Wong et al who found in their NMR
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studies of the structure of water pools in AOT that H2O

Molecules    do    not    rotate    freely     in AOT micelles      until     'the    nuMber

of H20 Molecules/AOT exceeds 420 (63).

This study of AOT/H20 reversed Micelles deMonstrates not

only that therMal electrons are captured by water pools but,

More iMportantly, that the electron lifetiMe before solvation is

dependent upon the degree of structuring of the water in the

pools, The latter conclusion is of particular significance to

our biologically oriented studies discussed in the next Section.

Before discussing these biological studies, however, we shall

describe another of our studies of Micelles that provides

another bridge between our investigations of electrons in Model

liquids and in biological SysteMS.

Recent work of Menger et el has deMonstrated thet the
--

Catelyric activity of enzyMes is retained in wHter pools

encapsulated in Micelles in liquid hydrocarbon solvents (64).

This property of Micelles coMbined with the widely accepted

MechanisM for the initiation of carcinogenesis which involves

the enzyMatic activation of procarcinogens to their ultiMate

reactive for Ms that are highly electrophilic (65) Makes the

studs of electron attachMent to encapsulated procarcinogens and

enzyMes in Micelles of the utMost significance to a better

understanding of the MechanisM of carcinogenesis.

As a first step in such a study, we Measured the

quasifree electron t end ion Mobility, u., in AOT /H201/2  '                     1

reversed Micelles in cyclohexane in the presence and absence of
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S-9    MicrosOMes..These    Micros OMes,     which    are    extracted    froM    rat

liver hoMogenate (66), contain cstochroMe P-450 enzyMes that

have been shown to be the activating agents that convert

procarcinogens    'to ulti Mate carcinogens (67) in the

SalMonella/MaMmalian Microsome or AMes test, which is Currently

the best bacterial test available for screening potential

„ -5    2
carcinogens (68), We round vi to be 5,1 x lu cM /Vs for AOT

Micelles independent of the concentration of added H2O or S-9.

An electron t 1/2 of 125 nsec was observed in Micellar solutions

that contained 0,05 percent AOT and an AOT/H2O/S-9 ratio (bw

weight) of 5tltl; the saMe tl/2 was observed when S-9 was not
present.     No    experiMents    with    procarcinogens ad ded to the

Micelles have yet been atteMpted, but such studies are

conteMplated and are discussed in the 1981-WL Kesearch Proposal.

These preliMinary Micelle experiMents deMonstrate the

feasibility of studying the effect of structuring of water on

the quasifree electron lifetiMe and of studwing the enzyMatic

conversion of procarcinogens to their ultiMate electrophilic

derivatives, With this foundation of our quasifree electron

transport and reaction studies in Model systeMs COMpleted, we

proceed to describe our More biologically oriented research

prograM.
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IV, Electrons in Biological SysteMS

A. Introduction

A considerable fraction of our reseach effort during this

triennial reporting period has been directed toward

extrapolating    the    quasifree    electron    transport    and    reaction

properties     -fu      Model   nonpolar    liquids   to   electronic   processes

that    occur     in    biological     systeMs.     To    our     knowledge,     our

laboratory and that of A, HUMMel at the Interuniversity Reactor

Institute in Delft, The Netherlands, are the only laboratories

in which the biological iMPliCatiOnS of quasifree electrons are

being actively investigated.

fne key hblp othesis involved in these research prograMS is

that water is sufficiently structured in biological swst e ·MS    f:; (:)

that it teMpoTBrily appears to quasifree electrons and positive

holes    to    reseMble     B    nonpolar     MediuMe     Since    these    electrons    and

holes are the Most reactive reducing and oxidizing species

known, respectively, considerable chenistry and biology can

occur before the charge-carriers are solvated in the cellular

Milieu at which tiMe the"., are converted to relativels unreactive..,

:i. onie    spec::i.e <:.

The Delft group's appr oach to testing this hspothesis has

been to use low teMperatures to slow the rotational tiMes of the

Bqi-ie c) 1-is    sO lvent and thereby extend the quasifree liletiMes of

the charge-carriers. HuMMel's group has used this technique to

Measure the yields and Mobilities of quasifree electrons and
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holes in frozen aqueous solutions (69,70) and are also

atteMpting to Measure the charge transport properties of drs

bioMolecules (71). Rather than using frozen Matrices to extend

the quasifree lifeti Me    of    charge····carriers,    we    study    the    reaction

properties of the charge-carriers with solutes of biological

interest in a nonsolvating MediuM. We shall now describe these

studies and beein with our radiosensitizer work which involves

the possible role of quasifree charges in the sensitization

process,     This·is    followed    by    8    SUMMary    of    our     Measurepients    of                                        I

the diffusion-controlled ke's of carcinogens, and we conclude

with our studies of radiation and cheMical induced daMage to

DNA,

B« Role of Unsolvated Charge-Carriers in Direct R din-

sensitization

In our studies prior to this reporting period, we found

that radiosensitizers attached quasifree electrons at

diffusion-controlled rates (72), whereas all of the bioMolecular

cellular conponents that we studied were unreactive toward               

q,wsifree electrons (73), This result is-now not surprising             I

since    the    radiosensitization    efficiency    of    sensitizers    was

subsequently found to correlate with the sensitizers'

one-electron reduction potentials (74), and bioaolecules are

generally considered to be electron-rich and are therefore

classified as nucleophiles (65). We used as a base this Marked

difference in the electron-accepting properties of
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rediosensitizer· and bionolecules to develop 8 Model of direct

radiosensitization in which we deMonstrated that unsolvated, or

dry,     charge-·carriers    can    play    an    iMportant    role    in    the

sensitization process, This Model is fulls described in the

Appendix, pp. A-2 and A-12 to A-16 and is suMnarized in the

following

As we stated in the Introduction to this Section, a key

assuMption in our Model involves a high degree of solvent

  structuring in the sheath of water that surrounds the polar

bionolecule that is the target of the radiation daMage, The

extent of structuring and the physical properties of this

Microenvironeent    have    been    a    subject    of     intense    debate    for     More

'....   ... '.   .1   ...than   fifty   years   c/5.)   and   continues   to   receive   cons:i. cierao,e

attention     today      (7 w)   .      A     consensus     More     closely     apppoaching(.

unaniMity has been reached on the target of radiation daMage,

which is now alMost universally agreed to be DNA (77).

We assuMed DNA to be the target Molecule of radiation-

induced daMage in our direct radiosensitization Model and

proposed the following Main pointst (1) dry or Unsolvated

electrons and positive holes have finite lifetiMes during which

these charged species have transport and attachMent properties

':'siMilar     to    analogous    charge-carriers     in non-polar liquids; <.(i.)                     1

the lifetiMes of these drs charge-carriers is orders of

Magnitude longer in the vicinity of polar bioMolecules than in

bulk water because of a higher degree of structuring of the H2O
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Molecules near the bioMolecules due to dipole-dipole and

ion-dipole interactions; (3) electrons and holes produced bY an

ionizing event in this structured sheath of water Can induce

daMage to the polar bioMolecule that is potentialls lethal to

the cell before solvation of the charges occurs,

Using this foundation, we deMonstrated that several

fundaMental radiobiologiC31 results could be explained* These

include the electron affinic nature of radiation sensitizers,

the special radiosensitizing properties of oxygen, and the

disproportionate fraction of direct radiation daMage that is

experiMentally observed coMpared to that which is expected froM

target Theory (77).
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C, Electron AttachMent to CheMical Carcinogens

Di·' ring     the     course    of    our     radiosensitizer     studies,

evidehce began to aCCUMulate that Many tadiosensitizers had

Mutagenic (78) and carcinogenic (79) properties, These findings

were not surprising but rather appeared to be 8 corollars of

Haddow 's    parado>     which    states    that    Many    cancer    cheMotherapeutic

agents are carcinogenic (80), Since we had found that Many

rediosensitiyers attached electrons at diffusion-controlled

rates, we investigated the attachMent rates of several classes

of care:inogens to deterMine if k 's were correlated with

carcinogenicity, A full report of our studs of·carcinogens,

which was recently accepted for publication in Cancer

BiocheMistry Biophssics, is appended; pp. A-58 to A-57, We shall

now    discuss     these    results    and    our     associated    studies    of

carcinogens:

We Measured the k 's of 76 cheMicals that had been Tested
e

"Tor bacterial Mutagenicity in at least one of five Major studies

that were designed to deterMine the correlation between

bacterial Mutagenicity and aniMal carcinogenicits, We found that

37 of 42 carci nogens    attached    quasifree    electrons     in    cyclohe:·:ane

at diffusion-controlled rates, whereas the ke's of 30 of 34

noncarcinogens were significantly less than the

diffusion-controlled rate, 001 values of the k 's are listed ine

Table I, pp, A-51 to A-56, which also includes the bacterial

Mutagenicity and aniMal carcinogenicity of the solutes tested,
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8                                                                                                                           -
The Mutagenic responses were dete,Mined with the Sal Monelle,

MicrosoMe or AMe' test (66) which, as we stated earlier, p,34,

appears    to     be    -the    best    short-terM    carcinogen    screen:ing    test    that

is currently available (68). The sensitivity (nuMber of positive

responses/nuMber     of    cari:  inogens    tested)     and    s pecificity     < nuMber

of    negative    responses/nuMber     of    noncarcinogens    'tested)     of    ke    as
an    indicator    of    cnrcinogenicity    for    the    classes    of    cheMicals

tested were both 88 percent; see Table II, p, A-58, The

sensitivity end specificity Mas be greater than indicated since

several     o f     the     "False"     positive    and     "false"     negative    responses

of the k   test were for cheMicals that Mas have been erroneousis
classified    by    aniMal     testing    as    noncarcinogens    and    carcinogens,

resectively, which we discuss .in detail on pp, A-44 to A-46,

Nevertheless: the sensitivity and specificity of 88 percent that

we found coMpare favorably with the AMes test results <66) and

suggest that the need cited bs Bridges of an "eapirical 'litMUS

paper' test, with no known theoretical basis, which (yields) an

80 to 90 percent predictiveness for carcinogenic:its" (81) is

fulfilled by ke as an indicator of carcinogenicity«

The    acute    need    of    accurate,     short-terM

carcinogen-screening    tests    to    which    Bridges    refers    arises    froM    a

CoMbihation of several factors, First, epideMiological evidence
indicates    that    >80    percent    of    all    huMan    cancer    is    traceable    to

environMental sources (82), This coMbined with the 20-Year

latencs period    for     Most    forMS    of    hi..1 Man    ci:) nce r     appears    to    be
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responsible for the recently discovered (and controversial)

10-percent increase in the national cancer rate (83), which when

corrected    for    the    effects    of    sMoking    on    lung    cancer    and    of

··· ···             7 /:sunlight    or     skin    cancer     indicates    a     ..  ,····percent     increase     in

I ' ' :, .OCCUpationally    related    cancer      co·y ,.     Moreover,     the    post··- war

cheMic:,1 industry has been growing at an exponential rate with a

doubling tiMe of 8 sears which Increases the burden of

che icals to which we are exoosed (85), The prohibitive cost of

$500,000/chenical Bod the 3-year tiMe requireMent of aniMel

tests (86) preclude the luxury of our relying upon this Method

to identify careinogens, Thus, the need for an efficacious

short-terM    screening    test    for     carcinogens     is    evident#

We have already Mentioned that the AMes test is

considered overall to be the best short-terM test that is

currently available; however, it should be recognized as also

having sone serious disadvantages. For exaMple, Ashby and Styles

have pointed out that over a three-year period, several

"                                                                                                            1,cheMicals that had yielded reproducibls negative responses    had

changed to reproducibly positive" (87). These changes in the"

test responses were due to Modifications of one or More of 14

variables in the AMes test systeM, A study of the

carcinogenicitw and Mutagenicit9 of 25 polsnuclear hydrocarbons..,

bs Lijinsky's group in which the AMes-screening systeM was used

to deterMine the Mutagenicits of the cheMicals tested indicated

that only 58% of the carcinogens were Mutagenic and only 41% of
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the noncarcinogens were not Mutagenic (88), Lijinsky et al
--

suggested that further Modifications and iMproveMents of the

AMes test would be required for successful screening of

carcinogens    in    this    class    of    cheivi:i. ci.(: .Df Rinkus:ais.     more    rec:entlv

and    Legator     analyzed    the    reported    A Mes-'cest    MI-' Lagenic:its    and

aniMal-test carcinogenicity results of 465 cheMicals and

concluded that the AMes test was a poor screen for the

carcinogenicity of the following classes of cheMicals 

azonaphthols; carbaMwls and thiocarbaMsls; phenyls;

benzodioxoles;     Polychlorinated    aronatics;     cyclics    and

aliphaLics; steroids; antiMetabolites; and syMMetrical

hydrazines (89), A discussion of probleMs associated with the

AMes test and short terM Mutagenicits tests in general has also

been presented bu de Serres (90).

The Main advantage of the AMes test coMpared to our k e

MeasureMents    as     a    screen    for     carcinogens     is    the    theoretical

basis    of    the     forMer.     A    Mutagenic    response     in    the    AMes    asses

indicates that the test chenical induced 8 Mutation in the

bacterial DNA through either a base-pair or a fraMeshift

Mutation (66), The success of the AMes test in correlating

bacterial Mutagenicity with aniMal carcinogenicity has rekindled

interest in the long dorMant s oMatic    Mutation    theory    of    cancer

which states that the initiating step in the carcinogenesis

MechanisM is O8Mage to DNA (65,81)* The SOMatic Mutation theory

/  1::·  Izs now widely (04, though not universalls accepted (91),
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Our k  MeasureMents coMbined with our Model of radio-
e

sensitization by dry charge-carpriers leads to a Model of

carcinogenesis initiation that also involves daMage to DNA and

is therefore consistent with· the soMatic Mutation theors of

cancer, We view the initial DNA-carcinogen interaction as a long

range (415 S) quasifree electron transfer reaction froM

electron-rich DNA to the electrophilic carcinogen, Prior to this

step: the carcinogen diffuses in the cellular Milieu until it

encounters the sheath of water encasing DNA, Diffusion of the

carcinogen toward the DNA is then iMpeded, but electron

transport through this quasi-lattice water structure is

relatively facile, An electron is transferred froM the DNA to

the carcinogen and this step initiates bonding between the

carcinogen-DNA COMplex, The adduct thus forMed May be an

intercalation product or a base-pair or fraMeshift Mutation in

the DNA, This Model is consistent with recent x-ras diffraction

studies of DNA-drug COMplex hsdrates C 92) and with studies of

charge transport through structured water ( 93).

A weakness of our Model is that it does not discriMinate

between the efficacy with which procarcinogens and ultiMate

carcinogens induce DNA deMage• AMes incorporated MaMMalian

MicrosoMes that activate procarcinogens to their UltiMete

reactive forMS into his test protocol ( 66), and this is one of

the kes eleMents responsible for the success of the AMes test.

Moreover, the accuracy of the AMes test and its requiring
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Microsonal activation has added further credence to the SOMatiC

Mutation theory, Olive's recent work that established -<:>

correlation between the redox potential and the Metabolic

reduction rate of nitro coMpounds (94) is reMiniscent of the

redox potential-sensitizer efficency correlation (74) described

earlier     (pp,     36-37   )     and    s.ggests    that    qi.., asifree    electrons    Ma9

Metabolic activation MechanisM* We2, .1. SO    I:) :l :2 S     a    r o l e     :i  n     l. 1 I e

anticipate    that    our     studies    of    procarcinogen    activation     in

reversed Micelles which are described in Section III.D. and in

the 1981-82 Proposal will clarify if under certain conditions

t..i l't:i.Mate    carcinogens     attach    quasifree    electrons    Moie    efficiently

than    procarcinogens    and    if    quasi'free    electrons    are    involved    in

the MicrosOMal activation process, Positive results in either of

these studies would Make our k test    for     screening    carol nogens
e

theoretically More appealing,

Despite the tenuous theoretical basis for the k
e

carcinogen    test    at    pres ent,     the    I':.       test    has    several     advantages

over the AMes test, ForeMost aMong these is that the ke Measure-

Ment     is    Much    faster     and    requires    only    Minutes    rather     than    days

to     prdvide     an      indication     of     a     chenical'  s     c a r c i nogenic

properties, Also, the ke MeasureMent involves a direct

MeasureMent of the electron conductivity which Makes the test

adaptable to electronic read-out ices    and    to    continuous-oev

Monitoring applications, The versatility of the test in

deterMining the relative biohazardous potential of COMplex
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Mixtures that cont<in several carcinogens is deMonstrated bs the

following study,

The COMple:: Mi::tures that we studied were saMpleS of

cyclohexane through which the sMoke of burning cigarettes had

been bubbled. The test protocol involved using a slight VaCUUM

over 100 M 1 of pure (Wclohexane to draw the sMoke of a burning

cigarette through the solvent, A 50 ul aliquot of the SMoke-

heial 'ie    solution    Was    then a dded to 50 Ml of purified cyclohexane

and the solution wh, degassed iii the ion-chaMber by 10 Minutes

o.f    ar,gon·bubbling,      The     tl/2      of     the    non-volatile,     electron ···
attaching solutes was then Mei.xsured, A blank with the SBMe

protocol     except    using    an    unburning     instead    of    a    burning

cigarette yielded negligible electron attachMent, Absolute ke's

(:  (:) 1..1 ld not be calculated since the concentr:tions of the:.>

electron-·attaching    solutes    were    unknown;     therefore,     we    est:i. Mated

the    concentration    of    benzo(a)pyrene    'that    would    have    been

required to produce the observed .Ll/2  +    The   equivalen't
ben:zo(a)pyrene    concentration    Measured    in    the    snoke    of    different

types of cigarettes are listed in Table III.
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Table III. Carcinogen levels expressed as equivalent concen-

trations of benzo(a)psrene,  8(8)P, measured in

sMoke of various types of cigarettes using the

quasifree    electron    attachMent    technique.

Cigarette Type Equivalent [8(a)PJ

(Mg/cigarette)

Golden Lights low tar, filter 9 .S
X..  I  .I.

Merit low tar, filter : *,:,;

9 9Marlboro standard, filter J  ,  6.

SaleM Menthol, filter 0. K.f.   r 1

'.'1.TcM el standan,4 non-filter 7*6

This crude cigarette-sMoke zest illustrates several

iMportent pointst (1) the sensitivity of the test - less than

«05 percent of the SMoke solution froM - single cigarette<:>

diluted 1,000 tiMes provided 8 detectable Measure of the

electron-attaching constituents that were present in the SMoke;

(L) tne versatility of the test - a single tl/2  deterMination

provided an apparently Meaningful MeasureMent of the

concentration of potential biohazards in e coMplex Mixture of

carcinogens; and (3) the speed of the test - the burning ti Me    of
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the cigarette and the degassing tiMe of the test solution were

the liMiting factors in the kE Me asurer,tents*    This    exe Mple    should

illustrate the value of the electron-attachMent test to Monitor

petentially     biohe Zardous     pollution     sources     svch     as     the     SMOMe -

stack effluent froM coal-fired electricity-generating plants.
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Our final study of carcinogens did not involve ke

Meast..1 reMent· but rather utilized the HMes test to deterMine if

Mutational    s sne reis M    occurs    when    bacteria    are    exposed

'..siM Ultane Ously    to     ionizing    radia; tiOn    and    Che M ice 1     Carcinogens.     M

study    of    this    nature     appears    to    us    to    More    closely    a i:) proxiMa'Le

the "real-life" situation of Multiple exposures to a host of

insults rather than the norMal laboratory situation in which a

single: well-defined dose of the carcinogen under study is

adMinistered, Further, the ubiquitous nature of and the intense

interest in low-level radiation Makes this study particularly

relevant     to     the     public    '  s     concern     of     enviponMentel      exposure     to

C: 2, r (:  :i.!I (:) 9 €·41 c:.,

Although the Mutagenicity or thousands of cheMicals has

been tested with the AMes essay, we only know of two reports of

the Mutagenic response of the SalMOnelle tester strains to

ionizing radiation, and these are in conflict. In one of these,

AMes reported a positive Mut agenic::    T emQnse for SalMonella

exposed to UV, fast neutrons and X-rays (95); in the other,

Heddle and Bruce reported a negative Mutagenic response of

gaMMe-irradiated SalMonella (96), Details of radiation energ t:5 f '

dose and dose rate were not presented in either studs,

The firsr step in using the AMes test to deterMine the

Mutagenie    effects    of    cheivii.cal    carcinogens    and    radiation    Was    to

establish the radiation dose response of the bacteria which

required irradiating the bacteria on plates thai contained the
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required growth nutrients. Strain TA1537 was plated on rich

(Luria) and MiniMal (E plus glucose salts) plates with added

histidine and biotin and the plates were irradiated with Co-60

gaMME-radiation at a dose rate of 567 rads/Min to doses ranging

froM 300-1400 rads. The plates were then incubated for 12 hours

at 37°C and the    survivors    countdde     The    survival·-·dose    curve     is

presented in Figure 2 where a significant shoulder is seen. No

differences were observed between the two types of plates used.

I.      .   ....The     s eMe     strain,       1  A .1  5 3/   p      was     then     subjected     to      the     norMal

AMes plate-incorporation protocol (66) with the carcinogen

9 -aMinoacridine added, This cheMical was chosen for our

preliMinary study because it is the prescribed positive control

for TA1537 and does not require Metabolic activation (66),

AMinoacridine concentrations included 1, 5 and 10 ug/plate and

no     .3 M :1. noacridine     a d d e d     for      the     control,      ·

A More Critical set of controls designed to deterMine the

effects of exposure to both radiation and BMin08Cridine on the

bacterial survivor rate was also run, MiniMal plates with biotin

and histidine added were again used and aMinoacridine was added

at the saMe concentrations as in the Mutagenicitw experiMent.

Both sets of plates were irradiated with Co-60 at a dose rate of

567 rads/Min to doses of 300, 600 and 1000 rads, A set of both

·types    of    plates    at    the    saMe    aMinoacridine    concentrations    was

also prepared and irradiated at the low-level dc)se rate of"         "              16

rads/hr to a dose of 600 rads, The results are presented in
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Figure 2. Survival of S. typhimurium TA1537 on rich (Luria), Ll and minimal (E plus
glucose salts),C) exposed to Co-60 gamma radiation at a dose rate of 567
rads/min.
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Figure 3 where the nuMber of Mutants per survivor are plotted

versus    dose*

Before we discuss these results it is first necessary to

consider the toxicity of the siMultaneous radiation and cheMical

insults to the bacteria, which is particularly cirtical in this

type    of    acsks    where    not    only    Mi.,1'tants    but    also    survivor's    Must    be

Measured. In the standard AMes plate-incorporation assay, the

appearance of a background lawn of bacterial growth on the plate

is the only Measure 01 toxicity that is required (66). If the

test cheMical is highly toxic, the lawn will be sparse coMpared

to the control background lawn and the test should be repeated

at lower cheMic81 concentrations, Even with this lawn-check

precaut  ion,       however,       w e      have      found      and      Rosenkranz      and     Poirier

have reported (97) that a false-negative response is SOMetiMes

observed    when    Mutant    deaths    are    nuMerous.     Consequentls,     we

prefer to follow the reCOMMendation of Kaden et al who str ess

"the absolute necessity of siMultaneously Measuring the toxicity

incurred as a result of treatMeht" (98),

The probleM then arises of siMulating the conditions of

the MiniMal growth Media as nearlw as possible but set providing.,

sufficient nutrients for Mutants to grow, We atteMpted to

accoMplish this bs Measuring bacterial survival on MiniMal

plates with added.histidine and biotint whereas the Mutagenicity

studies were done according to standard protocol with onls

traces of histidine present to allow a few colony doublings to
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Figure 3. Mutants/survivor of S. typhimurium TA1537 exposed to 9-aminoacridine at
zero (0), 1 (8), 5 (0) and 10 (V) ug/plate and exposed to Co-60 gamma radiation
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forM the lawn,

We now return to discuss the results illustrated in

Figure 2 and first note that a slight dose-rate effect WaS

observed. The relative Mutations/survivor, or M/s were 1.3 * 0.2

tiMes greater at the two-thousandfold higher dose-rate, which

should not be regarded as a significant difference for a single

experiMent*     However     it    does    appear     that     the    repair     Mech81",1 s MS

are not Markedly dose-rate dependent, and this is - significantd

conclusion that will be studied More thoroughly in future

experiMents, An LD5O of 1,100 pads is derived froM Fig, 1.

We next direct attention to the radiation-only dose-

response    curve     in    Fig.     3·   which     increased    nearly    exponentially

froM 25 M/s at zero dose to 67 M/s at 1,000 rads and which

yields a doubling dose of 700 rads. This is a different

response thanthat obtained by Heddle and Bruce who reported a

negative Miitaigenic response of S* typhi MuriUM     to     gaMMa-radiation

(96) but appears to be consistent with AMes finding 8 positive

Mutagenic response for several types of ionizing radiation (95)*

Few details were given in either of these studies, and we infer

that    no    corrections    were    Made    for radiation-induced Mutant

death,

Finally, we consider the siMulteneous exposures of TA1537

to 9-aMinoacridine (or 9-AA) and radiation. As stated

earlier,for radiation onl , 25 and 67 M/s were observed at 0 andt.,

1,000 rads, respectively. With 10 ug of 9-AA, 205 and 445 M/S
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were observed at the saMe respective radiation doses. If the

9-AA and radiation Mutagenic responses were additive, 67 + 205 =

272 M/5 should have been observed with exposures to 10 ug of

9-AA at 1,000 rads, whereas 445 M/5 were observed. The

enhanceMent    ratio,     ER,     for     the    s :i.Multaneol..Is    exposures     is,

therefore, 445/272   1.6. Values of ER were calculated at other

radiation and 9-AA doses and are presented in the following

./.   ...  4..  .1   ...

i ·  dll./.   l·.·'   <·

0. ,/.
1.11..1  P      1..1 C. 

/:Dose, rads              J           10

0,73 , ':.                        1JU U .1 . J 0.94

600 0,95 1,1 1*2

1,000 ]. * 2 2* () 1. *6

A s     :i.s    ob v i.ous    froM    these    results,     no    spectacular

synergisM was observed for the Mutagenicity of TA1537 exposed to

Co-60 98MMa radiation and 9-aMinoacridine. However, if we

exclude the 1 ug 9-AA data, which appear to be in error due to 8

spuriously large nUMber of Mutations observed with. no radiation,

several significant ER's were observed, These date suggesx that

the Mutagenicity induced in TA1537 by coMbined exposures to

radiabion and 9-AA was greaten than additive; an effect which

warrants further study.

Studies of this nature are e-treMely tiMe-consuMing and'.
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expensive; therefore, we subMitted an application to NIH

entitled "Radiation CheMical SynergisM in Bacterial

Mutagenicity" to suppleMent suppport for this studs. The

experience that we have gained in conducting the AMes ass83 will

be valuable in the studies described in our 1981-82 DOE Research

Proposel     in    which    we    propose     to    use    the    A Mes     test    and    our     k

MeasureMents    to    deterMine    the    role    of    quasifree    electrons     in

bacterial Mutagenesis,

D. Radiation-Induced DeMage in Concentrated DNA Solutions

Our final study related to quasifree electrons in

biologic81 systeMS involves obtaining biocheMical evidence that

dry charge-carriers play a role in the induction of radiation

daMage to DNA. As we have already described in Section IV,A. and

B, water surrounding DNA has Much different physical properties

than bulk water and, consequently, the charge-transport

properties of these two types of water differ greatly. In MOSt

in vitro r adiobiological studies in which DNA daMage is

Measured, DNA concentrations are orders of Magnitude less than

the cellular DNA concentration ( 99); therefore, the observed

radiation-induced DNA daMage in dilute DNA solutions bears

little reseMblance to analogous danage in cellular DNA. Since

More water-structuring occurs in the concentrated DNA solutions,

we initiated studies of radiation-induced daMage in concentrated

DNA solutions to optiMize the experiMental conditions for drs
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charge···· carrier    dantage    and    -to    More    closel.     s i.MI..1 late    the    cellularl.,

erivironMente

We have conducted experiMents in which 4 MM solutions of

calf-thyMus DNA are irradiated by Co-60 to a dose of 10 krads.

This relatively low dose for this type of experi Ment is used to

liMit    DNA     daMage    to   <   1     percent    so    'that     the     integrity    of    'the

DNA-H-0 structure is not lost. Irradiated saMples are then

analyzed Tor DNA daMage using a technique developed by Ward

(100) in which bases released froM daMaged DNA are Measured

using a UV (265 nM) Monitor. Before the irradiated SaMI:) les  are

analyzed    for     base    content,     the    water     solvent     is    potary

evaporated, the residue is dissolved in tris buffer, the DNA is

precipitated with ethanol, and the bulk of the DNA is reMoved bs

centrifugation, The supernatant containing the product bases is

then rotary evaporated and the residue is dissolved in tris

buffer which is then eluted over a Sephadex-A-25 anion exchange

coll..IMn    t..1    ].1  i (R tris buffer as the eluent. The UV absorbance of the

bases are quantitatively Measured when eluted froM the

chroMatograph    C:(:) lUMn.

Initial MeasureMents of radiation-induced base release

have been Made under a variety of conditions, but these

experiMents were interrupted before reproducible results were

obtained, These experiMents were conducted by Dr. M. Isildar who

returned in March, 1 980 to Turkey to fulfill his facults

COMMitMents at the Nuclear Research and Training Ins
titute of
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EGE  University in  IrMir. With these COMMitMents  soon to be

coMpleted, Dr. Isildar plans to rejoin our group in March, 1981

and will then continue these and other studies designed to

elucidate the role of electrons in biological processes.

IMprov eMents in the analytical instruMentation used in the

base-release MeasureMents will facilitate future MeasureMents

and increase the reproducibility of the results.
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port in Mixtures of Liquid Methane and Ethane", J. CheM.
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APPENDIX

Presentations, papers published and subMitted, and activities

pertinent to the "Ionization in Liquids" project froM SepteMber

1, 1977 to April 30, 1981,

A. Abstracts of Presentations

A-1. . . , *Bakale, G. and Gregg, E.C,p "Conjecture on the

Role    of    Dry    Electrons     in    Direct    Radiosensiti·-·

zation", presented at the Eighth L.H. Gray

MeMorial Conference, CaMbridge, England,

SepteMber 5-9, 1977.

A-2. . . . .Bakale, G. and Gregg, E.C., "Drs Electrons and

Holes in Radiobiological DaMage", presented at

the Biophysical Society and AMerican Phssical

Society Joint Meeting, Washington, D.C., March

27-30, 1978.

A-3. . . . .DUldissen, W., SchMidt, W.F. and Bakale, G.,

"Excess Electron Mobility in Liquid Ethane froM

-36'C to the Critical TeMperature", presented at

the 6th International Conference on Conductivity

and Breakdown in Dielectric Liquids, Roven,

France, July 24-28, 1978.

A-4. . . . .Bakale, G., McCreary, R.D. and Gregg, E.C.,



" Quasifree Electron AttachMent to Carcinogens in

Liquids", presented at the 28th Annual Meeting of

the Radiation Research Society, New Orleans, LA,

June 1-5, 1980*
f·

B. Papers Published                                  
A

A-5. . . . *Bakale, G., Gregg, E.C. and McCreary, R.D.,

"Electron AttachMent to Nitro COMPounds in Liquid

Cyclohexane", J. CheM* Phys. 67, 5788 (1977).

.... '.' "Conjecture on theA-12 . . . .Bakale, 6, and Gregg, 1:1.6.,

Role of Dry Charges in Radiosensitization", Br.

J. Cancer, Suppl, III, 37, 24 (1978).

A-17 . . . .Doldissen, W., Bakale, G. and SchMidt, W.F.,

"Excess Electron Mobility in Liquid Ethane at

ROOM TeMperature", CheM. Phys. Lett. 56, 347

(1978).

A-19 . . . .D8ldissen, W., Bakale, G. and SchMidt, W.F.,

I1 Excess Electron Mobility in Liquid Ethane as a

Function of TeMeprature Between -50 and +26° C,"

J, Electrostat. 7, 247 (1979).

A-25 . . . .Holrowd, R.A., McCrears, R.D., and Bakale, G.,

"Reversible Reaction of Excess Electrons with p-

Difluorobeniene in n-Hexane and Cyclohexane", J.

Phys. CheM. 83, 435 (1979).



A-30 . . . *Ddldissen, W., SchMidt, W.F. and Bakale, G.,

"Excess Electron Mobility in Ethane, Density,

TeMeprature and Electric Field Effects", J. Phys.

CheM. 84, 1879 (1980). r

C. Manuscripts SubMitted for Publication

A-38 . . . .Bakale, G., McCreary, R.D. and Gregg, E.C.,

"Quasifree Electron AttachMent to Carcinogens in

Liquid Cyclohexane", in press, Cancer BiocheM.         1

Biophys. 5 (2), 000 (1981).

A-58 . . . .Bakale, G., Beck, G. and ThoMas, J.K., "Electron

Capture in Water Pools of Reversed Micelles",

in press, t o     J.      P h y s .      C h e M 4,     1981.

A-74 . . . .Bakale, G. and SchMidt, W.F., "Effect of an

Electric Field on Electron AttachMent to SF in
6

Liquid Ethane and Propane", to be subMitted

D. Other Activities

1. SeMinars presented

(a) Bakale, G., "Role of Bioelectronics in Radiobiology

l

-



r                                                                                                                                                                                   -·

and Carcinogenesis", presented at Case Western Reserve

University, Division of Radiation Biologs, March 21,

1978.

(b) Bakale, G., "Electrons and Holes in Radiation Biology

and Carcinogenesis", presented at the Interuniversity

Reactor Institute, Delft, The Netherlands, August 28,

1978*

(c) Isildar, M*, "y-Radiolysis of DNA in Oxygenated

Aqueous Solutions: Alterations at the Sugar Backbone

and Base Liberation", presented at Case Western

Reserve University, Division of Radiation Biology,

Januars 25, 1980 and the University of Notre DaMe,

Notre DaMe, IN, February 5, 1980.

(d) Bakale, G., "Fast Electron Reactions in Liquids",

Solar Energy Research Institute, Golden, CO, March 20,

1980.

(e) Bakale, G., "Quasifree Electron AttachMent to Carcino-

gens", presented at Case Western Reserve Universits,

Division of Radiation Biologw, Juls 18, 1980.

2. Guest appointMents of G. Bakale at the Hahn-Meitner

Institute fOr Kernforschung, Bereich StrahlencheMie, West

Berlin, GerMany•

(a) June 1 - October 31, 1977.



(b) May 15 - August 31, 1978,

(c) NoveMber 1, 1979 - January 14, 1980*

(d) March 15 - May 15, 1981 (proposed)*

3. Miscellaneous

(a) Bakale, G., AMerican CheMical Society Short Course on

"CheMical Carcinogenesis", Chicago, NoveMber 16-17,

1978,

<b) Bakale, G., NIH General Research Support Review

CoMMittee of the State Uniersits of New York, College

of Old .Westburs, West.burs, NY, SepteMber 7 -8, 1979.

(c) Bakale, G,p "Discussion of Electron Transport and

Attachnent in Liquids and Biological SysteMS", 1 he

Interuniversity Reactor Institute, Delft, The

Netherlands, October 29-31, 1979.

(d) Bakale, G., XIII Radiological and CheMical Phwsics

Contractors Meeting, Richland, WA, Marh 17-18, 1980.


