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SUMMARY

Significant progress has been made in clarifying the transport and reac-
tion properties of quasifree electrons in model nonpolar iiquids and biologi-
- cal systems during this triemnial reporting period. Our ekperiments 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, ke'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 radiosemsitizers.

Concurrently with the development of this model, an increasing number of
radiosensitizers were found to be carcinogenic. Consequently, we measured the
ke's of konown carcinogens and noncarcinogens and found that 37 of 42 carcino-
gens attached quasifree electrons at diffusion-controlled rates, whereas the
ke's of 30 of 34 noncarcinogens were significantly less. WeAalso found the
quasifree electron attachment rates of various types of cigarette smoke to be

correlated with the cigarette tar content.

These results indicated that ke measurements could serve as a valuable
carcinogen-screening test and implied that unsolvated electrons play a role in
the initiating step of the carcinogenesis mechanism. To explore the ke—carcino—
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 ke of the reversed micellar system.




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
! indgqegimore 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 determiﬁing 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 eduilibrium 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 eitended—state electron transport was
observed. 1In another high-field study, the first observations of field-depen-
dent ke's of localized electrons were made in solutions of SF

g 1D liquid

ethane and propane.
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Ernted work. We shall then

Forem & lirmk Lo our icologically ori

conclude with & description of our studies of the role of
quasifree electromns in divect radiosensitzaetion and of Lhe

gianificance of the qquasifree electron attachment vate of &

Teolute serving ss oan dndicstor of thsat solute s casrvoinogenic

propeties.

Ii. BElectron Transport irn Model Loauios

A keyw Taotor in understanding the electron btransport
propertiecs of liauids is 2 detsiled krnowledaoe of the electron
tramnasporlt mechanism.s He have conbeiboted significantly to this

')

Lt studies of the electron deift

area throuagh our bigh-T
velocity, Vde

The Vd af & thermal delocalized electvorn that drifts din an
applied Fisld F hss & mobility ue‘qivén oy s

u JE ' 1

\)d

proportionally with .

Le@es L remains constant as v LT Eas
e d

THis comdition applies to fields alt which a thermael equilibeium.

is maintained betweer the electron amd the solvent molecules

which azot 28 absorbers of the exoess energy thalt the electron

’4

agains from the field betweern collisions. As the Tield is

LT 6

s, Nowever, 2 orditicasl fTield Ec s resched above whioh

the electron cannot transtfer all of the ernerqgy aained Trom Lhe

field to the solvent molecules and bLthe electron erneraqy



increases, This excess enerqy incresses bthe randomness of the

tian

alectron motiorn and is reflected in Vd increasing le

proporbionslly with E and approximately with E]/zj Le@ey al

v o -1/2
fo> |C9 \)d o I s

This haob-electraon ef

S owas Tirst obhserved in & condensed

madium by Sehockley in his studies of electron transport in

somiconduetors (1Y, and we maede the First obhservations of this

effect in molecular liauides. The liauids Lhat we studied

included methane (72,33, neopernts (4), tetramethvyleillane or THD

—

(5,8, and solutions of methsrne andg ebhane (7,8), In addition o

g1/2

' Al

e g extended-state

cdeperdence of v, alt k> ﬁc

d

electron transport, all of the

characteri:

Liauics heve low-field u s
e

eveeeding 90 CMZ/U$9 andg Lhis hiabh value of w  serves as 8
e

electiron tramnsport.

seeond characteristico of mnon-locsl i

I

0 cornbrast bto bhis type of behavior, we have Tound that

pweass electrons thalt are localized by the solvent exhibit a

much different behavior. In addition to having low-Tield Uefg

i

that are siemificently less then those of delocslized electrons

Iy

. ) 2 . . . .
(oernerally < L om /Usy, the hdigh Fbield Vd of localized electrons

. . ) . .2 " " - W i oo
increases approximetely with E7 st B > hc. The actual field

dependence 1s Q Lvern more rigorously by




WheEeT @ ue(E) B0 ue(U) are the Uelﬁ above and below EC,

reapect

alw, kodis bhe Foltzmann constant, T ods the sbhsolule

tomeprature, ) is tLhe ation sites and &

is wnit electronic charae. The Fleld-enhanced Mg M e

viaualized ss an enhancement of the escape probasbhility of the

electron from its localization site when the fField

ety o dnore 4 obo distort the brap whicoh asllows more

~ile electromn escape. This FTield-sssisted detvapping model was

developed by Baaley (8) wi ewnibits the seme Fleld dependencs

af L at e 11

plds we heve studied as Lhe emall polaron model

of Feile (10 aced Efros (L1,

v model bo bhe consistent witin the

We have found the E

7

e

Field-deperdent .’ Lhalt we obsevrved dn Liquicd ethane

(4,102,153, propane (&,12) arnd mepentane (). A more rigorows

s

treatment of the field dependence of Lhe Mo 8 i bhess Liaoids.
which irnvolves electron transport over barviers of Fluctuating

Meilahts has bheern proposed

(LAY but this model was recerntly

A

e orialnal

ol ey mocdel

shown Lo vield the sasme resull as L

consideren thuse Tar

CLEY, Tt appeasrs thet sll of the mode
suffer from aone-dimensional snalysis of a three-dimensional

protlem (15,148, This will be discus dodrm o mMore debtail dn bhe

followinge desceription of our recentls completed study of elihazne

(1618,

BpPeEnaLed .

Thie imtrodoction to our ebheane studies stresses thal




electron tramnsport Lo nonpolay Liawids occurs through eilther &

Mme Our easarlier stbuc

PMHECVETYL

Locali

elthane mixtures (7;8) indicasted

cbivane (412,13 snd methanes:

that ebthane provided os with the ddeasl medium dn which Lo sbady

the tramsition from locslized electror transport st low

temperatures Lo delocalized transport at higher Lemperatures. We

Mave reported the results of this study (Lé arid Appendix)  and

atizll rmow Driefly summarize Lhis work.

The pulse-comduetivity teohnique previouwsly wsed in all of

QLI MeR

st ements of v, ovs B b wsed and wes descoribed din

aivts measr Lhe oritical

detsil in ference (3).

Lbaterd owur wsing snodan

tomporature,; TC; of 30533

@i 100

chamber capabhle of withstanding pressuraes

s the higher

agtmospherss, FElectron sttachment Lo dmpuriti
Lemperaztures was alaso & problem which was circumvented by

reducing our drift-time messurements Lo ~19 msec, ancd this

reauired that the dLon-chamber have 30-Q dimpedance [%
FReferorce (LAY in mpp@ndix]. The electrode area-qgap vratbico Lhat
was required for the S50-Q dimpedesnce cell necessitasted the use of

field effects. With this S0-Q high

a auard ring to reduce Tringe

preseure lorn-chanaber and with 8 500 MHz pulse amplifier, the

response time of the ernbtive mesusrement system was vl nseo.
The inter-dependence of terperature anag density effeclts on Ue

complicates straiahtforward snalusis of the vesulls, anda

were conducted Lo delineate

Tewochoric ang i



these effects on R The transition from locali

extended-state transport in the Liguid ethane was Tound to oocour

5l

Lhe valuas of u were 3.9 and S0

hetween 2490 ano ZE0°%K whe

Ve, vespectively, In this temperature ranae the dependence of Yq

" - 2 . . ) " . ) "
orn B oohenaed From B (localizedy to z]/z(ﬁxt@nﬁem sltatedr. The

ion ranges From 12,5 - 1505

Liauich cer

b i Lhis transibion red

molessl, which is in good sereement with the theoretical
prediction by Himurs and Foekdi of the Lransport bLransition Lo
occur in thie density remae (19, This result is slso consistent
with mhr esrlier studies of sethane-sthane mixtures whicoh

imdiceted that the localized to extended-state bLramsition

accurred dn oan eaquirolar mixture of ethane and methane where u
. . e

pe o S CMZ/Uﬁ at Lli°K and where the @thaﬁe partial dermsity is
10.5% molesl (8). Thus, it appesrs that methane hes a negligible
effect on electron loczlizeation.

From the dependence of v, on E at E > B drn the

d C

evtended-stete transport regilion, we Toundg that the measn

’

”

ecbyrorn im an Lnelastic

fractional snerqy loss, T, hg an el
collision with athang i1 m10_39 which is sigrificantly greater
than o= o4 w 1077 in electron-methane &Ulliﬁimns which we had
previouvsly deterained 5. This iﬁiin aareement with the
imtuitive expectation that ethasne is a better abhsorber of
plecthron eneray than mebhane.

THe same hiaoh-Tield dats can also he compared with Liguwids

in which electron Lvansport s known Lo he in oan extended state.




Irm arqorn, methane; neopentane andgd THMS, ue passes Lhrowgh &

10 times Lhe Ue at. Tci however; we observedd

maxwimum bthat s 2

onlﬁ & much less pronouncesd mariaae dn the Lb ot ethane at
temperatures apprbaching Tco We cornoelude that sdditionsl
alectron scattering mechanisms occur Wwilh non-sphericsl ebthane
molecules Lhat do mot cccur in Liauwids of atoms or sphericasl
molecules wh@ré Lelmer s bLheory is more applicable to the
otwerved mobdbity maxims (Z0).

We also made a csareful study of tLhe temperasture dependence

of 1w at densiti
e

reear Lhe oriticsl d@”%itﬁfpc s Which is 6.8
molesl for ethane. A shallow M ML MM Wwas obhserved at Pe wWid ch
ia another effect predicted by Lekrner, who with Bishop ascribed

the minime &8s ari

sirn From electrons being localized by

long-wavelength dernsity Tluctustions of the Tluid near the

criticsl point ("l)o‘H@ naed the tLheory of Lelkner and Bishop Lo
calculate & ceritical point ue aof W7 CMZ/Vﬁ in etnane, which is
in reasonashle aqareement with our meassured value Tor the ue
mirtimuam of A 40 cmz/Uso The aqreement bDelween Lheory and
evpariment for ethane mey be Tortuitous, however, since an order
of maonitude discrepancy was Tound Tor the Ue miriimum gl the
critical point of araon (Z1).

We also found a strong twmpmr&tur@ dependence of ue AT
ethane at densities near oc which slso is consistent with

evtended-state electron transport. The marked dependence on T atl

Hensities

nmear p c arises Trom the shtrormg temperature depen cence

10




of the compressibility of the Fluid at these densities, which
aazin is consistent with Lekner theory (0.

of electron transport in ethane

We comncluce tivis

v restating thaet & cription of our results s qQiven Ln

sre sludy we also measured

the appended Reference (1&). In the =
positive i1om meobilities which were Tound to follow Halden’s
rulel deees bLhe procduct of the dom mobdlity and the lLiauid

viseoeilty was constant.

1




TILYe Electyvon Attaehment in Model Ldawics

A Fielo-Dependent Electron Attachment

He have illustrated in the preceding Section that our

studies of the field derendence of Lthe electron mobility have
peern valusble in elucidating the details of the electron
transport mechanism in severasl nonpolar liagwide. Our studies of
the field dependernce of electron attachment tw several solutes
in ligquid rare qases analogously praviaed new knowledae of bLhe

mecharnisem of delocslized electromn sttachment in liauids (22,23,

Wilth this experience in Tield-dependent electron tramnsport and

tactment; we uanderbtool & shtods of Field-dependent astlachment

aof localized electromns. For this stbudy, we chose the

electron-accepting solute that hes been most Lhoroovahily studieo

in the gz arnch Liawich phas

$F6o Wer also ohose a8s Lhe

A

solvernts Tor thias stouody Lhe Lwo liquids i which we had most

irrbensivelys studied bhe fiela-dependert Uefﬁg mame by, ebbane and

propane. A full description of this recently completed study is
appenced; ppe. A-74 to A%, and we shall now bhriefly suvmerize
Lhis worlk.

The pulse-conducetivity techrnigue used Lo measure Lhe
electron attachment rate constants or ke'S Was sgain usedd

/

(24,25 . At each temperature at which he S Were measuredd,

inter-electrode distane art GF

6 concentrations were chosen Lo

optimi electron decasy bhw attaschment Lo the solute whiile

minimizing electron losses by attachment to impurities, hy

12




mevtralization st the amode, and iy recombination wilth Lons.
Despite our efforts Lo meximize Lhe attachment process,;

chron decay by Lhe three other decay mo Es

corrections
Wwere requirede The estimsted ervor in the rapartaed values of ke
ie 2% percent.

Several tuypical examples of the erhancement of bthe kD
e

B owhen Boexoeeds EC are shown in Figure 1, pe 6-89 of dppendis.

lects tLhe Tield-enhanced

The inores

imou bhal we had observed esrlier in Lidawicd etnane

LnCres
(4912,13) anred ﬁrmpan@ (1) and the diffusion-corntral Led
attachment of localized ﬁlw&twonﬁ g SFG that we had reported in
elthane, propane and other Clow-mobility" solvents (250,

The simplified foem of the Gumaluchowski eauation which
ie appliceble to locslired electron attaschment Lo $F6,(ﬁ@@ Pree

6-80 srd A-81 of the Appendix for details) ds Qiven v

o

‘ke = oA D QI

Wi fBoie the effective encownter radive hetweern the electron

andc 8F6 aret D ie the diffusion coefficient of the Localized

electrons. Valuwes of De may he obtained Trom the Nernst-Einsteiln

eaquation:

De = U 2T 7 & (QIRNY

13



The proportionsl dependence of ke O De pupected From Fa. (ITILI

ia shown in Figures € and 3, ppo. 590 and A~9]1 of Appendis, for
]

e and proapanes respectivelys for which De was evalusted

A

el

lier messurements of w_ din this liauids. The slopes

From our @
e

of the plots of ke Vo De For both ethane andg propane yleld K

14:% A,
Fefore discussing the dynsmics ol the ml@ctron“$F6

irnterasction that leads to bthe larae abserver value of B, we note

that the proportional dep

wience ot ke o De implies thalt the

ratic ebg/ug is epparently Field-independent in Liawid ethane

and propane. This conclusion contrasts with the resuwlts of

GHibhamurz et al who recently found that this ratio was

field-dependent in Liaquid avgon (Z&4). We surmise bLhist the

field dependence in the latter sbudy is relasted Lo

ovtended-state electron transpoart and irefficient momertum

tranefer fram the delocalized slectronsg Lo bhe solvent atoms Ln

Liauid araon, whereass the localized electrons in liquid ethane

at Lhermal esneraies at even the hiahest

S0 PTORARNE TEMm
fields studied, which was v 250 LV oM.
We return now to the obsevved valoe af Fo= 14,8 & dn
Liauid ethane and propane. The hard core radias of $F6 e only
Q

2.5 @, which sugaests thal long range wlectroanFs interactions

Jered Lo account Tor Lhe Femgining difference of 1é

muat e Cons

R, Fzird has considered @l@CtPGH”SFs intersctions in several

large values of R (27, T we Tollow

asolvents andg zlso notad

14




40 approach to tresticng the electron-induced dipole

interzoetion bul zesume no screening of the intersoetion other
tLharn throuvan the dielectric constant, € » of ebhane, the distsnce

which the electror-induced dipole idrterasction halances

®
S

WA Qlven iyl

Lhermal ener
1/4 . (U3

. 2 .. o
oo (o @ f2e kT {
o

aro o f

at T o= 19%°K where e

a maximum of

Founn to bhe 7 84 Trids

imteraction since scoreening effects by the solvenlt were ignoreds

seen Lo secount Tor ornly ahowt hald of Lhe

bt v (s
o

srved M. FBaird suagested that the discrepancy was due 1O

(WINE:

hreakdown of Fa. (V) at distances approsching R oand/or @lactyon

turreling to SF. a2t FO(2Z7). Althouwah we aqree with e se

possible explanations, we offer a third slternative.

Tre our discussion of - the fielo-dependent e “ 9 of

a4

electrons in Section X1, we descoribed the

localiz

Field-enhanced Ueiﬁ aa resulting from distortion of the
tocslization bharriers by the applied field with the eriancemnent
5@iﬁ% giver by Fa. (T . Funabashi and Reo’s soditication OfF k.
(L) to include Fluctusting barvier beights (14) and & more
recent treatment of & similar problem by Rso et al ¥ an Which
Adisorder wase introduced into the electron-happing mecharnism bobth

Lance A of 7% - 10 8. We

led to an inter-localization dig

15



suogeast that K exceeeds ra méecause electrons Minstantaneowsly
hop to the electron-induced dipole capture radius "y of 7 3 T
g distribution of distznces of which XA ds the upper Llimit] i.e.,
oo - s Where A s bLhe mesn hopping distance of ~SA. Thus,

o

3 A, whiceh iz o dn ressonasbhle

R would bhe expected to be

A

aoreement with our obhserved value of 14.% h. This explanation of

the laros vlaues of B oin the electron attaoheent mechsnism i

2lso consisternt with Lthal propose

i by Yakovliev et gl for

electron scavenaing in - norval and cyclonexans (3070,

Qo fField-depaerviert Ue sl e Mave receilved consideratle

atterntion from theoreticiasns (14,27 ,8%9,831-34, and we snticipate

that our Field-dependert ke stugdies Wwill vrecileve even more

attention. One of the Fundseentasl problems of radietion chemiosl

AR O aical electron

ics which ha2e evolved Trom Onse

phy

ipe-probabdlity study (3% ds to acurrately describe the

lifehime distribution of ion—-pairs. One of the moslt successTul

[8

approaches Lo Lraating this problem is to obtain information

about the ion-pairv lifetime distribotion from experimentally

messured electron and/or don scavenagling gields by wsing an

inverse Laplaee transformation [For a review of this subject,
see Reference (26)] . Information on the shovt-time distbyibution
of don-pair lifetimes reaquires Lhatlt scavenger concentrations >

0.1 M e wvesd, snd at this concentrstion the aversqe

. . . e Q .
inter-scavenaer distance 14 NS A, Therelfore, any chiarge

eavenoing that ocours deep within the Onssqer criticael radius
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carn he evpected to be field-dependernt, but wuntil now such
field-dependent scavenging has been ignorved, although attempls
to consider the effects of fileld-dependent electyorn mobilities
arn the escape probability have been made (31-34).

or Field-dependent electrorn mobllity and attachment
studies also have practical implicstions Lo dielecltyic breaskdown
phenamena. A numher of stoudies have dndicsted that auasifree
electrons are dinvolved in the dindtiation of the bDreskdown

process in dielectric liauids (37-39), and wibth the new:

Lrowlecdae tLhet our high-Tield electron transport and vescbion
studiss provide, & better understanding of the role of quasifree

electraons in dielectric breakdowns i¢ anticipated.

By Electron Attachment Lo Folasr Solutes

I the course of determining what factors influence the
electron attzehmert rate Lo radiosensitizers, we discovered thatl
the attachmernt rate depended strongly on the dipole moment of
the electron acceptor,. To clarify this effect, which has not
heen observed for solvated electron reactions, we measured the
ke'% of & series of 3% nitvocompounds having cdipole moments thast
rarnoed From 0.5 to 7 Debhye. A full description of this work has
beern published (40) and is included in the Appendix, pp. A-5 Lo

A-11,. We shall mnow briefly summarize this worlk and discuss our

supsequent studies of electron-dipole interactlons.
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mn

in the fField-dependent electron-attachment study, tLhe
ke'S Wwere again measured using a8 pulsed-conduetivity techniaue,
bt the experimentsl error was considevably less (2L0%) Lhan in
the field-dependent ke study (F2%0) bhecause messuremend
corditions couwld be optimized bto reduce electron losses by
recomiination and by deift to the anode. Values mf.ke L1

cuclohexane ot 293°% ranged from 37 = lU]z ﬁ-]ﬁ-] Foor Lhe

atudied i bhobth norsal and oyelonesane and the measwurand kefﬁ

were found to he about threefold arester in oyclohexaene. This

threefold diflTerence @ to Lhie Ue’ﬁ e bhe two

aglvents Dl(nwh@xah@¢ Z2yA0ly w07 QMZ/Ug cfe w (C-texanes, L94°
e e

KY = 0.29 om [Vs, Reference (41) ], which suggests Lhal Lhe ke'ﬁ

ave difrosion-limited. Thus, we again begin our discussion of

the resullts with the Smoluchowskid equation, BEae (XXIY om pe 13
Trecorporation of bobth electron-induced dipole snd

electrorn-dipole interaction fTor electron abttachment Lo polar

solutes modifies Fa. (IID) by incressing K. On pp. A8 to A9 of

¢

the Apprencdiy we derive the modified R to bes

RV e asp (T2 1/2

a

" * e

arfia /v ) (VI
a

where & = @l@ff/EMT areh Hoff ie the effective dipole moment of

the solute arnd E* is the distance st which the electron—induced

dipole interzcetion energy is equsl to kT. The effecltive dipole

18




Mmment’l@ff v i dependent upon the electron-dipole orientation

angle 8 and is qiven hul
Haff = pu CO0S 6 (VI

where Bods the solute dipole moment.

Values of ke ared Hoff WeTe caloulated Tor solube dipole

momants vranaing Trom 0.9 bto 7 Debvye and asgreed wilhin bhe
eguperimentsz]l error wiyh the meassured raete constants for 36 of I3Y
mornosupstitoted nitrobenzenes and for several poly-supbstibuted
niﬁroh@nzmn@ﬁe From studies of the latter we concluded that
ateric effects did not drnbabnit the rate of electron attachment
and thst resonance-decoupled nitro-groups on the same solulte
aErve aa dndependernt ﬁleuﬂrmn-acm@ptmr slles.

We predicted Trom this study that the electron-dipole
interaction shouslad dinfluence ke more strongly drn U"lowsmond ity
solvernts sueh as ovyelohexarne than in liquids such as TMS where ue
e 98 cmzfvﬁ (41 This prediction dis bassed on the dipole of the
solute reauiring & Tinite time to intersct with the electron and
orr this interaction time increasing i the electron diffuses
more slowly by the dipole. Thus, locaelized electrons in
cuclohexsne have a qrezlter probebhility of a maximuom interaction
with & polar solute than do delocalized electrons in THMS.

Im order Lo test this hypobhesis the electron attachment

rates to ortho- arnd pera-dinitrobenzene (o~ and p-DNE dipole

19




toments &

Measuren,

re o Hel o andg 0.9 Debhvye, respectively) in TMH were

T agreement with our prediction, the electron

attachment rates Lo these two dinityobenzenes

1w 1U]4M

Lhe o a8n

B Liauiad

W OT Suaoes

Using FEa.

i TMS are bhoth 92

GE ¢ Whereas we observed a threefola difference in

o p-DNE attachmenlt vate

A

k. “a are the highest asttachment

st rocm tempersture  [of. ke(SF6) =g,

CIWD o R RRTER A

l:)e VN CMZ/ﬁ From

i cyelohexanes.,

vates obhserved an

1 s ZI.(IIMM_.l 5-]

(41)]

¢ Lhat these reactions are cdiffusion-conmtrolled.

E A GszUm
€

aret esubetitotine this veloe dinto Eq. (ITID) wields R o= Z.# 8y

which ie approximatley the hard-core radius of Lhe solute. Thus,

Lh omppesr

electrons

[

¢ bLhat no electron-dipole interscltion
that athach to polasry solutes i TMS.

yelohewane anc TMS represent limiting

OCCLTS LN

cases of solvent

effects on electron-dipole intersctions. We are currently

studuying electron attachment to mitroaromatic solutes in a8

solvent i
in dsooct
of Gy
me s e
with the
conclusio
apparent

of electr

rowhioh e ie dntermediastle between Lh

. . o 2 .
ane for which e = Be3 om /Vs (410,
eral mitroaromatic solutes that we ha

in ieooctarne at room temperature are

pee extremess VID,

The praeliminary he'

ve recently

listed in Table L, p. 21,

gipole moment of each solute. We can draw no

e 2e vel From bthese cursory reswlts,
that bhise stody will provide informat

orn localizatiorn in isooctane. This 1s

but dt shouwlad be
iorn on the dearee

particulary

significant since the “auassi-locslized" electvon transport
3
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Table I. Dipole moments and electron attachment rate constants of
solutes measured in cyclohexane and isooctane at 20°C.

Solute
Carbon Tetrachloride

Dinitrobenzene
Nitrobenzonitrile

Fluoronitrobenzene
Nitrotoluene

Nitroaniline

N,N-dimethylnitroaniline

isomer

Solvent, kex]O

—1%M-]S-1

u, Debye c-hexane

i-octane

0 3.

oo [an M)}
ot —

oOs B BRW MNDWLWOM
-— BN OO NN

[Yo V)
(o2 8,

21

S oo woo B NO
N O WO PON OO O~

0

7.7

53 .
7.3

41
34
45
29
15

35

. 41

31
10

22
40



. ) . . . ) - 2 .
mecharnism in solvents in which uve ranqes from 0.1 - 10 ¢m /Vs is
the least poarly understood mobility regime (42). This is
reflected in deviations from proportionality of plots of ke VE [%

in this mobhility range (43,848 ) arg our high-Field tramsport

. . ) . .2 . . "
studies indicating that Vq e@rpears to shiow both an B ang an kB

e

FTiwla depsrndence (4,8, 1%
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Ce Electron athacohment-Detachment Foauilibria
Firior to this reporting period, we made the Tirst dirvectl
observations of an Lon-molecule delaohment resction in the

Liauwid ph: (4% . The detachment process thatl we observed may

he viewerd pedng velasted Lo Reaction (2 in the ecquilibrium

€ 4 '{“I <—> ("I ( | '3 C’ )

i bhat ottt rescotions liberaste s gquasitiree electron Trom an
ariton. Following our deltacohment study, we initisted studies of
electrorn attachment-detschment eaudlitvdis in nonpolear Liquids, &

Ligated by other qroups (46-485 .,

Lt also has been dnve

Froc

A complete report (49) of our study of electron attachment to
and‘détamhment From para-difluorobenzene, p-DFE, in normsl and
cyclohexane is appended, pp. A-Z0 to A-ZY. We shsll now briefly
describe thise work and our subseauent studies of electron
attachment-detachment equilibria in other systems,

A in our obther studies, pulse conductivity was wsed Lo

produce auaslfree élmctronﬁ i onormel and cycloahexane solutions
arnd to mormitor theiv resction with p~DFE. Values of k] arch kz
for the atitacetment asnd detachment resctions, respectively, in
the hexanes are listed in Table T of Reference (4%, pe A-Zd, at

Se Alao dincluded in Table I sre values of

temperatures from
the equilibrivm constant, K, which is the ratio k]jkzy and the

temperature dependernce of M o ds plotted in Figure 2, pe H-Z7,. The
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Nimolecular attachment reaction k] values are listed in wndts of

M -]ﬁi_] h

s Whereas bthe unidmoleculsr detschment resction has

dimensions of « § conseaquently K dls expressed in YL

The atﬂmmhmeﬁt reactions are diffusion-limited and,
therefore, exhibil temperature dependences thal sre proportional
.o De¢ Ir contrast, the detschment resctions are extbremely
temperature semnsitive and are charascterized by larqge activation
erergies (19,2 and 21,6 kesl/mol For - and c-hexsne,
reaspectively) and by larae pre-exponential fTasctors. Activation
eneraies of this maqritude woula Uﬁu&llmlprwclude Lhe obhservance:

of bLhese clions i Lhe sub-microsecond Lime regime, bot bLhe

lLarge pre-expornentisl fasctore compenseste fTor this @reT
r@qdirem&nto

Treating this reaction according to transition-state
theory leads to activation entropies of 34 and 44 cel/ mol in one

and o-hewene, respectively, which indicates that polarizetion -of

around the ardons plavs @ significant role in

aolvent molecule
the detaohment reactions. We wsed the Bormn equation to evaluste
a standard free energy of polarizastion of v~ ~lel or ~43 kesl/mol

Far both solvernts. Other thermodynamic parameters for the

eauidlibria were slseso evasluasted (see pp. A-Z7 and A28 and werea
combhined Lo vield an electron affinmity of -0.34 eV Tor p-DFE.
Thie result is intermediste between oltter measurements of the

electron affinity of p-~DFE that range from -0.94 (50,531 to

+0,18 (52) oV, We used this result and the electron affinities
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of other solutes in several solvents (47 :48) Lo demonstrate that
the free ererqay of reaction is linearly dependent on the solute
electron affinity.

Arother solute Lhat we have studied during this Report
period ie ndcotine, which slso temporarily attaches electrons in

o

.-

ame ol temperstures From 530

me- o anct o Ge Values of k_ k

1 2

arch Ko k]/kg far electron-nicotine attachmernt-detachment

pouilibria in ne and o-hedane are presented dn Tahle TL. The

enthalpies of veaction derived Trom plots of these data asre

=LY keal/mol dn o-hexane and

P keoal/mole dn mehessne .

The wvalues of K at room tempersture in hobth solvents

1
sugaest that the electron atltachment resction 1
diffusion-controlled: however,; the negative Lemperature

deperndence of k] indicates otherwise. Another characleristic of

the micotine equwilibrium in these solvents is 2 secondary

attachment reaction denoted by k, which exhibits s positive

3

temperature dependence. The two electiron attachment rale

electrons at

constants k] and k3 sugeest thal nicotine astltaches

Faerent k

two site Wwith the two sites having significantly Gif
‘e, Since nicobine may he viewed 8% helng composed of two

molecules, pyridine and N-methylpyrrolidineg, we studied electron

B

attachment to these solutes to determine iLf these Lwo molecules

that compose micotine attach electrons st rates k] &1l k3.

A attachment-detachmnent eauilibrium was observed Tor puricdine

in evyelohexsne asnd bthe temperature dependence of K for pyridine
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Table II.

A. Cyclohexane

T 0T kgx1071
(°K) (°K']) sec
285 3.51 .58
287 3.48 .55
289 3.46 .46
291 3.44 .26
294 3.41 .31
295 3.39 .21
297 3.37 .59
299 3.34 .40
301 3.32 .14
303 3.30 .19
B. n-Hexane
283 3.53 .45
285 3.52 .16
287 3.48 .97
289 3.46 .04
291 3.44 .03
293 3.41 .92
295 3.39 .66
297 3.37 .66
299 3.34 .67

26

of temperature for nicotine in:

Values of k], k2, k3 and K as a function

k,x1078 Keqxlo‘6
(sec'] (M'])
0.8 3.23
1.1 2.32
1.3 1.90
1.9 1.19
3.0 0.77
3.9 0.57
6.8 0.38
8.5 0.29
10.2 0.21
12.8 0.19
0.60 2.41
0.70 1.66
0.85 1.15
1.5 0.70
2.0 0.51
2.6 0.36
3.2 0.21
3.85 0.17
6.5 0.10

-1
k3x10
5.8

6.0

1
1

(M']sec'

)



ia compared with the K for micotime in Figure 1, p. 28. The
enthalpy of reaction ds ~Z&6. kcals/mol, which is slightly less
than the valoue Found Tor nicotine. A sigrificant k3 wase also
observed for electron attachment to pyridine in c-hexane.
Electrorn attachment to Ne-methylegrrolidine wes negligibles an
e i is 10 10 =151,

upper bimit of h] af Lhis soluate in o-hexane is

Thus, two attazohmernt sites for electrons Lo nicotine does not

appest bo edxplain our results since pyridine ditself appears Lo

attech electrons at two markedly different asttachment raltes.

We are currently attempling Lo determine Lhe

giamificance of the k3’% of micotine and pyridine. Our cursory

resulte pre less veprodoecible than those of p-DFE which swuagests

that an electron-atteaching impurity may contribote Lo the

ORGer e k3fﬁo Conseaquently:; we plan Lo repeal our messurements
for micotine and pyricdine in the hedanes with freshly puriified
aolutes? this is discussed in more detsil in the 1981-82
Research Froposal.

Arnother solute that we have Tound Lo stltach and detach
glectrons in cyclohexane is 002° This molecule is of obhviouws
hiological sionificance and was found by Baxendale et sl (33) to
attach electrorns at & diffusion-controlled rate; however,; the
tectimiaue weed by Baxendele et al reauired s nhigh dose/pulse

which contributed Lo eleckron-ion recombination. We noted

previously that the ke of CC14 measured by Basxendale et &l is

50-100 percent gareater than olher published values (400, and we
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Figure 1. Arrhenius plot of -the equilibrium constant, K = k]/kz,
of electron attachment to and detachment from
nicotine (Q) and pyridine (@) in cyclohexdne.
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attribote this to umcorvected electron loss by recombination. An

plectron-ian recombhination componernt to the electron decay ourve

im their CUZ messuremernts could similarly have masked the

electron attazehment-detaeohnent eaquilibrium, Ouwi proposed shuciy

of CUZ ie smlen described in detsil im the 198187 Research

Fropoasal .
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. Picosecaond Flectron Attachment to Reversed Micelles

The dntense intere i aggregates of amphipathic

molecules of micelles,in solution is bhest exemplified vy the

200 publications on this subject during the last decade (O4]

ThHie inter pyimarily stbesms Trom the membrane-mimetio

chizracoteristics of micell PiroVLIOE wnaue

Mmicrosrvironments thet catealwze & variety of chemical vesctions

(59%Yy . OF the micelle-cat

Lbwred reschions, attention bias

recently Fooons arn photosensitized electron-transfer processes

et @

intimately relasted Lo pnotosynthe and, conseaquently,

conversion (9659, We heve recently submitted Tor

pubhlication our report of the fivet divect observations o

quasifrees electron attachment Lo micellest a preprint af s

report dis appendedd [Rﬁ erence (40), pp. A58 Lo &4-73 din Appercis

ard we shall now brieflys describe this stody and our current
work on micellar solutions.

ITr an earlier Progress Report (L2/7L776-1017300770 we
deccritbed our M@&%UPEM@Htﬁ af the mobility, Um’ of reversen

micelles and the aspparent high guasifree attachment vate of this

We wers unable, however, to divectly me

values of
ke hecause & sufficiently hiaeh micellar concentration is redquir-
ed to ensure Lhe Formation of micelle sgareqates, and Lhis cone

centration requirement decressed the electron half-lives Lo Tt

cub-manoscond Livme reqime which we were unable to resolve. W

/

cquceeeded in measuring micellar k_ ‘e dn our . omore recent atudies,

e

hawever, by exploiting the time resolution of a recently
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developed picosecond pulse-conductivity (FFCY technique Lo

monitor electron LifTeltimes from A50 ps Lo severasl hunored ps
(&0,41) .,

The structure of many smicroemulsion and reversed-
micellar solutions dis poorly wunderstood:; therefore, we chose tLhe
micelle that has bheen most thorouwghly stodied, viz.e, sodium

ciil CZ-ethylhers]ly sulfosuccinate or Aerosol 07 (40T, Heplane

coula nmot bhe the solvent as it dis in many other studies
e auss ue i teptane is too low to provide an adeguale

sianal-to-rodse ratico for bthe PPO techrnique. Consequertly,

reooctane with Lo Uaedhoom AUsy whioh 1s ~A1l00 bimes the PN wii

N e 2, . :
0044 om AVe dn n-heptane, was used as the solvent.

The orowth of bthe concdoectivity sigrnal producen by
'

eloctrons drifting imn an elechkric field of 20 LV/em Tollowinag

wactane o bLhe conductivity cell by two fine

irradiation of
structure pulses of 1& Mel electrons is shown dn Fiae las po
A-71 s The exponentisl decasw of the electron signasl wvnader the
aame cornditions bl with electrons atlaching to éd.5 ¢ 10 M LL14

i odsoocteane 1o shown in Figure Loy bthe electron helf-Life t]/Z
of 130 pesec derived From bthds bresce wields ke <+ ﬁCl4) S N

12 M-] -1

o L0 a . FElectron sttachment to ﬁUT/HZU reversed micelles

i disooctane ¢ dllustrated in Figs. lo and 1d which 8lso shiow
the fourfold enhencement of the sttaschment rate as tLhe ralio (by
weight) R = HZG/QUT ie drncressed from 0.1 to 1.9, This
dependence of the guasifree electron attachment ratse or

. ey soy

reciprocal t]/Z arn B ods dllustrated in Fia., & (pe A7) where
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the Linesr dependence of the attachment rate orn the AQOT
comcentration i1 also showr.
fyom tLhe

I ovder Lo evsluastle ke'% of the micelles

MG ST B t]/zfmf Lhe momber of A0T molecules per micelles which

ST 6

wee dermote by N s muet bhe krnown. Values of N WET & Mes
’ AOT AOT
uwrder conditions similar to those dm our edperiments by Zulsaf

ana Eiok

o (&Y, and bheir ™ values sre listed in Table I (p.
! AOT
O-49Y For the ramoae of 7 that we studied. The electron

attachmernt rate constantes, k g, were caleouwlated Trom the

£ 4
“obs ” ;

arng M values, and these are sleo listed in

by AOT
1221 -1

Tahle T and z2re seen Lo rarmge from 2120 =« L0 M OVer &

M (.:.:n 45

ramoe of Re from 0.1 to 1.8

Zulault and Ficke (7)) aslso messured the vadii of AQT/H O

2

micelle e, ang these sre also included in Table L. These

values of Pm and an electron racdiue, We s Qf &7 3 wey e used b
the Smoluchowski eaquatiorn (BEa. I pe A-64) Lo evaluale

ditrusion-controlled electron attaechment rate constantss k"6,

d

0 reversed micelles. Valuwes of k, are listed in Table I

2 d

ared are compared with k ae a function of r i Fige 3 (p.
obs m

of ADT/H

A-73Y . This comparison clearly shows thet the electron
attachment rate does not become diffusion-comtrolled untail an Pm
of v 70 8 ie reached, which indicates that ﬁDT/HZU agqireqates oo

rot provide s sufficiently deep trap Tor excess electron

attechment a2t every collisiorn until 30 HZU Mmolecwles sre
raasociated with each ALNT. This comleowsion is aqualitatively

consistent with that of Hong et al who found in their NME
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atudies of the structure of water pools in AOT that HZU
molecules do mnot rotate Freely in AOT micelles wntil the number
of HZU molecules/H0T exceeds V20 (&30 .

This atudy of AUT/HZU reversed micelles demonsbtrates not

arly that thermal elecltrons are captured by water pools bbb,
more importzotly, that the electron lifetime before solvation i1is
dependent upon the degree of structuring of the water in the
paole. The latter conclusion ig of particular ﬁignifi&aﬁcm o

our hiclogically oriented studies discuwssed in the next Seotion.

ing these bhiologicsl studies,; however,; we shall

Before disous
dﬁﬁcrihﬁ ahmthwr af our studies of micelles that provides
another hridee hetweern our investigations of electrons in model
Liquids and i bhiological GusTEME

Fecent worlk of Menger et sl has gemonstrated that the
catalutic activity of enzymes 16 retsined in waler pools
encapeulated in micelles in liauid bydrocarbon solvents (&40
Thie property of micelles combined with the widely accepted
mechanism Tor the initistion of carcinog@ﬁesiﬁ which involves
the enzumatic activation of procarcinogens to their ultimate
reszetive forms bthat asre highly electvophilic (45) makes the
study of electron attachment to encspsulated procarcinogens arnel
erzumes i micelles of the wtmost signiticance to a betlter
understanding of the mechanism of carcinogenesis.

Ae @ First step in swueh 8 study, we measured the
quasifree electron t]/Z ane don mobility, Ui' i AOT/HZU

revercsed micelles in oycelohexane in Lhe presence and sbsence of
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G- microsomes.  These microsomes, which are extracted from rat
Liver homooenate (642, contein owtochrome P-450 enzymes tLhat
have bheen shown Lo be the activating sgents that convert
procarcinogens Lo wltimate carcinogens (&7) in Lhe
Galmonellasmammalian microsomne or Ames test, which is currently
the heat bhacterial test svailsble for screening potentisl

U-s cmz/vﬁ for AAYT

CRYTCLROaens

1y We fournd vy to be UH.1 x0d

micelles independent of the concentration of added HZU G

A electron t]/Z of 129 nsec was observed in micellar solutions
that corntained 0.0% percent AQT ard an ﬁUT/H20/5w9 vratio (hy
wedaht) of 11117 the same t]/zwaﬁ ohserved when 8-9 was notl
precent. Mo experiments wilh procarcinogens asdded Lo the
micelles have et been sttempled, bul such studies are
contemp lated and are discussed in the 1981-8Z Research Proposal.
These preliminery micelle sxperiments demonstrate the
Peasibility of studying the effect of structuring of water on

electron lifelime andg of studying the enzymatic

1fres

tLhe
conversion of procarcinogens to theiv wltimste electrvophilic

derivatives, With this foundation of owr quasifree electron

Lransport and reasction studiss in model systems completed, we
proceed to describe ouwr more biologically oriented resesvoh

PTrOaramM.
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Lirorms dn Biological SHyslems

TN B

A Tty ooduetLoan

A cornsl Fraction of our reseach effort cduring this

trienmial repovting period bhas bheen divected towasvad

extirapolating the gquasitree electron btransport andg rescbion

piropeyvties of model nonpolsr liaguicds bto electronic proce

that ooccur an bdoloQios] slhboms. To our knowledge, ooy

af fAe Hummel st the Interuniversity Resctor

Tre Nether lancgs the only lesboratories

Trstitoutes drn

implications of guassifree electrons sre

Lrrowhiot the

bedrg activels dnvestigeted.

The lkew bepobhesis invelved i bthese resesroch programs 1s

that water 1 sufficiently stvuctured i Dilological systems $0

anidfree electrons and positive

that bt temporarily appesrs Lo

v e lectroans and

hoales Lo ve fbrle s nonpolar mediume Since e

fholes are the mos reactive reducing and oxddlzing specils

boricnar e respeetively, considerabhle ohemistry and biology can

rrievs are solveled in bthe cellbalse

occeur before the chavoge-c
Milden 2t which time thew zre converted Lo relatively unresctive

itonic species

The Delflt group’s approsch Lo testing this hypolhesis hes

heer to vese low temperatures to slow the rotstionsl times of the
povenns solvent and thereby extend the quasifree liTelimes of

Lhe charge-carriers. Hummel s qroup has wsed this technique Lo

measure the vields and mobilities of auasifres electrons and
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LT oo aaueous solutions (9,700 andg are also

attemplting Lo measure the cherge transport propertics of dry

hiomolecules (710, Rather than e

g Firo nomatrices Lo extend
the cguasifres Lifetime of charge-carriers, we atudy the veaobtion

properties of the charge-czirriers with solutes of bhaologicsl

irterest in 2 norpsolveting medium. We shell mnow desor il

stuaciides ano he

Wity o NEERON A work whioh dinvolves

the posaib

eorole of aua

charges in the sensit: LGN

(S AR

s Thds ds Followed by a8 sommesry of our mes

e i T

ae’ﬁ of Carcinogens, and

Wittty our stueddies of raoid

and chemical dnduced

M,

Bro Role of Unsolveted Char

o-Carviers i Divect Fadia-

somnsitiration

prior to this reporting period, we Fouwndg

Thyat

ixers etltached aqueasify electrons at

211 of the bhiomolecular

(732, where

cellulsr compornernts that we studied were unre

shave Lows

chfree slectrons (2 This

sull 18 now not surprising

sirnce the radiose efficiency of sensilizers was

seauently Found to correlate with Lhe sensitizers”

one-alectron veduction poterndti (74, and biomolecules sre

e sl 1y pciered to be electron-vich and sre bherefore

a5 & bhase bhis marled

phvd les (&)

classified za

difference in the electron-ascceplting properties of
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glosensiticers and homolecwles Lo develop 8 model of direct

radiosens it tion in which we demonstrated that wnsolvated, or

e lay an odimportant role dn Lhe

vy, ChHEBrae-CarvLIers o

sensilbtization process. This model da Pully desceribed in the

Lo d-1é ana e summarized Lo Lhe

Apperidis e (2.
Following.
e we stated in the Imtroduction to bhis Hection, & key

caumption dn owr model dnvolves @ high degree of solvent

stroctoving in bhe sheasth of water that sorvvounds the po.

piomoleculs that 1s the target of the radisbion damage. The

tent of structoring andg the phvysical properties of Lhis

miovoervilronmernt favis g subject of irmtense debate Tor more

than Fifty yeare (79 and comtinues Lo receive considerasbhle

attention todsy (748) . H consensus more closels approaching

pranimity hae hesn reachasd on the terget of ecadiation damsge,

Which is now slmost undversally sgreed Lo be DN (F7).

Wi sesumed DMNE Lo be the target molecuwle of radistion-

dreciuced i our divect radiosensitization model and

Lhe Following smain pointss (1) dry or unsolvated

pPropo

electrons a2nd positive holes have finite lifetimes duving which

e

tes have Lransport and stbtschiment properti
cimilar to anslooous charqe-carriers in non-poler Liauwids: )

the lifeltimes of these dry charge-carviers is orvders of

magrnitude lornasy dn the vicinity of polar biomolecules than in

il water bhecasuse

af & hiagher deoree of structuring of bhe HZD
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Diomolecules due Lo dipole~dipole ann

rear

Ml el

torn-dipole dnterasctions; (3 electvrons snd holes procduaced by an

stheably of walter can Lnouce

Lomizing evert drn bhis

BT to the polse bhomolecule thelt i1s potentiaslly lethsl to

QL% .

the cell before solvatiorn of the char

Lt

Foundation, we demonstrated

veasults cowla e ewplasuined. These

Fumcdamertal radailobiolos

Lorn ser

Famne mature of radi

trvcluce e electiyan s

s

vbles of oxygen, angd Lhe

ermitising pro

the speciasl radic

e Fraction of divect radiation deamsge Lhasl is

A E

chasp oy e o b

prperimentslly observed compared to that which is expected Trom

target theor




iment to Uhemical Carcinogens

Ce Elootrar At

Do dmg the course of our radiosensitizer studies,

pvidence beozn to accomolate Lhat meny radiosensitizers had

anc carcinogenioe (X9 properties. Thnese

murt mae

were ot surprileing bhult rather sppesved Lo bhe & corolls

that many csncer chemotherapeutic

Hadoow’ a
v
Simce we had Foond Lhat many

agents are

by ol led

al, oi T Fusian-c

il Gsmers b L ors

sttachment rates of seversl class

ated wilh

Lo deteraine LT kb _ 78 Wwere corre

e

ity A Full veport of our study of  csroinogens;

meently accepted Tor publication in

-

ru FHiophuysics, is appended? pp. A-38 to A-57 . HWe shall

resulbhs s our & weidated studies of

pow odaounas bie

We messured the kb 7s of 76 chemicsls that had been tesled

e

frr baeterisl motsgernicits an st lesst one of Five major sbuadie

Lo detevmine the correl

that weve de sl an hetween

ity ang animal cercinogendceity. We Founc that

Lions dn cwyclohexane

atf 4% carcinogens attached quasifree eleco

at

the ks of 30 of 34
e

than Lhe

FoncETcinoaens Wwere sianificantly

of the k ‘s are listed in
e

gifrusiorn-corntrolled rate. e valu

Tahle I, pp. A-51 to A5, which elso includes the bacteriasl

mutaoenicits a2rd animael carcinogenicity of the aolutes tested.
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Thie mut @rMmimned with the Salmonel las

T were cetl

test (&) which,; 8% we stated eavliev, p. 34,

MACTOE0OME OF A

appeara Lo be Lhe bheat vt Lhat

short-tern csroinogen screening Le

e currently

sensitivity (number of positive

TSRO rruetre s of cinogens tested) and specificity (munber

LU el

sAnambier of noncarcinogens

are dndilcator of Leity Tor the o

Wey e ot

Tainle T, p.

LTty may e areshe

sensltivity s than dndicated since

i LR}

aeverzl of Lhe "falee” positive ano Live reaspons

Ires ey e

cf the ke

Lower e Tor ohemlos that may have been erraneous s

BTG BN CHETCLIOEENS

P ST 0

s Faed by osndemsal L

sooWhdeh o we olsouss dn detail on opp. S99 Lo S,

resectlve

of 88 pevcent that

Meavorthel oo

. e weraitivite are oo
SIS Lhe sensitivit Vi ool gk

we Foure compare FTavorably with the aal s (A&EY ano

that the mneed cited Dy

of & “empiric

B a Ly wi it mo krnown theoretical bhasis, which (wields: an

80 to Y0 pevcent predictivenc for caercinogentoity”™ (31 1w

g dnaicator of carcinogenicitye.

The seute mneed of acourazte, shorbt-term

carcinoeen-acreening be Lo which Bridges refers ari From

1 evidenoce

combiifiztion of several Tactors, Fivst, epidemiologics

sihale to

irnddicates that >80 pevoent of 211 bhomesn casneer is Lrac

environmental sources (BE). This combined wilh the Z20-gear

iLMaEn o

b

farms of

[

ey periaon For mo srcer appesrs Lo De
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reasponsibhle for the recently discovered (and comtroversiasl)

10-percernt inor i obhe nationsl casncer rabe CHIY . whioh when

corrected for the effe

o af smoling on Lung cancer anag of

surmliaht or slin csneer Ll @ LOh-percent dner

cocupatiornslly related cancer (3492, moveover, the post-war

etvEe e driciustig b been growing 20 an expornentisl vate wilth &

gounling time of 8 wesre which dincreasses Lhe bharden of

CovpE ey, o8 Lo whiiot we (85

o The prohibitive cost of

FEOD OO0 chemio

Lime requivement of antmal

toa

Y preclude bLhe losurs of our relwing upon this setiod

o dcderetod Fay

s Thus s, the need Tor an effilcacions

eyt Tor carcinogens 1s evident .

b mentioned that the fAmes test is

comsidered overall Lo be the bhest shovb-term te that 1s

b oshowldg bhe recognized s slso

currert ]y

iy faiviy s Syl

having some serious ofi G E M

have pointed ool thaet over & bhvee-wgyesr periood,

roducibly negative! responses tiso

chemi o
i

ehanged to "reproducibly positive’ (7). These ohanges in bhe

were odue to medifications of ome oy more of 14

variables in the AGmes test system. & study of the

Hicity and mobtsgenicity of 2% polynuclear huydrocarbons

b Liginska’s group dn whiloh bhe Ame soreenitng syslom Wwas wsedd

to determine the suobtzgenicity of the chemicsls tested indicated

that orly S8% of Lbe caroinogens were smutagenic and only 414 of
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Lhe moncaroinoaens were not motagenic (88 Lijinsky el sl

asugaested that further modificetions and improvements of Lhe

wauls he requived Tor swecesstol scoreening of

carcinoaens dn o bhis ols af chemicals. More recentls,; Rinkus

test mutsgeniocity and

the veported ame

ano Leostor ans

amimal-~teel carcinogenicity wlhs af 48% chemicsls and

conocluded that the fmes test W poor sereen Tor e

coarcinooerndcity of the Tollowing o of chemios

[ W A IO TRUNURY ST Wy LTV TOF SN S VLR e o e S BT
C s frb il s y o rar e 3 La anc L oc CLE Yy 1s ;o e 144 1 5§

P o sen e PrT— W3
shaos anc

henzodiosoles: polychlorinested srometios

aliphatics! steroidsy antimetabolitesd snd gummety i sl

(R9Y . & discussion of problems sssocisted with the

ardg short-term smotsgenicity Le

Ames te

¢ oA general hes also

heern presented by de Serres (Y02,

of the Ames test compared Lo owr Bk

The M@l

e

mesaurements se @ screen Tor caroinogens is the theoretical

i bhe Ames B¢

o

hzeis of Lhe Tormer. f Mul3genic rTesponss

L ehemical induced & mutation in bhe

indicates that the tes

hacterizl DNA through either a bese-pair or @ Frameshl T

mutation (66). The success of the Ames test in correlating

mutagenicity with animal cercinogenicity hes rekindled

bhaoterial
irterest in the long dormeant somaetic mutstion theory of cancer

Wwhich states thast the initisting step in the carcinogenesils

o~

merhanism ie damasae to DNA (65,81, The somatic muatation Lhieory

ie mow widely (&%) though not unidversally acceplted (211,
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arements combined with our model of vadio-

Our b me
e

sensitization by ary charge-carryriers lesds Lo 8 model of

carcinaaens indbtistion that aleso involves damaqe Lo DNA and

e thnevefore consi

stent with the somatic mutation theory of

cancer . We view the initisl DNG-carcinogen interaction &s 8 long

ranae (vl 85 gussifres electvon transfer rveaction From
electran-yvich DM Lo the electvophilic cercinogen. Frior Lo bLods

i obhe cellolar miliew until it

The carcinogern ol fioge

encounters bhe sheath of water encasing DMA. Diffosion of the

cavcimooer bowasrad bthe DRNG Ls bhen impeded, bul electvron
tLransport Lhrowvah this aquesi-latbice water sbroacture 1e

relatively faoile. A electron dgs bransfevred From the DNA Lo

e cavroinogen aio bhis step initietes bonding betwesn Lhe
carcimnager—DNS comples. The sdauct thus Tormed may bhe &sn
intercalation produact or & base-psir or Frameshitt motation in
the DNA. This model ds comsistent with recent x-rvay diffraction
atudies of DNA-drue comp les hyodvetes (229 snd with studies of

charae by sporlt bhrowah styructured water (930 .

of our model de that Lt does not discriminste

hetweern the efficecy wilth which procarcinogens and ultimate
carcinoaoans dndoece DNA dasvmsae. Ames dncecorporated mammal dan
microsomes that sctivete procaveinogerns Lo bthedr wltimaste
rezctive forms into his test protocol (66, and this is one ol

the key elements responsible For the swuccess of the dmes Ltest..

—_

Moreover, the ascourscy of Lhe Ames test and its redquiring
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ML S0 aetivation hes added Turther credence Lo the somastic

mutation theory. Olive’ s yecent work thst established &

correlation betweer Lhe redox potentiasl ang Lhe metastolic

rechuact ol crn ¥ aoof mdtero compounds (992 s remindscent of the

ey corvelation (P4 de

recdox poterntisl -gsernail bl @ T st el

earlier (ep. 36-37 Y ano sugo Lo bhet qussitree elecbrons may

2 orole in the wetasbolic sctivation mechanism. We

Lhat owy st

chmoaen activation n

whitoh are desceribed i Section TTL 0.

certaln condgiltions

thve @R

attaoch qussiftree electrons move effFiciently

il ime

tham procercinogens asnd if quasifree electrons are involved in

2

e Fositive results in edltner of

the microsomal achivaelion process

Lo Tar sore

-

these studies would make ooy lf..e e AU CHETCLNOGgEns

tLheore

a for tie k

e

L opresent. tioe k, teslt hes several sdvantages

carcinogen Les
e

.. Foremost amordg the

over the Smes e

s bhat the ke ME EE LT

rather Lharn days

sher and reawirtes only minot

mert. ds much s

Lo provicde arn indicstion of & chemical s oarcinogenic

1, e ke messurement Lnvolves s divect

porap el

M arement of bLhe electron conductivity which makes Uhe test

ot devices anad Lo contilrmous -

godzpltable to slectrorndoc v

moritoring applicetions. The versatility of the t

determining the relative biohaszardous potential of comples
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i severasl carcinogens is demonstrated by the

The complex mixtures thelt we studied were samples of

srpe b ouatt wiii ot bhe smole of buarning claasrettes had

owe bobh

Deor Duabdled,. The test preotocol dinvoleved uvsing & sliahl vaouum

s Lo draw e smoke of 8 Dorming

aver T00 ml of pure cuclohe

pratte through the solvent. d G0 pl aliauot of the smoke-

solution was then added to 50 ml of puridfied ogolobexsne

e the doan-ohamber oy LT minute

e b ima . The t]/Z of the non-volatile, electyorn-

thern me el Wi i

virma solutes

ept waing an unburning instesd of 8 burnines

protoool e

Lion abtachment. Absolute ke’ﬁ

clrasretts yielded mnegligibhle o

ek smance Lhe concenltrastions of Lhe

ol omot bhe o

<o
e

slutes

shod et

were unknownd theretfore, we

the corncertration of benzodm)pygrene thalt woulcd have Deen

duvee bive b

requiirecd to “Vﬁd'ﬁ/zo The eaquivalent
trenso{zYpyrens concentration meszsured i the smoke of dGifferent

sre Listed in Table XIL.

Typea
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Tabhle TIT. Carcinogen levels expressed se equivalenlt concern-
Lrations of benzolalpyrens, fr{&rF, measured in

smoke of

types of cigsrettes using Lhie

quaaifree @ shivorn attachment techrnigue.

Type Eoawivalent [BCa)r]

(Mg cigarette)

Golder Liohts low tav, Tilter e

it Low tav; Filter PRt

stamcard, Tilter S d

mernthiol, Tilter Gl

tanmdarcd,; non-7ilter Fed

This ovude ciosrette-

smoke be illustrates several

importart pointad (1) the sensitivity of the test - less Lhan
08 percernt of the smoke soloution From & single cigaerelbe

ciilwted 1,000 times providcded a detectable measure of the

electron-att

shvimg constituents thaet were present dn Lhe smoled

(Z2) the versstility of the test ~ & single t]/2 detoermirnstlon
provided an appasrently mesningiol mezsurement of the

concentratiorn of potential bhiohaszards in a2 comples mixture of

carcimooens: and (3 the speed of the test -~ the bhurming time of
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e ol etle and Lhe deqassing time of the test solution were

ctors in the ke Mesourements. This example shoeuwld

Lhe Limiting sz

b obo monidtor

illustyrazte the value of the electron-sttachhment te

poctentially Dok s pollution sowrces such s the smoker

srrerating plants.

aTFLuent Trom cosl-fired eslectricilty-
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Qu i Aaciy of carcinoesns oid mot dne

v he

the fAmes test Lo determine if

ME2ELIT @M gt vather wbdld

mutaticonal

mertal sy ocours when bacteris are GHpC

simultarneouwsly to donizing vadiation angd chemical carcinogens. O

shaddy of this neture sppesrs to ws Lo more closely sppro<imate

yl-1ldFe situstion of multiple exposures to s host of

rather Lhan the normsl lshorstors sitos iroWhd ol @

Lyl

Foanogen urcer shods da

@ oof the

EEON I RS

g wWel l-aefined oo

amimieterad, Further, the obilauitous neture of and Lhe intense

irmtere in low-level racdistiomn me Liis study partiocularly

Lo the pubnlic’s concern of envirvonvental

Althowal the mutazgenicity of thowsands of ohemicsls has

Wity bhe fAmes o we only know of two veports of

treers te

e raLne Lo

the motsgenic vesponse of Lhe Szlmomnells

iondzing radiation, and these ave in conflict. In one of these,

Ames revovted & positive mobsgenic ronse Tor Sslmonel la

erposed ho LW, prewtrons andg X-vaws (995 dn bie obher,

Heddle anad Brouce repovted & negstive mulsgenic response

ed Salronells (946, Details of vadisgtion eneray,

Qampma i acdi

7

cdose and dose vate were nob o Lher sbuayg.

Mutzgentio effects of chemical carcinogens andg radistion was Lo

eatahlish the radiation coof the boacteria whioh

Por

reaguired drracistd the bhaotevia on plates bthsl contained Lhe
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required growth rotrvients. Htradin TALSEY was plated on rioch
(Lovia) ard mirmimal (F plus glucose salts) plates wilh added
nistigdine and tiotin and the plates were irradisted with Co—-60

aamma-radiation &t 8 dose rate of 367 radsSmin bo dos rangilng

Fram 2001400 vade, The plate were thnen dncubated for FouT

e The survival-do CLTVE LS

=t 37°C and the swurvivaors counte

precgented in Figure 2 where & significsnt shouwlder is seen. No

differences were obhserverd bhetween Lhe two bypes OoF plales wsed.

The some strasin, TALE37, wes Lhen subjected to the normsl
Armes plate-incorparation protocol (66) with Lhe carcinogen
Qeammimoacridime adoasd,. This ohemicael was chosen for ooy

preliminary sbudy bhecsuse Lt ds Lhe presceribed positive contyral

For Tals ang does not requive metabolic activaetion (&&).

Aminozeridine concentrastions dncludead L, 9 smo 10 wugslplate and

FC EML QR L Tfor the contirole.

L @

@ oMore oritic of controls designed to delterming tLhe

e fe e sposure Lo bolth radistion and sminoeacridine orn Lhe

Wit aotin

hacterisl survivor rate was slso vurne Minimal plates

anc hiliaticine adoed were again used and aminosceridine wes added

at the same concentn Lons a2 in bthe mutagenicity experivment .

of plates were irradisted with Co-60 at & dose rsa

Froth «
47 radaesmin Lo doses of 300, A00 snd 1000 rads. A set of bolbn

z

types of plates gt the same aminoacridine concentrations wes

']

2lao prepaered and ivredisted st the "low-level' dose rate of 16

dlbs sre presented dn

rade/hr to 8 dose of 600
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Figure 2. Survival of S. typhimurium TA1537 on rich (Luria), A and minimal (E plus
glucose salts),() exposed to Co-60 gamma radiation at a dose rate of 567

rads/min.
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Figure 3 where. the rnumber of mutants per survivor are plobted

VET SIS Cos e

results 1t ds fivrst nece vy Lo

Before we discuss Lhe

consider the toxicity of the simueltaneous radistion and chemicsl

imsulte Lo the bhaecteris, which i pavticularly civticsl in Uhis

twpe of where nolt only motants ot elso survivors must be

dy e e

shandard Ames plate-incorporation ass

measares. Ly hhe

appaearance of 8 baclkaround lawn of bactevial growhbh on Lhe

e Lhe only measure of toxicity thaet is requirved (&6 TF the

iw hdahly towic, the lawn will bhe sparse compared

test ohemio
toy bthe control backarownd lzwue ano bthe test showld be repeated
at lower chemicsl concentrations. FEvern with this lawr-check

precantion, however, we hsve Tound and Rosenkranz and Poirier

have reported (97 that & fTalse-nmegaltive vesponse 14 somebimes

oheerved whern mutant deaths are numerows. Consequently, we

ar Lo Follow the recommendation of Kaden el al who stiress

R

Lhe absolube nec ity of simultsneously meassuring Lhe Losioilty

incurred as & resullt of trestment” (98,

The proolem Lhen &ris

% of simolating the conditions of
the minimal erowth medis as nearly as possible but yet providing
sufficient muotrients for mutarnts Lo grow. We attempled Lo

suring bacterial survival on minimal

aocome liah bhis by me

ard by

plates with asdded. hieticdine and biotin, whereas the mubsg
studies were dome sccording to stendard protocol with only

trazces of histidine present Lo allow & few colony doublings Lo
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Figure 3. Mutants/survivor of S. typhimurium TA1537 exposed to 9-aminoacridine at

zero (Q), 1 (A), 5 () and 10 (V) ug/plate and exposed to Co-60 gamma radiation

at 567 rads/min (open symbols) and to X-rays at 16 rads/hr (solid symbols).
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Form Lhe Lawn.
We rmow rebturn bo discuss bthe reswults dillustrated in
Figure 2 andg first mnote Lhaet s sliaht dose-rate effect was

observed. The relative mutsbions/survivor, or M/¢ were 1.3 £ 0.4

st the two-thowsandfold biagher dose-vabe, whdoh

ahoula not bhe red

st dded 8w s sianiFicarnt difference Tor & single

epvperiment s However it does appear thatl the repaiv mechanlisms

are not maErkecdly dose-Ts dependent, and bhis s & significant

conclusion that will be studied morve thorowahly i Poture

exp e L Mer

far lm[)so af 1,100 vads

cderived from Fig

We mext direct attermtion to the ra Lian-only doses

vl mearly exponentially

responss curee L Fias 3-owhidoh dncress
fyam 2% m/a at zero dose to &7 /s st 1,000 vads and which

et

g doubling dose of 700 rads. This ds @ difTe

wiel

recpanse thanthat obtzined by Heddle and Bruce who reported a

rnegative mutzgenic response of B. byphimuriun to gamma-radiation

(YaH)Y bl app Lo e consiestent wWwilth Ames’ Finding & positive

mutaaenio TesEor

for several tuypes of donizing vadistion (%) .

Few detsils were given in either of these studies, and we inTer
that mo corrections were made for radiation-induced mutant
che st .

Fimally, we consider bthe simullaneous exposures of TAlEa7

ta Y-aminczeridine (or Y602 and vadistion. ds sltalted

warlier,for radistion only, 25 and 67 m/s were observed at 0 and

1,000 rads, respectively. With 10 ug of 9-Afd, Z00 and 44% m/s
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were observed alt the same respective radiation doses. IT the

G0N and radiation mutzgenic responses were additive, 67 + 203 =

277 m/a ahould have been of

G-At at L,000 ras

enhancemant ratio, ER,

ThevelTore, 445 1.

erven wilth exposures Lo 10 wg of

15, whereass 4989 m/q were observeid. The

For the simolbsneous exposures 1%,

Go Values of FER were caelovlated st obher

racdiaticon and 948 doses and are presented in bthe Tollowing

toainl e

304

&00

L0000 1.7

fe da obwvious Fr

SYPETGQLEM WS SE T V0

Co-&60 gamms radiation &

exclude the 1 oug Y68 o

Gpar g ously larqe number

several sianditficart ER7
the mubtagenicity induce

racdiation and Y00 w

warrants further stody.

Grudies of this

Yoty oug

am these results, no spectacular

exposed Lo

For the mutagendoeity of TaALs

med Feaminosericineg . Howeveir, if We

alta, which sppear Lo be in eviror due Lo &
of moutstions observed with, no radiation,
s were ohserved. These data sugaest that

oodm TELS37 by combined exposures Lo

grester then additive; an effect whioh

mnature are exbtremely time-consuming and
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eupensive; therefore, we suimitted an applicstion to NIH
ertitled "Fadiztion Chemical Synergiliem in Bascterial

Mobagernicity' Lo swpplement suppport for this study. The

euperience that we have gained in condooting the Ames asssy will

e valuspble i e stoo e Ly oour 198187 DUE Researon

e Ames test and our e

Froapn WP oh We propose

® electrons iLn

couurements to determine the role of ous

.

Lation-Tnduced Damage din Concentrated DNA Solubions

(ar Famel study related to auassifree elecbrons in

setems involves obtaining bhicchemicsl evidence that

rriers pleay & role in bthe induction of radistion

dameoe Lo DMA. A8 we have alrveasady decscoribed in Section TV A and

B, water surrounding DNA has moch different phgsical properties

thar bulk water and, conseguently, the charge-transport

Live I most

properties of the

two types of water oiff Qn

i vityro radioniclogicsl studies in which DNA damage i

uren, DMA concentrations are orders of msgrnitude le

el lular DN& concentration (995 therefore, Lhe o

o innuesd DA demeqe 1n ailute DNA solubions besrs

raEetl @

Tittle resemblamnce Lo snalocous damage dn cellular DA Hince

more weater-astructuring ocours in Lhe concentirated DNA solutions,

we initieted studies of radistion-induced damage in concentrated

DNG solutions to optimize the experimentsl conditions fov drey
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21y simulate Lhe cellulasr

charee-cartLer OBMS ang to more clao

arnvironmernd .

We ha condueter experiments in which 4 mM solutions of

calf-thuyvmus DNA e irvadisted by Co-60 to s dose of 10 vy ads .

for this tuype of experiment is wsed Lo

This re. Lw Low i

Limit DMNA oams o<l g

DNﬁwHZU stiructure ie mot lost. Trradisted samples are then

analyrned Tor DMO using & technigque developed by Ward

4

CLO0Y e whiioh b relezsed from demaged DNA are meassueed

Fore the bdrvradiated ssuples are

vaeing 2 UY (285 mm) monitor.

coantent, the water solvent is roltary

analyzed For i

nrated, Lhe rvesiduee de dissolved din tris butffer, the DNA 1L

[N

precipiteted with ethanol . and the pnllk of bLhe DNA Ls removed by

centrifugation. The asupernstant containing the prodoct bhases 16

arc Lhe resicdue ds dissolved dn o tris

Lhen o

oM apar

A

over a Sephade:-a-29 anion exohange

BuFfer which i1s then elot
column using bris buffer as bLhe eluent. The UV abhesorbhance of the

e are aquantitatively messured when eluted From the

chromatoarapd Ccolusmr,.
Tritisl messurements of radistion-induced Dase reloagse
hove been made under & variety of conditions, put these

evperiments were interruplted bhefore reproducible resuwllts were

¢ evperiments were conducted Dy Dy e M. Ysildcdasr who

obtainsd, The
returmed in March, 1980 to Turkey to Fuldill) his Faculty

Fesesrch and Training Institute of

commitments at the Muold
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Urniversity i Xzmive. With these commitments soon to he

completed, Dre Teildar plane Lo rejoin our group in March,

arned will thern conbinuve these and obther studies desigrned Lo

elucidate the vrole of elecltvons in biclogical proces

ITmproavements in bLhe arnalyticsl dnstrumentstion wsed in the

ey e

B ME

andg increasse the veproducibhility of bthe resullts.
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