
\ 
( 

• 

• . , • 
'-

'fi 

CU3 (CII2 ) 2cH2èll (CoolII • < . . 
, 

'::II~ (';112 ) 2CII2é (COOl!) 2 
" , ~ , ( 

C!l3CU2èIlCII2CfI (CgOHl:z 

-- ~ 
• \ 

:1I3CU (Clll ) 2.CII (CooH>:z 

.' 

, 
C 4119CII (COOII) 2 
~ 

• 

" 

" 

, . 
• - • 

"'1( 

77" K 

~ , ~ 

, 

, .... 
'. 

• 

'" •• " 1I3'a ' 13.2 
• ~I 

.J.H('.( &'110' ~ .. ',l, ·~l~.J, 
h).7 

iso: 21 .. :, 

.l!lll • • 1 .>11.), ",' ~IIC,' , 
/lll, ' 3:>.7 . , 

,1 1"'11,",' J,;7r,-;;.'.l~. ~:;" •• --1 
1».7 -, . 

1:.'0: 21.';' 
CH,. ' 

I
~'I • :z_. 2 

~;Io .. u!I", ; 3~,' ''1 _. 
~----~I--- ~~ 

.. 1,>:113 2~,2 

--
,. 1 

• 

~ 

, 

• 

en 
• 1 

\il 

• 

, . 

• 

. , 



10 , 

• 

o • • 

" 
ESl1. OF 1RGAlUC FREE RAbrCALS 

J., 
• "\ >0 

o. 

AND 
'. • 0 

• • 
• 

.' 

0-

• HUMAIl B1.OOD oUf CANCER' 

" , 

hy • 
" 

\. 0 • 

Thomas,11. Fitzger{ildJ B.Sc., M,Sc. 

A'thesis sUbmitted ~o the Faculty of Graduate Studies 
• and Research in partial fulfilmênt of. ,the requirements 

for the degree of Doctor of Phi~osophy. . 
,0 

, ' 

, 
" 

" 

0' 

.. 

• 

" 

; . 

. -

. . 



,. 

< 

" 

• .. ' 
, , 

Ar3ST&'\C1' ,. 
In section A a reviel: has bean r.-.ade of sil'lgle crystal stuai~s 

(!cl,e from 1960-1973. This reV~I;!\l has Reen i'ut. J.nto Uloular form 

(See ~ables !, 2, 4-~). ri cri ti cal <!!'lalysis and I;,DO 'calcùla tions 
. , 
of so~e of the,radical$ are re?orted. 

. . .. 
Singie crystal ESR :s~~dies of f-imida::olJ.dinone, 2-:1.r;!J.da};ohd.ne-

thior.e, senica;-bazïùe hydroc::l.loride, succinimide and ;j-halo 

succin imide are rzported. , 

. . ~ 
icr 2-imidazoli:dinet;1?ooÔ" ~1I-i.~i:3 

hy::rcc~loride1 ana HtCNH~-CH2 is 

haio succinirnide. 

" 

. " 
J.s ob~erved for se~~carbazide 

observed for succJ.nimide ànd N-. ' 

, .. 
!~ section n; lyophilized tlhol€; 01001 frOID 183 persons with 

rar:;ing èegrees: of dysp:asia and cancer. of tÏ>e cervJ.;~, uteri and 

\'i Ûl no;::pal cervical "'pi theliur ... \:ere exm:u..ned. A stiltistical . " 
~, 

rc<;res~ion analysis of the rÉ)sul.ts 5110\:5 that the .nature of. the-' 
~ . . . ~ 

" . 
The results show - ' . 

" 

" 

also t~at this technique is rrQst pro~a91y not 4 ~-uitable did9~ostiè 
.' . 

tool. 
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La section A consiste en une rétrospective, couvrant 

, 
la période 1960-13, de' la majorit~ des études ,par ESR portan~ sur 

les "cristaux uniques" (yoir les tableaux l, 2, 4-9). Une analyse 

critiqu~: ~pliq~ant Plus~e~r~'calC~IijDOn; nous a fer~s d'e~-
~.: \ . 

plicitéi la prése~e de ces ràdicaux. Il nous a été.possible d'~-

dentifïer, par ES,R, l'existence '<îu radical ê.H2NHCONH2 dans des"c:tis-
. . . 

taux uniqùes~ irradiés de 2-i~idazo~idone et de 2-irn~~azol~d~neth~~~ 
• '+ 

cellè au radical lmNH3 . pour l'~ydrochlorure de semicarbazide t 

celle ~u ra~ical Hê CONHC~ ;~2 pour le succinimide et le .-halo-
'. 

lOuccinimide. , 
• 

La section B consiste en une étude de 183 échantillons ~lyo­

philés" de sang extraits de personnes souffrant, à des degrés dif-
. , 

férents, de "dysplasie, de cancer QU cerveau-ou_de l'utérus. L'a-. . . 
nalyse statistique des résultats a montré que la nature des radi-

o. • 

c~ux, à g = 2, change selon la progress{on de 

semble pas cependant que cette technique soit 
. '0 -

diagnostic de ces 'cancers. . ... -
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la malàdiU: n~ 

applicaol r le . 
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Tbis r se rch begao as a study of the dtagops ic value of " ~.. 
~ 

el ectrOIl spi es~nanc~ spect"?osccpY for ca.rcino:pa ,of the\è='1ix utel'i. ".." .' ~ -, , , #-\" One direct c s quençe of the che;:1i(;al result. ;::a5 a desire for a. !l'Ore, 
fuodallJ~mtaJ k O~ ladge of free h!d"ical fonr.atioo. Ail exo'r.linatioo '()!ld - ' 

r?view 0\ 't~e i erature on single .crystal ESR studies as \,;ell as an 
ESR study on s' }'orgall'ic radic~ls in single cryst~ls \Jas t>'.erefore .. ' , undertaken.· Exo ination of the literature sho,ls'marked aiscrep?ncies \ . , 

even in the iderlification of the most Si~radicals on çrystall i r.e , .' . 
, , ' Ir'edia. An atte<r:pt 15 fl'aée to resolve. s6?S "f the publisned errors and ..J 

this led to the search for the elusive sfg':1a radical. The rcs:11ts 
1 

• • otb • are sur.marized'jn the 'abstra-ct and sho~1 thdt the thesis consists of t\lO . . 
, more or less Se~lIrilte research projec(s; st'Jdies of ;(..irradiated cry-'). .. ~ .. ~ . " 

stals con~alning s~lJ organic molecules and studies of free ~adical .r « ~.. " ' 

'formation in whole blood'and its relationsotp'to carcino~a of the cervix '. 
" literi, '. -
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• 
INTRODUCTION 

, . 
• • , 

'>-
~Since Zavoiski's fùndamental eXperirecnts in 1946 the Electron 

~~~ Resonance (ESR) experireent has develQpeà tQ beco~e.a star.dard 

laboratory method of studying th~ configuration and dynamical be~ 

havio~r-of ~ree rad~cals in low'die~ctric lo~s Media. 'i'he advan-

• tage and sometimes disadvantage of the eXperiment lies.in its in-

, j 

, '. 
sensl ti vi ty 

h
' ,\. . 

tl us g1. Vl.ng 

towards aIl ~h~t does not givc an.e.s.r_ signal, 
""i. ' 

1 • ... ~". _ .. -1. 
a blissful sense Qf security to the reseë:r'chç= 

te:npts tO postulate various reaction rnechanisdS·. • 

• 

The $tudies whicn follow irunediately ë:re lilûted to 
, 

spin i radical~'Produéed by y-irradiation of small o=~~nl.c,crystals. 

The review of the 'theo:::y, a.'ld this includes the molecu:!.ar orbit~l " 

analysis of the radicals, is limlted to the work done here. 
"..... 1 

réfcrenées are given in appendi:~ A of th~ thesis'-

• 

" . 

, 
• 

• • 

• 

, . 
. , 

, , 

" 

• 
' . 

: 
• . ' 

• • 

• 
• • 

• 

• 
' •. ~ .. 

, 
t ' 

, .K 
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2. 
, ' 

, Bleetro;"! Spin Reso:lanc~ (ZSP.\ ?i1'cory 
; # • 

The essent.ial" feat1.lre o~~ ESR 
i '. t 

. " 

technique is its: ~:;,u.lto.' 
.. ~ # • .. 

and fr..ee ~adicals b~. th:~~sonan~ absorption 
~ ~ "1 • èue to the 1nteraction of tn~,c~ectro~1C magnetié moment and its 

> , ..... -

l .-I!I'.&- f 1" externZl magne~1c ~e.Q. Theiso-cal1Gd spin Hamiltonian, H, de­
~ 

,'scribing this interaction is as 

"" S • (g-8!-l "" Â-!) - ;g i3 H-! .,. - ~ ~nn __ ü> 

~;here Sand l :Ire the- electror.ic ând nuclear spin equivalent oper-

~'Cors, li ~s the magnetic field: app~ied externally to the rwOl~cule, • • -
8n ,iS the, nuclear mag~eton, gn is the nucléar Zeeman spll tting fay '. 

. . 
tor and $ ~s th~ Bohr magneton. ~he electron.Zeeman 

." tor 9 and the hyperfine 'i~~eracti~~ Â are tensorial qu~~tities: 
~ ~ 

For the.~adicals observed in tPis thesis, ~qe last terro on the 
. 

r1ght-hand-side describing the nuclQar Zeeman 

,s~a11 compared to the electronic interactions . -. 

interaction 
, /" . 
~d ~hU$ .is 

is very 

tghored 
. . 

;in .the fo~lowing deve.loprnent. 
-" . , 

. ',~4' ., 
~ - . -

The truricated Har.Ù:ltonian, 

ft = S :', <g-SH + Â'I) 
~ t'"1 - ~l>_ . , 

• 

• 

... 
, " 
, " • 

'. 
.. ' 

appeftrs to ~escribe the interaction of the electron spin S with 

(2) 

- . ~', ~ 

two not ~eces~arily parallel wagnetic fi~lds. ~he spin vector takes 
" ... 0 _ ~ 

" -.,Jo • ". -' , • 

t.'le direction ciesc:d.bed bl' the unit., Plcctor" r ,i!l. the following-- 1 ., 

~quation which gives the magnelic fièlà resona~ce conditions fer • . . 
.. 

• ; 

. . 

• 

. .. 



. . 
~ 

1-\ . i - c 

, , 

'the three trànsitions ~nvolving an e\ectron 

'. spin, l = l (eg. 'Nitrogen). \ 

coupled to a~uclear 

\ H = (H~ -lE :~I1/' ~ 'G 'E \. 
• - ';:< , •• 

• ! ,. î 
"'~ 

He 1 E: 'g ;~ 

,-

(3) 

• 
H= . (4) 

.' 1 

.and 1 , . (5) , 

In thls derivati,on, He = ~Ve/21l , ~ = ~/2 ~nd ~ = ~21l. The three 

- - , " tran~itions'are assumed ta be equally intense and are observed py 
, ' . 

sweepirig the applied magnetic fi~~d H while keeping the klystron 
, . 

reso!,\ance irequency '.le constant. 
i 
: 
i • 

, 

3. 

~ reality, the transition intensity depends on tqe r.f. field 

inten ity and on the electronic relaxation time. 1he electron spin 

in a gnetic,field cqn be described as occupying one of two energy 

levels El and 
• 

electr ri. spins 

E2f and their relative 

foikd in the sample is \ . . 

population by the ensemble of 

described by the Boltzman 

eCluati n, r ' 
• ( , 

~l .' (E2 - El} 0 

?" 'e /kT -
-' ." 

, . 
where T is the tem~erature • 

,! , 
)fuen the system is perturbed by an . ' . . 

r.f. field ~t resbnance the r~i?tNlI.N2 varies ah,él ,in the_absence 

,of tQis field ~eturns to tts equilibrium v~lue exponentially a~ 
descriDed by a time 

" 

• , ~ time. • 

constant T1e 1 

# 

"'- ; . ' 

• " 
. , 

the spin-lattice relaxation 

, , 

.' 
, . 

./ 

. . 
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4.' 

The relsx&tiàn mechanisms will not be discussed in here . ., 
except to note that the line width of the individual esr - \ - . . . . 
ia inver~ely proportion~l to a ~pin-spin rela~ation time T2e , '" ~ . - '... , requires that the Jlectron spin hav~ nei9hboqrs which arè also a-
rama~netic~T~e incr~a~7~ as the ~st~ce t~ ;t~ paramagnetic 

• neighbours and is a function of the frequency of their motion. The -, 

presence of oxygen and metals can greatly reduce the T2e and hence 
increase the.linewidth of organi~ free radicals. The ESR spectro­
meter is essentially a Q meter where the resonant cavity 0 i5 rneâs­
ured as a function of applied magnetic field. The magnetic field .. 
is modulated also at a high freq~ency, say 100 kHz to permit syn? 
chronous detection and ,thu,s g'reatly decrease the noise bandwidth 
of the spectrometer. A result of this is that the observed signaIs 
are derivatives of the absorption. Further-noise reduction iS'Db­
tained by.stabilizing the frequency of the klystron to the reso-, . 
nance-no drop" of the cavity. A block diagram 9~ the spectrometer . ' 

is shown in Fig~ 1. The figure is self explanatorY,and i~ disçussed 
in ref. _1._ 

. : ... 
'. 

~. 

• 

.. 
" 

, , 
l 

, ' 

\ 

" 
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preampll.fier 100 kHz 'tA. 
.,-L .\' 
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, . . 
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, 'pttenuator . .v . . ' '" . 

!"- Hagic T 
· -. 

" e . 

.,. , 
Frequency 

adjust . Klys~ron . 
'" R"-J.----"" , 

5:.1:;::1::,:' d:::e=--.;~,,-<.~ ..:. 

• 

• 
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. 

. , 
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.L7 
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':,1 
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- 100 kHZ ~_--==am=p=l:t:if=i::e:::r:::::!.:.. .. :.....----l~~. ~~. 
- Ip~1 .. \ .. oscillat 

" 
. 

-

-
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• components indicated 
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• i . . 

~.Radical$ in Orqanic Single Crysëals .. , , 
• 

• 
The inter~btion ~f a high eqergy photon , 

.. 
such as ~roven~ng,from 

. , ·x or y-ray sources, with an organic molecule 
. . , . 

i5 a r~the+ cômplicated 
~, ' .. 

'process culminating ôften in thè formation of free radicals. Free j', '. . '. ' '.' 'raqicals are defined as molec.ules havinSJ unpaired electron spin. • 
The ESR technique leaves the experimenter i~norant of,all that doe~ . . . 

' - -~ -1--

.not .give a signal. The' mechanism of formation of the radical and' ~ " ., -~ .. ~ 
its termination ls not a~ways Qpvious. The radicals are uspally 

. - '... -" very dilute in the host crystal and therefore can result not from 
the~destruction pfPthe host crystal mole cules but from the disin-
tegration of an·impurity. For exarnple the radical H· results from 
the dfsintegration,of H2 introduced under pres~ure and at high . . 1. - • 

t~perature into fluorite (CaF2) during single c~ystal formaticn 
• {2). Analogous reactions occur . , 
• times difficult to purify. ,~ , 

in organl.c 

\. 
systems which are sorne-". 

• . 
• The first ESR.studies of radiation damage in materials.of bi-, 

~ _ ol~giëaf int~rest were o~ powdered material,Camino ac~ds),. iGordy~ 
, • -et al-., 1'955 Ref. ,3). This wa-s <}uickly followE:jd by reports of • . . 

,0r:i,entattfD effects in' .single crystals of alumine (van Roggen, et 
. '.. .. al., 1956 "Ref. 4) and glycine (Uebersfield and Erb, 1956. Ref. 5)' • 

. This last study was immediately pursued in great detail by Ghosh. . . 
and'~lliiffen (1958,1959 Ref. 6 and 7), .' -

< Pa~ers on dim~thyl glyoxirne . . , 

" 

~., , 

(Miyagawa and Gordy; ~959 Ref. 8:9) and on malonic acid (~cConnel, . . e.t'al.; )960 Ref: l~ soon followed. These'papers,confirmed the - '" - ~ - '"?,,.'>" , • , 

, , 

• 
• necessity of singlè~orystal studies in obtaining informa~ion about " 

.' the structure of ~é ~ree radicals and the distribution of the odd ~ • 

. ~.. '" 
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• 6 • 

, '''-i''' 
; . ~.lect~n" ar~$,d the moJ;ecule. F~ee ,radtcals in dilute SOluh~I}:. 

g,ive narrow r~ne spectra ,sinçe the rapid moleculé).r turobling: eftec-
• 

tively'a~erages to zero the ani$otropic component of the hyperf~ne 
. ',. ~ 

, ·coupling. The repultant spectra' are. ,less infQfmative aince' they .. , ". .".. ~ 

. can only ~ int~~t~d in ter"~~ oI the;il; . isotropic interact.ions. 
" 

In.~rphous Qr polycrystalline solids the summatiqn èver ~ll 
~ . 

" orien~ations of the anisotropie eerro resqlts in a broadÉming of ,the: 
. - -,"~" ~ .. 

ïnqivid~al lines so that hyperfine structure roay be ~bseured and . . 
be easily misinterpreted. In single'crystals, the 

, r 
trapped at sites which'usually ~ave the sarne symme as the,host, 

lattiCe'." The:~for;;\i~ .add~t~on to yiel~'in'g inforI1lati~~ abo~t the 

host lattice, ~e rotation pattern of the line spe~èra aid the ex­

perimenter in his analysis of ~he configuration and history of the 

radical. .. 

Review and Analysis of previous Single Crystal Studies 
• • , ' . . 

• . 

. 
• 

T?e first single c~ystal ESR study of an organic radical oç~ 
~ ! ' ... f 

curred, as we have pointed out before, in 1956.' Since that time 
--'- -- - --< • ~~.-. ~ • • 

muc~ literature has been published about such studies. A review 
• • • - ~ , "l 

of these studies published from 1960 t~~973 follows. 

~.. J- ;--

Although most of the radicals listed in tables 1 & 2 are 
. , ' 

organic, a'few inorganic radicals hav~ been ineluded because of 

• their relative importance to the biologist. The radicals have .. 
generally been produced by ionizing radiation. 

. 
Nearly all the 

.~ 

i~Iadiations and observations have bee~ done a~ room temperature. 
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~7.S 
.vo. 27.1-
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.. f,:t3 , :lc;a, n,J, 
·3 23 .. :) 

J.:::o: 2'4.4 
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lJ3~·~Il~CO:z 2-: •. " ' j,' .' lnll ~t ~" K' • 
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., 180. 21 

" 

Z.OOS2 
2.0017 
2.0090 
.!.s012,OOS 

• 

allll , 2e)' 
Il 
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" 

. . . .. , -. . . , IUIDICAL ClCIICRI\'1'IOlt ESR 
,9-VAtUES, SPLI'l"rI1IG t>ARI\U&'ftI\' IU:rsrumc:cll 'l'PMP 
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• • 2.0097 ' 1 ChOIO. 50, 43 

· 
' , 

, 
0/)1 ;1. o(l$~ , ' . ' (1912) 
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! i: I/:z CII:z COCO:, 1 X-irracUa t10n ·110 1( ~ aN 1 27,3, G., , l> n'tau,.J'. 
, of 1I1)'cino at 0 iaOI 16.8' ..--~\ helll. t'hya. 55, 24:S 

'17°1( ,,' 120 1( " __ ,~l\'..-2~ -(~I.' ( ) '.' " -
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.... . 
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" X-irradiation ~f· 
potas&~~ bicarbonato 
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n°l( 

\ 
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.' . al 2.8, 4.0, •• 6'''',,1 
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2.0079 
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..... 
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",JI, _. 
ONll2CIMll N~ y-lrracll .. tidb of 
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JOO~ 30001( ~ 
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• to.et 30001( • 30001( , 

. -

. .' ,.y i' y-irrAdiation of • 
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In some ~ases (Box and Freund H64 4page~-7IoFtable2 ; Box, et' al., 

1965 page6·5 Dftable 1 • AJ-asaka, e~ al., i964 page &-66 cltable2 ) 

aif~ere~t radical~ ha~~~eèn ob~~ved af~er irra~i~tion avd ~xam~ 
inâtion at liquid nitr~~~,temperature ~d subse~ent ~~ ~~ has 

aM
, ~., , • • not always yielded the s radicals as ~re produced bY-IOOm-tem-
,~ 

perature irradiation. 
- .. ;.:::- .. ,\ 

\ . 
. . , 

\ 

- - ~- -, ~- - -- '-\-
The most commorily ôbserved radioal results from the break1ng • 

\ 

of a C':H bond to give a 11 electron 'rad1ca'l centered on a carbon'., ',-
, , 

As a result bond hybridization is changed.ïrom tetahedral sp3 to . - ""."" '." 
2 -~ 

planar sp and the unpaired electro~ occupies what 15 predominantly 

• a carbon 2p orbital directed p~rpendicular'to the plane ~f_ the rad-
• ... ,r." ~ 

• 

.. . '-. ' 
'ical. Other radicals formed by the ruptur~_C-N. C-C, N-H, C-F and 

s-s bonds hav~ also been observed • . . , . • 

- It should be'~oted that many radicals ar~ formed but only 

those which are stable are observed. In fact it is the stability - . 
of the product ~atner'than the bQnd.strengths of.the'$~efursor, .. 
molecule . which dstermines .:,.how mgny and what kind,..of Iadical.s can b~, " 

mn. V . 
Int1a~tio", 0,:' UnP'ir~~. ';ectroo ~a Ne1qhbour",." ~toms 
~ -'.'. ". \'" _. ~- ,., .. . ~ 

~,. .... . -
In'equat~on l ~ne term S'~'I deçèribes the hyperfine interac-

"""" .",,-- ' .. -
tion bePf'n an'.~1~ctr,on·'s4magnetic mOment and tha~ of the nucleus. 

There are. ~wo fundamentally distinct components or hyperfine int~r-
.J ~ • • 

. . • 

• Il .' ~~. 

actions. T~ey are called the Fermi contact te~ which ls isotropie '. 
/ • 1 • 

... ""'.. .. • • • , 
• , . 

-, 



• 
" 

8. 

. . 
and independent of ~ircction and the anisotropie or dipolEr ~~rro 

, 
~'Ihich depcnds on the, ffiiJgnetic field direction but.> a.s syrnll'ctr le to 

inversion. For the ~ar~on centered radical, the 'isotropie inter­

.. action t~~ is.propo=ti?nal to ~he s char~cter oi the~rbital 

cceupied py the elee~n and ~e anisotropie terre i5 pror-ortional 
. . 

to the p character of this orbital. 
) .. • 
~ ",' .. ' 

-~ • '. To sitt;?lify the follo',;ing discussion, aU e::ce1 t s- and p-

orbi~~l contributions to hyperfine inter~etion·are glecteC~ .An 

el~c~ron in ,àn s 9rbital has a non ù:ro ~babilitY 0_ being found 

'at the ato:nie' '1UC~OuS '.Ihile ~n electron ~e~bed <'.5 b<.ling in a !? 
( . , 

orbital has zer~ probDbility oi !::taing eound a~ the r.~lcleus. 

aèditio:1, ot' these't,,?' configw;ations onl:! the IJ:Ltf.'>: has non z€r') 
, 

angular moment>m. Just as the "\la'/c function fop a :o..LI;gle c:i.cctrc;< , 

in' an at01!\ if ~alled' <1:\ atornic orbital s6 :Jy analog}' ?- 'I<JVC t,motion 

e~scribing an el~é't?;On in a I;'C}lecule le callcd a !l'ol~çula+ (;·rbi t;!.l. . 
..:, 

.Ii good r.:odel of il Itolécl~~ar orbital is .il line!!r. cot"Pimition ot 
• 

abOutth-eir 
i 

orbitZlls can aIso ha 

,~ ~olecular o~itals. 

. . , 
• .' 

~~r-cc as ~ointcd out before 
~..... . . 

anlsotrqpio ~n~érdct~on i5 ~r?-

portiond to the "'- charactcr of .U~o o.;:'; t,,11 of ~~e .".mpaircd 

electron, it i5 possible 
• 
• 

• 

. . 

• 
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FIG. 2' Formation of mOlecu1ar orbitala b7 linear. 
combinatio~ ot atomic orbitals. 
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the obs-::r'led anisotropie inte~actiO!,l, ~ w.l.j:;h a pa!;a?~ter S~ cale .. • 
" . 

lated as if the unpai,red electr~ ~:ere',~hQH:t in a'p~o~~ital • 
~:, ", 

The S- ahélrat:ter of the 'unpaiX'1:!d elec.tron J;\a} '3~i::'iu:ly be estimated 

" 

• 

by cOô'\paring th<;i ob3er~:c:d i301;iopJ.C' inter?ction 1 !. ,:lith il value 

. A; \o1hich ha.s.~cen caleulated as if the electr':;In lias cnti-rely in. an 
. . ·t\~ ~. .. 
S od>i\a.l. Table 3 gives a ~e\l hype:t:fine c@nstants that h,;;';e bee~ 

" • ..,iI . 

calcu~~~d frc~ àvailable wave~fun~tJ.ons. 
. 

A.~eyiew article,published . , ., ~ 

by Horton in Chem. R-é...;. '64, 453 (1964) àiscus~es thJ.s in greater }i~pth 

with appropriate references. . . 
• • 

erfine-.Interaction .\>'Ïth a en 

Ar- a hydrcgen, ~s one \1hich is ::üectly .;\':tach:::è co the froc 
.. - .. 

• radical aym in..a 11' ele~tron sr~tc", l$ccon-:ing to ,:;;Cônhe!l and' .• 
~:""----.. . '" . - ~ . 

Chestnut "C10} the ,i;.sotrop:i.ç proton 'h1perfihc, -:0uplinc. AH' i5 pr,o-
- &- • 4';t. ~ . 

porti'.lllè.l to the spf'n. d-enl>ity (J, <CIl :'~le (;elll.:c8! • .... i-OJ" "e: 
i. - . ;:. " 

'-­• . / 

• 

. . 
• • ........ ' 

(7) 

1I1hére "J. i9 a constant appro:dmateiy equiü to -64 HEz. A large 

·~un:ber of radicils conea.hüIl9 c. hy<lroge!l int<::r.actior.J hav.e i:"'..cn ',' , . • 
• identificd and so::,€:- of t~m are listcd in 'rable 4~ 

" .' ,- , . 
. 

. , 

This. table- illustrate,s a numbex of points nrurel~,. lhat for car-
~ : . ~ 

bon centcred radicals izotropic coup11ng, for the d hJerogens is . ... .. 
fairly cons.tant and v<lries tébleen 50 and 63 :-dIz. F~t: the rel~ti~ 

few nJtF09E>n. ccntered radJ.cals lhaL h~ve bcc;n .l4enti~!<..d, Il hyd1c3en 

i ..... l' i Il ~4 ('H ,. '':'..5 ,n, ne d~-d : .sot.rO:;>.l. ... ,C01,lp,l.n'J s usua y O--JIzr'J ,z •. ,\,-t:e c,;:.;....,F- ... ~ ..... ,; ç ~" 

however before J.t can )Je dcfinl.';i'!~ry .ftal.cd h~.t C< :':1'3rogen is,J-
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t .. ~le ~ - ~r,t1~. ill~~rM~ion Un !Ql:) vit/! Q-~og.n ct""" . ~ 

'. 

' .... 1 , 

EOlIt c~,t-.l : 

Olu.t..-r ..... i4 

S~cini<f ,cid 

.' 
M!.pi~ .. ci'a. 

1 

. H'Xa::..tt1.:~1i­
c;r;oni"", wipo,:. 

Die)y.olliC'&:i~ 

~l.cli~~.ollic .. cid • 

C~·C~/!)-::!yci~ •• 

, 
o~''''/lel;{A 

: l:yd:oç:\l\1n!" 
,~ 

r.-Ça:l>~l wçi:.~ 
• • 
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\ 
P.&dl.<i&l. 

.. .\. 
H02c-rc~j2-cH-co2B 

, 
, . , 

HOaCocH2-èR:COa" 
l , • 

; ~ ,-. HO~ C~)3-~~-CO~H' 

-OOc.Jlc~ -cR-c06-

Hl~'-C~-CO-HH-èH-
. -CO· 

" 2 
H

3
::( Cl )-~-Co-mt-~l!-

" -CO;jR 
H2:;'-Co--CO:I~-C!!-CO~1I 

"- .) 

ayportine intçf4ctiQn 

Isotropio\'.. , ri, 
", f56 *30 ' 

-$1 ta6 

-60 *30 

-51 t2~ 

-55 +30 

-49 *24 

-~l +21 

ra +21 
-51 +21 

' -:i3 t23 
• 

-~4 +2~ 

. . 

Anisotropie 

'3 -32 
-1 -a6 

'd -32 

~ 

+7 ~-37 

+4 \ -34 

+3 -~7 

-2 -a3 

-1 -~6 

*4 -33 

-> -J.6 

.' 
..a -le 
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i' tropic couplings' l,p/nitrogcn centerod, ~a<lic~s h~ve h\'rger' va'lu6s 

• • 

• 

, 
'than those for carbon cenlered radiéals. T?ble 4 aiso 

'CL hydrogcn atoms trapl?ed in TI clectron s~·&tem$. exhibit cha 

{ anisotropie interaction. 

" 

that J 

, •• ~isotropie hyperfine energy is descri~ed by the expression 

>. 
bov 

~ 

2 (1-3 cOlLe) {S} 

/ 
0. \ • 

f \~here g is tthe gyromagnetic ratio for the 'ele'ctron, y the, gyromag-, 

1" 

• 

• l ' 

netic ratio for the nucleus, .0'is the Bohr magnetor, ,l!_ 'Che nu­
J. 

" ~lear spl.n quant~ ~the electron spin qU<l!.tUM nUll'per, r 

,the d stance froM the nucleu~ to, tlle ur:pili,œd electron, Cl the edngle 

bet\1eJn this Hne àÏld a principal a:d.$ of: the t('nson and' (\ 'the,' 

angle'bet\1een tç.e .mag-netic field and this sare prJ.~cÜ:lal· a:d,s. 'fo 
. ' 

estill'ate the sign of the anisotropie hypcl:fil,e inte:caction \"e necd 

only to, detc~iRe the sign of t1',i quanÜty (1-3.cos2
G). :. 

• 
1 • 

Hyperf'ine Interaction \~it"h; ~ Hydrogene , \ 
\ •• 

A 6 hydrogen ie one which i5 t'NO bonas away frow the froe ra­

dical atom. The most cOll"~on form is ';è-~ .. lto with cqrhon as~both 
" " . 

the central and intermediate f0rm. A e ~yarogen is t~erefore n~~ 
, t~ 

h d 
_ .. t 

as the a y f0'J~. Sl.nce J,; as n~ar to the odd electron's orbital 

ani50trooic interaction 15 proport.ional ta r -3' (Sec - , 
" J '-
anisotropy is e:~pected (13). • ~xperimcnt.:;.l:'~ ,lI: bas 

.' ~. . ' 

tilat the I?rilJcipal values for anisotropie i' 'Wdro9<:al c0?-lplings . 
il 1". • . . 

• 
1 

, . i . 

• 

.' 

• 
.' . 
" 

• 

, 
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rarely eiceed 10% of the isotropie coupling. They have been found 
•. . " '1 1< ~ 

- -t./ "" to vary from less th~n 10 MHz (1~,15) to,ov,er~20 MH~ (16). 
'" 

size of this e coupling depends on the radidai·s geometry 
.. ... . t ." 

.J' ~ ~ 

'lheo· 
being 
1 

small, if the e pro~n is in the noda~ plane of the unpaired elec- . . 
~ron's 2p orbi~al and large if is far\frOm that plane. Stone an? 

Maki (17) have sho~ that the is.ot~ ft coupling is given hl' the' 

expression 
1 

" 

. . .. 
(9) 

,r 
e is .the an<,lle 

.. 
where el and. e2 arÎ! 1:~ns.tants suê!h tha.t el .< 62; 

between the Ce:He bond and the axis of the odd elec~~on's 2p o~bital' 

projection perpendicular to tQe.plane of the ~-Cè bond. From ~-, 
- . 

alanine studies at liquid nitrôgen €emperature, Horsfield'et al. 
~. f • 

(18) have calcUlated a value of less th an 10 MHz for el' e2 has 
, 

• 

• 

a value of 130 ± 10 ~mz (19). Other theoreticians suth as McLachlan 
. ~ . 

(20) and Lykos (21) have shown .th~ isouropic coupling is positive. . ~.... ...... - , , 
In Table 5 e coupling values for severai radicals are iisted. " 

1 

. . . , 
In sorne ,cases (Table '6) e hydrogen <;.oupl,ing involve mèt)lyl. " 

groups"l The most cOmnlon examp:J.es in"91viitg .. T. ~ • 
in radicals'of t~e type C-CH3 ~nd N-CH3, 

'" ... 
methyl groups are found 

1 " ,."-.,, "' .. 

. " . ..; \ . .f" 
At room temperature, the metbyl group rotatés, freely.~nd so 

, \ 

,the protons become geome~~i~al~y ~~u~v~~e~~., Th:s\equivalence ) 

'results in a spectrum Qf four equ lly spaced,lines ~ith,intensity 

ratio 1: 3 q: 1. 'l'h~ we'ak ani~otr~ y me~' 'Tha€"'everï\ a9~~cry:talline 
_ -; • l 

samplell give well resolved At lower temperatures, for 
" . , .. 

• TC .:. :- -. 
,,', .. l' 1 . ';.\ ,.~ 

'~ 
. . . "-

~~ . ' , • ; : 
• , " 

f 
~ • " ' . . 

• 
1fJ' 
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, 'example 

." ' .... , 
77° K, tb.e 

'.~ • ! --
spectra is more eomplex~ for the,methyl prÔtons 

are,no longer equiva~ent. This means that 
,",.,... ... 

~<.!!}ethyl 
1 -.. ... 

group is 

either completely locked or rotates rather s'iowl.y. 
,,-

One~tudy illustrat!n~ the lattaf st~te~nts is that of 
• • • 

Horsfield et al. (18). 'l'hese investigators examined a crystal of 

::a::-'~:_;:::o;::,~::,;::r:;'-:'~:r:: :::~~ad:::;=:::;:::,:'~t --' 
formed ~n ~rradiated a-alanine ~gle crystals are very differen~ 

• 
from ~hose Observed ~t 300·K. At 77°K the methyl group was rotâting 

at less th~ 10; ~ ~d ~ts three proto.ns were inequivalent •• The 

isotropie cou~ling was still 70 MHz but, the individual couplings 
• & • 

instead of having the room temperature valu 67, 71 and 73 MHz 
~ . "': 

were now 120, 76 and 14 ~z. Horsfield et a • càlcul~ted the degree 

of deviation from the crystal axes by the radié and showed that . '. , . ' . 
the methyl group had taken up a ~kew position in re tio~ to the 

1 • 
-C-C-H plane of the radical. Between 100 and 200° K there is a 

1 a , . 
gradual change i~ ~e spectrum ~f ;the H3c~-co2H.radical (22,. ~3) 

and free rotation"of the methy~group occu~ly above 1900 K (24). 

~e "tempe~.ature at. which h~;Et~tion ~f the -methyl group begins, 

/ differs fr6m,~~dical to radical dependin~ on the sterie factorS 

~nvolve~In the radical H3C-é-(C02H)2 formed by irradiating methyl 

malonic 8ci4 (25) the me~yl group still "rotatés freely at 4°K. 

~e radical (H3C)2-ë:C02H'WhiC~ can b~fformed by y-irra~iating a­

amino iijobutyric acid has 2 rnethyl groups. Matton "(26). has shawn 

that at. 40·.K the protons of one IOOthyl gr~up ;gtat.e fre.ely ~hile' 
those from th;7'othel: group do not.· Table 6 gives sorne examples of 

" 

. . S 

. > 
•• • 

• , , 
,-~ 
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IS hydrogen coupling ..frol!l Ladicals wl'th. methyl groups at room tem--

: per~tul:'e. "<;. , . " 
l, 

,'>' . "" .. .. 
, . . 

~ hydrogens are aiso found ln radicals of the type.>C-OH. 
. .' , 

H~~e oxygen.i~ the fnte~dlate~~m; In the~e radie aIs ~ydrogen 

is usuaIIy in pr n~ai"the no~al~pl~e of ~e unp~red el~ctron's 
O~~d ;0 on}y s~lt isotropie .ln~~~actlon ls obeerved. Th~ . 
sign of c~p~ing 1s ~s,a iUIê nega~lve (27, 28). However in the 

.' ~~ - J .~ 
case of anhydrous Iith~um glyco~l~te, the hydroxyl ~roup ls not in 

• .r 
the. p~ane of the radil=al (~). SEi.ri polariza~on produces a positiv~ 

sp1n,density .at ~~ proton thereby giving rise to a relatively large 
" 

positive'coupling~ 
, 

<01( • 

. 
, .The hy~roxyl hydrogen is usu~lly nearer th~ free radical carbon 

" .. . '" \. ,. . 
ti,lan the S,:byQ.rogen 1n a ...... ~-C-:H~ fragmen~. Dipole-dipole interacl!:ion 

. 

ls thus: g.Fea~r and the resultaht anisotropics .... larger. 
v '~ '. , 

,. 
~-hydrogens are aiso fotind in radicais of the type ~C-~-HS 

wbere ni~rOgen Is. the interidi~e atom. Th~ ri proton interaéts 
• . ,,;. 

~ith the unpaired ele~~ron in ~ similar manner to a S proton wlth 

carbon as the,in~~~iate atom. Th~ splitting fram the nitrogen 

15 C?ften .• veri, clol;e in -magnitude., to that trom the S proton thereby 
1 .. ~ , ~ • • • 

znak.j.ng i~tè~retaa.ort of the sg~$Y:...i1 ... tH~ficult. àt times ~ . . 
} 
: . , 

.. 

Hyperfine'Interàction with YhYdrog~n atoms 
.,' / 

A l hydrogen ls one which ls ,three bonds away . , 
• .. 

• 

, . 
• 

.. 

radical 

• 



• 

). 
; 

atoI:l. 
. '.. 

The, radical , __ ~C-C-ll ... 
"'" "l'. 

. " • 
sho:-:s sucb an hydroscn. Il:IPecfine 

'. 
coupliP<J bet~leen. tpe uRpaireè e leçtron',3 J:t'lgnetic r::'~Iren.t ~nd' that.­

of the J proton i3 

-' 
, Hyperiitl.e Inwraction <::ith - . 

., ., 
-

U~paired electro~s ccntered on nitrogen nuclei arc as a rule 
, 

lQcali7.ed mainly in,the ?p-orbital of this nucleus. 

nuclc<ls has a spin qua..T}h~ nu.'TJxor of ~.' Inte::action bc~']een its ...... 
~J •• 

t:>agnetic reon:ent. and U,<;t. of the unpai.c~ci elc.;.t.ron results therefore 
~"' .. ' . 

r .. 
1n.an ESR spectrüro of j evenly spaced lines, !heorcticai cllcul~-

tion~ ,(33,34) 1ndicate tbat th~ isotNpic interact.i.ol1, is positive ... 

r '- • , 

Anisot;:opl.C 1ntex~t;tion i3' descriLcd Qy 1.;10 c;-:pr~ssion, (l1,i2) 

lit' ., 
(10) -. " 

• 

'. 
" 

• 
• 

, , 

< 

• •. 

• 
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Ho.t cr/ital R.dlca1 
aotNplc flnbotropio 

~.rrinA int •• action 
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\ 1 Jo. ~, 

3-\~~~ .. d.c~on. C~(CIl2) ~ êHC~ 8.9 
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~ .. doJiN:~e %i CHICI!a)aClt3 r Sol 
" 0 , , , 

.-cotyl "'~Jl&t. ~CHcoeCHa(~)6CH3 6-,r 

!:.ttbtl nO'''.l'lO&t. " 1 ' .' 
CH3(CH21.C~-CH.COOCHl '.1 , ' ~ a Il . 'r 
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betucen -tbe applied \magnctic He ld and the 2p orbi tàl axis and p 
" - \ .. , . 
. ' . 

tQe spin dcnsity. T~C d~agonalized coupling tensor dC3.crib1ng the 

hyper fin, .. intéraction '~etueen tl1~' ni t~ogen f'~ ,-~uclear' ma~netic 

}'!',o:::ent an'd that of the 'unpaired electron in the 2p orbi tal is thus 
.;. - , \ 

eylyndrically sy~etric ~ 
. \ 

paraI leI ~o the axis of the , 

t-ihen' it is pc1:!'>endictilar tb 
~. ~ -. \ 
'in reasonable agreemnt with 

... .,., \ , 

being +2$0 when the applieà field is 

unpaired elcctro~'s crOit and ~~o 

tais axis. Tae values ~ 8 are 

fuis rr.odel. 
, 

, 

'. 

,~, 

" > 

Interaction bet~',ecn the 'pilgnetic I:\O:ècnts of ~n unoaired cleétron .' . 
. on a ca>:bon ator:. and that:Pt an adjacent ni trcgen ato:'! has a1so been 

. ~ 

observed. Anisotropie coupll.ng- are in thcse. inst-~ces very weak. 

Isotr'~ic::7l::t:~ a1so ge~erally wcak and pxQbably results 

trom a sMall dcnsity 'on the nitrogcn' a$'~ rës~1t ~f , .. 
spin polarization of>ê-l:l' bond. ~he splitting p~.ar::cters fot "ni-

. " 

trogen is' rar~ly Ir.ore than '12 ~'~z in thes~~· circun.5tanc~s and 130' i5 " 

usually only a éontributory factor to ll,no:"idth in ... ~st ESR,.zp-ec~a. 

, 

The :fS nucleus' has a spin quant\l1!l' n=:6e:t: of' i und hence in , 

interaction with an odd cleç:tron givcs "an r;SR spectr~Q of 2 lir.~~~ • 
• 

':rhis doublet spacing is diffc:c~nt fro:-l the triplet obser'lcd wh{)n 

the 111.4 nucleus interacts <"lith the unpaIrcd electron. 

substitution can th'lS be used ta dctc:d:ti.nc whethcr hypcrfinc "intt<r-. . 
&ction obGcrve~ rcsul~ fro~ the presence of ~itrogcn (35) • . ' . . 
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, The "C13 nucleus has spin I. = ! and 50 uhen 

unpair:;ld elect.r6n a "t~~o-linc Sp:;lctru.!'l results. 
• 

.. 
1 16. 

'. 1 § '1 \..1 " 

• .. 
r , /\ ,. 

# • ~ 
~ • 

• 
it couples with an 

13 .• 
C ho~··ève.r bas a 

natural abundance of only 1.1'\. This spcetr-W is th~ rarely seen 
'-

, 

.. 

in\thadiated organie single eryst<lls. Isotropie inteLaction is 

positive (33,34,36). l\s :-lith tbe nucleus :114 , 'anisotropie h:;'per-

.üne interaction is ,descrilicd Dy the {!;;!prc3zion 10 ~üth the constant 

3
0 

being 91 miz. A fe;-l e:~ar.Jples 0: hYP'S'rfine interv,ction >lit!!. the . , 
cl3 nucleus in zingle crjstals are' liste~ in Table~. The intcr-

... 
r 

aet~ons are in !:eil.sonable. a,grcer.:ent. 'dth the e:i:;pected ,?att<!rn. The 

cl2 nucleus has zero ~pin ~d so is not involved in laypcrfine 

interaction. 

• 

Ey.aoples of the !tisidentifieation of Free !':adicals 

It should he =.hasized that the esr c;.:pcrü:-,-3nter c<m he 

, ign6~t of 'r.;uch that d.- n~t 'JiV~ an esr, signal m-,d nistw..és can 

œ r::a.de. Radicals ~:M,C:l can be ... dentified a..;iquc1:t bythei~ powder 

spectra are rare inde~d, ,:md in zpite of thé ::\any pllbl5 .. cation4> to 
• • 

the contrarll .. it is r:.~ro s~ç ... latior. 'or good .gu-e3sing ~:hen spect..r.<l , ' 

are attr'ibutcd to cért:ai'n unioue radicals •• ' It i::; on1y ~~itn a . '" - ... 
, , 

co~p1ete ana1ys~ Ç>f the 9J:icmtatiQn patt'.!rn of the CP:C .signa,l fro:1 

a rad4ca1 in a single cristal cnvironr.~nt thit one can_b~ fairly 
• 

, conü<!cnt th'lt. a pronoscd ;-odel is recZ'o;-."blz.. :list.:L~~ <U:'c zt':11 . . -

• -nÇ..;: .. ::sl.t~, 0::: ':hcs.h::o.catical .... .-
\ , -

• 

• • ,.. 

• 
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1 

or '1uantum cher.lical-c<11culations is ,"ade evidcnt by t.le fo~_lo·Jj.ng • • 

t~ .... o e:-:al'lples • 

.' 

Publ.ications b] l:eta <md ?essenden (37}, SYJ"'.ons (38) and Lin, 

Cyr and Tcrlyama (39) have suggested th?t x- or gafilma irradiation 
, . 

of crystals of c07pounds containing ~~ide or nitrile groups does 
, . 

not indeed forr.! the S.l.g:"'d radical ,CFig. 3) as pr~v5.ously ref-Orted 

(';O) • 

. 
Cyr and Lin (40) in a very c~reful study o( an X-irradiated ~a-, 

lonanide single crysta1-observed ù radièal spec~r~~ ~[~t~ cQup1ing. 

constants for one nittcgc/l A" = 
" 

BH = 

19.3 gauss, B •. . .. 
2 'Ji3u<;$.f 'i.'hcy 

= 9.3 gauss and for 

~oncluded that the one proton, J'Il = 77 gauss, 

radical has sigr.la S~T.uctl).re (Pig. 3') qnd tilis is'analogous to the 
• . . 

sigI!'a rtldicals Heq and HC~l' ~1hich aiso ha}'c 'unu~ually large large 

proton h~iPKtine coupling consWnts. ~let:' and ressenber. (37) and 

then Inter syr~ns (38) suggésted th<lt the obser'lcd ~. na:: large _ 

énough for the radical to have the st~cture in Fig. 3 but,that 
~. - -- - - - . - -.. 

the iminy1 radical (~' 4} ["O~ likely ykerl}';tti ve structur~ • r l.g. was. a 
, , .. 

, . 
• • • 

Lin, Cyr and TOnl.yar-..a (39) 
• 

repeated t.heir expcritrcents using 

, . . 
Tfleir oÀ~eLirr~nt sho~ed that the stable radiçal was 

~ 

t:~st li:~ely the radie.:!l, depicted in Fig_ <1 and tiHt the prQÔÎ1ction 

of tho care r<tdicai froD r:-.alon·:.nl.d"" 1!2'~CCCt'2Ç:::>:.1I2' r,",,!u.i.rcs a rathcr 
-\ ... ~ ",.., 

co~licateq rcacti~n ~~chani~n_ . 
: 

• 1 _ 
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FIGS. Sigraa radical syggested by Cyr and Lin (40) as 
boing torlIIod in lIIalonamido single crystals after 
X-irradiation. 
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l'IG.4. Iain,.l. radicaLauggeahd by Neta and Feaaenclen (}7), • 
S,..ona (}80 anel later expert.entally confira.d b,. Lin, 
c.rr and ToriJ&aA(}9) as being foraeel in ~onaaide aingle 
crr.tala atter X-irradiation. . - ~. '.. ~-
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It mU~1;.,.be pointe4.out hère thah, id~ntifiçation,might have 

been made more quickly and easily H aided by spin'Aensity calcula-
c 

tions using either the extended Hückel or' TIIDQ 1l1ethods (41) • 
• 

The results of an INDO calculatio~.llsing Po~'s pro gram . ' 

modified*to be acce~ta~le_to the small memo~ capa~ity of the;COC . - - . , 
6609 computer ,at Montrea-l indiqat~ .çlearly, (and at a cost of less 

> . ,. . -
than $30.00) whièh of the:~~adicals propo!!ed is the most likely. 

; 

• . . 

.' 

Figure 5 shows the hyperfine coupling constants calculated for 

each of the radicals. Stan~ard geo .. ~tries (41) were'used throughout. . ' ,-
Both the proton and 'the nitrogén coupling .consta!1ts calculated. for 

the sigma radical were an order of magnitude smaller than the ex­

perimental1y observed values. The iminyl radical is shown in Fig~ . 

Sb·with the calculated,coupling constants: The ~plitti~g due to 

the two equiv~lent beta protons, with a calculated nearly isotropie 
• l , : "'!' . 

~çupling of 9 gauss, could,well hav.e been lost in the poorl~resolved ~ 

:,) spectr~ ob:~~ved bY Cyr a'nd L.!tn. .!~; ratper smalle~ ~ted '. 

i.-. ~an exp.~ri~:~tal. values ar:e .d:e~.!.n part to the inadeq~y of the 

,:~en TO~~ts-whi~h ignore intermolgqular,e;feets. Howéver, the 

iminyl radical is definitely the bes~ modél!· -: • 
1 ... ~ -

In a lfParate 

the esr signal~ obtained from gamma irrad~atéd dicyandiamide, 
- -~ 

and Kewly (42) very earefully examine4 

• - , J': 

(H2:,) 2(: _ ... ,11 - C ;- N a?~. repo:r;tc4 a spèebrUl'J whieh they 'attributed, 

to the sigI!'.a radieal:ûm') {UH2)C 
. ..; '" 

'"' t1 - ,C 5, l-l.. The hwarfine , 
. -. 

eouplings,attr:buted to this 3i~~~ radical aro,73~SO gauss, for a 
, . -_. .. ....... '." 

* The author' ha's altered the ~i" gram by storing ail ma~riees in .~ 
Hessendin or triangul'ar form. " ... , 

" -- ~ .... - - - .. 

'. 
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~ • " . • 
proton, '0-25 ~a~ss f1; a.n~trogen· ~~d. a C;~~ling of}ess. ~~_6.5 

, gauss for a third nJrogen. Presumably the radical was fOI;Îl!ed bl' 
~ , : l ' .... • . s" ..-~':' 

th~ ~i~le abstraction'of a hYdroge~,from ~n ami~o gr~ •• Tn~ 
-/- .. j ~ • .J;" Je 

cal~ulated couo!ing constants for the dicyand~a~ae radical proposed .. • , - l , ,ta , ,..... > _i/i' -

'p~ Linà and Xewly Fig- Sc and ~at p~oposeà,hete'Fig. Sd, are shawn. 

• j{~ain, it is lllO,$.t Jeasonable to ;~onOlUd::~hat' the sigrnq r~dical i5 
, .., ~ -. .. 

uniike:& ~nd that the imin;l racll.cal i5 th~ bés.t I\JOdel. , \ .' , 
"- i -,' l' - " -. , ;- , -
~ . . . ", .-

-, ~!.~ ,.. ,,, < • . , 

, 
l ' 

l ' 

• ... . ~ .... ,..:l ~ .. It is unlikeXy that sigwa ràd1~lS' are stab~t elevated ~ 

~ ~emper!.~es ..cgr'ter th~~ nO~):, ',' :.~ i;),.!>o pré~.en~ of" .. 

• ·hYdr~gen'~onded sr5~ems~~s is ,the case f~r malq~~de ~nd di~r~'­
dïamide~ the hig~ll' loc?lized charge distribu~'~eq~~red bl' a . ~,," 

. sigma radica~ m1l' '~asill' be destroyed by"th~h1ghlf mobile pro-
~ 1 •• _ • 

tons in such 5ystews. -
• • : f'~ .. ~ 

. J. 

- , , " 
:;..~. :J' . 

. ~ec€ron Spin Resonance of l-irra~iated single crYstals of et~Yl-
... , 

, . 
neurea 

tqione). 
, . . . • .. 

-,." 

• .... 
be weakll' 

150 to 
• 

HTer,:.its 
" ....... 

• "l' 

. . . '. 

• . ,.. -

" 

• 

• 
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, , 

~- !'(.~~.. ..-

n;olecu~~str<1cture and the.esr, s;ectra of the l-~rradi~ted, powdei::' • 

are .~il, to those of ethylênêthiourea and f.llis suggests they coulé!. 
" . ..... .'" f..... .. 

have the same crystal. strullture ~ Ijor~over, ,~e crystar.s ,gro~ from 

sqlution have the sarne form. Th~ ethYlene~Urea crJstal belongs to 
'" 

the monoclinic system and the d~ensions of the unit cell are a - 5.774 

!OM003 b -- l;4.540±0.005" é - 5'.861 with ~ - 101.li!. ~e~ ~e four 
. -

~ec1ll:e~ in each unit cell and thé spa~e group is Pa.. la c~h: Th~ 
l ' 

" 

'. 

molecules are' shown ~chematically in Fig~ 6 and their arrangement 
, " 

about the ~it,cell is shawn in Figure 7. 

EXPERI!t.ENTAL. ) ... :,-. ' . , , 
,>, . . ' 

• 

Spectroscopie grade ethylenethio~rea 

j 

• " 

.--; 
, -

: ~ .. 
and'ethyleneurea were . . 

.Durcfiased from the Aldrich Chemical èompany,and -. ... .. .. were used to grow 

sipgle crysj:als. ' " 

At ",.".: te~both eth, f"""thio~ea .;.; ethy1=e~ea are ' 

'. extremely ,soJ.uble in amyl: alcohol and 50 single crystals of 'both , .' . : . ... , ' 

.th~Be compounâs ~ere obtained without too rouch difficulty by very 
. ". ~ , 

~.. . __ • J ._ _ ..... :..;: • _ • .. 

slow evapOration fr~ thé saturated solution~' It is note~~rthy 
..,...---~.-...---' ~ > • • - ~.:::. 

,_ that -othe;' commonly used techniques were less suécessfftl. 'l'he 
-_..;:-.· .. 4·_.. ~~ >l, ", ~./ -

, - -/ ' 

external appearances of the two crystals were nearlyl.identical and 
• ... 1 - :: !fi.... .~. ~ 

th~ argle between the ,~s:t.a~ faces were examined•• • ..; ,.,.,.. " '\ 

: . 

\ .. .. ~ J -~- ~ 
, " ", .. -; - " __ '~'; __ ~ ____ ,v :} ... f. 

A set of reference axes consisting of thè ~allograPhi~~ 
, . 
and b axes together , . • 
were cnçsen for the 

• G. 
, 

, , . • . 
.. 

wi~ c ~~e ~rd roember o~ the orthogonal Eet 

ESR measurementS. These axes are 

• 
• 

1 

. 
shown in Fig.' .' -- '\\ 

• 

... ..: ~ .. '\ ,- ,~ .. 

" . . ' 

'" 

.,. , 

• 
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Fm. 6. DillelUliolUl ot the ethy1enethio~ea and 
the -e~h11~ne~ea lII01eClllelf. ' . , 
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FIG. 6. Dael1tÎlolltl ot, the etlly1enethiourea and 
the ethT1e~eurea :ole~e~ • 

0 

", 
ô 

1 

1 • 

• , 20A. 

• , 

, . 

• 

~ 

.. ~ -.c .... 
. . ... - . 

, FiG~' 7. ~Ê~hy1.néthiqur.a: ~oieCtlon on '(001) • 
~ • 

-·l • 
~-- .' • 

1 ~ , • 
'r 

• 
1 . 'l' • , • 

, 1 ~ ... . • 0 i. • , 
• 

• 

• 
• y- ~ ... \ '( '-

t- --1: 
-- \, 

.' , ------'~~------~----~r_----~~--------------~~--..... ....,. - .. " .... - . . ~ -. 



• • 
21. 

'>, , . 

- ~he atomic coordinates 9iye~ in un~t cell fractions fo~ ·the.crJstal~ 
-, 

monoclin1c system ware tlansfor.med (19) to an orthogonal system in 

"( térms of a!=tual coordinate!'! • .- ). 
• 

" 

, 

• 

A ~onoclinic crYstal havin~ spa~e,9roup syremetry P2 /a 
, ' . 1 

pOssesses a,cent~r of ~l~.et=y and onè twofold axis, the b axis 
~ , 

(sh~~~ in Fig. 8). Radi ~ls for.r.ed in crystals usually as~cme 
-

the sy~~try of hcst lattice and in th~s case spectra coming 
< 

from rad~chls at ifferent s~tes relatêd by the P2 /a s~etry 
, . 1 

\ 

\ 
operations super~se.ldenticGlly when tne magne tic field lies 

, 
@10n9 or is peRend,l.cular to the b .a.us. ~the,~j!ôe~o nagnetically 

• 
distinct bu.~ syn:rpetry related'sites' a;re observed. 

.' 

, 
" 

The ~rJsta1s were irraqiated and ex~~ned Dy ESR at room 

. te~erat.ure. Aiso these s.lngle crystals were*,l.rrad1at~d and examined 

at Ii~aid nitrogen teoperature. ,In'the latter experiment, L~e crJ~-
, , 

taIs were wa~ed to roon teoperat~e during ~h~ch tice ESR spectra 

lOas taken everj five cin.xt.as. Ethylimet;.h.i.ourea and ethyleneurea 
-. ."\...~ . 

crystal,;; and pg.;ders as well as !-hè~.terated analogous Io'ere . 
~ ';. . , , 

also examined ~imilarly. '1'0 assure that su~';aoe effect,s .. were 

• 

'" v _ .... ~> ,~..:l,,",~---~ - - -

unioportant.in spite of the strong coücentratIOns' Qi ozor~ present 
. 

in ,-cell, a y-irradiated single crystal of ethyleneure~ was quickly . ' 

- < 

swirled in l!lethanol, dried and thcr. re-examned by ESR at. the ;;ame 

(rOOIt) terlperature. 
• J 

Also ?ingle crJqtals o! bath co~unds were 

.-irrddia~ in L~e prçsence of t;an~-4, 4-di,~tt.yl-2-pe~tcrc·--­

an.olefin wr.ich is kn~~ to react verJ rea~ily ~vith Ozone (47). T. ~ _ . -
J'C.ddit.lonaly '1- irradiation 0:: evac • .tatcd s'l..-o~,.~z, sa.':fles in air 01 

.- "T'_ - .. f -:. • 

.. lhe authors. aLe ir.debted te br. Joseph Steinberg of the University 
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• • 
nitro9en were carried out in ordeF to ~if changes could be 22. 

. .... 
It. sAould be 

-,-irradiat.ion changed the appea.r:ance of the c1stals fron 

to grey •. 
• 

A Brukér X-band.e.p.r. spectrometer having a standard TE 102 

MOde r~ctangu1ar cavity and operating at nearly 9.6 GHz was used 
. .' •• 

throughout these expericients. 
. - ' . 

f Roo:!! tel:lperature spectra was taken at. 10· intervals as the . . ' 
. J 

crystal was rotated in the Daglletic field. A sicilar procedure was 
"1)..' -, 

adopted to record the spectra as the crystal was rotated about the 
. 

other 2 axes of the orthogonal set. Spin density ~üs deter,cined by 

--- :troe ~~1culat~ons (4J\ using Pop1e's prograc nodified to hé . . ,... -
-~ ~-

~cce?tab1è to the sl:lall ~c~rl capac~ty of the CCC 66~O ~o~ter at 

-the University of ~ontr~a1. : . 

• 
• 

DESCRLl>TIO:, OF SPECTRA 

• 

. The single crystals of 'ethyleneurea, ethylenethlourea,. their 
• • 

pvwder and deuterated ar,alogaes gave ièentical spectra at JD~·I. and 
. 

77°K. Rotation of the single cr1stals produced virtua1ly no cLange 

in the spectral nor did ·,':irrildiati-çn in nitrogen, air, under' 

evacuq.ted conditions or in the presence of trans-4, 4-d~thyl-2-'" .. ' . 

pentene - àn .ozone scavenger. ~~~:n a .l-irrad~ sin91~ cr:z:s~~. 
of ethylene m;éa .""as dipped ~n !".ett.afl(;l, dded and .r:e-exacir.ed, no - . 

. spectral changes ~erc zeen. ~~e spcctra ~ns~~ted of 3 lines whose 

relati\'e intensities ~,""ie near 1:2:1 ioit.':I il ~plittin~ of 35.6 ""gUSS, 

• 

. ". 



--~ 

• 
23. 

linewidth was appr~xicately.22.3 Sauss. FiS. 9 sho.s a typical -spectrum. Variation of Microwa'le power in the ~~sQnant cavity 

showed that.- the lines saturated eq-=9J' Càaphs of signal inteÎlsity 

agâinst the square Toot of cicrowa'le power are Sho-oiIl in Fig. 10. 

DISCUS~IOU: 

(a) Radical Structure 

fro~ heavy water. have their.labile prot~s, that i5, those attached 
-------- . 
to the n-itiogen, replace9 Èf'j deuterons. '. 

Deuteration of these co:pounds 

ES.R spectra and so one r:.ay conclude 

, .. 
fd not produce a change in the 

that the hydrogens on the nitro-

gens of these co!!:pOunds did not contrÏbllte .signl.ficantly to the ESR .. . ,- . .'..-~ . .;' " . 
S?eCtra. The nUl:ber and relat!.ve inteI}sities of the 4nes i'ndicate 

. that; th~1' are due to the hyperfiÏie interacti,on of the unpaired 

. . 

. ' 

• r 

• . 1 
electron with 2 geo=etrl.ca111 s~lar hydrose~ Since the hydiog~' 

ori the,n!trogens of'eth1Ien~ qrea ~'eih11~n\Jthiourea are not 
respons~le for the three lines observed, thl.s suggests that the 

strueture of the radical l\"'e have obserled. in".'Ofyes Cl and Cl" 

A radical tbat could he assigned to the ESR spectx-= ~bservGd 

i5: 

FIC. Il. . . 
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• 
CDllid ,1... " 

_ :a, is ConjectiUeë that. s ... ch ë.. ,J;adicaJ,{ result frqm the reaction of ~zone 

with ethyleneurea or ethyleneth~ourea b~1011OWin9 pathway: 

~ 0 . 

" 

, , . lh 
liJ,. H,. • 

,Ii li Os ) 

riz. • • 

NOf 

0, 

. J :c UC-') /' il Il.. .. 
JI .. 

-b 

l 
(" ~,,~L); 

, b~ 
i . 

One would ver hesitate ~ propose a reaction eechaniso without , 
sace cneni proof~ 
The size and g~c::;etry of the 
• • • 

. /' 
ozone .oleful~ (See Fi~. 12} and the 

::olecïllar parameters of the et.'lyleneurea and ethy1enethiourea 

susgest that such a reaction,if it occurs,would he prL~ily a 

surface reaction. - Howevcr, ",hen the ethyleneurea single crystal 
, . 

. P • , . , .-
... as d';pped in :::etJtanol, àried and re-exâIùned 1>'./ ESt<, the only 

spectral change observed was a verY ~11 decrease in signal size. 
l ' 

Since irradiation of t."1e ~a..",?le in the pJ:esence of ';.J:ans-4, 4-di-

~thyl-2-pentene ~ xnown ozone ·scavenger- (47) did not cauSe any 

change in ,the s~ctra if. can he conclu.ded that 9zone ~f not, par-, 

ticipate in the generation of the radical fron ethy1eneurea and 

its anal~gues. 

,')- , 

.... 'le radical specles .r~spcnsible fQr t.h« S~2ctra :lbserved wa3 

• probabi:i pro-duced b-:; the =pti.re of the C~-C2 t-::>nd as s~. ~n F~9. 13 • 

. , 

.. 
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\ . 
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• 
-. n~o calculati~ns on seve~al ~adels show th~t.the above radical is' 

• . . 
the one r.ost·likely·~~p~ns~ble for the spectra observed. ... -The 

I~mo calculations show Ehat the signs of the hyperfine values fO! . ' 
the 2~ ?ydrogens ,snould he nègative. this is ~zactly what McConnell 

con~uded xor sini~ The ~in' densityon the cent~al 
, • • 1 .". 

~~rbQ, .. 'l ~as calculated be 0.:35 whicl( ~n view of the large hydrogen 

coupling iS sl!'aller than at expe6"'ted .. experirc~n~llY \. The . sma~l~r 
c~iculated than'ezPerlr-entai values a~e due in part to tne iriatlequacy . . 
of th1 chosen .~<>dels which neglect int:e~lecul~r èffe1:~S "Hc~ nusj:: -. . 
be.signif~cant 1n th.~~~1ghl~ hydrogen,bonq~d syste~. ~e radical' 

• \. r • • 

.prop<>~ed (Fig. 14) appears to he the best.n:<ldel·ho+rever •. 1;:00 cal- , 
\ . , 

cuiaÜons are shawn ~ -Table. 10. 
~ Jt .... 

- ':.,.. .... ; j 

:, 0 "(-

~inte ethy.ieneurea: and ethylenet1io~ea single c;'.lsta~è 
• F '" 

J • 

, 

.... -- .l:iQllQClinic as p<>inted out befoire, thls. r.eaTiS that resonance from 
.. ;.- ----------- • '"It \ , " 

" 

two -magneticaIly di~.tinct. radic;'Zu ~it~s should be observèd ~hcn ~e 
. . , 

nagnetic f1eld does not lie ~o~g,or 1s not perpendicul~ to the. 
. " 

twofold az1S. ~ the b axis. ~is w~not observed in: the expe.riments , ,; , ,~ . 
- ,- . ., - - - ...\ -
conducted ~d· can on1.y .cean that the angle. e for .the two .sites are , . . _. -, 

.. -" ~ . ~ 
l.dent:ical, such as would occur if the t:~thyaene group.· ... as rotating 

~ #. • ., 

.~ ~te. rapidly. ,ihe Sl:la~l an":/otro~?l ~~served' (less than l gauss) . 

,at 3.00'1: and 77' K supports this cenélusion. This small anisotropy 1: 
.. ~ " . . . 

ôCcurs b-ecause rotation .;S not co:::plete19 -{ree and the c-e.thylene 

grou~ i5 sor~hat r<lre likely to be fqun~ in certain preferredr . . 
, . -

or1entationz. Splittin9s~fro~ the B-nitrogon ?r proton were net . ... . . 
l.dent1bablc. Hc'..:ever the line"idth of t.he b-hrdroge!l"-triplet" 

signal (22.3 gauss) is l~ge. ep.ough to r:as;~· these. IllD:> calcula-
• 

.. 
• 

• • 

• 
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ÎliDo CALCULATlm~S 0;:' :jPI-:l DEHSITIES .AtlD ISOT~orrC COUPLfNG 

, ' '. f . 
, 1 

IIrhital 

',25 
: 

, 
'. ( 

ls 

,ls 

CO!1~ANTS IN .THE ~DI,CAL C1i2i,~!Co;~H2 . 

• , .. 
Atom 

Ca 
• 

" • -: ".. 
Soin' Densi ty . , ' 

0.a.478 

';::1> ,~.0231 

". " '. { 0'. 0236U . 
, # 

.' 
Ca' : 0.8502 

, " 
Hla: 0' -0'.0369 

r H!~( 
,.:.. 1 .. 

• 

Cèlupling 'Çonstant ' 
"., ~ 

:\ 

• 1'- '1 " 

. . . ' 

"'~9.91. 

-20.73 

' . 

" . 

.. ~ 

'1 

... ~ 1 

.0\ 

• 
• 

-
25" N

8 

-0.0384 

"0.0024 

~0:d030 "c ' 

,j • 

, 

~' 

, 

• 2px 

~PY. 
2p'z.. 

,;15 

, . 

, 
• , ,'-

" 

• 

< 

• " 

1 

~8 
N~ , 

8' .. , 
l~B 

Hé 
~ , 

, 
" 

, 

, ,\ 
" , " . 

~ '-': .... " . .' 
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• ,~ ~ .'" 
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Hons (1'ablè 111 

• 

. ' 
J , . , . . 

shpw tpat t:1e ::- nitrogen wo~~d have an isotrop"ic 
... '''$ r .... 

.' splitting of less than 1. gaus""~\,,ith ,atI_'Urtpaired electr-on sp;n 
~ - -'! • '\ 

dep~i~y of ci.O~24 in the S-or~ital. If the unpaired electron WaS 
• 'II ",.. ,. . .. ....-" . 

entirely in 'a p-~rbital o?~e nitrogen1then' its anisotropic c~upling 
lf', 

woùld be 34 gauss. ~he odd electron's spin density in t~~-orbita~ 

, ~t!:cpOrQ,ing to the ~~PO caicul~t.ions ~s <?0030 r 0.0111 + 0.12;t4 =) , 

('" .... 0 •. 13SS. Anisotropy should thus' be 334, x. O. p55 7) 4.607 gauss and • 

,. 
" 

> { ~' , 

coulà ~as~ly.b~ obscured by the largeness ~f the linew1dth of the 
. . ,; . , , 

'athy~~ge~ ~ines. 
-,'; ~#~ , 

1':-":'." ... 

(bl Ozone Formation'from the y-Irradiâtion of Air 

. ., 
"t\ .' t. 

• Ib should ~e staee4 finally thàt the ozone formed ~n th 

sample tube by ga~~ irradiation ~f air was identi ie 'bi its smal1. 
" . ' • '. !Sf:':: J 

dark ink blue colour and by the fàct that ~s th~ samp tub~,was 
, . 

warmed up from 77
o
'K ,to room tempernture the ink blhe s ain d~p-

• peare,~~' . (Ozone has. ~iling point. o~ aP:,r~~im~tel "62, 0° ~ ~)~ .. 
. The formation of this "compound f~om tht;.{"'I-irra~iation of âir ma}', 

h~e,imp07ta~t biomed1c~i' implications. For examp1r lung càncers ~ 
• # ... ... • _ 1 

are routiriely treated by y-irradiatitn in most hospitals.' The 
, ~ 

- .. ,,-' 
long term progn9!US fOL pat.ients undG.rgoiI.9 this type of t.~eatmel1t 

~ . . ' 

for lung cançer. ~ howev:r much ,poo:ter than fO::))<:Ltien~s, wJ.th ,o,ther. 

type~:' ~f cancer who Strè unde:t:9oin9 similar trêat;ment, 
• 

.. -. ' ... ~ ", 

soree effect on ~e ~F~~overy ~~te~ of'th~so pat~énts. 

--
• 

,­
• 

refly fa ve 

.~ 

" 

.. 

J' 

/ 
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... 

, , 

26A.: • 
• .' 

. , 

~ 

• .. 
• .. 

~ , 

• 

, . 
. . 

. " 

" TABLE 11 
• 

• 
INDO CALCULATlOi~s 00 B NITROGEN OF 'l'HE ~ 

.éH2U~CONHi ' ., , 
• , 

Hyperfine.coupling Atom sp~nsi~ constant . , , 
: \ 

( 
. 

" , , 2s NB 0.0024 0.9039 
, " 

2px US _ -0.0030 ' .' . 
• ~ 2p' NB -O.Ol~l ~ y 

}- • 2pz 
, 

Nil -0:0000'. ;' ... ~ • • ' . 
" 

' ..... , . 
• 

. 'II .... $,' . ' .. y' • 
" ·I .. ·~"~- .. ' , 'Jj'.'" • 'i r{' ~ ') • l,if" 

!. 'i, , 
• - • ~ 
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~. -. 1 ,. .' 1 
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Electron Spin Resonance of y-irradiated Sin:;lle crystals of ~ 

- , 
Semicarbazid~ Hydrochlor~e • . , 

· ' , .. 'f . " 

Semicarbazide hy,drochloride has a 'wide variety of pharmacolo-· ,. ~ 
" , 

.~ical effects (49,50); Among these a~e (a) its ~ility to reduce 
• .: ..... <;. .. "" ... 

hypertension 15l)! T!'[iS appears to be associa~ with its action 
; Iv . . 

,On the central nervous 'systèm; (b) its ability to' incre~e the' 

uptake of histamine. by pla~ in blood (52) and (c) its acti-
. . ... '~ 

vating effect on cerebral acetylcholinesterase followed by alter-/ 

nate inhibiti:n '(53). These actions are rel~ted to the molecult. 

structure of the compound. Whether ,or flot free radical mechani 
. . . ". ' - \ '. ' 

are involved nowever has not .been .dete~ined. Since semicar15a ide 

i,s a nitr09'en containing- compound ~d 

in ~ganisms'oon'tain nitrogen, · . 

~ . .... . 
th~ ~ast ma)orl.ty of compound . 

~e:\~fec~ of i?niz!ng. 

z:adiation on such a com~und will be of in~rest to the biologist. 
' .. , 

,. 
~ . 

Pz:ev1.OUS ESR studies on the.se compoUnd~ indiêaj:e that there' 'is 

no definite Pattern to the ~cation ~f bond ~Pture'caused'bY • • _ 1 # 

ioniZing ~addation. :For example in, L-alaniné (54) and urea çx~late-. " . -. -

(55) the ·termin~l C-N bond is broken and the ~2 group is lost, 
. . .. ~ 

whi}e in methyl. urea .~5·~L i< is an 'N-H bond that is broken. ESR 

st\ldies oii'--ethyleneurea'.and ethylenethiourea (57) show that a C-C 

adjacent ·to an N-H bond i5 broken. The appa:ç-ent lack of pattern . , .. , . 

. with res~\t ~ the ru~ture'o~ bOJ;lds in these mole,pules'points up . .' , 
the necess:l.ty for fuz:ther investigation ,of irradiated nitr09'en 

contain!ng ~pounds. ; 
,. 

... 
• .. l' 

• 
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EXPERIMEMTAL 

Semicarbâzide powder fram Anachemia' éhemic<;ls Ltd., of H!:>nb:eal _, 

... 

• 
was used ta grow single crystals of sem.carbaz~de hydroçhloride bY 

- . 
slow evaporation of aqueous solutions at rOOl!1 temperature. Deuter-

ated semicarbazide pYdr0chloride crys~ls were obtained by recrys-
, 

tallization of ~ormal material frac 020' 

The crystals were irradiated with a 60co ï-50ur~e tor 45 

minutes at room ten>perature. Crystal axis were determined by aeans. 

of an X-ray precession casera and the faces identified under a 

phase microscope. ... 
. .. "\ 

~~ 
nai 

' . ..... 
For ~the ESR measurements, a set of referel)ce axes (an orthogo-

,,\. . . , 
set) consisting of the crystallographic axes a, b ançl c, were 

chosen. The cJ:ystals were.align~ in the ESR .çavity with the aid 

of ~ opticai goniometer 50 that one of the select;ed axes was per-' . , 
~dicul~r to the.mai.i1 magne tic field. Spectra .was zecorded at 

roOill temperaturé with an X-band (9 GHz) speétrometer ,at 10° int;er-

vals, as the ,crystal was rotated in. the main magnetic field: A . .,. 
__ - ,..:0 • 

similar proced~e was adopted to record the spectra as. the crystal 

was :cotated about the other two axes of the orthogonal. set and to 

record ,the spectra frolll, the deuterated crystal as it was rotated . , 

. about each of the three selected axl!S.. Coupling constants were 

evaluated ùsing the method of Schonland (58-... 
• . . . -

~; • 1 

• 

. -
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• ~ ; 

CRYSTAL STRUCTURE 

• , 
Semicarbazide hydrochlo~ide crystallizes from ~queous solut1ons 

in colour,less prisÈls .elongated alonq the ! 0011 ~is; the deuteratep. . . ~ 

an~og for.ms crystals elongated along the [010] axis (See Fig. 15). 
" 

• . 
. The detailed cr".lstal structure of semicarbazide hydrochÎoride . 

has been determined by nardelli et '&1. (59) ~ing preces~ion and 

·Weisenberg X-ray teCh?iques. . r 
The semicarbazide'1:rystal belon.gs to the orthorhOEÜ>ic systel!l.;. " 

Each unit cell ha; four aoleculès. The space group is P21212, ~~: } 

and dimensions of tlÏe linit cell are a = 7.5l:Jo 0.01, b == l3.l3{ 
.1 o 

f 0.01 and c = 4.64 '# 0.01;;. h'hen the aagnetie field . lies alon~ ~" 

, the 'a, b or c axes all four molecules are œgnetically' indistin-. -
, . 

g~shaPle. With the magnetic field in ~e ab, be, or ea planes two 

magnetically different set of aolecules ean be di!ltinguished. With 

l other orientations of the magnetic field t;owards the Q:ystal axis; 

.a1l mur aolecules become magnetically distÏl\ct:. 

: 

DISCUSSION 

, . 

, 

. -- , 

, 

• 

. . 

The undeuterated y-itt~,ilted single erysta;! of se!Ûcarbazide 

hydroc:hloride gives a ten line ESR speetrum of .relativ~ intensit1es 

• 

• 

'. 
• 
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SeaicarbazidehJdrochloride 
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na. 15. GrOYth habits ot Smcarbazide hJdrochloride • 
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l'In. 1~' Project~on ot the c:r,ratal. ~trucbH ot 
• eaicarbazide hJdroWoride on the (001) tace. 
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h3:5:7:"S:S-:7:5:3:1 with a linewidth' of 9.9 gauss vhen it:s a, b, or 
• -

c axis is alignlld parallel to. the J!lain l2gnetic field. !l'he Cl:'.istal ... 
structure as ve have pointed out before suggesu. that all the cr.is- , 

-, 

-ta! sites are 1'!agnet±can:i "équivalent for these orientations., The 
" 

best aolecular ~el that vould give such a spe~ consists of an 

a' nitrogen and ~~gen and a a nitrogen vith three .hydrogeJ!S at-

tached (See Pige 16). , • 
• 

. '" 
This analysis is Dade l!IOre evident when ve e.xamine the deute-

. " 

rated secicaIbazide. . In D20 the exchan~e of D for. hydrog~ occurs 

ac:~t rapid~y at the 1:H3+ grou~ to produe~ !IH2cœ:mm3+ Cl-,: This is 

oost easily seen by the rapld deeiéase of the !<H3 + proton mm 
signal when se'ai.carbazlde hydrochloride is placed .in DR- The 1'!ag­

netle 19O!!Ient. of deuteriua is one. sixth of that of hydrogen and 50 . - . 
"' . 

the hyperfine coupling to deuteriua vhlch replaces a proton should 

be reduced proportionally. 7he Sl5al.ler deuterilIl!! coupling, note -
"that ve believe 'that the fi. hydrogen coup~ ls about 2/ gaus~, 

• - '~I 

should therefore give a coupling of about 3Sgaus~ •• A three. gauss 
. " , ""~ ... " . ~.. - ~ - - ---. 

splitting 15 sufficiently S5all to be lo~.t in the~ ~id1Jal Une 
- ~ - - - :-=- - -- /(:-~."_.- --- - ", -~ --~ • ~ 

breadth. '!he lines are quite broad ,as, a result. p~bably of a rather 
/ . , 

short electron spin lattice re~Uo~ t1ae. The lÙ10rt relaxation 
• • . ~"'.-../' , 11& 

Ü:se i5 a ~esult of the spin p~jeetionen9le .of the anisotropx beihg -

girlte large. At SOllé ângle wllere the n-!-tl;ogen coup:Ling reduces t.o 

zero, we expect very narl=Ôw lin.es., 'l'his-subject will be "t:Fea~ . " . / " l,. .. 
in further detail .i,n' the followi~g chapter of the succinimidyl 

• 
ra'dical. " ....._---. 

• 

• 
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• 

The 'f-irradiated deute~a.ted single Cl:ystal of seEd.carbazide 

(See Fig. '17) l'ields à' foux: line ESR spèctrtœ of ~e.lat.ive intensi.t.ies 
" 

1:2:2:1 when its a, h or e axis i~ parallel;. to the bain !lagnetie 

;ield. These lines arise from t:4e alpha nitrogen triplet being 
, , 

split bl' interaction w~th the.c proton. '!he lines ~e to the 

coupling of thè deuteriua with the unpai.red electron are lost. in 
~ - .. . 

" . 
the linewidth and so these lines fion the œuteLat.ed sezucaxbazide . , 

have a linewidth of 11.9 g~uSs as cœIp~ed to a Ünewidth of 9.9 

gauss fOL the :l.ines fros the undeuterat.ed seJ!ll.caxbazide single crys-. 
tale S nitrogen splitting was not. evident in spectra froa bath 

""-
the deuterat.ed and undeut.el:a~d CX'./stal but. was indieated by the 

anisotropie variation 'of the linewidth •. 

With the ~gnetiç field para11el to the ÇJ:ystal's a, b or' e 
• 

axis only one radical";' ~onancé shouif! be observed. .If the eag-. . • 
netic field however is in the AC, ab or ca planes then spectra frœl 

. . 

.' 

two rsagneti~ly dist:.inguishable sets of radicals should be observed. . , 
The angulàr dependence oi the spe~al lines aS the aagnetic fiEÙd . 
is rotated .i,n the CX'./stallogr.,;phiC' bc plane fOl: ~le (~e l'ig. 18). 

- * ...~. - - - -

is :i:n agreeaent with these deductions • 
• 

~ 
..,. ." 6 

-"-... - ----
, .. ~ 

IL'DO ~cul.atiOJ!S' sh~ tha~ the .im-2m3 radic'al is definitely 

the oost J50de1 that. 'cao be assign~d to the spect.J:a observed. These , 

calculations are given in Table 12. ~e actual coupling constants 
* #. ....: -. . 

that hava OOen evalaated froc the spectrâ, are given in Table 13. 

'thèse couplin.g' cona.tantB are in fail:: agl:~nt. iiit:h t.l<ose obt.aJ.ned 

frŒl a nuzr.ber of llke radical moi~ties as shawn in 'l'able 14 and al-
• 

" 
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TABLE 12 ! , 
• '. 

; 

'. "5~1\P. 0 P te COi!PLUiG CO!{S~'l'S '~TEri ~y THE ~UDO METHOD 
, . 

Atom Hill HB~ - H~ 
3 

• Coupli~9' 
1 

. 
0.3941 19.9630 1!1..9630 

Constant' 

.. 
:'. 

• 

• 

,< • 

• '1 ," ' 

~ 

'. 

# 

f " 
1 

• ;:' , 

Ils Na 

• 
-3.37.55 13.4136 

, ,1 

. -' 

• • 

- . 
• 

Ha : 

~- . 

-18.2480 

• 

" • 

• 

' .. 

, 

• 

• 

. 
" 

-. ' 

• 

• 

• .. -

• . 
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, " .. " '!!ABLE 14 
, • f' t 

• l l '" ....... , , '0 

COMP~ISO~ OF HYPERFINE , ,. COUPLINGS ,or N AND ~ IN SIM1xtf RADIC~LS A,T 
, . 

ROOM TEMPBRATU~, 

Rad~e~ 
• 2-
N(S03)2. 

• 
• 

'. 
... . ' "'~""A . . 

N(t 

.- , ~ 

'Hy~erf~np Coupling (gauss) 
~Çc ~ • 

J ~ Ha: .. " ' 

• l • 
lA 

• . , 
];sotropic A!lisotro~ Isotropie Ahisotropte 

~ 
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" ~ " 
• 

: and Anderêon (61)"). 
. .' 

• '", 

• _ ~.. 1 

.s~'ae~S1ty ~at~ obt~ined,bY lN~ è~lcûl~ioh~ ~n the NH-NH3 
5id~càl ar ,co~f'are~.:~i.th spi~ density data calcu'lated from the 

- .radical by, us 'ng scP ~ave fun~ti01s. Thesè latter valu~s.'are also 
, - • 4 .. ;-.. .1 ~, .. 

èomparea with s in density data caleulated on related radie aIs by 

uSing' the 5? -w"':!ve f~ct;ions <fee' ~f1'le' ~6). . . . 

, 

" " . 
l 'f , .... 

There is reasonable agree ent between.the INDO caleulations 

'and the SCP calculations for N -~H3 and related ;~dicals. 
, • 

We concludé therefore that."the ri,sonance obs9rJGd ,aft:r y-
, .' ~ 

~rtradi.ation o~ semica~azide single crjstals at room temferature 
~. ~ + ~ - ~. , ..... 
~~s that of NH-NH3• , It sliould b~.noted thà~ thi~ ESR e~ivation of . . . 

single cryst~ls of semicarbazipe hydrochloride differs from that . 
~ " . ~ ~ 

done by ~~~yastav~ and AndersQn (60).in that (a) y-rays instead of 

x-rays'wer~ ~ed to create cry;tal ~amage and ~b) 'I~DO çalculations 
• .... .,. .. 

of~c~upling c~nstant~ of the radical NH~NH~,were.done~ SQr~vastava . ]... 
~nd Anderson did not d~e~~calculations. 
~ .. ~ , 

• 

. 
,~ 

• 

, • <0 ... :. 
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.. ' .. ; ; ',' 

. \, 
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• < . .. , . • .. 

" • 
.-

' . 
~ .. 

" 

. , 

\ 
; . ; 

.. 



• 

", ' 

.. 
, 

i 

• . 
• • 

• 
, 

TABLE-15 ~ 
, 

INDO CALCULATIONS OF SPIN DENSITIES lN 
- -- ) , 

• • THE RADIcÂL 14NJH_14~Jtr. o :', 3 , . ' 

• 
32A • 

• 

Orbital Atom Spin Oensity Orbital Atom ,Spin bensi~'y 
• 

• 

• . 

25 

2PX 

2py 
• 

2p; 

15, 

1.. 

. 

Na ~354 ' 

Na n.Ol7l 
-' f " 

Na Q.0071 

~a: 

• Ba 

0.9600 

-0.033? -

. 
" ' 

2s 

• 2p" 

2py 

2pz 

ls 
. 

,ls 

15 

. ' 

" 

TABLE 15 b 4 
• 

NIL 

, 

/ 

\ 

. .; , - .. 
SPIN DENSITIES ~ '<J.~'H_14NIH3'~~ICAL . 

-0.0089 

-0.0214 

-0.0063 

-0'.0238-
, 

• 
/ 0.0007 

0.b370 • 

0.0370 . ' 

• 

<'.' . ." 
CALCULATIONS BASED ON sep COMPUTATiONS OF HYPERFINE CONSTANTS 

• _ ~ l', '" ... 
. JI" ,\ .. - ... 

'. 

" 

• 

\ 
l' 
1 
\ , 

Or~ital Atpm Spin Density, : 'ôrbit<tJ'Atom Spin Density-
.. -. • JI .; 

2s •• Na 

2p 

ls Ha .. 

. . 

0.031 ~ 2s • . --'N~ 
~, 

-0.009 

0.51' 

0 .• 049 

• 

. , 
" 2p, 

ls 

Na 

"",," ~~ .' (. 0.02~ 

. -

'-
\ 

\ 



1 . 
" • 32B 

.~ •• , . 
, , 

, • " 
., . . . t) 

\ , 
J 

''l'ABIZ 16 ,/ 
," 

: 

1 .' 

• 

WSO -" 
3 

• NHNH<:'ONH2 

• 
1 

pBls. 

0.045 

0.039 

Spin Density_ 

. pHls 

1 

0.024 

0.023 

pN2p 
/ ! 
, . 
0.63 

0.74 

1 

, ./ 
r Reference 

, .. 
• Rowland'l -Mo;~ Phys. ,.565 (196.2) 

Hamx:ick, J ., P. and al. 
Rad. Res. 8, 234 (1971) .. N(S03 -1 2, 0.024 0.74 Horsfield t A. and al. -

-+ . • ~. Phys. 5., 241 (1962)' . . , 

~3 0.031 0.51. . 'l'his work. See also , 
~~. 60 , 

0.049. 
, 

• 

---:--/Râ:1èa1- - -. ~~: -c"-'-lSplï1Density 
w,. _ ,-. . 

, (S-atotRs) .PiJls· pN2s pH2p . :: ... . _. 
,'-..... + - •. 
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"j'-Radiation damal]e of succinicide and ll-hëllo sllccinir.lide as 
• 

observed by electron paramagnetic resonance. , 

• ,< ... 
, . 

. ... 
• 

sition of n-h~losuccinimids such ~s N-bromoécin;mi-. , 

de during i adiation by pv light to produce halogen radicals has 

" 
# 

received ~ profound attenti~n of ~any oFganic ch~ts 

p~t _ ",.nt~=s ~~~)_. "'. propose." xe.~n; " " 

during the 

i 

x· 

~~ 
sU9gests that a s\l~ci~J:lidyl. radical is formed. ~is' succinicidyl 

radical has however been ~lstèriously ignored by investigators. 

Not wishin 'to pe~t such oVersights'w~ . . çhose to e.x3l:line what 
, " 

suc~inimide,.· . 

'Th~ succinimidyl r~dical should be easily observed by electron 
• • " 

. . . ~ . . 
i paramagnetic zesonaJ,lce (e.p.r.-) if it has a·su.fficien~ly long life-

tillle., ln a' crystal1~e.~ost I:Il!t;ix the I!'.-obilfty of' ~ reac~ive , . .. -",," .. 

" 

~~lecule sucb as the 5ucc~ninidyl radical is severely restricted • 

. 
and 50 it should be possible to observe its epr signal anll identify 
•• 
it before it is consuroed by chemical reaction. In our ltiboratories 

"" 
- ~ . 

, 
, 

. 
, stu~ies of the proton nmr of succinirnide have-shawn that the mole-

. ". . '. ~ 

cules at room temperature a;e ~lite r~gidly~f;y.Qa in the crystal 
~ :; .. . 

!! 
".....', fi- "; •• 

lattice,and so the radicals, if fo~d, shoulù'not'be boa trooile • 

" . • 

• 
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~ ,,-

l' ....... <0/' 

SJednilUde e~stal.l.t.zes frôm é1:hanol into an orthorhomb1c unH 
. ;- , .. ~. :. . o. 'c. 

~ ? ~ 

cell s~ctw;e (62) vith .space ~J;OuP"fbaa ' a = 7.50 A, b '= 9.62 A,. 
o '1 -

C = 9.62 A and Z = 8. ~he molecules ar~ nearly coplanar vith the 

be plane and the .eight molecules ,per unit cell are r~ated iiy biO-
.... .. . 

fol,d axes 1)' i ng along the ;;., h a'nd e axe~. Usually, radicals .fOJ:I:!e4 
. .. .,. -' {{ 

.Ln crystalline llost matrices assume the syssetri of the bost. lattice • 
• -s • 

Such ~s the <:lIsë with suecinl.mï.de where the two fold SyI!ll!letl:y serves 
.' . 

to greatly simplify 1:!).e esr s~ctr~ • Sites rela~ by inversîon .. 
s~~are lndistf?!guiShable by epr. S~larly, in this .case 

• f ~ _ • s-

ali the moleeul~ siteS'; are magnetically indis.tingui~hable, unless -. 
however, th~ rad~al can sit in several orientations in its site. 

~( ~ .. c -t. . ,-. 

EXPERIMENTAL, . , 
" 

, 
" 

.-

The • succinimide c7Ystals Vith. d,nsion~ 

were formed bl' very sloWevaporation of a 10% 

" ," 

• 
!cm by ! cm by l.ca 

ethanol acjueous' 
.~ ~ .' 

solution containing succ~n~de*. N-deuterosuceinimide vas Èoraed 
. .' 

bl' .repeated .recrystallization f.rom dèuteJ:a~d soiven~. The ~est . .....-" ... 

.--

formed erystab were subjectedJ,o.l-iJ:l;adié!ti..on d.o$(L~e of5k~~** .. __ 
, --':-"-. '. 

Subsequently the cryst.als were aligned on ~ goniometér head using 
'.11{? _ . - _ _ __ . -. '- = .. _; ".l .. 

a pre~ssioD caméra aounted, on a Picke'r X-ray spectrometer. "l'he 
- -. . 'f - - :. '" ;-

oxieptation of the crystals vas deternineà, to better than ],1 this 
• -11;..... _ ,. • 

lat.teJ: llmi.t beJ,ng determined bl' the imprecisio~ of DOunting the . .. ~ . - . . .-. 
goniomeœr on ~e e.p.r. speetrometer ca.vit:y. ... . - . 

• 

* White labe~ ;JUccinimide 
. . 

u The ;Suthor~ are indebted to Dr. Joseph Sternberg of the UniversitY 
of Montreal, Department of Physiology, who made available ~eely 

.' bis 60Co y-cell. " .. 
• " 



• 

1 • 

35 • 

.. ,; ... 

A Bruker 414s X-band e.p.r. spectromeœr ha~g a standard 

TEl02·mode rectangular carity and operating at. nearly 9.6" GHz was 

used throughout these ê~riments. All aingle c:rystat EleaSw;enent.s , 1 • . .. ~ . 
were perfoI:Eled at rOOIl térrperature (250 C) • 

'-

• 
. . -

• 
• 

... 
< • • 

pv irradiated powders. and CHCl3 and hexane. solutions of U- . 
~-

. c~loro and N-bromosuccinitüde showed no ·e:p'.r~ spedt:.â. A reasonable 
~ . 

explanation for this 1s that the radicals produced, and there 1s 
• 1 

adequate chemicâl evidence that they are produced prodig1ously 1 
- '. . . . .. 

are not long lived .. The weIl known reaction {6l) . 
~ • J .. 

, --~-O"~_Br . hj),U:;') 
/ .. 
1 '. ' o '. l 

• 

-.' 

. . 

. 1 . . '. '.' 
has as products a ~ly reactive succiniJUdyl.radical. Holecular 

.... . , . 
orbl.tal calculations show that the unPaire4. EÙêctron .deI1si-ty is 

probably localized neL: the nitrog~n ~ut in a _ 'orbital ·exten.diilg 

e'Ver the neighbourinl. ~yi groups. The li. 'II. irradiation ex­

pensent ~as 1:~~a+~ the S~le solution ~unted in a ~9h' 
resolution n.m.r •• spectrometer probe. There was no evidenCE; of 

dynamic .polarization of the nuclear spins, although it must be 

~~ttcd that the experÙlental method "as. PlOObabiy Inadequate for ., 
• 

th~ task presented. . 
• 

: 

• , 

1 

,J 

1 
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i-irradiatioQ oi polyc.rysta11tde suocjnjmi~e~-chlorOSUC9ini-
" . 

iüde and N-bromosuccini.mi.de at 30°C and to 0. dose of 5~showed no 

visible decoeposition or disco10ration of the pQWders~ Epr spectra 
. - ~. 

recordéd at 23°C and 5 ~our l~ter ~ y-~rradiati~n ar~ sh~' in,. 

Figure. 19, 20 and 21. The spéctra of succinimide and N7"Ch10ro­

suc~iniIüde are very siJ!ti.1ar wher~as that of l:-br~sûccin;l!!jde has 

a BUCh larger sptitting. These s~ctra are sh~ in Fi~ 22 • ., It, 

is evident that the b.romine a~Ol!I i5 'near the radica1"-site;the 

diffuse nature. of the.valence e1ect~onic orbitaIs ot Br make its . . 
presenct: fe1t ;;t many angstroa unit$' distanc~. The speétra 
,.. , . 

however do reser.b1e tho~e expeéted f~m a ra4ica1 with two near1y 
1 ."~ ~ :1 

equiva1ent protons, that· is~ a tr~Pl?t .spectrum with intensity 
• '-' - > 

ratios 1:2:1. 
. ; 
'l 

"..," S a • • 
~ , .' ;. 

; ~ 
,. 

Y.o1ecular' orbital calculations 1.using the- rimo approxiDation 
! 

coapling constants 
- .. ~ . '. 

.' 

. .helc,,· • ~e calculated 
4 

for the suc~imidO radicaJr, 

liN ::: 7-/. q4Q~ B", .Cf·O IJ"'u 

• 

-

.-

'. 

• _-:!. -' 

Ilif- .. 3'0- fAI1SS 

, -10 
• Ol • 

r . 
are much too small,.1:o explain the spectra, Bowever, those calculated , 

" 
• 

• 

I1H/ ~,-J1S 9~lIu ' 
" . 

• < 1 

S;' .. J;l5'1I1$ :Il(i '" o·, 'l"IlU 
--Ilf!. ... ·t~r.-7 9'1I~ , F1R lz 0·/1-,m . ... 

• 
. . . . '\ 

-, 

- . 
.ru·· , '. . -.. 
. . 

- --- . -

, 

• 

~ 

.,. 
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l'm. 19. X-balld :ESR ape~ or fûradillted pou.,-=.rat,!'1ine 
f . 

/Succini:rfde at,30 C. '!'he conditiCllB or ESR spectroséo,PT vere 
, . 

lIIicrovlln paver 5&'1; modulation a::p~tuae ~ gaussf scan tille 
509 /Sec; ti:l6"-ConIStant l sec; /Scan raIlge 500 gauss alld IlicrovllTe 

!~quenC1 9055~. Specu- vas tl!kell 1/': br. &!ter t1rràdiati~ •. ' 
" . . 

-- . 

, 

• • . 
• 

'.. . 

• 
" ;. 

, 

.~ # 

• 
• .-.' 

f 
- -- ~ -- \-

.' 

" 

• • • 
\ 

\ ' .. • • 
, 

• : • - . 
" • . .. 

\ 

" 

'. 
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~ . l' 
~lG. 20. X-b~ ~ '~/~ ot rùrad~ted P01l1~stallin~' -!. 
li-Chl.oro5Ucc~de At:' ~~O. !he ponditiOnB ot ESR tlpéc1;r?1cON./ 

vere IlÏicrOYlln poyertill; -=od~ion'1llIP-1itude It gausS"; lIC~ .1 
" " /. • 1 

ti=e 5<?? sec; tbe C, IiStant).}leo; scan range 500 gauss ~"/ .' 
aicrovave trequency 9.38 GIIz ~pectrua YU ta1l;ez; 1/2. br. a!~ 

:-/irr ..... ~ '. '/"', 
/ 

y/ 1 • 

• 
-' 

• /.-," 
• 

• /-

• 

/ ---. . 
?~'~-_...-/ -......... 

~ 
\ ... • /. \ , 

/ " / 
..- . 
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" / 
" . 

t°..:~a<1Ss 
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, . 
• 

" 

/ • 
l 

/ 
. , 
1 

" 1 

Il 
1 . ' 

/" 

.1 . • 

.. 
o 7lG.f. 21. X-band. ape~~' of r-irrad4ted 'po~cr.Tah]] ine H-b:;:oaosucc1lWdde 

at iQ. ·C. !he cOndi,tiol15 of EsR BpéctroacopJ' vere lIiérOVaT6 pover 5mV; 
.' ." ... . . 

~ , mod1Zlation aliIpl1tude ft gllUlSIS; can tue 50Ô ~c; timo conatant 2 lSec; 

acan range 500 gaUlSIS and lIier 9.58 GHz. Spect= va.s taken 

l;/~ br. aft~r i'b:/'ad1a~ 0 ..,. 

' . 
• 

. . . , 
• 

\ 
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• 

• • 
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. / 
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\

are much more reasonable. In the case of succi.nimide, it .. is easy 
r' ' .,.- ' 

~ . .. ~ ~ . ... 
, te rationalize that the succinimido radical is a highly reac~ive 

radical combining readily ,with the nei~hbouxing molecules or 
, . 

lâhil~hyarOgens in the hydrogen.bonds. 

'1 " ' ~ "- ; - : • L . , 

AI/, e~riment with polycrystalline N!.beutero~ccinimide did 

not ~0wà~ctrum different from that optained from succinimide. 

~: \. .lt :hould be 'noted that tpe hyPe~~;ne' coupling te e;ium a_ lê.(\ -
1 /.. ~. ~ 

/ , ' 

, . 

." 

" 

;;.:.-
,--f :i 

, /:iS al?P~oximately one-six~ that expected . ..:_ a, p~teh. Advantagé 

.. of thl.S fact was taken 'duxing the fç owf'ng single, crystal ~xper-

• 

,. 

" 

iments deemed' necessary ~ p~ope y identify the radical. 
, . .,... . Note 

that:.- the succinimido radical, pièsent and visrbie te the e.p.x. 
• 1 

woulà, have_ };>een extremely 
• . 

i 

resting ~eoretically • 

.t _ ..... 

, 

Sin~e. crystals
j 

of -deuterosuccinimide, were y-irradiated 

an!Ï mo ~d in the epr'spectrometer'cavity with the' 
~ - ~ - ~~...-

... - 0( • 

9'oniomete~ rO,tat axis parallel te th~ a axi~ -;. 'Th~ crystal • 

e goniometel; he ad was determined te bet~r th,an' 

1° uSing a ,ray precession camera. 
i - - ~ 
?o intervals _ and s~ typic~l specti;a are ~hawn in . - , ':" \. 

Single crystal s'pectra .were 

Tlie positions where the -spectrum crosses the bafteliJie 
.' 

are as a function of orientation in Figuxe 24. One set 'of 
. 

lin , w.i,th intensity r4tios in accord witll an electron se~ing one 
4,_ ' ,. 

alpha and two beta hyç1rogens, ls shawn darkly in Figuxe 25. The . ~ ~ -
, Jo • - ... 

. bro se~ lias. obs",:,"" '" "'\""" " ""c." th.t the r"",cal 

• has twô different !lites in the c,rystal lattice. This is te b.e . , 
expec~; ce an analysis of th~ suçc.j.nimide ql:yst.4l structuxe 

• . J. ' • 
-, } 

\ • __ r-

" 

• 

• 
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:. ~-ba'ï ~SR> sp,ectra: o~ N~'deut:ro Succi~~~~~_~ith' e.xternal' 

IIlAgnetiç' fie,ld ~,{l'rart:'"O.fh;-c axis and ,lying in the', 
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the radical where 
• 

; 

••• .. . 
~". • 
• 

",,' 

.. ,;1 

"f 

, 

1 

:'. .. . . .. 

~,.( 
<.' 

>. 

.' 

• 

,., 

" ~ • 
the nitrogen éoupling is least • 
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shows that vith the ex~ernal magnetic 

'" . - . 
crystallo~aphic plane 2 1jlagneticall'y d~s~~ishabl: ,,... 
groUps of molecules •. '. ....... ~ ~. 

• . " 
~ 'The radical species that' bas "been assigned ta the spectra :-:-- .' f-:-:.--
observed~: l ' ---,----~..:...-"_ ' 

,. JI!J'- 1 0 .' ,,~ i-:-_____ __ 

lt ~I• . • -.. ~ --:---
'1 ~. '= ~ 

co( _ rtt tI-H :ii"'- ,r J 

~/' >- :. 

IIp Il ' 
,0 

- ' 

" 1 
• The coupllng constants and 9 values evaluated fFom the spectra are 

giyen in Table 11. The coupling values are in gaus!3' Let us 

consider tpe radical~~o~d at,one site. If the radical formed 

• 
• 

t$en also at the same site can p'e f'Ol;lIled the radical 
' \ O. ", . r\ . ~ 

"; '(-" .. . 1 o .'. • , 

• 

, . 

. " . • 

• 

• 
'.' 

" ' ;1-~.' 
" 

The same lat~i~ site 9an~ therefore give rise ~te sinlply to b!o 
, . 

·spectra. He say that there are two radicà1 sites, i.e., oné. for each. 
. " 

• 

·orientation •. He ~ee"~erEfore at lea~t ~o sets of,l~nes. In~:èd, 
/- J / 

four sets of lines aœ v~ib'le, but Utey supèrlmpose at cert:ain, 
- ~t ' 

oLl.entatl.ons.. The speèt~ "in Figure 26 shows' th.l,S superimposition. 
• ! ' .... 

~. , • 
, ".~~ ", ; 
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- - ~~~--,.. -----
EXPÉRIMEl.TA4LY OBSERVED HY.PERFINE'COUPL-ING CO!'STANXS llliD 

~ 

g VALUES OF '(-IRRADIATED SUCC~1:{DE., 

, 
Byperfine Couplings 

Dire~on g value Ha He: N 

~_axis 2.03.9"1 1.9 28.0 ""0 -0 

y axis '2.0lJ.3 30.7 30.1. ""--0 

z axis -- 2'0l-r c axis -30 , -s, -0 - " / • 
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Somé spe~tra' at othe~ ~Orit~ntati~iis' not !~e plane are ~ 
shown in Pigure 27. The nitrbgen'hyperfine coupling is 

'. 

also 
, .. 

-:not visible for spectra with the field in ~ . 
~ .. the ab ~lane. However, 

" 
~, ~.........;, I~: wheJ;l the fièld lies -~ong the c axis,. aU the radical sites are . . 

equiva1ent and the triplet splitting ratioss 

of, nitrogen ls ...... 5 gauss, , ' . ' , 

~ mollcul~r orbital calcUla~OI1!} ~' 
method g:i..ve the values -1 gausS' and 2. the'field in. 
'" ~ and out of the plane" respectively. " i~ in 'Jood ag}:eelîlent 
with that observeà for nitrogen. 

• 
, 

o .. ' 
1 

The other ~yp~rfi~e spli~tings are also in fairly good ~~ 
ag~eement with the câlc~lated values and are' shown in Tablè, 18 • 

• . 

.. 

,ot:her rëldicals such as-
~- - --- ------- --------- .. , . 

I(,"~ 
o· , 

• )' t4.. 'tJtI '--. • t 
\ on _ / 

' . . ~'--i( . • l-!'~\\ 
\ 

~d . 0 • 0 " ( 0 

A,/' '. . . ". . • - )\ Il~ • . 
~," ,;/ -- '\ . 

\' . '. 
'C) 

0 - - --.. 
Their caléulated hyperfip'e splitting values. 

were also considered. 
' ... 

do not accord with the observed ones • It i~omost unlikely that , . 
the radiéal is ~the.r, .,~an that Whi.c:h !t.~s be~~ ;r:!-~~~. hre •. -
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X-band ESR spectra of succ~nimide cry~al wlth field' 1 .. , , 

• 
oriented perpendic~lar to the Q axis apd lyi~g 'in the , 

_~ b. C IjIlanè. Note tha~ .linew:Ldths lncrease rapiclly qs ,,- ' . , 
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A.Cancer • 

" 

• 

INTRODUCTION 

" . 
, " , 

.. 

• 

.' 
; 

: ..... -
~ • 't ~: 

The tenn cancer refers to. a ver.y large :variet~.of conditiol!.s lI4n 

which there is an abnonnal mas~ of cells; the growth of which .exceeds 
, . . 

• ~. 

and 15 uncoordinated with that of nonnal célls and persists i same 
fi • ... ,. 

~cessive manner even ~fter c~ssation of the stfmuli whic~ voked the 
. .,., ~ --

changeS (1). In pathologl can'éerh descri~d by the tenn malignant., 
, " 

~ neoplasm and a dis~inction is made between carCIOQmaS which are derived 
" . . 

from the ectodem and endodenn and sarcomas which arè mesode~l in 

• 

. . 
• 

.f ,..;, 
L 

, 
• 

~~ origin. The ward neoplasm signifiees new ,!I~~ 'and 'the adjective . '" -", • 
• ';' ., 'f • ~ ~ .. ~. ,.." ...... 

malignant implies that this..growth is' ,,~sistant' to tr tment. Neoplasms ~ 

or' t\Jllours ca~ be benig~ or/~ligna4. ; ija:œver. benign ur~' reiernb;~ ~ •• ', 

• 

f .' ,.. o. .!J" • . . 
.... * .. ~ 

tin structure the;r cells of or1g1n more closely than t~e'of ~~gnant' .' 

_ tll'llOurs: ~oreover th"e: do- not sp;eild"widely -~hroug!tho~i:t6e· ~y. grow - . :. - • 

so 'rapidly or !(i11 50 certainl;' as malignarit tl.lllOU ; . _ • 

• - .C~ncer co"-sists of malig~ant cells whith ar~E~~ él1lj sup~rted' . . ' , 
s - ... ~. ., 

bya nonmalignant,stroma made up-of con tive tissue, blood véssels. 

~erves ~~ lymPhatics.jus ~n :'h~ical an_!~fS 'oi ~nti;e ca~cers.· 
• c~lrectio,~~\ have :0 bé ilàde for .:~ariations in the vOlume~ ratio ~f 

ma-lignant cèils Jo strÔl!la and for chernical composition of ~~e stroma). " . ; .. ~ 

On a cellul~ leve s~~eral distinctio~s ç~n'be ma~e between.cancer 

cells'andnonnalce1S:- ' ".- ~ .... '~.: 
, > , .. ~ 

, t\.~·· . " '" 1...,' .# _, 

-_ Cànce:r cells ilsu not function in the same manner as thefr 
\ , . 

• 1 . " , 
, , .' • , . 

, 

, . 
• 

'. 

, ..... 

\ .... 

" 



! 

, . 
• 

• 

• .. 
" 

(2). • • 

•• . , 
• A 

nonnal counterparts. _ }hey incl;ease in nunber ln pn!'llly fa~hion,-
- . " 

partly or wholly released f~the usual restraints su ch as con~~t . . ,. .. . . , ' 

. inhibition, basement mémbrane limftation and fonnation of immune 
• . 

. . 
mechanisms destructive toforeign cellS. Cells of malignant'tUlllOu.rs_ 

, r ' 

,~an spread directly to,nearby'tissues and metastazize via l~phatics a. : ".-.~'_ 

and blood vessels. to othe.r-Jlfore or less distant locations. tancer cèlls 
'. .. .. - - .", 

act a~ amino aci4 traps, thus deprj~ins-theit better behaved'bretheren 
- , 

of needed nutrition. Histologi~al1y malignant cells from diffèrent . 
,/ ~ "'" .. 

;r1:mry ~ns show a gr-eater similarity jn ~ize and shape than their 
, - ~ 

n.ormal counte~pa~is. Bût in a'given càncer there is often gr~ter 
.. , '. ~ '"'" . 

_ - - f· • ' 

diversity of size and shap.e of maJjgnant cells than is exhibited by th~ 

, 
~. 

, '-
normal ce1ls of the Same origin. - ~ -, . 

Intranuc1ear viscosity is often léss in malignant ceTls than in 
if. 

• 

noJ'll'.a 1 ones. ..' , , 

, M~tieràrconstitùents e.g. ca1ciun and magne;;um, are ~sual1y hi9.her III 

neoplasUc cells' as ~ompared to no,~; one~. l!he POTarit~ of many ce'lls ,: 

- 'are lQs~~en theY become malignant. This is'sometirnes ~viaenced by \'" 

~. of ", ...... " 'n th. ;""tI," of th; "',:"",..:. "",." ,,,hi., . 

') .. ' ::,:::;:::::,:::~~:~~ ,::::;'~~:'::;~:;:~ ~nPhf' 
, tarcinoma .of the Cervix Uteri " ~. 

_ 1" ~_ 

Carcfnoma~f the cer.vfx i~ the second rnost frequept~ancer affecting 
,f .. . 

'. , 

• 
• • • 

women. 2 of each ,100 wornèn in North Amedea has the disease and one ot: 
,'.' ~('.It • • • 

them will di~ of i,t. lt occurs, chfeflY. ~n parous WO!Ifen tOl:lar.ds ~: end f-' 
of tlll!ir Ghild be;r.i1i9 years. The disease îs thus rarely s'een under 'the 

• 

• 

" • • 

• 

• ~ .1 

• 

• 

, 

, 
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i. Group of cancer 
~ade2. . 

{" .. -
cell ~o-lIIâ -of the cervix, cellls, ~qUUOUB 

. '\. . , 

2. Group of cancer cell~, ~quamouacell 
Grade- 2 (anothè~ èase). .' 

carcinoma of the cerTix, 

,.- Group of canc'er cellls (~ ... ~ aB 2) , 

4.-8 Group of CADCU- ceib, ~quaJlOUB ~ell 
. - Gr.ade ~-.3 -

carcinoma of the cervix, 

, . 
9-:-11 Group~ of c~.cer cfllls ',recurrent po~~adiat1onal ~'q11alllOUB 

cell carci~~a- of!the oe.rvix.-· : j.. .', 
12-27 Group~ of'~cer ce~, adenocàrc~Olll!( o'f the èiDdooe~ 
28 •. Group of è~~r f:ellls hOIl a ~cr.ping of the tumour ~face 

imKediatelT atter 1t~ remoYal. Note striking inequality in 

. :!Z~~~7 ~~c~:if ~o~~ :!~h~. gig-e~~~ ProportiODB.:-i!~!. .. -'_~ 
~9. Group of crovde4 Cancer cellls, adenocarcinoma of.the cerTix. 

30 •• Gro!Jp' of cance.r celU, sqUdo~ po~trad1at1onal cell car!linolllll 
o~ the. cervix,Grade 2. -. .... 

3l-3g: Degenerating cancer ce~~,~quamoUB/~ell carcinoma of the 
cervix, Grade 2 ta }, att~r arece~t:trèatment vith x~r&7. 

. rv ,Grade '2, atter irradiation 
'\.:""L .c.u .011, .. "l"' .... ,,11 .- 0< 'he 

, ~35. De ting :eancer cells(aue as 31-32) . . 
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'Co: .... (3l. . • .. "', 
age of FS or over th~ age of 65. The mean'age is approximately 46 years • 1. 

(3,4). The incidence is iess common a~ng jew~sh women, and other women . 
whese spouses have had circurncision and among vjrginal women. Carcino-

, , 
• • g~nic propertfes have been attributed to smegmâ (5) which may explain the 

* 

• 

\ 

importanc~ of circurncision. Incidencé is thus higher in ethnie groups 
~ , ' where circ~cision is uncommon in women wno have married early and ~o 

have had multiple pregnancies (6), Sexual promi~cuity" coupled with ~ 
failure to use contraceptive devices appears to be a factor contributing{ .A~ !, 
to éervical carcinogenesis (7), ' . 

~ 'The dise~s 1s classifiea according to its cellular origin. When 
it Origt~~:~ in' qU,arno'us cell s (us~all~(at the squamo~-columnar junc­
tion of cerv cal epithelia) it is cal1etl squamous carcinoma of the cervix t 

On the other ~nd when it originates in the columnar cells of 
ocervix it iS~~lled adenocarc~oma~ Squamo~s carcarcinoma of 

t e cervix uteri' accounts for 90.2% of all instances of cervical cancer, . , 
1" • W i1e adenocarcinoma of the cervix uteri occurs 7.1% of the tirnes. • , . 

" 

In a few'instances (1.6% of all reportèd cases) lesions have ' .. . . 
' .,.. 

'character.isticS;-Qf both types of cervical cancer. A 'iew casés (O.S%), 
• . .~ 

where primary lesions are found in bbth squamous epithe1ia as well as • • • .. r 
• 

~ endoc:rvi,s ~ave als.o be'en reported. In a,bout 0.3% ~he cytolègist 
. 1S unable t,o detennin~.the cellular origtJ,o! the' primary lesl0n (8). , ' . ,. . 

The extent of a ca,rcihoma of the cervix is dJtennined bY'physical , 
• • examfnation, accor~o what the physician may see and feel in the, " 

' 
, 

vagina and cervix and feel in'(the uterus, param~tdum and pelvis, . , 
• 
, , .. , 

l ' , 
• -

" 

• 

" • 

.. , 
1 
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1 (4) 

• 1 

The rules t~at apply in determining the stage of progression of . cancer of the cervix are accepteij internationally. They were adopted 
by Jhe In~ernationa1 Federation of ~neco10gy and Obstretrics in 1961 (9). 
They apply to both epidermoid carcinoma and adenocarcinoma. (See Figs . \ 
2-1 to 2-7). 

Stage 0 

5.tage Il 

Carcinoma in situ, ihtraepithe1ial carcinoma 
Carcinoma strict1y confined to the cervix 

Stage lA case~ ear1y stroma; inva~ion • 
Stage 1 B 'a 11 other cases o\Stage 1, 

Stage 11 The carclnoma ex tends beyond~he cervix but has not 
10 

\ ' 

extended on ta the pelvic wall.\ The carcinoma involves 
• the vagina, but not the lower third (subgrouping ~f Stagé 

.t \ 1 .. 11 cases into lla (no par~etrial in~Qlvement) and 11b 
\ . 

(parametrial involvement) is recommend~d. 

Stag; 111 . T~e ca~ci~. ~~\extended on to t~e p~;~c wall •. 
, _.,<ln restal" examirlat,ion .t,here ts no canéer ft:~e spa ce • , ",,' , ,1- • '\ -,/betweEl~ :he tumou~~and the pelvic wal~ • ..:;~e ,umour 

• ~", involve~ the lower th,ird of the vagina. ,-.\ " ,,' . . .. ," ~.. "'" 'S~ag'e IV ~ The carcinOll!a has elt~l!nded beyond t~e .pelvic lf,al~ and .' . .' 
, 

:"'1 

• 

, 

.: 

, 
has ~enetrated the.lTIuc~sa of the b]adder.. OIQ:-ec.tum. 

~ , . .. . , " '1' .. i " 
" . ' 

Diagnosis .:,' .:: ' . ç ,," ~ - ... ~I .' . , ~ 'f!le sj'mp~ons Ilf èarcinoma of the' cervix lar!/,e enou~h to ulcerate, 
, - . • • 

, , 

, , 
• 

. " 

. 
" -, --

• 
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• 
t 

FIG. 2-1.. Stage lA carc~a 
ot the cervix. Earl,. str~~;;J, 
in:vasion ~ present. ( 

~IG. 2-3. Stage lB carcinoma 
ot the cervix. The tumour is 
large but does not extend into 
tissues be1Qnd the cervi%. 

, 

-.: 

, • 
, 

4A. 

FIG. 2-2. Stage I.E carcinoma of' the cervix. 
Th,_~Wl1our is small and contined to the 
cervix. 

• 

l , 

... . , 
\,\ I:'! 

~1 " 
\ 1 '. 
] l, 

t~... .f 

''.iiJ!-
~J:' 

l' '':, ,f 
~ ~. , 

FIG. -2-4. "l>tage <!A ca:rc:ifl6C}a ot the 
cervix. The tumour enends be10"nd, the , 
cervix(here into the upper-third of the 
vagina). The parametrium is nôt involved. 
The lover th:lrd of the vagina is not 
invc>~ved. l 

. " , 
- .. -

• 

FIG. 2-6. ~tage 3 carcinoma ~t ~he 
eorvh. The tumour ;f.Jlvolves the 

• lafieraJ, peIne waU or lover third 
ot ~t vagina( or b~th). _ 

-_. 

, 

-



" , 

, j 
, 

'j 
i 
/ 

J 

! 

1 

1 

• 

'. 

/. 
1 

/ 
1 , 

\ . 
\ 
\ 

\ 
1 
! 

, 

'. 

2 continued. 

" 

• 

" , 
1'7 

• 
• 

• 

. , 

FIG. '2-7. S~agc4 carcinoca e~ thc cc~vix. The tucour has 
extcndcd bcyond the truc pel'l~s(:or instance, te soft tissue 
of the vulva-oi to a lymph node above the ~~lv~c brim). 

, 
(See ref.· 8 for above figures) 
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(5) 

may be intermittent bloody discharge or spotting; large 1esions with 

central Aecrosis ~y be the,source,of a fou1 ye110wish discharge. , 

Invasion or ~pression of ~he pel vic nerves'late in t~e course of the 

disease causes pain in the lumbar regions, legs and hips (1,4). 

Ih·recent years a considerable amount of effort has been directed , 
'towards findi~g carc~noma of'the ceryix at an ea~ly stage befo~e any 

symptoms have been produeed and before the lesion is visible to the 
l , 

examiner. This has been accompJished by the use of stained smears 
" 

. (The papanieolaou smear) of exfoliated cervical ce11s (10,11) and by 

microscopie examination of tissqe removed by punch or co ne biopsies • 

. (In. very sman -lesions the sample may mi~s the ab normal tissue). 

• 

. 
Considerable eontroversy has been generated however, as to whether the • ,-. " . . 
ear1y dysp1asia of cervical tissue seen under the laboratory'microscope , '. 

necessari1y progresses, if untreated, to carcinoma of cervix (12-18). 
- - - --

Current belief is tliat itdiiës'anotlïat instances in which it does-"llot 
,. . - ... ~ ... 

happen are due to the fact that the abnormal tis$ue has been removed-by 
l' • 

cone or punch biopsies etc (19~22). 

8: ESR AIiD CANCER· 

1 t Tissue Worl< - \ 
\ 

The first experimental a~p1ic'ations of ESR- to cancer were stimu-\.!<k •. ~. • 
lated by theorettca1 considerat on~-concerning the ro1e of'free radica1s 

in living matt~r (23-29). These. adicals originate ~ither fram the 

outside~f the ce1l or fram the in de (30-35); they are high1y reactive . .' 
" ;".... . 

(36-39) and 50 are capable of alter ng cellular bi6chemistry. 
04..- , •. 

~ .' ;l' ~ . ., J -, 1 .. ~1 

\ - , -.: 
1 .' 

• ." 

, . -.. . 
:-., 
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(6) . . , 

Investigations of nohw~l and neo~lastie tissues (40-77) show differenees 

in ESR signal intensities. 'Usually tpe fonner give larger sig~al,s.) :t' 
than ~he latter. The ex~~~ions (65-69i to this rule may be a restl!t ,~::. • 1 

the dynamks of 'tun1ovr '. growth (78-80) ,(See Fig. 3).' • Ar 
1 

,!) C' <, 
Paramagnetie transit'ion ele;nents are present in different aw.bunts , 

in S~T.e tumours than their nonr41 counterpa~ts (57, 58, 81-83)~ 
• ! 

For exarople !/ebert and H~son (58,81) observed ,that at high miero-
.... 

j\'ave po~:ers ESR'signals from ll'Ouse. hepatoma .. er~ less intense than the 
" ,~' ' 

"nonnal n ones. ! ~:#. 
l~ul~y and M61a.y'"'(83f f~'.lOd that rr.ouse Jll~l~noma (591) ha~ resonances 

at 9 ~ 2.05 and 9 = 4 while amelan6ie derivatives (591A).from the same . - - .,,,:; . ,. 

animal had neither of these peaks. Th~ l~e shapes of E5R signa1s from 

oalignait growths may qua1itati~1~ not be si~r, ta th~se observed for, 

homo10gous nOI1l'~l tissue ,(82, 84). HTHp~etU sign~~s for. example have 
. ' been observed in the E5R speetra of neoplastie tissues (43, 59, 85-90). 

5U'Ch signals ~o not appear to b~. intr'inS~eaÙy related to J;umour-

proeesses sinee they have been found f~r tissu~s in other patho1og~cal 

states (91-95), They may be due to NO-hem6protein co;,:rp1exes with 
7 - • \. ~ - ... 

su1phur an,d irQn involved (92-94). , 
, ' ' 

Another di:ferenee between normal and neop'la~tic tissues 1S a shift 
, , - #-,. 

in g-factors in the g: Z region (71, 7 •• 78. 96). jhese'shifts are 
• 1 l" ' ' 

geneNllY, quite small alfhough Driscot1 et ~1 )i8) bas reported a ten: 

fold .change b~t~~n norma1 aod cancerous u"ue:L;o ph}lized s~pl~~ 
were us~d so thé origln and rne~ning of the/shifts ~re ~ot clear~ ~st 

studies do not show 9-factor- c~anges. 
. 

's not unexpeeted sinee . / .: ,~ .. • 
~ .. 

. -
-.'" 
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FIG. 3. Kinetics of èORèent~ation ot ~~ radicals in 
peripheral{l) ana-central{2} part. ot tuœbur{valker 
carcinosarco/ila)Land change in veight ot i:Wllour(3). 
Ordinate (lett-R) relative amplitude ot EPR signal. 
(See ret. 80) , _ " ' , •. 
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(7) . 
broaq l ines al'e seen in most tissues ahd or 

• 
dicals as a rule 

, 
have only ~ligfitly differing g-values. Away from·the 9 =,2 r ion .. , " . 

larger 9 factor. changes have been observed (58, 81, 83). . . , , ,:. 

4 several examples of these signals ar~ shown. 
, . 

/l,ost ESR inv stigations of cancer have'been done on tUJrlOur 
, 

ct only elatively few on b1oodor its èomponents (97-103J. 

Dur og Can r, several non specific disease changes ocCur ~ blood. . ~ 

Examp1es of these changes ar~ ~ ~. ri se in glyçoprotein 1evelô' (104-, 

114), (b) a decrea~e in haemoglobin content and sedimentation rate of 
, ~ 

-- l'ed b100d cel1s (115-117), {c} a rise in cer.uJoplasrnin (lOO) and (d} 

" , 

.' 

~ . 

, '. 

• 

a réppearance of "feta1" proteins (118). Changes that are specific 
" .. ~ ~. ." 

for thj! type Qf cancer may a1so oecur in 'bJood as the disease progresses 
, ~ , 

(119-1,24). fievertheless if thesE: changes are not associatect witb 

free radical fonr~tion theyare not detectable by ESR. 
" . '" ' Saprin's 9roup when ey.am~ipg t~e respons of Wàlker,~carcino-

, " '1 . 
sarcoma to' ThioTEPJI.. a1so studied peripheral 'b1 ct (80). This studY!las 

, - ,. . ... 
,probably suggested~y.t~e e:rlie; work 

who investigat~d the conc off 'r-ee=radicals 'in peripheral 

, b100d ~f pa~ients Wi~h chr?ni~ lYrn~~gen~us ·i~ukemia. A 30 t~ 40 fo1d. 

increase pf free radiea oncentration was found.in the leukocyte.f~action -'. 
of periphera1 blood of th ~seased pati~ts as corr.pared to the blood 

, ' ' 

of tb~norma1 patients. In similar' fashion ta their work on tissues, 
, . 

Saprin et al 'ex~ined the dynamic variation of free radical concentration 
'\.-.:.Y ' ' . , . '.. " l , . " . ' • r 

" 
\ ' . .,. -,) • f 
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, 

" 

) 

• 

" 

• . " 



' .. 

t 

, 

~. 

/ 

, , . . --'-! , 
• 2~O ~40 UO 220 2.10 20~ 1.90 

""t- ç ''''f~! ~ 

E~r. zp~çtra of various Donse tuzoars ~ 
and (f nor:::al-couse li yer and ça..>"diac 
tls~es. Rapid !:t'eeze technique used. 
(See r~. 58}." ," ." 
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ESR 8pectr~ or tissues fro~' 
rat:(a) norca1tissue froc ~d 
(b") neoplastic tissue from 
kidney.Su--viving tissuo tech:~ 
nique used.(See ret-65). 
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rats who were growing Walker 

~ar.éinosarcomas. Their findings a e summarized in Fig,'S. wallace • 

et al (qq) using their own work as well as 5aprin)s r (sa) have. 

attempt~d to establ;sh a geQer~li~~d blood curve S~g the va~iation 
of free radical concentration in peripherarbl?od as a function of 

-'------
tumour size, 

• Their findings are summarized in Fig. 6. wall~ce's curve while 

quite intr4guing must neyertheless be considered suspect.since it is an 

• 

." . . .... 
extrapolation of rat data .to human d~ta. 5uch an extrapolation may not' 

'.-
be valid. ' ! { 

.! -
" 

3, Free Radicals as Carcinogéns 
, . , . 

Earlier work. (37. 84~ 125? 126) has shown that free radicals are 

probably involved tn aIl cellular oxidation-reduction reactions and . . 
1 • 

Commoner (45) has noted that there appe~rs to be ~J~attooshiP between 

concentration of free radicals in a ,tissue and its metabolic a~tivity. 
~ . 

The experiments of Truby and Goldzieher (50) show hOWever that this . . . 
rel~tionshjp, if it exists is not ~ simple one since neither the 

. 
stimulation of the guinea-pig adrenals bX adreno corticotropin nor its 

" , .. 
suppress)on by hydrocortison& sulphate hadrnuch influénce on the 

intensity of the ESR spectrum of the adrenal t'ssu~., A cl oser 

correlation, as Commoner and Ternbur.g (44) note, is observed for free 
• • • ... ,~ .. 

radical and mi tochondri al. concentration in animal tissues. These . , 

in~estigators found that resonanée·èould.not b~ de~ected in the lfv~r, 
'. . 

kidney or heart of rats at birth. were ~ller a day after birth, but . .~ 

reached.~ constant i~tensity after 8 days, 

5imilar ob~ervatiQ~s have aIse ~een noted by Brennan et al (4~). 
• l ' 
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FIG~'5. A--Kinetic curves of chang& in concentrati~n of free radicals in • 
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• 
• . 

Dawki~'(127) observed a parallel increase ln rat liver succinoxidase 
, .. ....'.., ... 

'activity with tJJis mitochondriaT concentrati'on~ These:facts. ,a10ng 
, , 

wHh the obseryed simi.larity if ti'ssue spectra with ,tbose from 
• 

isolated mitochondria and from redox~ystems found in mitochondria , . ~ , . ' . , . 
indicate that the origin of "tissue" signal is in the enzymatic redox . . 

. . 
activity of mitochondr~'al rti'cles.. .. ".. , J 

ESR ,of free radiç,; ls i~ nonba.l animal tissue e.then be onl?" 
*', . \ . 

another way of measuring mitochondrial'populations. . , , 
• 

, ~ J • 

,ln malignant ti~sues fr~ rad~cal type and/or quantity appear 
'. . -j . 

to c~ange during the progr~ss of the disease. To date no consistent 
\, . ~ - . 

1 ' 

explanatton has been offered. Oppenheimer et al (128) reported 

~arcinqgeneliS after im~lant~tion of ~lastics in rodents. However. 

when a series of,plastics of,differing free radi~a1 concentration . , , 

.was used tumour incidence did not appear t~ be a1ter~d by this change 

• in éoncentration (129). BOY1and·tJhO) and Peacoc~ (131) ObS~ryed 
:similar J:esults but with different cprc1l1ogeJls. . , 

;~ .~One prof>.lem in !ihe above exp;rimellts is that' only l'elatively' 
}' -- . ~ . . 

stable free ràdfcals can be observed under these con~ions. ,5uch 

" 

' . 

, 
" , 

, 

, 

• 

, 

, 
• ." 

Ifree radicals are" sta'ble because, they are not V~~y re~U~e. Expet:iments '. 

"of the type outlinePab9ve are therefore .. n.~t liKe;y to shed':nll!.~h , "~. " • 

light on the importance of hi9hty reactive free radica1s in .arcino- ... 

'genes~ and the ~i9~ ;eactivit~ radicals~eôntioues to be O~'i~t:rëst ::' 
'0. the auth?r.and ot~er ES) irire~gators. i~ \his âeld. '" .• 

, \,. ~ -,' ~' , 
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For I1.xample Ka'lmanso~' (J35) has rElPorted tha~.t i!it:ration of . . -. . • '. • .'" • #', _ f" • tumour i,nhibitors roch as prlipy1 gal1ate cause an increase in the ESR 
" sig'na1; 'se~ii in'sey-~ràl 'types of, tumo~r!;, This abs~~~e of clarlty -:;~ ~ .... \.'\ ,. i •. 

· " 'experiment~f findings"haS' i~d i:03he p~oposal of several dHferent 

• 

'. .. ~~:!!I - ' .... ~~ 
_ ~' : ~~~,:$ie~ .~,~c~r,~in:, tlJe~orn: 'of free radjhls i~ carCinOgenet~~q' 

'Bur.lakova (136-138) for example has'suggested that high intracel]ular ' , - ~,' 
f ...... ,." 

:'::',r' levels of fr~e rpiic~J.s leads to an inhibition of the rate of cen ..... . "':- . . . , ~. ,.' 
"':r • ' •. , 
"=-, .. ~:-. ... ,... ... ; ~ .. divisiolh- She ë1tes as .evidence tllîe f.act that an illcrease in antioxidant 'i ·"1" '" ,. :., . .. .... , abi1i~y is, 0I~n associated with cardno~en.ic .~bi1ity.of drugs. 

Hannan (32\'has th~orized that cel1ul ar ll1u ~tions s,!ch as' those 
~ ..' . . , 

produced by can~~ and aging are related and d~ te thè action of free . ' 
--, ,';~; radt~l~ on.DlIA a~ l~S ;kcursors ;herebY ~ffe~t;ng cellular: inetaboli~: . - . 

• :! .4. dar~inogens a~ Fre~ Radica1s _ _ .' , _ 1 
, 

, , 
... 1 .... 

• 
" . , , _ . 

" ,..., 
0,( • •• 

'Several studiel.(23;l39-145) have 'indicated ~hat carcinog~nS in ~ ." 
. ~st instan~~!JY ionn.~t;'~e radjC~lS ,and.~at the case Or/free 

. . ~adical 'fo~ation can ~ft~n ~e'~orr~~ted wfth the capaci!l t~ thduce 
-tumour formation, •. - '~>14 ' •• " " ~. " ~., '. :.,.,ç. f \. 

• ' J". ~. \ 

,'-- . 

• • 

• 
? , _. Soma ~r'~iRogens s!l~ as c.fgarett~ ~I:e, thloacetam-jde, P;d!~hy,~ 
ami no a:io~eRZe)le .~tc gf'o!'e risl: ta d\StfnctTvë ESR- spectra.. tn tis~ue (2ô~ _ _, " .~ •• ,-v' '0- v· , ..J. ~ 
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~46.). ~Irit~rest~nglY Vithayati~t al (2~rf6un ha ft:~ ~ adnlill: 

lstratlon of ~lno azobenzene ~ rats. tbere wàs a change ln l1ver ' ,. . . ~ 

tissue ESR Spectra:~is chan9r appeared ~e11,before an~ his~0109ic~1 
" 

or biochemiça1 manifestigation:of the deve10ping canc~r in the liver 
• 1 •• 

<. 

, , ~ 

• An~int resting finding is that çertain ~01ynuc1ear hydrocar~ns 

when h~ted to t 'atures above their,me~ing points gavé we11 resolved 
1 ' ~ el' . t ,v . . 

~ESR spectra (~47~~9). Forbes.and RQ~ (147) snowed ~hat 3,4 benz-

pyrene, a.we11 t~own~carcinogen found in t?ifacco smoke, when heated,i~ a 

vacuum gives ri ich on exposure to air changes. 

, Neither ~pectrum • ;iden' with.-tlJe spectra of benzpyrene aniot 

or cation radica1s ~t ordi,na~y tempel'at~;es (3006 K). Th; 'Shors have . 
suggested'that the carcinogenicity of ~bacco smok;may.te due to th~se 

1'" .. '. ' ". . ' "'If .. , ~ 
react.ive radica1s pro.duced by heating.:.~ \ . " ; 

• Ingram (1. and 14~a~d {14S} h!lve~tigate'iwe P~ductio~ . . . 
free radicals by charr~anic mate~lals and fo~nd that fr~dicals 

, " 

are present in high concentration in such foods, as. toast. The medica1 

signifjcance of this ~as not bee~'ascertained however. . " ... . .. 
~ .... .. 

Va~ious authors have'attempted to explain the mechanism of cancer 
, 

• lnduction'by carcin~en free radicals. Among the hy~thesis published 
~.... ' . 

are the fol1owing: 
, . 

• 
(a) Certain free radfcals can.fonD charge-transfer complexes whfch , . 

lead ta tM inductipn of cilncer (151-153). 
,; . , 

(b) The i~ftiation of cancêr bl cpngugated hyd~carbons 1s a 

" 

, . 

. . 
,. .. . " 
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• 
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çons~uence of-the transfer of excitation enèrgy by resonance . - ~ 

from trYf'P?n tOI~h: carcinogen- r~SU1ting 1,n the fonnation of 
a s cifkAprotein ..€arcinogen comp1ex,(154, 155)" f*' ('~" .. 

~ ." fu.ll:sJ~'"'farcinogens -'react with sulfhydryl groups of proteins by 

free radical mecbanisms (23, 1561~ .. . ' (d)· 'order that aromatic radiëals may be carcinogenic they must . . ) 
po es a reac ive b~nd in the K region but must be devoid of 

~ reactive para positio~s (acti~L region) (156, 158), - • 1 

(e) carcinogenic activity is associated wi~electron transfer 
from the highest fil1ed energy level'lf th: protein to one 

• Qf the empty leve1s Of the "carcinogenic" hydrocarbon, there-
.by resulting in an ùnpaired electro~he molecular orbital 
of the protein (151, 152, 159), 

, . . The above bypothesis have certain features in common: they all . . 
suggest that free radicals are in~olved in carcinogenesis, Recent . , 
irork (160-T62) does oot entirely support this view, Free radicals 

-- are prob~ly inv~lved in sorne types ?f chemicai carcjnogenes'is 
.. ' especially, in vit}.W of the demonstrated int~raction between free radicals' . 

' 

and ONA (163) and jn view of the faèt that man~'carcinogens ar~.strong . 
electrophf1es (160). It is evident that chemical carcinogenesis is of 
such.l!. diverse nature that free'-radical mech,anisrns must be considered . 
within the overall physiochemical properties of each class of, compounds , . "1 • 
(96). t . - , 

5. 'Irradiation and Cancer' ~ ) 

That ;on,iZfng irrad'iatiOn can cause the inducfn of t~Qrs 1s 

't-! " 

-- ., -- -...... 

.. 

• 
• 
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(13) 
• 

.' f , 

• -. 
,"" _w~l1"documentet! (164-174). The nature of the induCtion mecha~ism is 

, ~ot knoWn althOUgh' radi~biolo~ical consid~rati';ms pOt nt to alterat10ns 
• ' oJ A( "- .-
Jn B!IA ~~Jsuhs~ue~-isl'Uption of cellular metabolism (175, 176). 

Frèe radical fonnation is proBably involved and a considerable amount . ~ 

of ESR studies on radiation damage of OUA has been do ne (177;181) . ..- . 
~ .. ' .- ~ ~---
• ' Recènt work (182, 183) has shown that irradiation of radiosensitive . ; 

tissues (i.e. tissues wfiich are easi1y damaged bY ionizing irradiation) ..,. . 
') . '\ -

1eads. ,to 'the. fonnation. of an ascorbate radical. ,The intensity of, this 
~ " ~ , "..i)fo 

- irradiation induc.~d ESR signal varies with tll~ conêentration of added 
~ ~ ~ ~ 

flavfn mononucl'eotide and it has bee~é1uded that radiatiôn dame,ge.._ 

, may be ~ fun~tion of tissUe~{(éontent (184). 

- 6. General~Prob1ems.tnvo1ved in the study of ESR in relation 
- ta Carcinogené'si s . 

.- (j) Techniques of Measurements. 

The methoa of sampli preparation ca~reat1y affect the ESR speètrum. 

Îdeal1y, ESR spectra 'of tissu~ should teu)the experimenter something ~ 
. Q ~ 

... aboüt the behaviour al'\{! enviroll!)lent of free radicals as they are 'found -
~ . ' 
M .. .,; 

in living matter. Eac~ of the methods now available to t~e investigator 
, -

comprpmis~s this ideal. In the main, three prepara tory tech~iques are 
. * ~.;, , : •. ;; , ,::/', 

1.-:.-
.~-----

.: . (a) the 'rapid fre'~ze~tectmiqUe . 

. '. ib) t~è"su~iVing ~issue t:Chriiqu 

• ~
USéd: '" .... '. ' 

. , . 

.' 
'r • , . 

" 

.cc) the 'freeze dry'teêhniClVe • 
. 

The Rapid Freeze Technique • 
• 

Spectrometer sensitivity is adequate with this techntque being of 
_. ... l' • • ... . , 

~ - ~ ---
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th~ ?ame order as for dry sam~les. If measurements are made at 77° 
• 

K (as compared to ~oooK~ there is a fourfold gain in s~nsitiyity due 
~ . . ~ -

to the Boltzman factor. Th~problem of non resonant absor~ion by water . -

in the tissues~ is also minimized silice water's dielectric constant 
1 . - , 

drops from 80 to approximately.2 when ft is frozen. The rapid reduction 
, ' _ '\ _ i!J 

of sam~le temperature to 77° K stops al. cellular ~rocesses. thereby 
, 

~lowing the investigator to take many more samples and re-examine them 
~ ~.. ., .; 

by ES~ at his convenience. , ,', '1'( 

• The possibtlity that this technique ca~ produce artifactual ' 
~ .. ~, 

changes in the ESR spectra should be borne in mind. ,In aqueous state . ~. . ' 
samples at 273° K or higher. transftion met4~ jÔl1~àre not as a rule 

Obse~ed althou9h Mallard and Kent (65) re;~ed lines at 9 ; 2.01 and , 
9 = 4.Which they attributed to paramagne~}f metal ions. These ions have . 
not been observed in freeze drfed ma~rial either. apart from whole blood - ~ . 
(52. 185). At 77° however. most transition metal'ions are readily 

'. 
detected and thei~ resonances may obscure those ~f free radicals that 

~ .'2 --./ 
are of more dfrect interest in this field and com~licate the inter-. ~'.. , -

pretation of these spectra. swariz and Holenda (55) have'shown that the' 
.. " • #-

two types of ~ signal can he differentiated by mean; of power saturation 
" .' '\,. . 

studies'since at 77° K the relaxation times of the transition metal ions , . . . 
are much shorter than those of the usual tissue free radicals, Except . -
~. J _ 

l.1lr th~actors ~in~ed ~t above lPar~gnetit ions and 1!~xation time 

~ffects) freezing has little.if ~y affect on pre-existirtg free radicals . . ..... 
(18&, 187). If oxygen whic~a f~e raaical scaven~e~~s present, the 

1 

• - -- . .. 



". 
(15) , .. 

number-of free radica1s can be marked1y reduced by the time of 

measurement'{188,189}. In spite of the great sensiti~ity oft 
.... . 

, .. :' 

~ the rapid freeze method v~ry few measurements of free radical 

\ 

• 

P. 

concentration have been reported. . . 
The Survivinq Tissue Techn1que 

In t~ist~hnique tntroduced by Commo~er et al' (160) in 1956,· 
, ."" 1 • 

the organs to hé. stu'dted are removed from the animals as. rapidW as 
. . 

possible, cut int~ thin slices abou~.0.5 mm thick and then suspended 

in Aéither a 5% glucose or saline solution çontained i~ a flat ESR 
• • 

cell. The tissue may be stored on dry ice for 3-4 weeks witho~ any' 

apparent Change in radical concentration. Kerkut et al (53) observed . 
• j " 

that at rô~ temperlture free radical concentration can decay bi as • 

much as 50% during the first hour. 
.. ' ,~~ 

One of the difficulties with this technique is that the signal . . 

to noise ratio is usually very small and there has been considerable 

debatê on the optimum design of thè ES~cavity and associated cel1 (44, 
, 

. 
, 

• 46 .• 190-194) •• Another difficulty is that tissues become rapidly anoxic 

, 
• 

. 
and the s~ectrun is liable to change during prolonged observation 

.- .. ,,~ 
~ 

p~i~s. '. 
. 

. ESR spectra from surv1ving tissue are not distinguishable from • 

-
those obtajned from free rad1cals in redox en~ systems such ~s cyto-

.. 1 • ~ '" 
-. 

chrome reductase. and B~hydroxy bu(yrate dehydrogenase. There 1s litt1e 
• l .. . 

doubt that these spectra are due to-the semiqu1none free radicals as soc-
-.. ..., . . 

iated with these systems (44). ~ 

.". 
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, 

• 
1 

The ESR si n~rs .. seen in lyophil ized tifsue are probably 'simi1a~ 
in origin to those eep in surviving tiss~e and furthermore have the , ., , 1 
advantâge of b' ~~ter intensity. The additional signal inten-, . ( . / 

'sity may be cau~ed br tHe'freeze drYing brocess itself. Wyardj(84) • ~ 1 
l ," 

~ 

has suggested that cert~in enzyme cOfastors are transformed ioto free 
_ 4 1 

:radicals during th~ fre~ze drying pr07ess. 
',' The Freeze 'Drying TeChnique • . 

, , The dielectric constant of the samples are so'reduced by free~e 
drying as to r~nder practical the spectr~T.eter operation and to Yiel? 
a very good senSitivity. The signa1s observed are broad and without 
any exceptiona1ltharacteristics; their origin is obscure but their 
intensities, and line widths varymarkedly from samp1e to sample. 

" In t;!,Ii§ thesis, we at~emPt:::to ~orrelate_,th~' si.$n;1 intens,i~, 
linewidths' and 9 va-lues of the "crossing points" to the type and 

" . . ]ncidence of cancer. A r.~re detai1ed treatr.~nt of lYQphilizàtion is 
, . - "'-: given in the section entit1ed discussion (See Page 24 ). . 

. .. COJ:lparison of the ,Three Techniques 

In summary, the conditions in the surviving tissue technique 
are c10sest to .nonr~l though the ESR rneasureKents are essentially . ' 
under anae~o~ic'conditions. C~~ner~nd Ternburg (44) howeve~did 
not notice a~y difference 1'Ihen1he sample "'as saturated with 02 or H2 , ' 

immediately before recording. • 
The Rapid Freeze Technfque 1S the r..ost sensitive of the three 

'" t~chnlques but under certain circumstances gives results tha~ are 
, • • 

" 

. . 

• 

• "', 
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• (17) 
• • ..' ... 
d;fferent from tHose obtaine4 using the other tWo techniques., For 

ex~ple W~~h the SU~~/~i~9 t;ssue ~ec~nique ~a1i~nant t~ur tiss~e~ 
usua11y show a low a~ often,bare1y detectab1e.ESR signal. ,On the 

. .. 
othe~ hand a sma1l bu~ c1ear1y defined signal is usual1y prese~t when 

the freeze dried techniquë-is used. • 
; : ."... 

With tbe Freeze Dried Teéhnique signal ;ntensity differen~es • 
< 1 

betWeen neoplastic and normal tissue are usually less than with the 
, 

other twn techniques. "\ l . 
4) ,., ~..,. 

6 (ii) Interpretation of Spectra. , ~r. 

Free Radicals anod tra~Si~ion metal,~~~be,pres~nt in ~he 'v' 
sampl~~. The Chief differences betwe n the~esonances ts that free 

~ ,.. .. / 

radiçal4rhave 9 values very close to' e "Treé spin" val~e (2.00232) 
~ ,. C) 

whi1e,individual transition meta1 i s have definite 9 values which 
/: ' > 

fall . between. 9 - 1.93 and 9 = 6. Some of these metal ions thus have 
• • spectra quite close to 9 = 2 and can be m1staken for free radicals. . . . 

In sach instances power saturation studfes may en~qJe a differ­

entiation t~ be made between thé two type$ of ~ignal_, . , . 
The identification of free radica\s in biological S8mp~S is 

,. ..., • 

• 

• 
• • 

often not possible since the ESR spectra usually consists Qf a single 

)eatur~less, ~!ne: 'but ~y very p,recise me~,su;~nt~ o~ 9 values, l"~~~ 
'-;--l. widths and l!ne shapes it ma, be possi91e to distin9ufsh between 

• 1 • ~ , . 
spectrà of this type and corre\ate t~em wfth biologfcal phenomena. 

1 • • .. tlyperfine splittiog is sanetjmes observed. If th"ere is doubt , • , . 
as t,o whether lines in a 'spectr~ are due to f1lperffne splittfng or 

" " , '... .. .. . ''" . 
ome fram different raditals this can be~solved by.comparing ESR 

/ . 
" " 

/ , . , • • 
/ • • • • 
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rr.easure/J.ents:a.t different frequencie~. The absence .Of variat~ 

hyperflne splittin~~iIDplies th4t the speetrum is either isotropie or 
.... 4 ~ " > • 

~ ,. ~ . ~ . 
that th~ radieaT i~' tumbling so rapidly that the anisotropie part of 

• , ~ 1 

, c., 1. ~ 

the hyp?rflne iht~r~etion and thè 9 val~e ~ariation is averag~d out. 
, 

In solutions the tu~bling, Tc. is apptoxiw4ted by the·following 
,. .. ~ . . . 
expression. "" 

, 
. ' 

, . .. 
- ~n 15 the viSeOSi"tyjf 'tJle fluid and a is the radius of the 

• radical. This equation is.true for sr.4ll noleeules sueh as simple' . - . . . . 
semi~uinones but does I10t hola for large moleeules 5uch as proteins. • . . . 

• 
In biologieal tissues of co~rse sèmiquinones are likely to be tightly -<" 
bouRd to proteins so that,tunbling i5 restrieted. Looser forms of 

attae~ent are s~ti~s possi~le (195). 

Par~~gnetie ~eta1 ions in biologieal r~dia often g{ve rise to 

very,~~1~ speetra. 8einert and Pa1~~r (196) have made a e~pilation 
,. ---tI""" 0: tl'ef,speetra •. 8y e~;;paring U~known ESR Boos ~th these known 

spectra, l~ ~ay be·possible to identify the par3Ç4gnetic ions present • 
, • 

The pllc;sibility that artifaetual signals may be present in the 

spe~tra r~st aiso not be overlooked. 'À fIeQuent s~rce of such 

signa~~ 1S tt~ para~gnetie contaMination of the s~ple cavity and/or . . '" -

bolders and Hba~l:9round spec.tra" Ir.!lst he run.frequ~i1y. The sa'!lp1e ... . -
itself F.ay inf1u~neè ca'lity diel.ec.tric 10ss e~c. in such a Way ,,:ta ' 
r.akl! the'reprcd~cibility of instrü=~tal conditions quite difficult 

; 
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(19) 
• 

~nd so spectra may'vary from'one ~n to another.' EXt~rnal paramagnefic 
~ .' 

~ropurities mày contaminate ~he sample durin~ it~reparation. In s~ , 
instances ho~ver, sample'contamination ~y arise from paramagnetic 

• 
substanses ~at are in~igen~US to ~by ce)l but not an essenti~l part of 
the molecular s.~eing studi~K197-206), Mechanical damage to .' - . ' ,', . 
bfopolymers can also cause free radical~ to be produced (207,208), . . , The. introductio~ of oxygen into a sample ~o avoid anoxia for example) .. ," w:. -." can as has been pointed out before, ~fect radical formation '188 • .189):'- "1>1 .' . ---- " ) 

,1 , Relaxation times of radicals- in f~zen solutions can also be ~f.fected by ., . / ri , the presence of ox:ig~n (209J l' 

'. 
" 

• f 

; , 

l 
. . , ..... 
. ' 

-:-

• 
'. 

• 

.\ 
1 • .. ' -

. 
. ) 

• 

, 

, 
. -

, 

~ 

-J 

J,' .' :. 

A . 

, 

oC 

• "'., . 

• 

• 
: 

• 

• 

· . 
.. 

, 
; 

• 
• 

• 



, , .. 
" . 

/' 

• 

. . 

(20) . , 

, , . , 

• 

'. 

.. 
C. REASONS FOR CHOOSING CARCINOMA OF THE CERVIX (UlERl) 

As me~ioned on page 7 Saprin et al ~io) showed that'free radical 

concentr~ion in lyophiliaed periPh~;al blood of rats wlth Walker " .. . - -

. , ',-, 

• 

... 

carcinosarcoma ris:~ and fans' as ~h~ fur progresses, reachln9.,--i..:.:ts"--____ '_' 

maximum~~alfwaY between ~he ti~ ot4mp1antation of the tumour a~d 

deatb. ~ince Saprin et al blood measurements were made ~t the same 

time as the tumour tissue mea~urements in the rats with Walker carcino-
• ~ • J 

, ." • ,; # 

sarcoma an~ since both the,t~ssue and blood ;findings were prese~ 

,with a cornmon abscissa, i.e. t1me since tumour implantation, Wallace 

was able to transpose the blqod, curve to the generalized form shawn 

in ,Fig. 6. /ln his studies on bre~st cancer in females, Wal~99) 
_ ,r .. 

found that free radical concentration in lyophÙlzed peripheral blood ,t 

decreased as the t~ur pro~?~Ssed. He was-ihus able )0 o~serve the .. \. ~~ 

descending 11mb oi.t~~,~e~erj ized h100~ curve (See Fig.7 r~ However, 

ija11ace used on1y 15 patients. The ~rk presented in this section of 
" -

the thesis is an âttempt to'f1n~ the ascending 1imb of the generalized __ _.0 . . , . 
blQod curve;an4 to have a cytologica1 ç~erion ~f early cancer which 

would be avai1able without und~e i~~n eni~ce to-the p~tienf •• 
~ Cerv~cal c~nce~was Ch?Se~~Use t e early st~ges of the mali~n~~t 

process may be readilY mo;itored by t. se,of pap~icolau.smears, ~one-
, , . 

• 

, . ~ .. . , 
biopsies etc, and Kithout much' inconvenience to the patient_ PossiHle 

... 7 " ~, Il , , , 
blood findings an then be readily correTated with tumour growth. ' The 

• # •• \,. 

women's pavilion, at the Royal Victoria Hosp,ital, -Montreal, Quebec. .... ..... 
" ' . -" .. . .. 

has a rather large and wel1 organfzed cYtology clfnic f~r thfs disease • 

~. 
-. . - - , 

-. 
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GIa. 7. P10t o! relative conc~ntration'ot free radicals in the 
~eriphe~al blood of patients vith clinically established cancers 
--- as a tunction ot clinicat atago.{Bee rel. 99}. .' . 
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. , 
-, 

, 
This greatly facjrttat~d our studies. Since blood is routinely drawn 

1 from patients at this clinic~ no ethical diffjculty was encountered 
i~obtainfng our samples. j - < , 
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" 
, METHOOS AND RESIJLTS 

• 

" .. ' ~....~ 

183 samples'of wh91e blood,from humans .have ~een(Xaminé~.bY'~ , 

électron spi~esonanc~,and statistically analysed • 
, ~-,,' . j . 

. ...:.., •. . jT: \ 

" , 
The pathological classifi~ation of these samp~s are given below 

(a) Normal epithelial cel1s 
. .". ). 

(b) Mill dypJasia of tlfè cervix u.te~'i _ 0> 

!..-., 

56 

35 

(c) Moderate dyplasia of the cervix utèri -16 
, . 

(d) Seve~ )lyp l asi a' .i n the cervi x uteri 11 
, , 
... ;.;; ... ,(eJ Carcinoma in .si~ ?f the c,erV'ix uteri 2Ô' 

'. 

(f( Invasive carcillQnIa in the cèrvix uteri 15 

(g) "Jl:pparentlY; normal females 
, .l"', . 

n. 1 

30 

ESR characteristi~s determined fromîthe examples are given 
, ,-. . . 

• in Tables' 1-7. The'statistical analysis of the results are given on 
"1' , 

Table 8. Sample pr,ep~râtion was done by. Or. C.G. Kalomeries. 28 
. .. .. , '. '. 

/ 

• - t .. 

~asurements in Tables 1-7 a~e taien from Or.,E.C.S,' Pederson's results. _ 
• "'- ;." ~1 .. /. 

On the CH~l' side l1elp was received /from Dr. J.P .A. Latour and 
• • ".... l' .. 

~ 0I~ ... 

Dr. K.G. Marshall-of·the Royal Victoria Hospital • . ' ' ." 

• 
. , . 

In scXne caS:es' fra~honation of whole blood was car,ried out by 
~ '\ ~"" ... , 

'centrifugation. in thesè .instanc~s EOTA was used.,. a 
·t··)- ,;'''''. -' . .. ~,.. 

• 

This substa~~e.,d.o!!s .not gfve ~ny ESR ~ignal under experi enta~ cond' 10 . ""-~ " ,. .. .. . 
t..' . \ '. . , 

'. 
" 

! ~~ 11 
... ..' 

1 

• ' . • 

.' 

• 
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'(23) , \ 
fi.. 

. . 
• 

J ~ 

-~ '" 
. 

, . 
, 

, 
" 

'. 

r- .' n" r ... '. ' . / 
f ~; ,~/ ~ ' .. -

-~ T1Ie blood-' fraétions obtained were plasma pJ\te.lets and .r.ed ,btaod' cellS;- • 
~ f ".,' ~,~ - .. " 

, ,,, 

. , ., 

. , ~ ~ ... ' .. . "'-

(which fncluded leukocltes). Th~se fractions were th en ly~philized f.or, ~; 

". ' 72 hol/S. In the' ca~'s where *fc~ionation ~s not done he ote bl~OdV.· 
~ /. " ~ .. ... ." 
". -- " • sarales as ,s~n ~~,tbey were pbtained were dip~ed in ~i.qU' flitr~~ • 

then l'yophiliz$d;!~r 72 hours. TlIe. sa;Ples_ wes-e then gent}, tapped tô.j . ' 
r- j ... 'f - ~,,~ :JI. 

• J:kft~ powdery and after this ~rarfSfeff.~d' to ~tandard va~ian _ES~: ' 
. _, /' , spectrosco~l~:~dé qUant.ity :ubes havtng an :xt,e~~1)~iell!,E!ter,\ of ~: • 

/ an inter~} ... d~~te-i of 31l1l1, 'ari~ l,ength of 2~Onm. Bei!'9 mindfull. that, 
i '- .... ...... \' 

mechanical d~~age (207, 2~) can cause free radical formatiôn \n 
• .... 1 •• 

\ 

biopolynrèrs,cau:tioh was tàken to 'see th~t this "ttid,not·()ccur. 'Each 
, .. ' • • 10 " , ~ 

sample afterli~h,l izaticm was'paëf<~d ~o a he'ight of ,~Pllroximately sOnm . 

• Rulaber6?S'were changed bE1tween th~ handlf.ng·gf :amples'fn.~rder ta • . " ..; . , Il'' ~ .. , <1 

avoid cro~s contamination and a surgicaJ mask Wa$ also worn. To rnnnimjze 

expoSu.'!I~f th~ samp~ ~o mois.tjf~~ a ~~s~a~t .çontaining an,~YdrOUS .' 
, . , ".., ~.. • -~ ~ < 

m,gnesillin perchlorate, was used for stOirags •. The samp'le containing t!lbes-, 
, f ~ .J.... ~ _., .. _ +' .' •• ' _~... ~ _ h 

, • ~ wer,~ ':h~i remove~ ev~cu~te/f..of ~en mi~ute_s:..~nd se~lé4. A total of~ " 

, , s~mp'~ei of non }~O~Zêd' Jesh ~ole blood were exa~l1ed by'. ESR at , 

, 

• 

, . H~Vtp nitrogen tèn~era~r;~n~. roOIII ~~e.ratu~e às safln a.s they .we~&· _ 
.. .. -'1-.' • "~ .... " ,;. .' .. 

o~tajned. Plasma. \fa~ also ~xallli~ed at}'!lûic!' nitrogen temperatures and at _ . 

...... . . roOm temper!t''u~es. . '-', .... ',' '" • ~ 
....• - , Addit1onall~4 Pla~ 't/jaf was 'Pool~ fram 'nonnal p:rsons and Plasma' 
'!.~.. 0""" l 4 •• '. .' , -' ." 

.. that.was pooled fram per~ons ~ith'invasjve carcinoma'of the éervix ~ter1 
, _; -"..,~ .. c. ~ 

.. werè separatéd ·by ultlitfntratfon 1nto 3 frattfbns; tl> a fraction. 
l ~ .... • ' ... 

~ontainin~;Plecul~~over ,100.'000 in mo1ècular weight, (2) a' fraction ... 
. J,,' . . ••. ! . • 

~ 1:" . \ 

~. 1--
. } J. ._ ~' •. 

, ' .. -. 

, 

. '. 

" 

.. 

, 

.. 

" .. . . 
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(24) 

'. • 

-containing IT.oI~cüles from 100,000 - 30,000 and (3) ""a fraction containing' 
~ *. . 

~lecules fr~ 3~,000 - O. These fracticns were then examined by ESR nt 
.. "..~ .. ' .. 

-1iquid nitragen t~peratures, ~ vari~n 4502 X - band ESR spectr~eter 
& .. ~ " 

and VariilO TE 102 standard cavity were used ~ Jl'.ake a11 ESR measurer..ellts 
• s . 

-of s~~ples and diphenY1 picryl hydrazyl was used for fi~ld frequency 
- ,# 

calibrations. Varian' strong pitch was used as an external sta~ard. . . . , 
Tet~ with chromium in Il'.agne'sium oxide as a secondary internaI standard 

. sh~ted,tfiaf the neas~r~~nts were reli~~le. Vari~n precision quartz 

tubes trith an external diameter of 4mm,and an interna! di~ter of 3~ 

were used in'the mea~~rement of aIl sa~les: , . " 
tinewidth, 9 - value, peak to peak signal h~i~ht and sign?1 intensity 

, 

wer~ measured fo~ each sample. Since the signal shape was essentia11y 

invariant ~he signal. intè~sity was set equ'al ta peak to':'peak hefght 'F ''. 
. , 

times'tQeline~dth squared, 
1~~- ~ 

l'las dane on the data;, ...:.' 

\ 
•• 

• > 
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• 
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\j 

. ' , Table 1 - C()ntinued, ••. 

. , 

. - -
" ,Peak to Peak Unewidth of Age lntensity of 

Case :"height of -Signal- signal ( HpZ; 
.~ , in signal' 

./ 'No;. (App) in (gaus-s) _ lIT gauss ~ g Years (App x Hpp) 
\ .. . 

100 7.2 8.9 0.0021 32 570. 3 
• 

. 110 6.0 8.6 0.0022 27 443. 7 

J63 , 5.3 . ' 9.2 0.0018 20 0··6 
, 

. , 

165 7.2 • 9.6 0:0017 37 663'. 5 , 
168 '. '4.6 • 9.5 0.0017 21 'r 415. 1 

. 

• , 

~ 5.Ô 9.5 0.0019 21 721. 1 . 
19~ ~ 

. 
'" 9.2 ~ 9.4 0.0019 28 812. 9 , . .' 

• 
197 8.3 9.7 0.0019 56 • 781t. 9 

, -
! , " 

:. 
," 1f 

.. 
• ,. " 

• , . .. 
/' , 

~ • 
• 

, , . . 
il 

, , - , .. 
~ " 

• 

~. 
• 

! 
, 

!' . ..... . • • .\ 
• 
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• TABLE. 

Electron Spin Reson~nce Sigrial Char cteri ~ics obtafned from blood . . . . -

sed as baving Normal Cervical EQithelial samples fram females who were dia . • 
J>ç)ls. 

~ " 

• 

Pea 1< to Pea 1< , L inewidth of Age' Intensity of 
?ose 1 height of Signal signal ( Hpp) 9 ln signal 

H;p) • (App) 1n (gauss) in gauss Years (App x 

34 4.70 7. 9 0.0022 25 293. 3 
36 5. 9 " 9. 7 0.0018 ï 42 555. l " ... 37 5. 9:-. , 9. 2 0.0018 66 499. 3 
38 ·5.30 9. 2 0.0018 26 448. 6 

.43 4.80 8.70 0.0020 22 363. 3 
44 <4.60 9.20 0.0020 45 389; 3 
53 

/ 

~0.0018 3.60 9.00 32 291.,6 • 
" 55 5.10 ~ 9.50 0.0021 28 ' :460. 2 

, 

~~ 57 7.20 0.0019 33 570. L .., ",8.90 
{ 

" J 58 3. 3 9:tO " .~ .... jW}&19 37. 273. 2 "\ =--.:!\-;':"""--
. 63 7.80 

t 
8.70.- 0.0021 38. 5~0. 3 

7'l 3.75 • 8.' 9 0.0021 22 • 293.·0 
74 3~ 8 9. '3 1 0.0022 65 328. 6 
85 8. 1 . ' , 9. 0 O';,J,: 656. 1 . 

• 
,1.05 . 3.5S ~ 9.15 0.002" 26 289.--8 . 

4: 4 28 
..... 126 , . 9. 1 0.0015 364. 3 \ . ' . 

127 4. 9 9. 0 . 0.0022 ' 21 , 
396. 9 . 128 2.55 9. 4 0.0020 . 40 229. 7 , 

• 
~ - _. - - --- - ------- - ----- - -- --
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• '(29) 
.. 

" 
-Table 2 - èontinued, ••• 

Case Peak to Peak Linewidth of Age Intensity of ... f No. height of Signal signal ( "pp) g in signal 

. J • (App) in (gauss) in gauss Years (App x "~) 
\ 

---=- , 
"w~~ 

180 8.9 10.0 0.0017 24 890.0 

·182 6.0 10.0 0.0017 27 600.0 

,', 186 4.2 10.0 0.0018 33 420.0 . . 
• J . l ' 

187 4.6 . 9. 7 0.0018 22 . 432.8 
• • 

188, 8.6 9. 7 0.0020 34 
. 

809.2 
i. 

;-' 
189 4.6 10.0 0.0018 36 '- 460.0 

191 6.5 9. 8 0.0017 . 20 '.' 624.2 

193 5.8 9. 7 0.0021 30 545.7 , 
.' 

194 9.35 0.0020 27 

199 9.05 10.1 0.0015 27 928.3 

'~ 9. 9 0.0016 18 539.0 

. . 6.5 9,.2 0.0015 20 550 .. 2 
.; 

213- 4.55 . ~.2 0.0019 35 389.3 . 
217 4;3 10.0 0.0015 .• 57 430.0 

. . • 
218 5.2 9. 7 0.0018 ,34 489.2. 

·219 .p.2 9. 4 0.0017 jo 547.8 
l~ 

'. 222 6.3 9. 3 .: ,0.0019 49 544.8 
• .. 

• 
;. \ • 

.. 
~ 

; 1 --- - . w~_~._ .. ~ .. .. _ T_ _ ___ - ~ .- - - -- .. 

• 
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TABLE 3 

. , . 
Electron spin resonance signal éharacteristics obtaineq froab100d 

s~ples froe f~les diagnosed as having ~i1d dysp1asia of the cervix . 
uteri. " (" 

< 

Case Peak ta Peak lin~ Age Intensity of 
Ho. hèight of Signal signal ( "pp) 9 " in signal 

(App) in· (gauss) in gauss 'fears (App x Ha ) 
; pp 

35 3.4 9.7 0.0018 30 319.9 
• • 5.1 59 ~ 

• 8.9 0.(}O19 24 403.9 . 
. . " ':,62- 4.6 8.3 0.0020· 25 316.9 . ,,' 

f~ 

64 5.4 l 8.3 0.0021 • 25 372.0 

67 3.8 . .- 8.8 0.0023 51 294.3 , 
, , 
1 70 3.7 9.1. 0.0021 21 306.4 

·80 3.i 9.3 0.0022 31 268.1 

• go 2.8 • 9.3 . 0.0022 19 242.1 . 
94 ,4.1' 9.0 \ 0.0022 23 332~1 

101 4.4 9.4 0.0021 ~ 388.7 , , . / 
103 4.4 9.1 .. 0.0026 21. 364.3 .f , , 
104 9.2 

, 
3.7 0.0021 41 313.2 

, , , , , . , 
108 7.6 8.5 0.0022 24 549.1 ! 

, 

'. 
'" 109 3.9 • 9.1 0.0020 33 356.7 

113 7.4 8.8 0.0021 45 573.0 
• 

• 114 7.4 9.1 0.0021 24 612.7 . 
122 5.2 9.4 0.0016 31 459.5 

( ~23' • 
6.2 . " "9.1 0.0016 23 513.4 

.. . . ;; - -- --- - - --- . -~ --~ -- -

«.. -
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: Tabl.~)* Continued •••• 

' . 

Peak to Peak case 
Ho. height of Signal 

(App) in (gauss) 

129 3.9 

131) 2.7 

133 2.7 -

144 .6_5 

148 5.5 

149 9.9 

153 8.4 

171 4.7 
• 
175 13.0 , 

181 11.8 

-1~2 
/" 

198 . 7.6 

201 6.0 

ZOS' 7.9 

209 7.9 

223 '4.6 

.. 
, 

---~ --- .... -. -

. 

" 

. 

• 

• 

• 

linewidth of 
signal ( Hpp) 
in gauss 

9.5 

9.7 

9.3 

9.1 

8.8 

8.9 

9.4 

.. 9.7 

8.5 

9.4 • 
8'.! 

9.7 
.... 

9.3 

8.9 

- 9.4" 

• 10.0 

• 

' . 

l' 

Age Intensity of 
~, in 'signal ~ 

Years (App x Hpp)_ 

0.0023 . 31 351.~ 

~.OO20 33 254,0 

0.0022 20 233.5 

0.0020 34 538.2' 

0.0017 21- 425.9 

0.0018 .20 784.2 
• 0.0016 32. 742.2 ! 

; , 

0.0017 30 442.2 . 

0.0020 44 939.2 
" 

0.0018 21 1042.6 ' , 
: 

0:0018 25 . -
0.0(11.6 50 715.1 , 

0.0017 25 518.9 . . 
: 

0.0018 23 625.7 

0.0017 23 698.0 

- '0.0018 29 460.0 

, 



.,. 
• . -

• 

. ;L 

•• 
.. 

• . 
<32) • 
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• TABLE. 4 • 
. ,. .-

. ,,- ~. 

tron spin resonance signal characteristlc obtained from blood • 
. ., { 

les f~ f~les diagnosed as having ~erate dysplasia of the • 

• 

-- , ::t " - , -, 

Peal: to Peal: L inewidtfi of -- Age Inten~ity or 
Case 

.. 

No. .height of Signal signal ( "pp) 9 in signal 
(App) in (gauss) in gauss • Years (App X. H;p) 

j 

41 .3.0 8.4 0.0018 24 211.6 

79 3.8 8.6 0.00?l 21 281'.0 - • 
111 5.9 9.3 0.0021 '22 

~ 

510.3 

112 3.5 9.6 0.0019 32 322.5 1 

115 5.1 8.7 0.po21 · 20 386.0 .. 
• 145 6.4 :8.8 0.0018 42 495.6. 

, 
173 , 9.6 9.7 0.0021 .32 903.26 

o. • .. 
> 185 5.1 9.4 0.0018 23· 450.6 

\ . 
5'.1 

.4 ,-

190 9.7 • - ~.0018 31 479.8. 

200 9.7 9:1 0.0018 28- 8.03.2 

207 ' 8.2 Q 0.0017 29 649.5 

208 4.8 0.0018 3~ 406.3 
• • 

• 

2.11 • 4.3 9'.3 0.0022 25 371.9 

215 8.7 ' . 8.6 0.0020 32 643.4 

• 220 6.5 9.8 0.0016 25 624.2.· 
\ 

" • 
~ ---. '-

~-- - - Y-.-~-- • .. 



, ' 

• ..... ,,-

" ....... ' 

, 

• 

.' 

.-
\.., "-

> "-{33} 
" 

TABLE 5 • 1 

Electron spin resonance signal characteristics obtained froID blood . 

:::::~'"::::.f"'~","O~ 0' ho".g "'''' d
Xl

,':'" of th • 

. 

Case 
No, 

54 

56 

61 

.13 
1 

lœ 

140 

," 167 

169 
, 

178 • 

205 . 

.. 
Peak ta P.eak 
height of Signal 
(App) in (gauss) 

5.4 
. 

3.7 

4.8 . 
2.7 

5.7 

3.4 

5.6 

4.5 

5.9 
". 

4.8 

• 

Unewidth Of 
signal {H p} 
in gauss p 

8.8 

r~·9.3 

9.2 

. 9 • .{-• 
~ 

8.7 
., , 

\ 9.6 
1 

9.5 

9.4 

9.8 

9.5 

g 

-
" 
", 

0.0023' 

0.0018 

0.0020 ,. 
0.0021 

tO· 0021 

0.0019 

0.0018 
J 

&ri017 
• 

• À.OO18 """ ... , . 
~ .... ~ " 
6.Ô018 

Age 
in 

Years 

29 

39 

40 

24 

39: . 
28 

51 

28 

38 

36 

Intensity 
of signal 
(ApP?, H;p) 

418.2 
A • 

320.0 

406.3 

238.5 

"431.4 

3-\3.3-- " 

50~.4 

397.6 

566.6 

433.2 
. l ' c: 216, 8.4 9.4 0.0018 19 742.2 . 

.. : • 

" --~ ... . ~ 

'-:r • of 

, 

. - 1 
1 -. - ' 

• .. 

\ 

.' 

. ' 
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TABLE 6 

, . 
Electron spin resonance signal characteristic obtained from blood -'0 

, .. - 1 , 

samp1es from fema1es diagnosed as hav~ng carcinOma_iri situ of the 

cervix uterf. , , , 
~ 

.~ 

Casé, Peak to Peak L inewidth of ' g, Age Inte,nsity 
Ho. " hefghb of Signal signal (H ) . in of signal , . 

• (~pp) ,in (gauss) in gauss pp", YearS (App x 11 3
) . pp 

• 
• 

39 4.0 8.6 0.0018 33 ' 295.8~ -
40 5.8 8.7 -0:0018 37 439.0 -. 

42 6.7 9.2 0.0017 24 567.1 
" " 60 5.4 , 9.0 0.0021 21 437.4 

" • 116 7:7 ~.8 0.0021 19 596.3 
" • 

-124 5.0 9.6 0,0017 23', • 460.1 

125 • 6.6- 10.1 0.0017 19 673.2 , , 
" 

134 3.9 9.4 0.0022 33 344.6 

.'136 3.3 9 .. 4 0.0023 29, 291..5 
• 

141 3.5 ' 9.6 0.0019 41 ' 322.5 
'- . 

151 5.0 l 9.4 • 0.0021 43 441.8 , . ----' • '-152 4.7 {9.2~:~-49 397.& 
.. 1 

1?8 6.7 ~.6 " 0,.0018 50 617.4 ... , 
• 

161 3.8 9.6 ;-a. DO} 7 38 3~0.2 
~ 

172- 4:6- 9.8 0.0017 49 655.5 
• , 

e· • 
" 17~ 6.3 10.2 '0.0017 31 655.5, . , . 

-) • 179 • • 9.4 . 0.0019 32 ,-
183 -

. . • . ' . -- - - - - - - ~ 

_. 
- , ~ ,,~ ~ ----1 - - -- . . , 

• 
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, TABLE 7 . 1 
, . 

• ,;/,' . " 
Electron sp,ill1r.esenance signal Characteristics..,obtain,ed from b100d . , . , , ... 

sampres from 'f'ema1es diagnosed as having invasiv~ 'carcinoma of the ( ~ - " .. , 

cervix IIteri" 

Case 
110. 

• • , 
Peak to Peai-~ .' 
height of sjgha1 
(App) ln (gauss) --------- ' 

,. .' 75 5.4 • • . -
" 

96 ,5.6 

97 , 5.4 

.. , 

. , 

l inewidth pf 
~igna 1. ( Hpp>., 
ln gauss g 

/ 8.7 0.0020 . , 
8.5 0.0022 

8.3 ~ 0.0022 
..... ~ 98 6.9. : -, 8.5 ',-0.0022 

.. . 106 6.5 -, 9.-0 
'" 

, 0.0018 .. • 
.107 5Î1 " 8;.5 0.0020 . • 117 • 8.1 " 8.6 ·0.'OO2Q, 

! 119 ~.:9 . 8.2 0.0019 

?:: • 6.9 8.] . , 
6:6 ., 8.6 

, 132 5.7 9.0 
, 

0.0021 

0.0018 

0.0024 
139 6.2 9.8 0:0017 . ' 

·177 9.9 9.3 "1 
• . 

. 0.~019 
224 /i:,.6 8.2 0.0018 
225 8.2 .7.8, 0.0017 , 1 " -- . 

• .... 

, J 
• • • 

t 

• 

~ .. > 
Age .. Intensfty :,: .. .t .. 
in of.signal , a-tage 

Yeâts (App x H;p) 

54 40B.7 4 

~. 

'. i 

" ( 
32 404.6 4 '" . 
51 .. 372.0-

~8 ,,-498.5 
~ -: ' 

~ '. ~~0.2 
~, .. ~ 

,-/67 . 368."5 .. 
'V: - . 
:~1 599.0 ' . 

47 692.6 

63 '522.3 • 

61 

4 

/ 4 . ' 
, ~ 

4 
. 
,4 

4 
• 4 

4 

1 
• 

3 

5"' . 
" 

4 
• 

4 •• 
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• ·:TABl..E 8 

;t • 
\!" '. ~ 

~ .. ' 

.. .... ',....... ,.." ' 

StèpwiS~ r~res$ion analysfs' 01' speètral parameters for the dffferent gr~ups 'of !dOn~rs. , ' ' ~'''''' " 

Grou and F tests ( -0.051 / 
A 

~-,. ... 

, 1<...' ,'... ,. " ~ 1 " 

• t 

, 
~ 

-0;. v .... 
, - , 

/ ' . ' 

• 

.. , 

. '. 

" • 

• ~ , ~',' :-'" , , -""\.'. 
\ 

""'Humber of 
Cases' 
variable ,,~ .'-

Normal 
55 

. '{, . . /F to' F to 'F t'o >( J 
" ...../, en~er ente!,! enter . . 

, Hfld Moderate Severe ' Il;Isitu ~ Invasive inel. not ' wfth" 
'35 15 )1 , ,9' )ft , ape as inel. line ' 

, • .\::~.' •• ;" , ,varia- age nor inel. -­w 

, 

, 

.... 
, -, ;... b1e invasive 
, '~4: ~ ',t~('J' . grotlp 

:-.. 
" 

, ~-~---,r----'---- ---'- --- ----~ 
.,,, r.: tt • 

• Â • ,"" • .' .. , /0 • 

• ~:4SP:63) '5..77(2.1~.S.9à{2'f17) 4.99(1.52) 5.24(1.2'6} 6.69(1.37) ,1.8' ' 0.8 . ,0.7,5 
'.. . . ,os- ' ...' 1 .. 

l1n~-\U~th. 9.38(O:~·2) 9.}4(~.39) 9.14(0.45) '9.~,a(0 •• ~3). 9.~3.ÇO.4.~~ ~.55(0.49) , 9.G, ' ~.2." -. . 

SG, frb\ll'D,PPIt,X· .• : '. " " '., /'~ '.. • ".. • 

, 

amplitude . ' 

10'3 •. ,,' ~(0.2~) 1.~S{0.22) 1.91(0.19),1.93(0.18) 1.90(0.2.2)'1.97(0.22) 1.1. .1;0. 0.3, " 

, " " ~f2.4(10.7) 28;7~~dj)1·28.1(6.0)' 33:"7~~:0~ , j3.~(9.:9r ~:~O~15.5) 18',2':t '" :'.- .• ::.~.~ 
4~1' (59) . 4'7. (~o~·; ~i(z~ Ù92f~;; (136): 461 (.1i7; ~~ ;~~;;' '- 6',5, 0~3 0.5'" .~ • 

Age 

.signa·l • 
I:n~l!nstty 

\. 't .. ~.. ~ , 

• 

,1~"c .,- ''',. 
• • " , .. ~~ • c ''''., """'""----. " _ ' ,~.. _il, ~'..t. . - ,......... ,- ," ) 

• • • • 
... ~ ... -.' '. , 
-: :·~iI~:!.~.~'· . 

,.01 _: 

, . 

·f~ • • , 

~ " l ,. .. '\ .......~, / • 
•• • ...., . .,., . ~' 
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DISCUSSION 

). 
(-' 
~. 

In interpreting the~above results, certain problems that are ... . , 

germane to the experirnental. mathod used (Le. lyophilization) must 
.C' 0 
-"-J 

be~consfd!!red. 
... 

A. The Problem of lyophilization ,. 
Since 1954 (45) a considerable body of evidence has grown.up which 

• 1 • " • .. 

indicates that 'the ~lgnais seen in'lYôphilized preparations do not 
• , J . . . 

, . 
accuràtely pef~èct free radical levels present in hydrated functioning , . . , . '.' ..' 
ceris. For exa~le Berlin and Penskaia (1956) (2l2) showed that rapid ." ... ~ . . . , 
freezin! of high molecular polymers breaks sorne of the bonds, thereijY, , . , 
giving ESR spectra: ~arian associates (1957). (52) as well as ~.ur froup 

(2l3)'have ~ound that free~ drying of whole fiuman b100d proiatès (reei: :r" , ... 

l ' 

• 

. " . ~ ,'. '" •• 1 

raàicals ;hat are, not present ~n qui~k froz~n blood a~served i~.the 

E$~ spectr~. Truby and Go1dzhier (1958) (49) noted a difference in 

linewiQth and si~nal intensity between lyophilized and frozeo liver 
, 

preparations and.concluded that the frée.radf·cals seen in the freeze .. ,- . 
• • < 

dried tissues.were artifacts créatéd during drying. B1iumenfeld et al 
~ t. ' " ,~ -. 

~14) havérnade a summary of pUb1ished ESR data shôwing that in genera1 , . , 

linewi.dfh ~~ i~,e ES~ specb:a:of l;oPIri~ized aniMal tissue i.S .~~ 8G 

cC1lpartd to'14G before drYint They n'ote4 a1so a large Shif(in 9 

,factor in mani of the dried S~Plé~(,f~' - ~. .' 

... -)'Ma1~rlO~S~i and 'l(afa1feva .(215~ ~tudies of plant .1eaves ' . 
~ "'. ~ ~ . -
. -repo?tecF trtlY~Philizat.ion des'troyed the-radicals.0bS:;V$d in the 

._ .••• '. ~~eSh tiSSU~ and tha~ a ~ifferl!.nt radièal appeared after continued •• 

. . . 
~, . . " 

~ __ f~, __ 
, . 

". 

'. 

.. , 

. 
• 

/ 

• 

• 

, 

-. 
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(39L~ _ A. --
dryingr. The size of the ESR signal was also proportional to'the length' 

of drying at (}.Ol torr. Thus they concluded tbat lyopnil ization produced 
l" 1 .... 

, • ~ J 1 

free radicals; Loss of water ~uses chemical bonds to brFak resulting -

sometimes in the formation of stable free radicâ1s. Unfortunately, 
1 

'- . 
they did not consider the ~ffect ~f oxygen. 

" -. . . 
~e effect ~f oxygen ~n free radicals in lyôphiliz tissue was 

. -, 

first reported by Miyagawa et al (216). They found tha animal tissues;.' 

lyophilized and observed in vacuum, gave little or no ES signal, but that . -
after admission of air or oxygen a sizeable signal appea • Removing 

~. \ 
the arr or oxyge.n caused the spectra intE;flsity,to decrease 'conside~ably, 

~ reappear again on the readmfssion of the gas. The spectrâ had a • 
'. 

small asymmetry due to 9 - vàlue anisotropy of th~ type expected for a 

unpaired electron on a~'Q~~mol~ule. ~iyagawa et al thus conclud~ 
- , 

that the spectra appeared to be due to molecular oxygen weakly bonded 
~ ".. . -. . ~ 

to sorne. site on the lyophilized sample. This effect of oxygen on 
. , 

lyophilized tissue has also been demonstrated by several other workers 
. . . - . .... - -

(217~222). Even traces of oxygen, sUch as are found in virtually all 
. , 

commercial nitrDgen gases, can geQerate' free'radicals in lyophilized 
• 

tissue and it 1s on1y when speci~1 oxygen scrubbed gases are used tbat 
- ..... . . 

such free radical fonnation can be prevented (223). Additionally, 
. . 1 • .. t ... 

- Horozova and Bliumenfeld in their ESR studies on rat liver and spleen 
• . . t 

have noted that if. the tissues are lyophl11zed without preliminary 

freezing the oxygen effect was almost or completely absent (224), . . 
, . 

: • Hoisture has also a demoostrable effect on free radical production 
~ s •• • 

.. 

1 
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• (40) • ~ .... 
, . , 

. assocfated with ly.ophilization (225). Kalmanson et, al {48} have shown 
. '" 

", 

that if evacuated lyophilized tissue is exposed to ~ist o~ygen, the .,,- . , , 

"ESR signal lncreases by about.five times and then subsequently 

decr.eases., Replacing oxygen by§gon in he slightly ooistened 
c. '" • •• 

" silllll'les reduces free radical concentration tor of 2-3. In !!lany 
, . 

" 

-instances (220,226) noisture affects only the rate of free rad cal . ' ~ 

prOduction since wf.th continued drying free radical production . 

approaches the same concentration found in œteria 1 at 15 and 30 percent 

relative humidity. _o. 

Other effects have. al 50 been .()bs~rved. In lyophil ized yeast. ,free 

radicals are present at 9 = "2':03 and 9 = Z.024 (272-229). In mist . " 

yea'st,tha absorpt~on at 9 ,.. 2.03 ü: considerably 1(mi~iShed but on drying 
. '" 

this absorption is increased many fo1d. Studies with the cel1 free 
, .. 

extracts (2~9) show that the 9 = 2.03 absorption can be obtained only 

df th~ enzyme 1n-eparation 1s incubated with glycogen. In the presence 
~ 

Of"glucose and'ATP, resonanèe at g = 2.03 was detected. As a rul' ESR ., .' . 
" . 

signaIs from lyoph~lized tissue do D?t show,hyperflne structur~ nd so; 

the free radicals involved are difficult to identify. Heverth ess 
l ' 

seVeral workers (45 •. 214. ~19.w230-234) have côncluded that the free 
• 

.' ~ . , 
radicalS detected. in dried biological material involve enzyme cofactors ,. ... . 
and or semiquinones in an oxid1zed state, because of the fact,that redox 

enzyme systems. (e.g. ~~onef) that h,av.e been. isolated from mit~hondrial 

~ractions g1ve ~R sign s virtuall:- identical to those ~eriVed~f~an . 

-. , ,,- - - .. 
, . . ~ 

. - ::-. • 
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(41) 

lyophilized~issue. Kalmanson et al (48) while agreefng with the 
p~bable relation. of ES~ sfgnals ta enzyme cofactors,and se9iquinones ~ 
found puzzlingly enough that boiling tissues for several hours before 

'. 

lyophilization did.not r~ve the ESR signal. Chetverikov et al (225) 
found on the other hand that free,radicals wer.e not produced in lyo­
philized tissue in the absence of water (defined as less th an la 
percent noisture). They concluded therefore that free radicals found 
in lyophilized tissue are not onTy unrePrese~tative of those present 
in living tissue but oay not even be associated with anomal" oxidation­
reduction systees. Chetverikoy'et al bowever. did not extend their 
opservations for l''.ore than a few hours. TheJr conclusitms l'2y not be 

valid for longer peri~ds of continued dr~1tg (27,226). There is a~n­
dant evidence (93,221, 222, 234) that th~ radicals detected i 
lyophilized tissue have s~ relationship ta precursors in the fr. sh . 

'~ . 
tissues observed 'under physiological conditions.' Azhipa èt al ( ~) 
f., .. .,,1 • ..;. ""rtoft .. t· ... ,~" NO" .",>".toI <ho f,.. 
ra;ical c~ntent of lYO,Phi;ized brai' was r~uced. Karitanenkov et al. , . 

. (232) 'have found that no ESR signa.1 could be detected fJUI lyophilized 
preparations o~ oxfdized ethyl gallate or frorn mi~tures of oxidized 
eth)l gallate and amino acfds. However froM a mixture of oxidized ethyl 

. "~\ gallate and p'rotein a large signal was detected. They concluded the re- "-• ' f • • fore that proteins in lyophil f.zed mixtures act ta stabf1 ize free 
, • 1 .... • radicals. With respect ta wet tissue. the free radi~l~ orfgfnal1y 

• pr~ent are flOt necessarily destroyed by the dryf~ procedure àlthough' . 
thef .. concentration is usually 50 low that their contribution ta the . , 

. .' 

-
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ESR signal (f~ the l;OPhi1i~ed tissue) is n~~igible. Iie~erthe-
• ~ 1 ~ 

less if exposure to oxygen and rnoisture 1s rigid contro.11ed, 'the 
- j 

freeze drying - ESR technique'can be used to dète ine tru~ differences 

in the capacity of sample to interact with oxyg to prexiJce free 

radicals. Such a capacity may be rela~ to si niTicant~(hanges in'the 

tissues: 
,1-

,-' 

B. The Cavity , 

The resonant cavity used in the x - band experiœnts is a rectangular • 

box measuring 12 cm x 2.5 tr.I x 2.5 C!'I. The sides of th 'cavity are 

fomed of gold plated, brass.and silver .plated ceramfc. the la l' to 

pe~it traftsmission 9f the high ~requency field.mOdulâtion (100 kH2) • . . 
The Ijigh quality factors obtained, Q - 4000 for this type of eI!lJlty 

cavityare indicative of a gOO);~tivity. The cavity resonates 

in the TE102 MOde and the circ~ r~f. fields al': shawn in the figur~ 
8. The sarnple is inserted in the c6vity at the position of eaxill!!l!l 

. . . .,;:, 

eagnetic companent of the r. f. field as .shown. in figure 9 •. As e't\ident .. 
~ . . 

in figure 9, th~ sample location is rather important. For example, an 

aqueous o~wet·sample projecting in~ the electric field compOnent will. 

absorb l!!Uch r.f. power independe~t ~f the external~ applied magnetic 
"', .i, ~ . 

field. The quality factor of the resonant cavity containi.ng the sample 

'is rlUch reduced, so IllUch'so that in certain cases the fairly waak e.s.r. 
.. ... . . 

absorption 1s obscur!\èd. This power 'loss observed for wet samples is . 
. Ii' '. . 

due to the rapilf but~indered 'reorienta~ion of the électric dipoles ~f 

}the water. The r.f. field inténsity in the cav1ty 1s illich reduced' 

/' . if. the 10~s 1s great.· simn~rly, the ,~gnetic cOlllpOnent ày the '1'. f. 
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leld. Hl' ~~c causes the e.s.r. transitions is reduced and a .--" ,,-

JllUch Sl'Jaller ab orptfon is produced. The two factors reduced Q and 

reduc~ Hl' ca seVerel! alter the intensity of absorption. of lilce 

siIflPles placed ~ out of the electl'iè: fie1d in 5sonant cavity., 

Experi~tally, precautions were tal:en to place 1 saeples 

identically in the cavity. Koreso, ·the sa.'"'Ple geœetr ~'nd pacl:ing 

101ère l'!Iaintained to close tolerances by using rep~ the sa,!5e 

procedl!.res. For exa..o:ple, Table 9 , the variation of saL"ple weight 

and mchfne f~ctors are visibl,e, as variations in the e:s.r. spectra. 

The standard deYiation~h of the e.s.r: paraœters, peak 10 peak. 

• height. 9 V~~wfdth about thé 19"..an for each sa~le, several 

aliquot ~ng neasured for mre. than one hundred silr.!Ples. are' shawn ~ 
Table ltl. Without analyzing in 'detail each f)f the experlœnta1; 

• 
factors involved, the overal1 deviations are ~inly due to s~le 

packing since all other ~ms were experil'!entally observed to be 
'; , 

• ..~, ;' 1 ~ 

relatively insfgnificant. Indeed. in spite; of a very elaborated 
, " 

packfng procedqre, reqUirfng'.fre~z; drYi;; ~f an ~ples to tt-.e sa~ 
~~ ... - ~ .. 

degree, careful weighi~ techniques and tamping p~ures. thI! signal 

variations about f#.ir' ~~~OUld not be ~ed~ced -further than tho4e 
. , -- .' . 

shown in the tables.' . .~ ,--

- ~. - .... &Olt - ..... - . 
C. Hatur.e·and 'Orfqfn of ES& spectra' obtafnedlhtmlan bloœ 

: A .:JPicaj' spectra 15 shotm ,fn fig. 10. Rejat~vel:t: t TP 1in~ 
are seen at 9 '",2 atld- 9 "'4 while a nIr.ber of broad Tines a.re seen 

over the entire s'pect~~J,iIiUid nltragen teeperature. the lines 
. . ~/ . . 

• 

./ . 
in the 9 • 4 regiol,l ,showe<J ~..arnan~ wben ,the Ilicrowav(! power incident 
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'l'ypica1 variations of .amp1e weig~t and peak to peak amp1ituda of sample - ~ignal. , ' , " . . . . , , 
Samp1e Samp1e Peak to puis Difforonco8 r Square .of • 

" (Cue) No. Weiq\lt ,bèight of , botwoen peak . cUUeronco 
signal (in to poak htlight\ from mean • 

, gauss) , of same a1iquota . • 
1\ 

, 
" • , 1 

• 
, 13BA 173.9 1 • 4.0 0.7 • .01 

13BB 167.7 • 3 .. 6 • • \) . • • • 1 . .' . . 
0 . . . 

~04 13911. • 175.6 5.3 ,O.SC'I :~ • 
139B 171-.2 , 4. B' 

, 

, . , . 
" ....., , 

, 0.7.r\' 
0 , 

14011. [ .'155.7 2.~ • . . .01 , . , 

1408 163.2 3.0 • • 

'.... ' 

• .. . 
, .J

190
•
3 

. • 
14111.- 3.6 , 0.5 .09 
1411\ • " lB9. 3 , 

3.1 . 
• • . , 

, . • 14211. GO.O " ' 1.9 • 1.1 • .09 
• 1428' ,51.0 0 O.B: , 

• 
"- , , .. . r, 

~ .01" -- .-
, 

14411., ' 2B1 ,9.5 0.9 , , , 
448 . 275 B.6 ' 

, . • , 
0 

• 
147A 296.7 • B. B,. O.B 0 • 
1478 27B.2', 8.0, 

0 , , ' . . 
148A 173.1 : 4.9 ,1.2, .16 0 

'140n 100'2 ~. 6.1 
, . , . , 

/ 
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. ----- ,.~ . ~ .. \(. ..... ~ 

.11 

, 

< 

" 



• \ . • 
". .... .. ,< 

1 • 
1 

, ' 
.,~ 1 ... 

• 
<, - <C- .. 

, ,~ .. 
• 

Table 10 
Typiéal _ va,t'1ations ot U'ne w1dth and 9 value of ESR spect:xa of sarnples / 
. , , 

~-
1 Lina width oH fot'ence in sample A 9 - Differonce in > 

(case) No. , A q, of 
. • line width StÂndat'd 

li 
• , 

aliquote. . Qf al1quots 
ft dev1atj,on of 

(OCl19 9;5 
f 

0.1 A g'~s approxi-130A 0.0001 
'" .L30B • 0010 9.4 .mlltBly o. (lQOl . 

1 , • , 

o.~· 
, , 

/i39A ',' · 0.0001 9.0 
, 

0.1 1 

.' 139B " 0.001 9.7 
" . • 10-, , , • 

l40A ~ ~, w · . . .001t1, ' 0.0002 9.5 . 
0.1' 'b 

, 

, . 140B ' 0.0020 ~ 
, 

~ 
14lA .. 0 ... 0020 . 0.0003 9.'6 0.1 
141a 0.0017' 9.5 • 

~ • , .' 
U2A 0.0019 0.0002 " , , • 9.0 O.~ 

-------- 142B 0.0017 , '9.~·2 • . . , , . ".- . 
• 1 • • ~ , 

143A • 0.0016 0',0001. 9,6 0.1 ' , • 
14lB O.O~lt· ' 9.7 • . 

\ . . . 
• 

- • . . .. ' 
P 144A 0.0021 • 0.0002 - 9.0 0.1 · 144B 0.0019 , 

~ \ 9.1. . ' , 
• . 

, 
0"00~ 

. 
14SA 0.0019 

. 
0.7 .·0.1-, 

145p , 0.0017 0.0 
• _____ A ---- ---- --- - -- --- -- ~_._~. ------ - ----- ---- -- ----- - ---- ---- ,--- -- - ~-
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, (44), 
./ ,-

----. > ' ,~ .1 ...... on'tiiê' siÎmple was changed froo approxirlately 0.1 m4 to 60 l:.JI. The 
il = 2 1 Ines OOwever .showed an increa~e in "structure". Fig 11 s~ws 
this effect: Free radicals have longer re)axation tines than 
transition f!'etal ions' and so are mre easily· saturated. 1t was .-

, .' 1 concluded there~ore that the g' = 4 ESR lines were probably frOM -
,etal ions and the g ;: 2 lines frœJ free radicals. 

Separation wOOle blood into plasr.la plat~let a,!d red blood cell 
• • fractions show that the g = 4 lines a~ise prifflarily frOM the red blood 

cell afld pla~êlet fractions. All three fractions however. contribut~ 
to the g = 2 signal. , 

. 
~ noted in the section entitied METHODS plasma was aTso separated 

by u1tracèntrifugation into 3 fractions (l) a filtered fraction . 
containing molecules over 100.000 in mo1ecular weight'(2) a fraction . -containing r.~lecules from 100,000 to 30.000 and (3) a 'fi 1 tered fraction 

• 
con~ining'molecples f . ' 30.000 to O.ESR results {fom the lyophi1i~ed 

• 
preparations of thes ractions ~OOwed virtualTy no qualitative 

" . differeoce. I!owever. the 9 = 2 signal re1ativè intensities were rough1y . , . 
10:4:1 respectively. Since on1y 2 sets of sampI es were examined in this , . 
way, ft may be darigerolls to p1açe too l'lUch emphasis on the accu,racy of 
the difference of the intensities. HoWever the relative order fi " . , .... . probably correct. The variation in pacl:ing could certa1nly net account . -_., .. ,-' 
entirely for the intensity dffferences. The g '" 4 lines fram each of 
the fracti~ns,we~e quite weak and no df,~érenc~s i: signal fntensities 

• 

• . . 
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~. ESR apectrum ot the g--2 "ignal. in 11 phllized r.--7 
vhol~\u:u blood~ 1'h.e ~ttect 'Of' increa.rsing" crOVATe ~ \" • - .......... , . 
power incident'" on these ''blood" supl.es ,is 11 
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~ , 

were ev1dent. In quick frozen blood examined ~t liquid nitrogen 
~ ~. ~ . - , 

'temperature the 9 = 4 lines were very b,,,,,,d, and only êf weak , , 
~..... ' 

resonance at 9 = 2 was observed (see' fig l k Quick frozen plasma 
... -t 9-Z 

• 

also giges a weak resonanceland a typical pectrum is seen in fig. J3. -, 

In the present study,~he observations n lyophilized whole blood 

and fractiQDs,théreof are çOn~tstent with th~hypothesis that the ÉSR 

lines, in .the 9 = ~ region are pué pri~r}lY to ,i~fn in dffferent spin 

_ statés. In a variety of biological comprund~~8) iron (111) 

in the high spin state.gives resonances at 9 = 4.2 - 4.3. During the. 

- lycipJ"ï,zQtlDll of whoTe ~lood thére occurs br:eaking of the porphyrin 

ring structure, in hemOglobin of erythrocytes and herne proteins (~39) ~nd 

" the ~ubsequent oxidat1on of the ~ssociated iron which could ri se' to . ~.. . , .. " 

'such iran (111) compounds. Resonances at 9 = 6 have been assocjat~d. 
'. . " . 

with iron (11) (240) and may con~ribute to the spectra of lyophilized 

whole blood •. 
. -

• 

The signal.at 9 = 2 arises from a multitude of different free,radicals. 

Transition metal ions are also probably involved: _.The presen~ s~e5 • ' 
~ 

,show ~ha~ }>:op~mzed:plasma, Platelèt1,...:.red_ bl?Od cell fracti~~s each 

give very strong signaTs at g= 2. -
""t .; _ , 

~ In lyophi1ized plasma as in tYO~hili%ed whole blood the ~ignals .. ~ .. . ,. . . 
" , 

in tne region of 9 = 2 probably arise mo~tly from semiquinone radicals , . '" -
_ J ~ • _ 

- fonned by oxidation. lt 1s believed tAat lyophilization facilitates' 

this oxidatioJl. Thesè SemiqUino~tS ta~ fonn complexes with o'f1d;zed . . . 
(and,reduced) fqrms of ~ertain proteins ci41:24~. Unattached semi-

.. .,. Jj'" ," • < • 

.. • '>(- . ' ~ 
quinone radicals ogive rooltiline spectra fn ~q1utions but when they.,are· • 

. ~ ,-

1 

, 1 
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46 . ". ~ 

bound to ~roteins or are in hon single cristal soljd statè a "broad" . .' 
powder spectr.um results. TIl1-~ P;Owder spe~,1:rum is simi1ar io 9 value, 

" ". - ~ . 
line width and 1ioe shape tothê signa1s obtaioed'from lyophi1ized 

, . . 
plasma at 9 = 2 (See Fig l4).,~Ruyge and Bliumfeld (24B) found that . , ::.. , ... .. , 

t ESR speétra from a lyophilizeq'mixture of l-ascorbic acid (Vitamio C) 
. ~' .- ~; ~ . - , ~ . 

J 

and albumin, on exposure to é~ygen are4ûa1ita~ive1y similar to that 

from 1yoP.!tilized rat spleen. Nor were ESR sig ls obtained. wheo 

a$torbic acid or albumio werelyophilized sepa tely and exposed to 

·oxygen. lIeckley (249) has confinned the abov findings. He-'observed 
, 

- that the ESR spectra frorn any of a number of d fferent protefos 'Or !mA 
-combined with'ascorbic acid and lyophllized yi .lded spectra that are 

identical io line shap~ Ùnewjdth and 9 facU;r. Th~se spectra are 
, . -. 

. . 
similar to those obtained by us at~ = 2 in lyophilized plasma. 

, . .. - " 

Heck1ey, concluded that ascorbic acid or semiquinone substances like 
~_ - ~". '4,"'1<', 

ft may be involved in spontaneous1y producing free raqicals (probably . . - ~~. " 
..... # • • 

oxidation) ~n:'animal tissue. 
• , .- .."...# 

Ajcorbi~acid'is pres~nt ~n hùman plasma and is easiTy ~~fdized 

t~ fts semiqufnô~e free radical f,?~. Othe!' Serniqut#O,;;;-that are 
.. ' '\ '~ .' ~ .. . 

, normally présent in human plasma and so could contribute1to the 9 = 2 

signal seen tn 'the~lyophi~ized plasma are vitélJ}lins .. B. E, K and Q. 
• • "~J 

These vitamins arè fnvolve in many hiological reactions sorne of which 
~t' t 

'occur in sera (250). Thef . . • 
nction as cofa'ctors of enzymes (t.o which 

,they.are often attached) a~d participate in reactions via their.free . ~. . 
radical forms (196, 2 ). ' The chief contributipn the 9 c 2 

. . 
signal in Tyophilized plasma probably arises frorn th e 

" , • - 1 • 

~ ) ,~ . - .. 
serniquinones. .~. 
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FIG. 14. Spe~trum A !s'fro:l lyophllizéii pls5!ls. ~e signals Jo 
'lyophilize4 Whole blood and trom lyophilized red blood cella'l' 

spectra B ère ot !ree radicals tro:l triiodot~e ox!dized 
KHn04 in 8kaJ.ine solution., ~elSe spectra. liere obta.ined vith co huos 

, nov apparatus in conjuction vith a .. dual cavitJ' ~oDtaining a. r tarenee 
DPPH s~e iU,oue ~.,Kagnetic tield increaaes lett to ri~tt _' 
so slngll'~' zspectrum .reeorded troll the transient r-adical. present 
during rapid. fiov haa a higher g-taétor (g=.z.Ol86) than the lIetastable 
radical persiSting after nov haa 8topped'~-Z.OO59). '5&& ~c:p.31). , 
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Recently (i5i~ 252). the'superoxide ani 

been identified as 'a species occurjng in sem 
" .' 

strate -.,. ~.. ( 

,~,ox1gen systems. .This radical has resonances in the g = 2:oa t~ 1.95 
~. ~ 

.. v re9i~n .and may ma\(e smal1 contributions to the 9 f 2 absorbtion seen 
~ ~ . 

in ick frozen plasma and lyophilized pla~. ESR spectra of the 

, " 

• 
". f 

, . , y ~ pe xide' onjon radical 1S shOwlr ' ." in Fig 15. • . ~ .. i ) A, ltttude of 6ther ,substances ~~t .COUld -give rise ta free ' 

\ radic.als ~ r nt in ~n plasma and my eake miniœl contributions 

. 
\ . 

'. 

• 

.. 
" , 

\ 

\ 

'. 
" 

gnal observed in this studio Cathechol~ines such.as • 

epineph~ine, ~ePinePhrine. and dopamine are no~11y present'i~ 
h~n plasma and do undergo oxidatio~16O'form s~iquinon~ f~e radica16 

(253-,258). Th:y therefore. Clay contribute to 9 = 2 ~ signal in 

lyophil ized plasma. Other hormones that are in f!Ûrna~aSl!la and do . 
~ . . . 

give rise to ESR signa1s after oxidation are the thyroid hormones , ' 

, , th~xire and" triodoth~onine' (259-262). the estrogens (263-26Q). sero-

tonin (259) and insu1in (267-268). These ESR signals are also at 9 = 2. 
~ .' . i.e'. .. 

Other exarnples Q,f substances tha~ ~y contribur,e to 9 =_2 ESR ~nal 

observ~ in lyophil ized .human. plasma are: 
, 

(a) ceruloplasmin (269-274). Thi~ i$ a'protein containing b~tween 
" i# "" 
, 6-8 copperatorns .per molecule (275-278f. It constitutes th.i ' 

.... ~ 4" ' ... " ,.. .~"'.~' 
main copper .compoll'ent of human sérum (279). Each 1II01ecuîe 

cORtains t'Wb 'types of Cu2+ (280-281). ceruloplasmi'n iu~ction's 1.,.. .. . .,-
as an oxido-~eductfon enzyme linking ferrous iron with oxyg~n 

. (282,283). In sane type- ' f disea~e ,ns .col)centl'at1on in 

• • 
• 

, , 
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Fm; ),5. ESl! Spectra. ot ~ o:d.de aniOlÎ radical, C; produced in dUterent 
va;rs; accQHing,to OnIe-Jo on and Beinert(252). A-C, ESR 8pectra obsen'cl 
150 asec atter rrlxing vari lIl! reducing Idxture vith an eq~ Tolue of 
oxygènated butter", lr-O.~aK sodiltlt dithionite in 0.01. H potusiUli , 
phosphate ot_pIt 7.4 vas ed vith l. H gl)'cine bu!~er ~ pIt 10.5. B-O.0,53 
pH_~tlûne Iirldase in O~ l H P11'<lphosphate 01 pl{ 8.~ vu reduced anaerob­
icall)' vith sodium dithi te, corresponding to 3..4 e~ per mole of .eJlZ1llle, 

• and raixed and !rozen as '~ A. C-O • .o25mH xanthine ~e. d1ss01Ted &8 
in B, vas lllixed vith 07:1 nated gl)-cine butter as in A. vhich contained 
2 aH xant~e. !he co~ ions of ESR apectrOSCOP1 .vere aierovaTe pover~ 
45 mvatt; aadlllation ~lltud". 2 G;r. 8nd telilperature 102 X. !!.'he elllarged 
lov-tield portion at g;: .08.wu reeorded. at an a:;pl.itieation fou:rfold. 
higher than t,qat nsed t r the compl.el:e spectra and at 6 G lIad tion 
aaplitude. !hë relatiT amplifications nsed tor recording spe a A to C 
vere 1,2,1..25. At gCl~ s!gnala ot Hol1bdenma(5) .ue Beon ~ xanthine 
~xidase. Under the' exp ri=ental conditions uaed tke!laTin .pl1bde~ 
signala are partl,. Ba Ated. 5:he aignal at g:2.oo in B C mq have 
a nall contribution roll the UaTin sellliqlrl,none. All. ESR B ctra Bho~ 
in this figure repres nt the tirat lierintive ot the abe iOll line 
.. eraua magnetic tièl'1. vitl;l the ~ield inereuing t~o=, leti; to rlgh~ • 
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48. 

fu'..an serœ fs ~rkedly'red ed (~84). In cancer and~Variety 
cf infectious di4~ses ~ver. tflere is evidence tbat ~~ . . ' cerul~lasain level in blood rises (100). Resbnance at 9 ~'2 " 

.' ----\ bas been cbserved wi~ cerul~Pla~in' (285, ~)'. 

1 -

«(1) Transferrin. This sene protein is in vivo an iron containing , 
,protéiliWh h requires the presence of equfeol~r aooun,ts of " 

ate ons for the strong binding of 1ron (287,288). 
, , 

rotei ho!fever can bfnd se,verâl other !!Ietal ions (289). , , , At P foT 'cal pHs ft has resona~es in the 9 = 2.04 - 2.05 '~ 
, . . ,.~/ . , .~ • range (287). • /_ 

1 (c), . Antibody to carç'fl'lOee'bryonic antfgen. As was indic:ated before . 
recent WOJ:k-has shown tbat in buœns a group of glycopro~in .' . 

/ . substances 1oose1y referred to as <:arcinoe!!lb1yonfc antigen (CEA) . 
'. 

1 

, 'increases in plasaa when caocer occurs'(T06}. Our studfes show ~ h" tbat thi.s -antigen- wben' 1yophi.1ized or quick frozen doesnot . l:'A ... .of, ,Ogive an ESR s~gnal •. HlM!ver the l,Jophilfzed antiOOdy to the •• , 1 '. ~~; '1 carcfnol!!!!btyonic' antigen gives ~n BR iignal in the 9 = 2-? 
?I regfon (See Fig 16). This anti~y was derfve!l from the ( '_ .. _. .. -

.. ~.l' ,'-- rabbit and Us presence in hœans lias not been specifically 
demn~tratèd. although an antfbod~ that similarly binds CEA. , . 
lias also been- found '?n l!umans (290). . • • 

(dt . .!lrugs. ESR studfes on such comon1Y used ifrugs as phènotMa. 
zine (291-299), ch10rpromazfne (300-304) and the salicylates 
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• 

• , 
" , 

(3OS. 305) bave led to the hypothesis that free rad~cal . . 
fOlT'.ation r-ay be rele'lant to d,J9 action (3'Jl. 307). The 

. . ;;-

~es~apces resul~ing fron these C~~Jnds can thu~ontribute 

ta. the lines séen in lyophilizèd ·"'IIoTe bloo.J. On tl!e'other 
,. ,. , .. 

hand studies on~rates ûnd nitrite~ch ~~y te cons~ 

in drinldngAVâter f:;;"exa~le} inrlicâte ;haJ: s~ch drlJgs are 

oot likeJy to gfve signals. i,. wOOle blood (398) ,altoough 
• 

" 

signals cay result in suéh tissues as li'ler (131). 

Red 'blood cells give signals also. This signai ,ay result frtrl '" , ' 
/" . 

iran in an oxidized st~te. H~~91obin in red cells contaln iran in 

its po)"phyrin t"Oiety and S'l ESR signal at 9 = 1.94 has ~en attributed to . , 

iron in a whole range of biological ~",tertal {309-3I3). 

Platelets con~n ~arge a~un~ pi pratein~ (314) and se:Jiquioones' 

such as epinephrine and norepinephrine (315). These sUDstances as 

~xplained before can gi'le rise ta the ESR signal observed at 9 = 2. 

The,signals f~ lYoPhiliz~ red.blood cell platelet and pTa~4 
- ... ~.. .' ' ~.. ~ 

fractions as well, as tbose~ ~ lJllphi~ized ,whole blood ftsëlf w.!re _' 

observed ta di~inish ~ith ti~. Pèriodic ~~asu~nts of t~e ~.ples . ~ . .,.,-, 

',h~ver. shower that no changes il!. ,line shap~ o~p:~.~ ~n' str.:T'..ar~ 

then. one r,ay kay that !>ilole bl00d conta ms â"ast arrey of substances 
11". ft...-- •• _ 

Whfch are capable' of 9iving rise- tO the ESR signals obseJ;'Ved. The-

amu"t -of e-any of these substances in t . 
" 

~o dietary intake. 
• ". . , , 

-, 

• 

.. . ~ ,. 

• 
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D. STATISTICAl AIlALYSIS OF RÉSUlTS 

It ::t'~diatelY evident'in these studies that the scatte~ in 

experi~ntal re~1ts was large. specl~a Ob~m:d f~..::Itifferent , 

s~les f the,s~ donor.were nearly identicalrbut when obtained 
~ 

frœ cHfferent patients, the spectral widths and intensities showed 

little evident Cl)rrelation with the disease stages. In 1111 cases 

the line-shape as s~ in figure/4{A)was essentially invariant. A 
, 

statistical analysis was deemed necessary. The results of a stepwfse . , 

regression analysis is shown in Table. 8, fmng the different 

clâssifications of disease prng~ss, noreal, mild, eoderate and 

severe dysplasia, in situ and invas:ine carcinom, the observed para-
,.;;' . - ' . , 

meters in géneral show little signtficance, , The linewidth 1S the - ~ " - . ' 

s~ttstilally ~st ieporlant variabl~ and'it readily ~epar~t~s the., 
.. "';p - , 

group having invasine carcinoœ frœ the C/thers. Unfortunately this, 

/ 

,,... , , 

j s al so the group for.l!hich there was no control; the r.lean age of thi s . 
1 ~ 

grqVP being 51 years whereas: the other groups and thetr control ranged 
-* .. - - - , • ~ 

- lOge, froi33'to 35; yéars, The partial F-test to re!!lOve or enter 

, th~ J..inewiath ":'s a ·~.irfâble was, alway~ ool'e thari- 2.2 even when the 

, " 

\ " -. / , 
group havfng invasifJe .çirçinoœ. was c lil!linated frœ, the analysi~, • 

\i9uref1 shOlj'S frfit6~~ oi thé g-.;.oops as a' fU~tfon of the' signal 
" ~ ~ L'" _ __ -; • 

•. !i..~~~~h •• 'Ji: ) e-asil,Y. s~~)Jiat the signaIs obtained for the invasive . 
:1' :,., ,. ~. r .... / • • • 

carci~ grou~,hav ch,~rrower ~!péHidth and that this distinction 
.. l '. ~.. :. ~. , ;~ 

Is signiffcant. "rfgure U. hOws the a'iean lfllelddth for each of the groups •. 
. -,' - / ~ - . /....; ... ' - -

The general (rehd toward's a -êreas"fng l~ewtdth is notable, It is' 
,J"" _ _ "._ ",/ .:: .... 

i~rtant to note agafn the ot~erspec;r~l,par~rs, including . /~ .. r :'-./ ' 
l' ~.. .il- " ',,; 

.... '-"/ ~ ;' - -, '" ... , ... ~ 1 ;; l' 

,:.- I,i" • ....:-' 

.. - ~ - - .::~ r ~ --- .. , ~ - jl__ - --' ~ :-.. ..,:.-' 
--;- ....-, ..... 

,~ /-'~ , (/ : ',::_' -N~ 

," 

- - - - ,-
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t.'1e ccr.centratfc.'l oi fre~ radicals. did Jlot appear to be sta-t:~~tic~l1y _ 
ir;j:or-..ant. . 

AJthol'9h the r.;di1;a~s g1-:in9 rise to the e.s:-r. signaIs have Nlt 

• 
., 

,bae" ideJ1ti'fied, it l'liIy he ccn.jectured.- that they are semiquil!0ne radical.$ -
~ ~ ~ 

.-' As PQlntt~ c~t before Heckley an1 others have observed spectra cf 
/' " \, ascorbic ac~d a'ld protej~ and they noted that the spe~tra obtainej were 

fI,?t'unlike,tl'.ose Qf the ~e:,:JiquinoM radical. The spectr,} .obtained '.Ire , " 

not umil:e th()se of the se~iquinoTie radical. Sincp. se.;!iquinonè 
• contâining substances such ~s drugs, vita;!in$. etc., are a ro~tin~ 
part {)f ~ny diets, y 'ls expected th?t their condmtràtion' in the /' ,. 
blood shculd ~ a function o~ ingestion and ge~eral physica1 healtn of , , 

'th~ ~ti~ht. , Tt is thus n~ surprisjng that the sign~l inten~ity ~as 

.' 

• 

'J 
the .}east $ignific~nt ~arlable. .On the o~hcr hénd. a variation in ">. , • -. '. signal lincwidtn iwplies that the dyn~ic behaviour or ITQrp. likcly the . , 

/ ' .. essential character of the radicals 1S a varja~le. Flllally, it 1s 
' , 

./ 
, . 

interesttng t~ note that -exa'r.ilijltion of n~oplastfc--breast ti~su~ ShO"/S . .' 
thai' ~lJe r.Jean. 1 if:e:~idtn of l'la lignant tissue :i s narrrJWer than that of . . 
benig~ tissu~ ~hich,is in turn narroW2r than that of n~~31 brea;t,-"" ' 

• 
l' 

,,' tissue (7/ ). The (j::f;:st;:m then of the changing nature of thé TiJd;cah • 
/ . \ . - '-.. - ~ -/ i~ blood. wh~th~r they te s~iquinone or ptherwise 15 fun~;~ental to;. 
-, fur:t"er studj. / , . 

I.n ,conC~ttsion ie snould bé emphasize{ that the tesults , 
i~aicate that the-ESR'techni~ue aPPlie~to ~e'analYSi~ of th~ 
g - 2 5ign~1 of fer1p~eral blooà is~not suitable~ ." 
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CLAIMS TO ORIGIN~ RESEARCH 

/( 
"-

The material presented ~n this thesi~ is original with respect 
"- - . 

t~ the ~wing points. .;.. 

( 1) 

"-
"-~ 

-', 

A criti.cal review'Or the literature from 1960 onward's of ESR 
... 

studies of organic single crystals ~s presented and publ~shed 
• 

spectra are ass~g~ed to new previously un~dent~f~ed rad~cals • 

• 

(2) ESR studies of y-irradiated nitrogen conta~n~ng organic s~ngle 

crystal hav~shown $pectra. The oxientation pattern of these 

spectra permit the radicals to be ident~f~ed and characterized. 

They are: ,ëH2NCONH2 observed in 2-ini'idazolidinone, ëH2NCONH 2 

observed ~n observed in 2-imi~azolidinethionei HêcONHCOCH 2 
"'" l\ •• 

succinimide, and N-halosuccinimide. 1 

(3) ESR studies of lyop~ilized whole blood obtained from 183 
~ 

patients showing in~asive carcinoma, carcinoma insitu, ana 

varying degrees of cervIcal dysplasia of the cervix, uter~ and 

G ,from normal,. persol1s, have shOlm that the character of the 

(. radicais in blood'apparently changes as the diséase progresSes. 

1 However the number of radicals' do I!0t appear to vary in ~ ~,' ~ .. , 
statistically significant fashion. This is the' first siâ­

ni;iëant statica)analYSiS applied to s~ch a study and it has 
" i{~'" 

shown that the diagnostic utility is much more limited than 
. . 

has been previously supposed. 

• 1 • .-
• 

-
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An add~t~onâl study 
ft 76. , 

"f sorne of the cornponents of blood, show 

that carcinoernbryonic· ant~gen, an antigen associ~d with 

several tYpes of cancer including cervical cancer, and found 

in. the blood, doe~ not give a signal. However, the antibody 

ta this antigen gives a signal at q = 2.3. 
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