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"In sectioh A a review has besn rade of sipgle crysital studies

- done from 1960-1973. This review has been put into tapular form

(82e Tables ¥, 2, 4-9). A critical znalysis and LIDO calctlations

on -

of sove of the radicals are reported.

- <
o -

Singie crystal ESR studies of g—imidazol;dinone, Zflmxdq;olzd*né—

thione, senicarbazide hydrochloride, succinimide and i~halo
succinimide are resported. L

.
»* L

HZN COSHz is cbserved for 2—iﬁ1dazol;dinoqe, é32UHCOKH2 15 observed .

Ll ~

. « T - N - " a
fcx Z-imidazolidineth'oni, HH&Es 1s obsexved Lfox semicarbazide

nydrechloride, and HCCNHC-CH, is observed for succinimide and N-

.
Y N

halo succinimide.

»
.
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-

] *

. Iz section B, lyophnilized whole oloni from 183 persdns with

vakving cegrees of dvesplasia and cancer of the cervii, uteri and
vith normal cexvical epitheliun.vere ezamined. A statistical
A p)

rograsgion analysis of the results shous that the pature of .the’

radicals at g = 2 change as cancer progresses. The rezalts show
: . g X g DrLog L G ;
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also that this technigue is most probaply not 3 Suitable diagnostic

-
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La section A consiste en une ahalyse retrospectxve, couvrant

la perxode 1960-73, de’' la najorité des études par ESR portant syx

-~

les crlstaux uniques” (v01r les tableaux 1, 2, 4-3). ©Une analyse

crlthue, mellquant plnsxeurs calcu “INDO", nous a permxs d’ex—

plxcxtér la preseape de ces radicaux. Il nous a &té pos%ible d'a-

' dentlfler, par ESR, 1 exlstence Qu radicai CH NHCO?HZ dans des"cris-

cellé du radical RHNH3 _pour l hydroc&lorure de semlcarba21de t

2
taux unigues” irradiés de 2-1m1da2011d0ne et de 2-xm1dazol4d;neth1

celle du radical HC CONHCO CHZ pour le succinimide et le ;—halo-

succinimide. .

~

-

La section B consiste en une &tude de 183 echantallons "lyo-
phzles de sang extraits de personnes souffrant, a des degrés dif-
férents, "de "dysplpsie, de cancer du cerveau ou_de l'utérus. L'a-,

nalyse statistique des résultats a montré& que la nature des radi-

caux, a3 g = 2, change selon la progression de la maladie. zf ne .
r

\

semble pas cependant gue cette Eec%rique soit applicabl le
- o . - - - : s
diagnostic de ces-cancers. . . ) ,;//
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onance spece.\msc cdy for carcmmva of the “cérvix uteri, - -

D

electron spi
. One direct conskauence of the chemical result ias a dnswre fer 3 rore .

fundamental ko

iedge of free radical forﬂ:atwn. An exammatwn and

-

revies of ‘the Ui erature on single crystal ZSR studies as veﬂ as an

J

'/ ESR study on s

1 -

| orgamf' radaca?s in single crystals 1123 t"eremre

" undertaken, - Exc¥ mataon of the ]1terature shc,:s marked aiscrapancies

even in the lder}:wﬁcatwn of the most smr;‘.»e! radica'!s on ¢rystalline

-

medn. An attemnt is made to resoive, s6ne of the pubhshed 2rrors and
thas)led to the search for the eiuswe szma radical. The roeslits
are sgrmarized’ m the abstract and show that the thes1s conms»s of u‘:o .
. more or less SEDHI‘ate research projects, studies of B/irradias.ed _ery-
stals cont;;mmu s’nan orgamc n*o?ecules and studies of free radical

7
‘formation in who'te bTood and its relationsnip'to carcinora of the ceryix » -

uteri. ' O < - .
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INTRODUCTION : - , ..

. " #

o -
~ 8ince Zavoiski's fﬁndam ental ezperiments in 1946 the Elect xon .

- - Hd

S:in Resonance (ESR) exzperiment has developed to becorme, a stardard

~

laboratOfy method,of'studylng the configuration and dynakical be-

havzour oF free radicals in low dleidctrlc loss medla. The advan-

L

tage and sometimes disadvantage of the experimenz lies.in its in-

sensitivity towards ali that does not give an_e.s.r. signal,

\-,’
.

thus giving a blissful sense of security to the xeaeqrch X wi L~

tempts to Ppostulate varlous reaction rechanzsﬁs. ’

v
- b

"
» . » -

The studies which follow immediately are linited %o loca¥ized

-/ - ’ -4 * 4 L] 1.
spin 3 radical‘\produced by y-irradiation of spall oxganrc.crystals., ¥

The review of the ‘theory, and this includes the rmolecular orbz ~1 . -

analyols of the radicals, is limit ted to the work done here. Gexeral

a~m
s &

. references are given in appendix A of the thesis. .

N
= ’ &



-

_Blectron Spin Resonance (ZSP)

THeory - - )
. : ) I . o * )
' - . Lo j
’ The essential feature ofntg ESR technique is its abi 1ty to
T - 3 -1 2
= * characteraze rolecal s and frse xad

+

e

dicals by the f%fonance absorption
- T v s

éue to the interaction of the, c}ectrogic magnetic moment and its

.uu 28

o
external magnetic field. Thelso-called spin Hamlltonlan, H, de-

. - 4
_scribing this interaction is written 2as v

-

A

L H = S o(gosﬁ & Ar:i'I) — "g 5 H‘I v - ‘(l)

where § and I zre the*electxorlc and nuclear spin eqL1Va1ent oper~

a:ors, §2s the magnetic fleld applled etternal ly to the mo1ecu1e,

>

8 A8 tne nuclear magneton, In is the nuclezr Zzeman apllttlng fqg,

tor and 8 15 the Bohr magneton.

4
LS

The electron Zeemar splitting fac-

- #

tor g and the hypexfine 1ntetactzon A are tensorial quantities.

=<

=
.

»
Y

For the radicals observed in this thesis, the last term on the
right-hand-side describing the nuclear Zeeman interaction is very

/7 .
. szall compared to the electxonic interactions and thus is lgnorea

:in the followzng development. S ;
\ i ¢

- = meg ;.\ - - - *
- - t '.' -
. ;J;‘r- . N . R

L
"

The truricated Hamiltonian, - : T . -

-
-

‘.‘= ‘v - +‘o
_ . & g .3(g gH Q,E’

et
N

(2)
appears to desc

!

be the ;nteractzon of the electron spxn S‘Wlth

twO not neces;arxlv parallel mngnetmc flelds.

-

"he spzn vector “takes

”

the direction Gescribed by the un;t."cctor z in the following

eguation wiich gives the magnet;c ficla resonance condltlons fer

- P

L

- " *
%

.
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’.[ ~ i ) \4 3‘

P %
-

» . - - - ..

ek g temes

“the three transitions involving an ;Sectron coupled to a,puclear

‘s

1 (eg. Nitrogen). o . g

I

spin, I

- ——
m&«mwm""‘w

- H=1H, Al s g

. (3)
: ) ; i
‘ r . ’§' . . . . -
R= B, /x-G'z .- b
-andi H=[H ¥+ |z -all /.r ‘G x : x (5)°
In this derivation, H hu /ZS ‘ G = g/z and A ”/28. The three

'tran31t10ns are assumed ta be equally intense and are observe&‘by

sweeplng the appl;ed magnetic f;e;d H wh;le keeping the klystron

resonance frequency V, constant.

. *

n reality, the transition intensiﬁy depeﬁds oh E@e r.f. field
intensgity and on fhe electronic relaxation time. The electron spin
in a gnetic_field can be éescribed ae'occupying one of two energ§
levelsy El and E ; and their relative population by the ensemble of
electrun spins foénd in the sample is described by the Boltzman
equatlcn, - P~
,i. = e ®a - El)/kT 1? )

i .

where T is the temperature. When the system is perturbed by an
r.ft, f;el& at resbnance the ratlo lenz varies and in the abSence

i -
of this field reterns to 1ts equ111bn1um value exponentlally as

£y

"described by a tzme constant Tl ’ the spin-lattice relaxatzon

& . . /
- *
> time. - ’ " L e -
. .

3]
i
1



requlres that fhe electron spin have nelghbouxs whlch are also a—

-

ramagnetlc. Tée 1ncreases as the d;stance to ;te paxamagnetic

neighbours and is a function‘of the frequency of their motion. The

presence of oxygen and metals can greatly reduce the TZe and’hence

increase the, linewidth of organic‘free radicals. The ESR spectro-

meter is essentlally a Q meter where the resonant cavity Q is meas-

ured as a function of applied magnetic field. The magnetic field

- ¥

is modulated also at a high freqqency, say 100 kHz to permit syn=
chronous detection and thus greatly decrease the noise bandwidth

of the spectrometer, A result of this is that the observed signals-

are derivatives of the absorptzon. Further noise reduction is pb-

tained by. stablllzzng the frequency of ‘the klystron to the reso-

nance "Q drop™ of the cav1ty. A block diagram of the spectrometer

is shown in Fig. 1. The flgure is self explanatory and zq discussed
in refi,l.,

3

xamenn

-
.
.

1

y w

*
L]
N
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--prOceSS4§u1m1nat1ng often ln the formation of free radicals.

T its termlnation is not always apvious.

N

*

Fxed Radicals in Organic Single Crystals -

The 1nter£%tzon of a high eqergy photon such

+ X or y-ray sources, with an organmc molecule 1s a rather compl;cated

- 4

[

e N - *
. -

i, -
LY

e
" b=

. * - - . ¥

radicals are defined as molecules hav1ng unpaired electron epln.

The ESR technique leaves,the experimenter ignorant of all that does .

Free

mot.glve a 51gna1. The mechanism of formation of the radlcal and

The radicals are usually

L
very dilute in the host crystal and therefore can result not from

the destruction of "the host crystal molecules but from the disin-

tegratlon of an- impurity.

the dlszntegratlon of H

2 introduced under pressure and at hlgh

temperature 1nto fluorlte (CaF ) dur;ng single crystal formatlon

{2). Analogous reactions cccur in organzc systems which are some-

. tlmes d;ffzcult to purify,

0).

»

1'
- »
- - » a
N .
L
«

’

-

~

For example the radical H. results from

The first ESR studles of radiation damage in materlals.of bi-

L4

olog1ca1 interest were of powdered material . {amino aclds)

‘et al’, 1955 Ref 3).

a.orzentat}on effects in

This was duickly followed by reports of

szngle

cfystals of alumine {van Roggen; et

al., 1956'Ref. 4) and glycane (Uebersfleld and Erb, 1956. Ref. 5),

_This last study was 1mmed1ately pursued in great detail by Ghosh

and Whiffen (1958 1959 Ref. 6 and 7)
{(Miyagawa and Gordy; 1959 Ref.

8, (%) and on malonic acid (McConnel

et al., 1960 Ref. 195 soon followed.

as provening from

(Gordy,

Pagers on drmethyl glyoxzme

These papers conflrmed the

necessity of single"brystal studies in obtazning informat;on about

the structure of the’free radicals and the dlstr1but10n of the odd

»

-

-



.electron around the molecule. Fxee radicals in dilute solufgog“

k]

-

éive narrow Yine spectra since the rapid molecular tumbling‘effec-

tlvely averages to zero the anlsotroplc component of the hyperfine

. coupllng. The reSultant sgectra are..less lnfpfﬁatlve since they

. can only be 1nteﬁ£‘;ted in terms of theirx 1sotrop1c interactions.

.

-

" In amofphbus or polycrystallxne salids the surmation dver all

<

orientations of the anlsotropzc term results ln a broadenlng of the
1ndlv1dqal lines so that hyperfine structure may be obscured and
be eas;ly misinterpreted. 1In single’ crystals, the ddicals_ are

r
trapped at sites which’ usually,have the same symme as the. host

+

lattice. Ther E;or;\\@n addition to yleldlng lnforqetlon about the

host lattice, e rotation pattern of the lzne;spthra aid the ex-

perimenter in his analysis of the configuration and history of the

radical. . - -

”
K ‘) ’
.
B
-~

N -
- - *

Review and Analysis 6f Previous Single Crystal Studies
¥ *, N " : . - -

v

- « : : 5

b

The first single crystal ESR study of an organic radical og- .
. ) -’ ’ * & ¢ - L *
curred, a8 we have pointed out before, in 1956. Since that time

much literature has been published about such studies. A review
of these studies puolished from 1960 to31973 follows. ' .

L] . -
~

-—a

Although most of the radlcals llsted in tables 1 & 2 are

organic, a few 1norgan1c xadlcals have been included because of

-

. their relative importance to the biologist. The radicals have

4 r

generally been produced by 1on121ng radxatlon. Neérly all theﬁ

iyradiations and observations have been done at room temperature., .,
[ ' h " * v
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In some cases (Box and Freund 1964 pageéfﬂoFrableZ ; BoxX, et'al.,
1965 pageb-5 oftable } ; Alasaka, et al., 1964 pageé-woftablez )

;A-

different radicals hav been observed after 1rradlat10n and exam-~
1nation at liquid nitro h temperature and subsequent warm up has

not always ylelded the saﬁe.radzcals as are produced bgrroommteme

rature irradiatio . ‘ . ) _
perature irra ‘;21‘9 \ . ¢,

‘The most commonly observed radloal results from the breaking

of a C-H bond to give a % electron radical centered orn' a carbon.-

As a result bond hybrxd;zatlon is changed,from tetahedral 5p3 to

L] P -

planar sp2 arid the unpaired electron occupies what is predomlnantly

a carbon 2p orbital directed perpendlcular ‘to “the plane of the rad-

“ical. Other radicals formed by the rupture C—N, €-C, N-H, C-F and

,

S-S bonds have also been observed. - -

. 7 It should be moted that many radicals are formed but only
those which are stable are observed. In fact it is the stability
of the product rather than the bond strengths of the ﬁreéursor;

molecule which determines how many and what kind, of radicals can be

seen. . . T p

YN

-

=
 *

Inter&btioq;of Unpaired Electron and Nelghbourlng Atoms
~ F4

-,
M ---_-D i - - L .
. . -
P " - - ] \

In equatlon 1 the term S-AﬁI descrlbes the hyperfine interac-

.
»”,

tion bef n an‘electron ‘s magnetic moment and that of the nucleus.

4
There are €two fundamentally d;stinct components of‘hyperfine inter—

actzons. TH&y are célled the Eermi contact term which is isotropic

- z - - .
- - . - -

. .
s . ¥ e o ¥ . . -
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and 1pﬁenend°nt of dlfcctlon and the anxsotropxc or dipolar term

which depends on the magﬁetlc field d rection but.is symmctric to

3 nver g 10n .

For the caxbon centered radieal, the isotropic inter-

- action tefm is.proportional to che

to the p character of this orbital.

-

3

kY

-4
-4 -

orbital contributions to hyperfine interzction -are

] - N

electren in an

“at the atomicﬁqucé

acdi

angular mementun.

in an atom if called an atomic orbital s4 by analogy 2 vave

e

*

Jusi

.

L]

PR

£

3

character of the orbital

5 Qrbitai has a non zero

-

»

e

-

To simplify the following discussion, all enced:

-

s= and p-

orbital has zero probohility of being found at the rucleus.

[

tion, of these two configurations only the lalter has noa zero

cccupied by the elect®6n and ®e anidotropic term is progortional

eus while an eleciron descclbed as b?ing inap

In

as the wave Iuncticn £0p a single eleckren
fonckion

deccribing an eledtron in a rolecule iz called a roleculay erbital..

—~ - ,‘ 3 - - 4« ¥ 3 '5:1‘ -
A good model of a molecular orbital is a linear cormrindtion of

étomic or¥itals,

romentun about their axis and are-

-

‘94_3

alled s (sigra) crbitals

-

Corbi natxong of s~ chlfqls have zazo argvlar >

The:ﬁg

'

orbitsls can alse bo formﬁd Lrom Zp orb;talg, Ligeaf corhlnati*151 .
M

B
I Py

called © orbitels,

«

Fa

37 orbitals have.an ongularvméaentum of 1 ueir, and are
Py

Fig. 2 111us£ratea thﬁ fQIEPtIOP of the o ani

-

-% rolecnlar orxbitals.

™
.

portlonal

elaciron,

»r
rad .

Y

to

it

-
-

-
tirnce as reinted out before anisotropic Rt

¢

the p- charactez of\f“e otihitul of the : nnaxreﬁ

is poss

epes s

*
W"NNM“NN“N“M“”./M"”‘NM?'(N'r"""‘"‘ L o
>
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wrnewen reomssnamee fre ssbis
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¥

araction is bro-

ible to es.imatc this 3 chozaetar DY COTRILmg
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é\\\ the observed anisotronic intefactioa, Q with a paraw‘ter Be calcu~

lated as if the unpaired elect€fp Vete&hﬁﬂlkj in a o ¢ orbxtal .

- < '

The S- Gherattar of the unpalrad electron na} olnlﬁarly\be estimated

[y -

by compacing the observed isotfopic interaction , A with 2 value

A. whzcn has.heen caiculated as if the electxon was cn;;re ¥ in, an
s orbmﬁ?l. Table 3 gives a fou hyp@rfvne congtants "that have been
y
calcul#%ed frem avallgble wave*functlon A xeylew artlcle published

by Horton in Chem. Rev. 64, 453 {1964) a15cus$e» this in greater ﬂepth

with approprlate references.

§$§irfinelxnteraction_w%th o Hydrogen
Z? An a hydregen. is onc which is Zirectly z:tachsd co the free

. xadical g/pm in aw eleénron a15+cﬁ. According to NcConhell and .

. PN g -

Chestnut “(20) the asotrop;d proton pjnerfxnetcOuplznq AH,IS pro-

e . r .
> vortional to the sp{h.density P, on e cenlxdI wiom  les
"u . ’ 5 - ) - ." " i -
- ’v /‘ "‘ . . - - -
. : . e .
¢ *
- — . N - 7
: Ag T Q0 .. . (7 :
s - :’,’ "

v - -
*
. .,

qhéﬁe-ﬂ-is a constant approximately egqual to -64 !MHz. A large

punber of radicils containing o hydrogen interactions have kecn
. 4 . -

\ . identified and sore of them are listed in T§ble 4.

= -
LY . P

-

" » -

3. - .-
- ' - TN - L
-

Thlo tabl& ;llustrates a numbe; of POlnta nerely that for car-

x
Y

bon centered radlcals iqotronlc couokzng for tne @ h,drogens is

- L 2
¥

fairly constant and varies Letween 50 and 63 1Hz. For the relatl?éix\\
few n;t;ogen.ccntere& radicals thal have kroen iﬁentigiud, 2 hydzcaen
. . .
. ’ ~. ’
' -igotropic coupnling is usnally over 64 ”ﬂa"'ﬂfge crnarpits ace necded

¥

however kafore it can pe definitivaly stated drar o Lydrogen iso~
] . - .

-

'v .
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This table has been taken from a review article

published by Mortoh, Chem. Rev. 64, 453, 1964.

1
2

1
b

Table 3 |

rd
. AroMic PARAMETERS ¢.0) AND {r~., (A.UL) axD
Os-Erzcraox Hirrarise Constants (Marad

L L) B ]

1420
1498 2920
2.767 3110
4.770 1540
7.618 4628
11.966° 47919
3507 33t
5.625 10173
7.0919 275
10043 40H
12450 9352
2571 33020

.

. {rres.

0.975
© 1092
3101
4.074
7.546
2.041
3.219
4,314
- 6.710
7111
17.525

2

53
9
48
144
515

87
1757
1

137
55
1052
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Table 4 = }b’pe::fln. interastion (in MHiz) with c-hydrogen atoms b ) ;
[ . N
“\‘.! L3 * o K ’ \
; . §
‘ . ‘\ ‘ Hyporfine interaction :
Eost orystal Redical ' - Raferences ’
. . Isotropitc “: Anisptropie .
. , - "l - . :_, - " U " N
Oxutsric asid EO,C= (CH, } ,~CR-CO 1 {-56 30 ° +3 ~32 Horsfield, A., Morton, J., Wniffen, D,, - N
LT .. lsi s w2g | YoM Fays: Lo 269 (1982),. - y ‘
Suceinid acia BOEC-CHQ-(‘.IEI-CO‘.;H «60 +30 ‘41 -32 Helltd, H., snd McConnell, H., J. Cheme .
el s - Pnys. 32, 1535 {1960). ‘
* ! ! Pooley, D., Waiffen, D., Moi, Ebys. 4 81
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"7 trxopic couplings ip“hitrogen centexed radicats have Yarger values

1

- than those for carbon centersd radicals. Taoble 4 also show

Y

¢/ anisotropic interaction. -
. - L ” V4 hd )

»

‘;%ﬂgﬁisotropic nyperfine energy is described by the followinhg expression

a

o -
»

-, )
gayz:IuS< 1-3 §°5 % > (1-3 cos’e)

-
L "\

£
el f‘
i

:
P

%
1 where 4 is the g;rcmagnetxc ratio for tne electron, Y %he gyromaa-

.~ heticiratio for the nucleus, $°is the Rohr magnﬂgoy-,,u zhe nu-
~H L . ‘ * r

clear’ispan qnanéum nurh Ms the electron spin guanktum nurbexr, ¥

- the <_i§.gtance from the nucleus to the unpailced electron, ¢ H1e #ngle

s

*,
-

e

Y

between this line and a principal axis of the tenson and 6 the -
angle- between the magnetic field and this sarc nrlﬁrwpal axis. 7o

-
,? ~

estiwate the sign of the anisotropic hyperfine 1nte*actlon we neod

’ [l

only to detnggine the sign of thd quantity (1-3-c0s%9),

‘l

- N P

. Hyperfine Interaction with 8 Hydrogens . i
N . IS TE AL . - ) " N “ » ‘ - - ’
T e ¥ ?i;l‘! - »* . N b

,;: A B hydragen is one which is two bonds away from the free ra- i

. 'dical atom. The most common form—is_>6—¢~HB with cackon as.both 2

e’

the central and xntermedlate foxm. A £ hydrogen is therefore not
¥ e »

as neax to the odd electron's orbital as the ¢ hydroggn, Since 3@

) snisotropic inkeraction is proportional to f"3 (See eqa. ©) 11tﬂpﬁ
. ’ ! (‘l’ 1'.
' anisotggpy is ex§ected (13).° aperlmentalbjgit hag “2en observq@f
that the prxncxoal values for anzsotropic P ~xfdrogen copplings
’ T o * s - ¢ ‘
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rarely exceed 10% of the 1sotrop1c coupllng. They have been found

LI

to vary from less than 10 MHz (14,15) to over'lzo MHZ (16). The

s;ze of thls B coupling depends on the radldal‘s geometry - bexng

small if the g8 proEbn is in the.nodal plane of the unpaired elec-

\

tron’s 2p orbital and large if i¢ fari from that plane. Stone and
Maki (17) have shown that the isotro ;k B coupling is given by the

expfession

, . I R
. J By + 8, coszﬁ ‘ - T o -

-

.
B .
.
2 g : .f
A N
.

where Bl and 82 afé“constants sudh that 31.€ 82, ¢ is the angle

between the CB-HB bond and the axis of the odd electron's 2p orbital

projection perpendicular to the plane of the g—Cé bond. From o~

alanine studies at liquid nitrdgeanemperature, Horsfleld'et al.
H

’

(18) have calculated a value of less than 10 MHz fex B 32 has -

a value of 130 * 10 MHz {19). Other theoret1c1ans suth as McLachlag

_ . \
(20} and Lykos (21) have shown\that isoﬁrogic coupling is positive,

In Table 5 B coupling values fox severélfradicals are iisted. -

X

\ . "h-.,‘ a. * =+ ' ’ bl ‘!

L4

In some cases {Table 6) B hydrogen qoupling 1nvolve methyl ’

groups, The'most common examples 1nuoiving methyl groups are found
» " v

in radlcals of the type C-CH3 and N-CH3 | . \\; .

)

Y
- - "
- . ¥ L
- - =5 !

At room temperature, the metﬁ&l group rotetés,freely‘qné s0

\
.the protons become geomeQrzcally eQulgalent. This equzvalence

C

J
"results in a spectrum gf four equ lly spaced l;nes thh-;ntenSLty '

;
ratio 1 3e3 1. The weak anxsotro y meaﬁsighat even gplycrystalllne

-

- -
samples give well resolved spectr . Ac.lower temperatures, for ,
- N ) . -9 ’f‘.
. R a “ A <
s ¥ *, . ~p

5 b I -

+
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Table 6= Hyperfine interactiod-fin MHz) with methyl groups ' ¢
. '~ - . * vt . R
. ) Merrine’intoractim . -
Hoat cryatal Radical References
- . Isotropic Aaisotropie .-
T ,,,' Y X . i s T i ] =
Giyeine e uzn’-cﬂ-coz‘ 153 5 R O Hortén, .r.,, J. ka. Gaon. Soch 86. 2325
-\ {336k), :
) Methyl zalonie adid 3mé-( 3)2 11 15 -2 “2 . Heller, M., J. Chen, Piys., 36. 275 (1962);
a-Alanine * . nac-cn:coa ) ﬂof’? o468 -3 -3‘ Miyagaws I.. end Gordy, W., J. Cnen. Pays. .
e : 32, 255 (1960). .
* - ' R - .
“Acethyl Dl-slenine H3c-co-nu-l:(cn3)-‘coaa 153 }(\at.gugm, M, ss. o1, smtmac.. 9, 29
- R 19462
3 »
s . 1 [
a~Mino izobutyrie acid (aac)a-c-cozu +68 +4 -1 -3 Horaficld, A., Morzen, J. m:a"‘n'hi“fen. n.,
e . . Vv ta{ans. Fareday Soc., 57. 1657 (1581} ;. .
Ethylurea nac-éu-m-ocuha 46h - Jazejw, T. 4nd Andercon, R, ")J. Chom. Phys.
: . N 35. 2192 (a%61). .
faconis aefd | H,C-CCOMNCHCOM | 467 | 2 0 <2 | Suifnoto, M., 3. Cnem. Phys. 39. 8L0 (1943).
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xamg%f 77 K, the spectra is more complex, for the methyl protons

are.no longer eguivalent. This means that tQ? methyl group is
e;ther completely locked or rotates rather slowly.

-
L ]

-
-

One“gtudy 1llustratihg the 1atteg statements is that of
Horsfield et al al. (18). These investigators examined a crystal of

a~alanine that had been y-lrradlated at 77° K. They observed that

at 77°K B-hydrogen cqullng values from the radical‘Hsc-éﬁ-CO H" e

formed in 1rrad1ated a~alanine single crystals are very dlfferentﬁk
‘from those dbsexved gt 300°K. At 77°K the methyl grdup was rotating
at less than 1Q~ z Md its three protons were inequivalent., The

+ 9 El -
isotropic coupling was still 70 MHz but the individual couplings
s e *

instead of having the room temperature valuw

67, 71 and 73 MHz
were now 120, 76 and 14 Mgz; _Horsfield et a ..célcul§ted the degree

*

of deviation frog the crystal axes by the radical and shdﬁeaﬂthat
the methyl group had taken up a skew position in relatiom to the
i . ) - .

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

| -~
1

gradual change in the spectrum of the HSC-i:::Zzﬂ'radical (22, 23)

and free rotatioﬂ'of the methyl group occu ly above 190°K (24).

f,\$£e temperature at which freg&rotatzon of the methyl group beglns,

differs from fadical to radical dependlng on the steric factors

dnvolved. In the radical H c--C-(C02H)2 formed by eradxatlng methyl

malonic acld (25) the methyl group still rotates freely at 4°K.
The radical (H C)Z-C-COZH which can be’}ormed by y-irradiating a-
amino igobutyric acid has 2 methyl groups. Morton (26) has shown
that at 40°K the protons of one methyd gréup fgtate frgely ?hile:
those from thé?%ther group do not.‘ Table 6 gives some examples of

v . . !
» 1 -
* . ‘. . r‘,g
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Hyperfine Interaction with v hydrogen atoms

A
v
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. s S 131

g hydrogen coupling,ﬁxom.xadicals with methyl groﬁps at room tem-

.

- .
. = -~ -
- -

. A . " i - L . . B
*

B hﬁdrogené are also found in radicals of the type.>é~QH. -

I
.

Here oxygen is the intéimediate(atdm.' In these radicals hydrogen

K £

ietusually in or near the noﬁal ‘plane of the unpalred eIectron s
or1 al. and é& only small 1sotrop¢c 1nteract10n is observed. The
sign of cgpp}ing_is as.a rulé negative (27, 25). However in the
case of anhydroae litﬂiég glyco%lete, the hydroxyi group is ndtqin

the plane of the radi?alt(QS). ‘Sgid'pola:izat§on produces a positive

spin,density at the profbn thereby giving rise to a relatively larxge

.
*s
L s

positive coupling. « ) ) .
L3 - .

[

) The hydroxyl,hydrogen is usually nearer the free radical carbon
than the g=hydrogen in a C-—C-HB fragment. Dlpole-dlpole ‘interaction

is thus, greatex and the resultant anzsbtropicqylarger.

n -

T

”
-
-

g~hydrogens are also found in radicals of the type ;}é-N-HB

where nitroéen is the inte diate atom. The B proton interacts

with the unpaired electron in & similar manner to a B proton with
carbon as the intermediate atom. The splxttxng from the nitrogen

is often. very close in magnitude to that from the B proton thereby

*

mak;ng interpretation of the spe t;p dlffxcult at tlmes.

LI L Y

» .
L

x
- =

< A y hydrogen is one which is three bonds away from tﬁe radical

X 3 . .
& » WY & - -
" [ 1

x ) - '
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aton. The,radzcal‘,ac—c—C—Hy shows such an hydrogen. Hyperfine
N Fiy i ‘ » . t e
coupling betieen the unﬂaireé electron’s magnefic mo*ent and that

£ the y proton i3 au;te weak and nencehgo oftcn not detected, (16 30)

In casas JPere one of the lnuerncdlute a$0ﬂs is ozygen or sulfur

- s %

some of the unpalxcd electron spin dengity is delocalized frxop the
o “ b

2p orbital of the free radical c&rnon d up to 25% may appehr on
beea detocted

the adjacent aton. As 2 xesulh { proldh couplings have

~

1qﬂrucn fadxcals as H,C-0- -Ci-C0,, in pc‘assium rethoxyacgtate (31)

and _(10,,C) ~CH -S—CH-(CGzﬁ) in irrediated thiodiglycollile acid{32).

s

- -
.
. 4 - . -
.

- -

The isotropic sp’xttlngs weére 6 and 15 resp sekively.
P X~\ v

rhé‘e 7 ahOJS sorre y—proto§ splittings obtoiacd at rron vagferatuze.

Yy - L]
.

Fal

~

Hyrertiine .:.m;erar't'oon s':|.1Lh ice \.‘mw:ra palC laus

b

o -7 .
.

- . -~

- Urpaired eclectrors centered on nitrogen nuclei AYe as a rule

localized maiﬂiy in. the 2p -orbital cf this nuclcus. The Hr4

nucleus has a spin quamium nuiber of 1.7 Interaction between its ™
r-.o -

ﬁagnetlﬂ roment and that of tne unpaifﬂd eloctrzon results thexefore

an.an &SR SPECqum of 3 evenly opaced lines, Theoretical calcula-

tions ,{33,34) andicate that ipe isotropic interaction is positive. .

- T

=
’ - -,
. -

-
. L.
- . - - »

Anfsotropic interaction is*descrilbed by Lae expression {11,12)

- - ) 2 ) ) ) e )
. B g(3 cos®9 ~ Do " (10}

‘s

where 3, i% a constant thal iz 43 Ll foz airtrogen, < yvhe cagle

Pl

-
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bntveen-the apolxedxmag1etlc field and the Zp orbital axis and p

the spin density. ”ﬁe diagonalized coupling tensor doacribing the

Y
v

therfxnegmnte raction betueen the" ﬁltroaen s nuclear magnetic
ment and.that of the unpalred electr01 in tne 2p orpital is thus

_cylynﬁrically syrmetric T‘“ being +28, when the applied field is
; b —

parallel to the axis of the unpaired electron's ofbit and -3, . -

woen it is pcrpendicﬁlar Eb this axis. The values in Table 3 are

t. - \
%in reasonable agreement with this model.
vy . - 4 “ —
- \\ s
:‘ ) Y + *-

. Iﬁ¥eractlon petwcen the pagnetxc nexents of an hncalrea clectron

_on & carbon ator and that of an adgacent nztrogen atom has also been

obsexved. AnisotroPic couplxng~are in tneseixnstancea Uery weax.

Fad

pling is also generally woak and vrénablj results

from a small negative splh dcna;t; ‘on the nztroaen aﬁ\u resalt of -

spin palarizatidn of,rC~H bond. %he splitting paramctexs fof n1~ e

-

trogen is rarely more than 12 %Hz in these‘circumstances and 5o is »

usunalily only a contrikutory factor to lipcwidth in qgst ESR.spectra.

- -~

s

‘' The le nocleus” has a spin guantum nmapcer of 1 and hence in -

interaction with an odd electron gi%eé'an LSR specﬁrum of 2 lines.

., . ]

This doublet spacing is diffccent fron the triplet observed when

the %% nucleus intexacts with the unpaired electron. Iéot}oéic ’

11

-

substitution can thus ke used to detertivic wnether hyécrfinc inter-

action observea rcsultw frod thc prcsence of ;1txagcn (35).

- rd

T



-

-

L) [ v i 4“
. ‘ . .
. ¢" "
. . s
3 ] .
] s '
T Weble 8 = Nyperfine Interasticn (fn Miz) with the Nlu nucleus ! .
. - . \ ~ . ~
4 S
..
' . Yy SMns” Brigerastion 5 .
Ras? Frv:taii Redfoal Teotropie RpYeatropte Refaerehaas
e . N - //, : v
Potaswiua sulfanate nu(soa) ‘ 138 160 n ] =32 Rovlands, J,, Mod. Phys, 5, 565 (19€2).
PRotassiun axine l'i(BOs)f" +37 t69 =31 EXT Horsrield, A, Morton, J., Rowlanda, J., °
disulfanter 5 and Wniffaon, D, Bk, Phya. 5. 241 (1943).
Tetalne Lydrachloride . (Ciy) R 1T |92 =31 ~55 | schorfa, Q., Ju Chem. Phys., L0. 908 (196K).
Sulfaxic scia 112&'-303" +51 +52 =387 34 Rovlanda, J. end ¥hiffen, D. Nature,
| * Mndr' 193. Gl' (\1962).
Dlsnnonium Bydrogen | M%C 145 +56 21 ~35 | Morton, i, Ju Paya. Chem, Solida 24, 209
phosphate ‘ ‘ , {1963), ‘ . .
Deuterated cytosine oc-&-uc-éﬁ-c(nn)a~x 14 23 24 -1§:¢“"5cb¢k,.3.n.. Eliioz <, and Wyard, 8.,
el 2 . Mol. Phys. 13, 49 (1967).
Deutersted cytosine Oc-!:-c:i-CIitc(h:‘:-a)..r'l w7 +15 -7 ] Cook, 7+, Exliaot, Jy and %«ynrd,‘ g.,
L : « Mol. Phys. 13. K9 (2967).
w ! ' ';
<, Yy ¢ - . |
t
' ) ‘:f"' .
W 3 R
:s . [} .'
Lo - PRI

“¥ST



» . - ¥ < A
. .. ;‘",t.
£ 4 f . g 16,
- Y A TS < g " :
. T - Rl ’ Y r
, #; ft - L~
. - . o " A . . Ji\*
Eyperfine Interaction with the Caroon NHucleus e Vg
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e'bl3 nucleus has spin I.= !} and so when it couples with an

anal:%d electron a “two-linc spactrum resulis, C13 horcver has a

natural abundznce of only l 1%, This sgectrum is thus rarely seon
LY . -
ins§#dcadiated organic single crystals. 1Isotropic interaction is

. . .
- positive (33,34,36). As with the nucleus H‘4

, anisotropic hyper-
Zine interaction is descriked by the espreszion 10 with the constant

%, Deing 91 IHz. A few eranples of hyperfine intexgction with the
» T r
13 '

¢*? nucleus in single crystals are listed in Table 9. The inter-
- P2 . : -
f - . . v
actions are in reasonable agrcerent -vith the ezpected pattdrn, The
# - -
Cl2 nucleus has zero cpin znd so0 is not involved in hyperfine

w

* -

interaction. .

s

- Ezamples of the %lsxdcntlfxcaflon of Free Padicals

- - -

It should be erphasized that the esr cxperimenter can be

:.gnarant of “uch that ncﬁ nof give 2n esxr sxgna_l ard nistakes cah

”

>
L]
*

Le rade. Rad;cals widch can be Adcﬂtlfled nnlqunlj hjthélr powder

spectra are rare Ln&eed, and in zp;to ot thc oany pnblwcatlons to

- -»

the contrary, ‘it is zere gpeuulation or good guessing when spgctra
are attributed to ccrta;n unigue raalcals.‘ It is only with a
_ cérplete analysis of the prientation pattern of the c¢sr signal fron

« a radical in a single crystal cnvirorrant that one can bte fairly
. . o .
" confadent that a proposcd ¢del is reasonablo. Mdstalios are still

rmade hovever af corglesentary inforration fion ihcoceiicz) eal-
; . - -

culztions 13 not avairlabla. The nccecsibty ol *.iw, wocekical
a-

E -
+
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or nuantum cnem;cal c:lculatlons is made evidcnt by tas folloting . °

x
’ - " hd

two examples. . -, i L
; / .

, . -
-

%
r = -
- l -
- N «

Publications b7z tecta and ?esseﬂéen (37}, Syrons (38) éqd Lin,
Cyr and ?criyaﬁa (32} have suggested that ﬁ- or‘gamma irradiation
of)crystals of corpﬁﬁnds coﬁtaining anide or nitrile grﬁuéﬁ doas .
not indeed form the sigrma radical (Fig. 33 as previously réported'

(49) .

Cyxr and Lin (40) in a very carcful study of an X-irradiated ma-

lonanide single crystal observed o radical specirun with coupling

constants for one nitfogen A, = 19.3 gauss, B, = 9.3 gauss and for

one proton, A, = 77 gauss, B, = 2.gau¢5.{ Shey concluded that the
radical has sigma slructuxe (? 1g. 3) anﬁ this is’amalogous to the
sigra radicals HCQ and HCH waich also haye ‘unusually large large
proton h}p£/;1ne coupling constants. “etéeand Tessenber. (37) and ‘
then laterx Sjr0ns (38) sucgestee that thz observed %I w“as large

enougn for the radical to have the structure zn Fzg. 3 butrtnnt

-
4

the lmlnjl radlcal (Fig. 4} was a rorhnllﬁely ?&tcrnat ve structure.'_

~ - - - - - . -

| .- -
W r -
- EE |

Lin, Cyr and Tomiyama (39) repeated Lhelx expérizents using

15 eubatxtutcd c;anoaCctamzdc, u = C-CHZCO:Hz ‘and observed the

sare spectra. Theix cxvezirﬂnt uherd that the stable radical wa
st llselj the radical aegxcted in Fig. 4 and that the prodhctlon

of tho sare rdazcal fruﬂ ralonarmade, %zuucubzfﬂﬂdz reauzrc: A ratnor

* T. o

corplicated rcaction rochanism. -

-



FI1G.3%, Sigma radical sgggested by Cyr and Lin (40) as
being formed in malonatide single ¢crystals aftfer

X~irradiatiéon.

FIG.4, Iminyl radical.suggested by Heta

¥
— b
< o

.

’

and Fessenden (37), °

Symons (380 and later experimentally confirmed by Lin,
Cyr and Toriyama(39) as being formed in malonaaide single

crystals after X-irradiation.,

*
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. It must be %oinged.oué bere thak identification.might have
been made more quickly and easily if aided by spinldensigg calcula-

" tions using either the extended Hiickel or INDO methods (41).

N -
*® -

-~ ~ - - -
L]

be results of an INDO calculat;oneus;ng ?op@ess program )

R}

modifxed*to be acceptable to the small memory cdbacxty of the CDC
6600 comouter .at Montreal indicate glearly, (and at a cost of 1ess

than $30 00) wh1Ch of the’ radlcals proposed is the most llkely. )

>

L]

Figure 5 shows the hyperfine coupling constants calculated for

each of the radicals. Standard geometries (41) were 'used throughout.

- T *

Both the proton and ‘the nitrogen coupling constants calculated, £or
the sigma radical were an order of magnltude smaller than the ex—
perimentaliy observed values. The iminyl radlcal is shown in Fig,
.Sb*with the calculate@,coupllng constants., ’The eplitfihg due to
tﬁe two equivalent bete.proténe, with a calculated nearly isotropic

coup}.lng of 9 gauss, could wel‘l have been lost in the poorl)k resolved <

Y h
-

if)spectrum observed by Cyr and Lin. The rather smaller ulated

than exnerlhental values are due”in part to the lnadequ y of the
¥N“EQgsen mdheis which ignore lntnrmolecular _effects. However, the i

iminyl radical is definitely the best»modél{f * ’

"In a&ieparate stu&§;>Lind and Kewiy (42) very carefully examined

the esr signals obtaiﬁed from gamma irradiated dicyandiamide,
(hzi) é = N -c=u and repoxtnd a spectrum waich they attributed
to the sigma radxcal (NH )(HH )¢ = 1 - c= % The hyperflne

coupl*nﬂs att*.buted to this ui-wk radzcal arc .73< 89 gapss, for

* The author has altered the prrcram by storing all maErices 1n
Hessendin ox trianguﬁgf form.,
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proton, 0-25 gausz-:. :zr a m.trogen anci a cougl:.ng of les,; than 6 5
rogen. Presumably the radical was fo*'med by ‘

gauss for a thlrd n
X

the s:.mple abstracnon of a hydroge\n from an amino grcz'} The

”»

. calcula ted cow..;ng constants far the dlcyand;amae rad...cal proposed
» ,;‘ &

b?z Lind and Kewlv F:.g. 5¢ and that Dropo ed her;a Fig. Sd, are shown. ‘.

Aga,m, it is mo_s.t reasonable to conc}:ude that the sz.gma x:ad.Lcal is T

unllkells and that the .mu.nyl ratilcal is tna best mpdel, .
,w 1:‘¥,' - E - . . ’

- - ~ s o .t ,‘, & ’
‘," {: ‘ 'g . &J . H . 4
It is unllkely that sigma radJ. 1s are stab e at elevated ;)
* - /) B’ WL
f temperat:ures (grq',ter tharg 77° K) . - - présence of ‘
——— - ’ ~ P o ‘e
- hydrogen' bonded Systems as is the cac:e or ma:};{f;de and dicyan-
. t 23 > ’ ";
' d:.anndeJ f:he highly localz.zed charge d:.st.nb-.: " tequired by a - -
-’ - -
_ sigma radica® maiy e.a511y be destroyed by_ the h;ghly mobile pro-
Ne— . e .
tons in such systems. c e ’ e . . .
. * P '? ; T . :: ., ~
Mt v . . . TS 2 e
. * 1l rY -

— -

A-ectron Spl\{zesonance of v-s.rrad:.ate& smgle cry.,tals of ethyld-

-
zoliginone) %nqgethy lemeth; iourea 12-~imidazolidi 1ne-

eneurea {2-imi

. Y . ; oo
thione). . U( o R S }: it 1 o ' v
3 1] > . - ! - * - ; t R “ - i*;‘!- L " " = + -y
) i >N s PR S ] S, -
. T . - % \ . "

. s p
- . Ethyleneurea and%‘thylenethlourfa Irave been shown t be weakly
v T A
* 1t - )

rad;oprotecth (43,44). .Ethyleneth.w?xrea has been foun 1so to
- 2 -

have antieplle,x}tr , anticonvulsant ac..:.v:.ty (45). The .mechanitm of

»

: drug dction fp}: both drags possibly Zr;volves free radical formation.

an,

. .
+
- “x
» ¢ ‘ - L]

s % .

, - d
/ * t

Lo The détaz.led crystai structure ‘sz etﬁy-encthiourea has been
deternmined by P. J. !heatley {46! using X-zay r‘_tm&s* The crfgtal

Ed

structure of -ethylenenrea bas not bizen pdbllsned. Ho?ver, .its

(e
- " Jf

i
-
w " L]
L}
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molecul structure and the esr _spectra of ‘the y-eradlated powder

4 5
) are.éégi { to those of ethylenetﬁ;ourea and this suggests they could

-

o - - .Y -
have the same crystal structure. Horeover, he crys a 8 grown from

solution have the same form. The, eth&lene urea ¢ stal belongs to

]
.

the monoclinic system and the dimensions of the unzt cell are a = 5,774

- - L]

50,003 b = }4.540 30,005, & = 5.801 with @ = 101.18. There ate four

/r—xmg;pcules in each unit cell and thé'space croup is Py, /a gh‘
N l

mclecules are shown schematically in Fig. 6 and thelr arrangement

The -

about the unlt cell is shown in Flgure 7.

»

. EXPERIH:.I‘«TAL . - : e A

. Spectroscoplc grade ethjlenethxourea and” ethyleneurea were
ourchased from the Aldrich Chenmital Company and were used to grow

-

-«

. .- - -

+«, 8ingle crystals. . e ) o ) g -

At room temperature both ethernkthiourea and ethyleneurea are .

-  extremely ‘soluble in amyl alcohol and so 51ngle,crystals of ‘both

- thgse compounds were obtained without too muth dlfflculty by very
oy :
slow evanorat;on from the saturated solutlon. it is noteworthy

\-4

M
that ‘other commonly used technigues were less successfui. The -

—l » {

- external appearances of the two crystals were nearlyfadentlcal and T
1 F T .2

- -
v . - ‘«-.,_"—
3 ~ . -

- - - g T - - E * ’ ‘ - ) > ¥
.. e e ) .
a set of reference axes consisting of thé-éxxg&sllographic-a
h - T s
A

. ana b axes to ether with ¢ the third rember of the orth090131 cet

the angle between the:q§§?;al faces were_examined., L

wore cnqsen for the ESR measurements. These azes are shown in FLg.
. . - '. 4 . -
6. > . 4 - AN > A
- ) - . ., " .

- .t
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-0 EO . ;
The atomic coqr&inateé givea in unit cell fractions for the crystal

ponoclinic system were txansformed (19) to an orthogopal system in

- -

Y  terms of actual coordinates. ~ ,
> £

s -
- -~

A monoclinic crystal having space grouo synnetry P /a
1
DOSsesses a center of syroetsy and one twofola ans, the b axls

{shown in Flg. 8). Radi als formed in crystals usually assume

thé-symmetry of ’e host la tice and in this case snectra coming

»

from radzcé‘s at 1fferent sites relatéd by the 92 /a symwetry \

opeiations superimpose ‘dentlcclly when the magnetlc field Iies

. |
Rlong or is per*end;cula: to the b axis. OtherWJse*;ﬁg_magnet~ca*ty \

distinct buf symmetry related sites are observed.

3

5
» -_p-
T A3

The crystals were irradiated and examined by ESR at room
terperature. Also these single crystals were*ixradiated and examined \ .

at liguid nitrogen terperature. In the latter experiment, the crys- .

tals were warmed to roon temperature during waich time ESR spectra

4

was taken every five minates. Ethylerethiourea and ethyleneurea

crystals ané powders as welil as the -tezated analogous were .,

also examined similarly. To assure that su:face effec;s were
Ak

_ - Corn ;
unlmcortant in spite of the stzong concentrations of ozone present

in g-cell, a y-irradiated single crystal of ethyleneurea was quzckly
swirlad in meihanol, dried and then re-examined by ESR at £ﬁe same
{rconm) temperature. Also’singig crystals of both compgunds were
,-irradiiigﬁ in the prcsence of t;ané-é, 4-difetﬁyl-2-peﬁtcre'-__

an _olefin which is knosn to réact very readi ily vlth ozone {47). .

Additxonaly 1-irradiat10n o evacuated r;xn-_~, SB?}IE: in qzr 01

* YThe aathorsz are indebted to Dr. Joseph Steinberg of the Gniversity
~ —-— —of Monbrgal Department of f%ays:oicgy-fnz—1:nr1nﬂr1:tiﬁts“5ﬂC6“7=§§III""
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nitrogen were carried out in order to see)if changes could be 22-
. o

caused in the ESR spectra obtained from the. samples. It Should be

‘/poted that y-irxadiation changed the appearance of the crystals fronm

-
»

colourless to grey.

4
"

A BrukérDXPband,e.p.i. spectrometer having a standard TE 102 - .

nodg rectangular cavity and operating at neaily 9.6 GHz y?s used .

- - — .

" throughout these experiments.

-

¢ Room temperature Spectra was taken at 10° intervals as the .

- ! .
crystal was rotated in the macnetic field. A similar procedure was
‘_adqpted to record the spectra as the crystal was rotated about the
b . other 2 axes of the orthogonal set. " Spin density was determinsd by

fﬁthe BP9 catculations. {41) ysing Pople's program rodified to be

_acceptablé to the small memory'capac@ty of the CCC €630 qozputégwai )

f

*+he University of Xontreal.

- S ' ]
- \ . . ) .." 3
- ; ‘- " -
DESCRIPTION OF SPECTRA Lot - % .

-

_ . The single crystalé of -ethyleneurea, ethylenethlourea, their .
# L [3

sowder and deuterated arnalogues gave identical spectra at BQQfK and

77°k. Rotation of the single crystals vproduced virtualiy no ciange

in the spectra; nor did y~-irradiation in nitrogen, air, under

- »

evacuated cqn&itions ox in the presence of trans-4, 4-dimathyl-2-

pentene — an ozone scavenger. hnen a 3-5.::&6@&1 single crystal

“me .

of ethylene urga ~as dipped in rethancl, dried Gnd re-exarired, no

. spectral changes were seen. Lhe spcstra consisted of 3 lines whose

relative intensities were near 1:2:1 with a splitting of 35.6 causs,

L
.
, .
. .
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linewidth was approximately 22.3 gauss. Fig. 9 shows a typical
soectrum.’Varlatlon of rmicrowave power ;n the resonant cavzty
" showed that the lines saturated equa%;ﬁq—-c:aphs of signal intensity

against the sgquare rwﬁ of microwave power are shown in Fig. 10.

- . - f
- -
-

DISCUSSION: : - ' -

{a) Radical Structure

-

Zthyvleneurea and etﬁylenethiourea singie crystals when growL

———

£rom heavﬁ water, have their labile prot‘ps, that is, those attached
to the nit¥dgen, replaced by deuterons. )
Deuteration of thece CO&VOUR&S %rd not oreduce a change in the
ESR scectra and so one “ag conclude that the hydrogens on the nitro-
gens of these corpounds éld not contzlbute .significantly to the ESR

'. 4-r,.*

;ectza. The nuhber and relative zntenSLtles of the lines ind;cate

»

" that they are due to the hygexfine interaction of the unpaired

electgon with 2 georetrically sicilar hyﬁroge’ . Since the hgdrogensz”‘
on the nitrogens of etiylens urea and eth'len thicurea are pot
responsible fot the three lines observed, this suggests that the
structure of the radical we have observeg. lnvol"es Cy andfcz.

N A radical that counld ke assigned to ihe EZSR spectrum gbserveﬁ

"-.ff'o\' ;?' »[ T_d ' o :

- oo FIG. i1,

-
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o noise : D
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H .
. FIG, 9. - STRUCTURE OF ETHYLENEUREA X
SAMPLE: ETHYLDNEUREA ' MODULATION AMPYL. 2 GAUSS , SO )
) TEMP.:  300°K TIME EONSTANT I sad, 1 | ', ’
MICRON, FREQ.: 9.35 GHz RANGE 200 CAUSS '
MICRON, POWDR: 20 mW. _ SCAN, TINE " 200 seca.

Note that the noise level is rather‘excessive and is indicated at the right

of thae trace.
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covld "
it is conjectareé that such & zadlcaL(reSult from the reaction of ozone

with ethyleneurea oz ethylenethiourea bg:fggjfbllowlng pathway:
. o o .

o
1 )

A
NO+ PO, T G
- = . L

» HL . ‘g‘

. ] iy : ' b .

bne would however hesxtate to propose a react;on mechanism w;thout

-

some cheni proof.
The gize and gecxetry of the ozone rolegule (S=e Fig. 12} and the

- »

rolec¢ular paramsters of the ethyleneurea and ethylenethiourea

sucgest that ‘such a reaction if it occurs,would be priéarily a

surface react;on. However, shen the ethyleneurea single crystal

r

was dzpoed 1n "ethanol, dried and re-exdnmined by EEXR, the only

spectral change observed was a very scall decrease in signal size.
. » . . H » - . -

Since irxadiation of the sarple ih the presence of tzans-4 4-di-

h-th;l- -oentene a known ozone “"scavenger® (47) did not cause an;

"change in the spectra it can be concluded that gzone'a§ﬁ not, par-

”

ticipate in the generation of the radical from ethyleneurea and

its analogues. . -

*

11
-

The radical species resrcnsiisle for the sgectra shserved was

- 24.

-

. prababiy produced by the rupture of the C;-Cz tond as shown in Fig. 13.

, L

[

~ . . -
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- --nonoclin1c as po;nted out befoze, this mearis that resonance from .

.propoged {Fig. 14) éppearé to be the best.rodel -however. %?DO cal-

i conducted and can only mean that the angie,e for the two 51tes are ,

i 3 qnzte rapidly. The shall anlsotropy observad {less than 1 gauss)

.
£ im

.- ’ v
L. K -
S - S |
- . ) .

,IWDO calculatxons on sevezal models show that the above radicai‘is'

the one most‘lzkely resPanslble for the spectxza observed. The

-

1100 calculatlons show that the s;ans of the h;perflne values for
the Za,pydrogens.should be négatlve. rhls is gxactl; what McConnell -
conq%uded.for sinil 2 dlcals. The gpin density on the central

}
carban was calculated tok be 0 85 whxch in view of the large hydrogen

coupling is smaller than at exoected exoerlmentallny.The smallor

calculated than ezoerzzental values are due in part to the 1nadecuacy )

&

. of th¢ chosen rodels ah;ch newlect ;nterzolecular effe* 5 mbicﬁ'nust

ke signif;cant in this-haghly ydrqben,bonqu system. Tge radlcal

-l . ‘ ' ‘

"culations are shown in-Table 10. e - L%

r ’ 2 re

k] v .
B " ‘:{ 1 . . ?{j /\
. &

R * - . = - * ‘
Sinde ethylieneurea and ethylenetbiourea single crystal aré

e T e L
s ———

two uagnetzcally distinct radlca1‘§1tes should be observed whcn the

L L

magnetlc £1eld does not lie along or is not nerpendlcular to the .

twofold axis, - the b axzs. This waﬁ‘not observed in the experiments

’ .

1dent1cal, such as would occur if the-ﬂetn;iene oroun was rotatlng

at 3I00°K and 17K sup,orts this con¢lusion. This cmalI anisotropy o )‘
Gccurs cecause rotation is not co:nletel}~£ree and the rethylene _'f

group is sorewhat core likely to be found in certain preferredy e
ozzénéations. Splittings.from the G—nitdaden or proton wWerz not .

»nr

i1dentafiable. RBowever the linewidtch of the (g-n"drogen]i'trlnlet"

sional {22.3 éauss) is large epough to raszs “these. TIDO calcula-
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* 7 %tions (Table 11) show that the 2 nlhrogen would have an lsotropic

’P’ !
splitting of less fhan l gausa*wlth an-unpalrpd electron spin .

density of 0. 0024 in the s—orblcal. If the unpa;red electron was

~ ~
[ ]

entirely in'a p-orbital of the nltrogen then its an;sotroplc coupllng

wou‘d be 34 gauss. .The odd electron s spln éens;ty in theﬁg-orbxtal

“;saccordlng to the IVDO calculatlons is (ﬂ 0030 0. 0111 + 0.12%14 =) |
;T\ 0°J355t Anisotr opy should thus be (34 x.o 1355 =) 4.607 gauss and

could éasily,be obscure@ by the largeness of the linewidth of the

hyﬁgégenzlznes.

R e . ‘ , Ay
'{:— : ‘: ~ - Tt - . * ¢ .
(b) Ozone Formation ‘from the y-Irradidtion of Air T

= I
r -
% -

It should be staﬁbd finally that the ozone formed jin thg

Fain dipﬂp—

warmed up from 77° K,to room temperature the ink blue
62.0°K (48)).

¥ *

peared. (Ozone has éoboiling point.of approximatels
» The formation of thié“cdmpound from the{ylirraQiation of air maj¥

hqﬂe 1moortant blomechal ;mpllcatlons. For example lung cancers .
. = - !

are routznely treated by y—arradlatxén in rost hospztals. The

long term prognoxis for patxents undcrgomng th;s type of treatment £

for lung cancer iﬁ\however much .poorer than fbr oatients with other

typed of cancer who are andergozng similar tréatment, 3 . -

‘\ . - ? . ’
= Current op1nlo ' is that thgs is largely dre to the tendency of T
b4 LA__‘

the pxzwary lung les;on .netastaz;ze qultn xapxdly. Slnce\ozqge
;s an e?trere*y reactive substance its presence in the lung maj yave ..,

some effect on the ‘ggcovery rate” of thesc pat;ﬁnts. w < ’:i .
‘it . -
® " . e " -, - b B " ) d ) - ¥



'
. - . v 26A-.'
“ o -
4 - ‘
- - ® ‘ -
- 3 - » 4 -
. - “ TABLE 11 . C
3 . - . . .
INDO CALCULATIONS ON 8 NITROGEN OF THE RADIGAL - ..
—CHZNH(CONH? ' R ’
. . . * Hypexrfine. coupling © L
Atonm - Spﬁr-ﬁensif;y L constant : ..
N8 0.0024 ~ - 0.9039 / S
Ng . .=0.0030 ] -
NB -0.0111 . ': .« "
. T, vy * ‘] ‘6 .
Ng . -0.0000. 0 ’ i -
. ~ N . .
"."' . e 5“-‘; ; " -
- "":?';;?“ [ - R .
’ A ' LI -
Ry ¥4 - x
| CgF T
SR ’ .7 . "4;
‘ ’ i:" . R . s i.
- 1 ‘J * ‘
I Tt
P S, t
.. ?‘ - ) -
- ) ~ ) ; -
- f); " - : . rd ’
. > i .
¢ g ' \ l -\S~ )




SR

-

4

structure of the compound. Whether-or not free radical mechan1

" - -
1

~y * -
Electron Spin Resonance of y-irradiated Single Crystals Of,!L

Semicérbazide Hydrochloride.

Seezca;bazzde hydxochler;déflas a ‘wide varlety of pharmacolo-
,gical effects (49, 50). Among these are (a) its ablllty to reduce
hypertensxon {51). ThlS eppears to be assoclated with its actlon
.on the central nervousgsystem (b) its ability to increase the
uptake of histamine by platﬁ?i?ts in blood (52) and (c) its acti-
vating effect on cerebral acetyiﬁholinesterase followed by altere///

nate inhibition <{53). These actioﬁs are related to the molecul

are involved hawever has not been deterﬁ1ned. Slnce semicarbaZide

is a nitrogen contaznxng'compound and the vast majority of compodhd
in iE;IEg~exganlsms contain nitrogen, the effects of 1on1zing

xadlatlon on such a compound will be of lnterest to the blolog1st.

‘ ~ i

’ " ~ -

L L] ; - .
Previous ESR studies on these compounds indicate that there’is

no definite pattern to the ;§cation of bond.gupture caused by

ionizing,gadiation. For example in L-alanine (54) and urea oxalate

(55) the ‘terminal C-N hond is broken and the NH, group is lost,
while in methyl urea fSE) it/ is an N-H bond that is broken. ESR
studies on’ethyleneurea.an& ethylenethiourea (57) show that a C-C
adjaceet to an N-H, bbna is broken. The apparent lack of pattern
. with respgtt to the rupture "of bonds in these molecules points up
the necessity for further investlgation of irradxated nitrogen

containing compounds. - ' ' ’

-
4
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Semicarbazide powder from Anachemia Chemicals Ltd., of Montreal .,
was used to grow single crystals of senicarbazide hydrochloride by
slow evapofation of aqueous solutions at room temperature. Deoter—

ated semicarbazide hy&?ochloride crystals were obtained by recrys-

1Y -

tallization of normal material fronm D,0. ©

The crystals were irradiated with a 60

Go y-source for 45

minutes at room terperature. Crystal axis were determined by means,

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

-

phase nmicroscope. . -

"1

LW -

) E;;{ - ﬁ%zuthe ESR measurements, a set of reference axes (an orthogo-

nal set) conszst;ng of the crystallographlc,axes a, b-and c, were -
chosen. The crystals were alignegd in the ESR cavxty with the aid

of an optical gon;ometer so that one of the seleo;ed axes was per—
pendlcular to the main magnetic f;eld.' Spectra.was.recorded at -
room temperature with an x—bond (9 GHz) spectxometex at 10° inter-
vals as the crystal was rotated zn the main magnetic field. A

_SLmilar procedure was adopted to record the spect:a as. the crystal

was rotated about the other two axes of the o:thogonal,set~and to
record the spectra from the deuterated crystal as it was rotated

‘about each of the three selected axig. Coupling constants were

evaluated using the method of Schonland (58k.

-
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CRYSTB;’; STRUCTURRE

4 -

Semicarbazide hydrochloxide crystallizes from aqueous sdlutzons
_1n colourless prlsms.elongated along the [0011 axls,the deuterated
analoq fofms crystals elongatea along the 1010] axis (See Plg. 15).

- - -
»

-

. The detailed crystal structure of semicarbazide hzdrocﬂioride
.ﬁas beeé éetermined by Nardelli et al. i59) uging preceéqion and
- Weisenberg X-ray techniques. . . . ‘ _
ay o s
The semicarbazide” trystal belongs to the o:thozhombxc—system‘
24

Each unit cell has four molecules. The space droup is 92,2,2,
and dimensions of the unit cell are a = 7.51 # 0.01, b = 13.13
F 0.01 and c = 4.64 # 0.0} A When the nagnetic field. 11es along ’-

‘ the a, b or ¢ axes all four molecules are magnet;cally 1ndzst1n—
gulshable. With the magnetic field in the ab, bc, or ca planes two
magnetically different set of molecules can be d;stzngulshed. With

: other orzentatzons of the magnet;c field towards the crystal ax:s, ’
all four molecules become Eagneta.cally distinct. R Bt

1

. DISCUSSIOH ~ ’ ’ 7 T -

L

The undeuteraféd t-irradiated single crystal of semicarbazide

hydrochloride gives a ten line ESR spectrim of relative intensities
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Denterated semicarbazide Semicarbazidehydrochloride
i70- ;
ilo - : T
010 -gol " o0 ool }-
l!o \ ) - i « -
> ' : 110 0

FIG, 15. Growth habits of Seszicarbazide hydrochloride °®
single crystals, ’
e . 'b-.;

. .
- . - » ]
" TI8, 15%, Projection of the crystal structure of
. semicarbazide hydrofgloride on the (001) face,
. o
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1:3:-5:7:'8:817:5:3:1 with a linewidth of 9.9 gauss when its a, b, or
_c axis is ali.gned paral’lelﬁto the main zagnetic field. 'rhe crystal
structure as we have pointed out before suggests that all the crys- -
_"tal sites are nagnets.ca‘ﬂy ‘€quivalent for these or:.ent.atzons- x The
best aolecular mdel that would give such a spectrunm consists of an
a nitrcgen and hydrogen and a 8 xutrogen with three hjdrogens at-
tached (See Pz.g. 16). L '

» ’ ‘ -
This analysis is made more evident when we examine the deute-

rated sez:icaib&zide. In D,0 the exchange of D for hydrogen occurs

zost rapidly at the z*a group to produce VH,CONEND,* C17. This is

xaost easily seen by the rapid decrease of the HH3* proton MR

signel when selicarbazide hydrochlo:i;ie is placed .in D0. The mag-
net:i:c moment, of deuterium is ozie. sixth of that of hydrogen and so
the hyperf- ine couplix;g to deuterium which replaces a' proton shounld
be reduced proportionally. The smaller deuteriua coupling, note
that we believe that the &« hydrogen conp].mg is about 2/ gauss,
should therefore give a coupling of about 3'$ga.uss. . A three. gauss
splitting is suffz.cxently ssall to be lost in the’ xesxdual lz.ne
breadth. The hnes are quite broad as a resr.;lt, probablj of a rather
short electron spm lattice re]aexation time, The short relaxat:.on

tiue is a result of the spin pmject.:.on angle of the anisotropy being

- >~

quite large. At some angle where hhe nitrogen coupﬂ.ing reduces to -
zero, we expect very narrow l;nes.' This.subject mll be txeated'
in furthez detail in the following chapter of the succmmidyl
raﬁzcal ’ .o . ' o=
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FIG. 16. CSR ~SPECTRUM OF NORMAL SEMICARBAZIDE HYDROCHLORIDE WITH MAGNETIC F;IELD PARALLEL

TO B AXIS. RADICAL'ASSIGNED TO THIS SPECTRUM IS ALSO, SHOWN.

SMIPLE: SEMICARBAZIDE HYDROCHLORIDE. SCAN RANGE: 200 GAUSS. SCAN TIME: 200 SEC.
. TEMPERATURE: '300K. IME CONSTANT: 0.5 SLC. MICROWAVE FRCQUENCY: §.55 Gliz,
_MICROWAVE POWER lmW, . MODULATION AMPLITUDE:l -GAUSS. ' ‘
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The y-irradiated deuterated single crystal of semicarbazide
(See Pig. 17) yields a four line ESR spectrum of relative intensities
1:2:2:1 when it; a, b or ¢ axis is parallel t':o the main magnetic
ﬁ:;.eld._ These lines arise ;.Erom the alp,’;la nitrogen tz:'iplet being
split by interactiocn with the v proton. The lmes qﬁe to thé
oouplmg of the deuterium with the unpaired electrt;n are lost in
the linewidth and sc these lines froa the deuterated sea::.caxbazide
have a linewidth of 11.8 gauss as cosl;,'area to a linewidth of 9.9
gauss for the lines from the undeuteratefl semicarbazide single crys-
tal. 8 nitrogen splittin?h was not ewvident J.n spectra fron both
the deuterated and undeuterated crystal but,‘ was indicated by ;the

{ -

anisotropic variation of the linewidth.

..
- e ’ - .
)

-

With the magnetic field parallel to the ¢rystal'’s a, b or ¢

x

axis only one radical’s resonance should be observed. If the mag~-
netic field however is in the ac, ab or ca planes then spectra fro=m

twe magnetically distinguishable sets of radicals should be observed.

-~

The angular dependence of the spectral lines as the magnetic field
_ is rotated in the E.jxystallggza'phic bc plane for example (See Pig. 18)

is in agreement with these deductions.

- : - L. .

. - . . i . T T T

INDO calculations show that the HH-NH, radical is definitely -
the best model that ‘can be"assignéd to the spectra observed. These
calculations are givgn in Table 12. _:i'he actual c:oupling constants -
that have been evaluated from the ;spectra are given in Table 13, A
Thése co;zpling~cont_tants' are in fair agrefnex;t with those obtained

. Erom a nusber of like radical moj€ties as shown in Table 14 and al-
. . * - v
-/

b

-



" FIG.17. ESR SPLCTR
* <PARALLEL TO B.AXXS

SAMPLE: DEUTERATED
TEMPERATURE :* 300K,

MICROWAVE FREQUENC

UM OF DEUTERATED SEMICARBAZIDB HYDROCHLORIDD WITH MAGNETIC ﬁIDLD
. RADICAL ASSIGNED TO THIS SPECTRUM IS ALSO SHOWN,

SECMICARBAZIDE HYDROCHLORIDE.
TIME CONSTANT: 0.5 SEC. , - MICROWAVE POWER:lmW.

¥19,58 GUZ.  SCAN RANGE:200 ‘GAUSS.  SCAN TIME: 200 SEC.
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FOR THE RADICAL NHNH, .

s

4133 Na -

HB Hg, - HE,
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‘COUPLING CONSTANTS EVALUATED FROM ESR SPECTRUM OF NHNH

Atom

Na

"Hot
NB
HB
{r
' *

” i - ’

.
i v

.\. » e
Splitting Isotropic _ Anisotropio

P§rameférs Splitting $plitting :
(in gauss) ’'- (in gauss) (in gauss)- . -
- u - - } -
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so with those evaluated from,the rad;cal HH-NH3 by ShrxvastaVa
oy

and Andergon {GDf). , ; - >

n a” .

- =T * *
. . »

. . . 7 -

* F L® e

S?éﬁ;HEHgity data obtéiﬁed by INDO éelculdtiohs'en the NH-NH3

3

comparea wzth spin den51§y daeg calculated on related radicals by

using the SCP wxve functions ( ee Table 16). )

L] -
- E »

-, .-
-
- - T
e -

F
. * - ¥
L

< * ’ * T - ) . .
There is reasonable agreenment between.the INDO calculations “
. + P
HPand the SCP calculations for NP—NH3 and related radicals. . .

»
« w

] . P
v - | - . L

-

¢ We concludé therefore that “the rgéonance observed after y-

A - » .,

qgi?radiation bg semicarbazide Single'crystéls at room tempexature .

“¥s that of NH-§H3 It should be, noted that thlS ESR examleatlon of
single crystals of sem;carbazzde hydrochloride differs from that .~
done by Sh:ivastava and Anderson (60} in that (a) y-rays lnstead of
X-rays were ‘ﬁed to create crystal damage and jb{ INDQ qa{culations

of‘ccppliﬁﬁ cqnstahté of the radical NH«ﬁHa_were,done, Shrivastava

1
- Ne ! i
and Anderson did rnot dg,bKESe calculations. - !
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N INDO CALCULATIONS or SPIN DENSI‘I‘IES IH

xt

»*

‘ . ﬂ% RADICAL 14 14 N'H, "
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 y-Radiation damage of suceini

mide and N-hzalo stccinimide as

~

observed bv electron paramagneéic resonance.
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The dec

rhoosition of H-halosucc1n1m1de such as N-bromoccinlm&-

i

r

' {:
de aurlnggﬁfkad1atlon by uv light to produce halogen radlcals has
=3

received profound attention of manj opganlc chem;sts dur;ng the

past twenty years {61). The p:oposed reaction,

>

o] . -
-

’% *

cuggests that a Shcczn.mldyl radical is formed.

radlcal has however been mysterxously ignored by 1nvestxgators.

This‘succinimidyl .

Not wishin to pernlt-such overSLghtﬁfee chose to exzamine what

)

[
&

“a

sucginimide.. -

-happens to ti

succxn;m;d;l radical should be easily observed by electron

ﬁhe-

t

. paramagnet;c.resonance {e.p r.) if it has a- suﬁfxcxently long life—

gime, In 2 crystallxneahost matrzx the mobxl!%y of‘a reactlve

- -

molecule such as the succlnznldyl radzcal,;s 0evere1; restricted

"

L

and so it shoula be pousible to observe its epr signal an

d,;dent:fy

it before it is consuﬁed by chemical reaction.

In our luboratorles

2 rtuéles of the proton nmr of SUCCLHINlde have ehown +hat the moler

L d

cules at room temperature are gnite rigidly £1yed in the crystal

1attice and 30 the xaamcals, 1 formea, should hot be %eo robile.
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Soccinimide czystall:.zes f:cem g‘thaml J.nto an orthorhomb:.c unit
cell st.:;ucture (62) with space groﬁp- boa F 2= 7.50 A, b'= 2.62 ~A,
c = 9.62 A and Z = 8, The molecules are nearly coplanar with the
bc plane and the eight molecules .pexr um.t. cell are related by two-
fold axes 1y;ng along the a, h and c axes. Bsually, radicals foraed
in crystalline Eost matrices assume the symetry of the host lattice.

-3

Such 1s the case ‘with succinimide where the two fold symmetry serves
to greatly siz;xplify 'tP.e esr spg‘c;.trq.; Sites related by inversion
syﬁaetrg_are indistfﬁguishable by epx. Similarly, in this Ccase

all the molecular sited: are magnetically inéisj_inguis_hable,’anmss

however, the radical can sit in several orientations in its site.

-, "
=

-

The succm:.mde crystals with dirensions & ca by § caby 1. cm
were formed by very s].oa‘ evaporauon of a 10% ethanol a.queous

soiation conta.l.mng succmlmde* N-deute:osucc:.nimde was foraed

by repeated recrystallization from deutezatgd soi?ents. The best

formed cxysta],s were subjected to y-irradidtion dosa.ge ef 5 kma**
Subsequgxtly the crystals were alxgned on a goniomter head us:.ng

a prec':;ésion camex:a zsounted on a Picker X-:oay 3pectroz=etez. The
gnent.at.J;Q_n of the cx:ystals was det.erm.ne@ t£o bettqr f:han ‘J,; th:.s
latter limit being fiet;emined by the imprgciéio;a of gwu_nti_ng the ] .
goniometer on ’t:he e.p.r. spectrometer cavity. - - ,‘ oL

-y

-

* White lab'e} ;uc_:cinimide

-
- ~—

*%* The authors are indebted to Dr. Jos'eph Sternberg of the University
of Montreal, Department of Phys.tology, vwho made available freely
his 60co y-cell. } 2
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35.

. J ;
A Bruker 41l4s X-band e.p.r. spectxometer having a standard
TE102 .mode rectangular canty and oPeratlng at nearly 9.6 GHZ was

used throughout these expen.ments. All s:.ngle crystal masurenent;s
1
] were perfonaed at roon terperature (25°C). T ’ .

-

- RESULTS AND DISCUSSION o - . ol

o)

uv irradiated powders and CHC]. _ and- hex;ne solutions of N~

_chloro and N-bromsuccmmde showed no e.p,z. speétra. A reasonable

*

explanat:.on for this is that the radicals produced and there is
i

adequate chemical ev:.de::ce that they are produced p_rod:.g:.ous}y,

"

axe not long lived., The well known reaction {61) .

has as products a ﬂn.ghly reactive succmm&yl radical, Kolecula.r
orbital calculations show that the unpa:.red e];ectron density is
probably localized near the nitrogen but in a % ‘orbital exten_ding

oyexr the neighbouring;t carbonyl groups. The j.v. irradiation ex-

- A

periment w‘as Tepea th the sample solution mounted in a high

resolution n. m.r..spectroneter procbe. There was rno evidence of

dynamic polarization of the nuclear spins, although it must be
\admr.ted that the experimental methcd was probably ina?equate for

¥ -

the task presented. =~ " ‘ ] -

LY
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¢~irradiation of po].ycrystall:.ne succinimide, N-chlorosuccini- )
fide and N-bromosuccinimide at 30°C and Lo adese eFSMshcwed no
visible deconpos:.t:.on or a:.scoloratmn of the pqwderm Epr spectra
recorﬁed at 23°C and 1 hour after 'r-zrrad:.at:.on are shdirn J.n

Figure® 19, 20 and 21. 7The spectra of succz.nmde and H-chloro-
succininide are very similar whereas Jthat of N-bromosuccinimide has
a2 much larger splitting. These spectra are shown m Pigure 22, , It -
is evident that the brom.me atom is ‘near the radicalvsite;the
diffuse nature <;f the-valence elect:onzc orbitals of Br make its
‘ presence felt at many angstron uni.ts distance. The spectra
however do reserble those expected f;v:oza a radical with two nearly
egquivalent protons, that. is, a tr:.plet spectrum with intensity

ratios 2:2:1. : ’ ;o

# .
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-
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_ ¥olecular orbital calculations nsmg the. TNDO approximation .
- of two possible rahicals are ShOif}l .btlaif » The calculated '
doupl:.ng constants for the sucos.n:mido radzca},

| An =Tl quss By <90 gus x
T HT) ’ 93—23’0 qavss -~ - R o
k» - o _.‘ - . . i - - . . -f-f? . . I
v : [ o
are much too small, to expla.in t.he spectra. Bowever, those calculated
j for the succinimidyl radical, .. ) . . . "
- ¥~ 0 © . ) . ..
. - .4 ‘/
- HH“_ 3“’25" g’u‘; ¢ H" ‘\ . 'Hﬂ = 0 l?ﬂ"“ B”;Ioz 9‘"“ ]

L 1%

- .~ 337 Quuss . ( Aye o1 qayss
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IS, 19. X-band ESR spectrus of Jirradihted pollycrystalline

suceinimide at 30°C. The conditions of ESR spectrostopy vers

nicrovave power 5sW; modulation az-plitnd_e 4 gaussy scan time

500 sec; time“constant 1 sec; scan range 500 gauss and nicrovgve
< :t/:equency 9,55 GHz. Spectrum was taken 1/2 hr. atter rirraﬂiatio:‘.
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i FIG, 20. X-band rsa 5Pt ctrm of pirradiated ponycrys%alline / ’
H-chlorosucciniaide at 50 G. The conditions of ESR spectro opy
xere ni.crovan pover 5ov; modulation’ a.zplitnde 4 gauss; scig
tine 500 sec, tize c!::tant j. fes; scan :ange 500 gauss and /
microvave frequency 9.38 GHz/ Spectrux was teken 1/2 hr. att&r

- Yirradiatioxjc a N
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at $Q C. The conditioas of ESR s;pcctroaco*oy were miérovavé power Sa¥;
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‘\are much more reascnable. In the case of succinimide, iéfis easy
r-
to ratlonallze that the SuCCLnlmldO radical is a hlghly reactive

zad;cal combxn;ng read;ly with the ne;ghbourlng molecules or

- Iabiﬁkﬁryarogens in the iydrogen. bonds.' -
P ’\4,-/\ : .LN
-_‘; xpez;ment with polycrystalline N-beuterosucc1n1m1de did
. not show a\g?ectrum different from that obtained £rom SuCClnlmlde.
é‘ t 13 Should be noted that the hyperf;ne coupling to 2 e;Eumfaiog:lt;‘

is app:oxlmately one-szxth that expected : ; a*p’Btoh. AdVantegé '

» !

axis parallel to the a axzs“ The crystal

Ll

_qpienteaion on /the goniometer. head was determlned to better than ’

1° using a ,ray precessién camera. Single crystal qpectra;nere
. recorded

’ Fig:l}:e

are plbtted as a function of orientation in Pigure 24. One set of

§° ntervals and some tgpxcal spectra are shown in

‘e

+« The positions where the.spectrum crosses the bagdeline

. lineS, with intensity zetlos in accord w;th an electron seeing one

alpha and two beta hydx;gens, is shown darkly in Figure 25. The
two sets of lines observed in Figure 24 indicate ‘that the radical
. « has two dxfferent sites in the crystal lattice. This is to be

expected s ce an enalysxs of the succ;nxmxae crystal structure
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A shows that with the eigernal magnetic fie 4 in the ac, ab,.or bec )
crystallographic plZne there sqbuld be 2 magnetlcal;g dlstlegulshable

3 !
groups of molecules.. - JJ .o~ . . c.

- . -

~._The rad@cal\gpecies tﬁ&p,hasfbeen assigned to the spectra .~ @,

-

observed is: / e | - .
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. The coupling constants and g values evaluated from the spectra are

giYen in Table 17. The coupling values are in gausg; et us N

/ consider the raéicals;ﬁb:ped at one site. If the radicafX formed ™

- - b3
.

is the followxng. : ’ T : .
ﬁ\ . ! * i . .L
. “H ) ," ) ) - . -
N » - . I ‘ v L A
then also at the same szte can be formed the radical A
- - N \ - . o’ A - ’ )
* - )l » T e - ~
¥ g - \ .
% - - H' % -“ - . _ . i
¥ “ Y " -
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. The same lattice site can therefore give rise qulte s;mpiy to two

» 4

spectra. He say that there are two radical s;tes,tz ' one for each
“orientation. We see, thefFfore at leagt two sets of lxnes. Indeed,
. four sets of lines ard v#slble, but they supérlmpose at certain,

-

A .
orientations., The sPec:zum in Pigure 26 shows “this superimposition.



L)

L3
-
-
- - « " - -
»
- »
“a
- - - b4
D -
- -
-
-
-
hd -
-
.
1
s
-
-
-
Y
e

e e

EXPERIMENTAL,LY OBSERVED HYPERFINE“COUPI:IN'G CONSTANTS {!ND

Direcsion

x axis

Yy axis
Z axis x
¢ axls

- —

.
rd

g value
2.0191

2.0113

2-911*

Hyperfine Couplingsitg&qgs)

Ha
7.9
0.7

s
~20
‘7 -
' -
.
‘ - L]
P
-
.
. 2a
=

HE :

' 28.0

30 .1 4

~30

g VALUES OF vy~IRRADIATED SUCCINIMIDE. i

N - "Hy

~0  ~p

L] L)
i
h -
-
. -
* L .
-
B
»
Ta
- . 4
-
- » L3
.
-
N . n

»
-

——

i*

»



133826 , Baze pso ¢

-
¢ . *
i b
r
) -
v
Y, = !
| . -
’ [}
L]
R/
5
-
’
[ ""‘
L]
.
4
a . i
¥
L]
L A ~
. A}
. »
.
] " ' '
1 - * -
.
N * K.
. o "1’

FlG 26, N“deutcrosucamm:cle. X band ESR sPectrum dF single cr'ystal.
F:eld lres along b axls and plane oF mqul |

. .
-
- " o

: /

«
L
.
- " L
) \'
I A ¢ e
. . -~ .
= . \
.
"
1 ' !



&

. v
Y i
- - w
Al L]
i . 4)}‘
] . .ll
T 2 r'\ N
. ! Mo <
] by
t .
15 382G Fgug Co
] L)
- . 1
s .
4
1
. .
1
L]
I - ~ L4
t
1 - Y
| .
i
e | ¥
H
" ; v
| o~
i M N B ! Al
) - .
A L]
t
< . . . b
. u v d‘d}'

B

m———— o

FIG- 26. N-deutcrasm:mmda X- band ESR ?spectrhm ‘of single_erystal,

. Ll

Fleld lies alonq b axis and Plane of radical. |
f i . '
5
l

-
-

v b . !

. }
. . L.
" ' P.

iy



B

~u

of nitrogen is ~ 5 gauss. . t-

_LOther radzcals Such as® . S

=

- 4 39,

- Some spectra at other'critenta%ions‘not i the plane are .
also shown in figure 27. The nitrdgen hyperfine coupling is

“not yxszble for spectra with the-fleld in the ab plane. chever,
when the fleld lles aIbng the c axzs,.all the radical sztes are -

equivalent and the triplet spllttlng ratios, 1:1:1, charact risti

¥ -

]

molecular orbital calculat&ons us

method give the values -1 gauss and 2.
. * ’
and out of the plane, respectively. .

for the-field in . -

with that observed for nitrogen. - Y
s - R . . - "\:_:‘_
P .
The other hyperflne spllttlngs are also in falrly’good s S
»

agreement w1th the calculated values and are shown in Table 18.
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" were also con51dered. " Their calculated hyperflne splzttzng values .

-

do not accord thh the observed ones. It is most unlikely that

the radical is other than that which has beenl;gsigned here.
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X~-band ESR spectra of succinimidé crystal with Field’ .
oriented perpendicular to the a axis and lying ‘in the

b ¢ pland. Nate that linewidths 1ncrease rapidly qe v
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the nitxdgenwgaifotropic couplinq becomaes sfgnifiqnntn

»
. .
-
]
- . -
1 »
. - + »
|
J . . .
L ¥ -

' “ . i b b Il N - ®
-
N A N ' ‘
o
LY S " - \
iy * !
L “\ . -
. . ' t
e w ' ' '
. L4 b ~ )
£ S o o
' V
LY ' »
1 = |
- ! s
» L
* i " '
A * ¢
P
- L] . i ’
.
L] rd (]
. . i . I .
. & * \
> A N L ] .
~ . N - ! - - .
r I
» * . ‘L
" A
N - F \
»
R R . :
L S -




* 1
. ’ .o . - . d
. » ¥ N Q . ! . ¥
1 Ll ’ * ' '
Lo * N
) -
1 \ 4 »
» L] »
. - 1 .
K | . ] LY
. * ' '
» b ’
» ¢ ™ .
* .....,. [ . ‘v
v
N ¢! - L - N
. . t 1
1 * . . * '
. .
r » . -k
- vJ y B , ’ . ¢
! . . . .
.
Jg i v
. . ] B
H ~ N
B . . <
LS . x
. -
| ' » R
. . . . -
4 ' - ~ v
- . R P
- *
. - ’ . T
. . »
. A .
| . . .
L . e
—
L - - I
i .
-~ < 1
* .+ r . l‘
| » - . .
L. . ‘ PR ', -
* ) .
11 . M ) ’ *ow 7 . \ . . o .
r * ' * 1 L] - (3l
» - ‘ L]
» M.M, -(. 1 + . e . ? ‘ . .\-/.\\(j%
- . N . . 1 . o
L} 1 " Y X ,
» ' 5 7
[ . ’ . - i . ‘ ilam L ad
e . . r 1] R PO NPT S Y, -
- hd ' 3 * -t . > - - . ’
L} - . ] 1
A . ) ., w é.?!w. ¥ 9gd kN M q .
] N ' f * & T .
-
, | " . . . ﬂ ]
3 N i} 1 . ~ > -
Y ~
* ! J_ o, N
y * 2 \ - N 4 ] : ] K
. b . \ n L4
L | . '
* . 4 . . , 3 f - (
- "
» ’ > M ' * ! = ' * L] # u Ll
- + . - \ .
P - » - N .qu
E A -
« . [
.. * ! N L] 7 | .t ' L . « Iﬂ‘
. . ' { " ' fe
.
. n A} K N [ -, . - -..rv e
. . . s ' -
" rl/ " ~ . x Y 0/ M .
. . I .8 - LA o H ) LY Y v
- H . B . * 3 ~ .
: . " ¢ 2 * - y L [
R " a " . . oy * ot LY -‘c .
.
AR . ) . N —.x . > . t *
1 ¥ v A . . _ .4 4 ® . 8 -







-

FIG. 274

-~




» M 1
LT - ' S . - ’ : * ‘
e 7 e - - v [ " w ¥ ' -
C g N 'Lw . ” S .
L S AP - ’ oot . | . . ) T
L ' . . SRR , e . .
{ Ay . 4 L) Nt 3
o f " - w"’;?‘ . o, . ' Q« ) '
. ) ‘ deo e . ) . )
B . S - ."TABLE 14 ~ ‘ . :
Y f:" ' N [ ) -, Ei “"&H‘i
" . . . L0 . . .
. . e EXPERIME ALLY OBSERVED (AND THEORETYCAL- ' '
T e . " % H - > >
SR (CALCULATEﬁ POPLE'S :mno METHOD) coukrr L,
SR P L '“ --g-- » W
; < T o Hyperfine coupling conshﬁnts (gauss) Vi ~ $
* - Y N . ' » ) T A
o + Direction ., . Har Hp NOCET T my
SRR b ! ¢ ! -obs. . theor. obs. theor, Qbs. theoxr. obs. theor, N
R M v ‘ ! e v . o, . . ""
SR (RS , . | , ;
\\" * . \x aXF.S 7-9‘ - 808 - \28-0 37.8 ~0 . .‘J"‘lol'-"i.' ~0 OQI?’ N
T .2 t LA . * 7 ' '
e T L'y axisTt 30,7 -25.9 301> 36.7" ~o -1 ~ - 0.1
t . ¢ ey . . . . ‘
.o C e Li20 -i7.8  ~30  35.6" 5 2.5 . ~0 0.1
' . ( : * - L]
I . ' . A 1 . ' - L] % L] »
, s v, N o« - * N . hd . v
. - o i . - ) / . - . .
j' o ." . ~ % . . . . - ‘ - .
L) o 1 . h * . N ¢ hd 'YJ‘
» 1+ * v - [3
- } » - ; "‘ . . . N »4'. » “\M
: _~ m.-' { . ™ o 1 . . & .
1] " - - ; - . s® * ' ' [ . f." . a
: FC NI s ' N ¢ T ! T,
e e e .. ‘ b * : :;:t-'ll ' 5 .
" . /r { ) ' - A
¢ Vi,
HE T a J . -\ . , . i , .
“1 .3 ’ t : -y .. ) - " . ‘.
Pt - ' ) ' S . ‘ ) - .o g
4 ~ \ . + * " . * 3 -
v e . ; - S R ! . b
T { - il ‘ i * n‘ iy
. ‘ 1 -, J ¢ ‘ V fa LY
' ‘ Y v G: . ! ! N . - ’ %
" - . " L
X3 e - T




e N - - . ) - 2z - -
- *
L] - L »
- - > - -
- - P ~ . - ' 40 - »* .-
. ’ - *
- k o -’ . - = -
— -
- LI A s - -
———" - L% ; . - *
’ i APPENDIX A . -
ieem———— -
~ . . . - .
-
_ _ 7 -, ) - -

! General references applyixig to ESR studies of single crystal studfes
s ., "~ : Y . . . )
v - - ) ‘ n = » s b
Car‘rin,gton, A. and McLaci'ilan, A., Introduction to magnetic resonance _
) with appilcatlons to chemistry and chem.‘t.cal phys:.cs. Harper and Row
- m / N.Y? (1967) ’ * ‘. . . » - " N A‘ /-
// ; ’ . . i ;’ .
Alger, k., Electrmr P-a.ramagnet:tc—-‘iesonance- —TFechnrgues and ‘Pcppt:ca'tz
- . . . . )
. John Wiley -and Sons Inc., u.s. A.- (1968) “ . P
»’ - y ) ’ .’ ) ) '
Flurry, R. L., Molecular o:c’fntal theor:.es of bonding in organic . )
molecules. - Marcel Dekkér, Inc., H.Y. (1968) oo . -
?" o - htd ? . ; )
_ Nuffield, E., X-ray Diffraction Methods. John Wiley and Sons (1966)
-Phillips, G., Energ& Trans%er in Radiation Processes Chemicau,
- "'l/-tr“‘"" DR
and Blologlca}. Aspects. Else/ vier Publishmg Company (1966) .
--gr"“’:_"‘*_:’: -‘
- - . b H - N, -
. > i .
et boemos '\’ -
. L I . S L ?
: - T l‘——i l \\"'
L , . M _-‘o - -
I - - i - % \ - -
| , | . - oo 7
- [ -\ — .'-" i - ’ '; ) r
e e e e - - - m—— = L, N £ -

4 - - - L
-
» # - LI - -
] b g - ! -~ .
- ! & ' ' :
- ’ - b -
. . -
N - . - - -
- * - .
- . I
- * - -
¥ P L4 . X
- L]
2 - . ' " v »
L A -% . P
- o » , - fl
v
» - - »
- £
¢ Y 2 . . ¥ .
- * r - +
" N Fi - i‘" -



ALY

1 )

1. Poole Ja:. C. P’., In Electron Spin Resonance, a Comprehensive

Treatme on Bxperimental Technigue ,Intersclence Publishers
U.S.A. (1967) . ' B C!

.
- L] -

- * -

-

ﬁall, J L. and Schmf;acher, T., Phys. Rev., 127, 1892 (‘1962)

3

)
53

- " ‘! ‘?‘-\_
3. 4, W.BJS and ShJ.eIﬁs H., Proc. Ratn. Acad Scz..,
!
B g .-I
s M -y - R =
. B ..

‘4. Van Raggexf, A. Vaﬁ" Roggen, )L and Gordz, W., Bull. Am. Phys.
-Soc., 1, 266 @f} r; - L - LT,

" . - , e Y
L

- , /
5. Uebersf:.eld, J. and Erb E., Cox hebd. anc. Acad. .Sci.,

Paris, 242,. 478 (1956) - ' AR .
T it , © e 7. ’
, b, ‘Gh;:sh, D.K., and Hha.ffen, D.H. in Chemical Soc;ety Sympos:.um,
P Br:.stol P- 1638, Londbn- Chenrical Soc::.ety {1958) o,

»

-
Py *

1 - -
- "

F

7. Ghosh, D ‘K. and. Wh;ffen, . H., Fols Phys., 2, p.-285 (1959) RN

. :a . ) ‘;‘ . .
8. Miyagawa, I. and Gordy, W., J. Chem. Phys.,\&, 1590 (1959)

..f':-"‘
) Mz.yagawa, I.. and Gordy,,‘ ?{. J: Chem. Ehys. ’ 255 (1960}
10. McConhelJ?, H.M. ana Chesnut, 9., J. Chem. Phys.{ 23, -107 (1958) »
4
. . - - /'N-;_:L" ” v, ; . - d
l.l_L_,Qlﬁes I,H%Tram&lL_G.u..&utmgsto,n, _R,_and. Hélrrberg: R.. J,
. Cnem..Bhys., 32, 618 (1960) - e B .
. E . ; ’ . y -.r’ -z‘?—f'—,::"::'
712, E‘z.‘gsc}i, R. and Foley; H., Phys. Rev,, 88, 1337 (1952) /s 5. "%
»‘ * . = . . ~ T om
] ) 13*.; Dexbyshire, W., Mol. Phys., 5, 225; (19‘62)"_” ) e, -
r_’ ) ’ - . -, 2 i ) ‘ A . .'. '\ ~
: ) AN - \ “, ':: Coe -
’ "i * 1Y) :* [P
. s ' i
z:-‘ - . . .. ' d‘- * . i [
. . \L ‘, *'...4:" — K\" - :‘ l -



- /” ‘ ’-& . v ‘ ) . _ . v -
47 LA . e T a2,
7/‘ i — -~ k& zfgv;r., . )
- 7. 4. Rao, D.V.G.L. N, and éoray, nr.,, J. Chem. Phys., 36, 1143 {1962) !
" ¢ * . * { 3
15. Wh:.ffen, D. H., E?ur'e Rppl. Chem., 5{1’85 {1962) - (’L_’ .
! ) 1e. Horsfigld, A., Morton, J., Whlffen, ., Mol, Phys., 4, 189
), (agen) . = . . ) )
) _ ] . P ‘ N - * )
-17. #Stone, E. and Maki, A., J. Che;n. Phys., 37; 1326 {1962) .
18, Horsf:.eld Asp I-'orton, J. and Wh:.ffen, 5., }:o.'!, Phys., 4, 425 . )
e (1961) L e . . : s
- ‘ . JRERT . o ‘ .
s ) - . “. " hl

9. ~ Cook, J . arikd Wyard, S., In Electron Spin Resonance of Rad:.atz.on
Damage in Organic- Shrgle Crystals in Solid’ State 'Bz.ophys:.cs,

p. 125, Ed, Wyard,- McGraw—B:.ll, Hew York, (19695 LT =
a " K 5
. e ) - L . \ “
McLachlan » A., Hol.. Phys., 1, 233 (1958} - ‘- L
- . - {-‘ N * N ~ u -
21.  Lykos, (2., 3. _Chem. Phys., 32 625 (1960) & .° . \5
" 22, Hors‘f:.el-d, A., Morton, J. R’ and Uhiffeng D H., l‘ol" Phys.,‘- +
_QE 5, 115 (1974) . v R o T
. - 1 v o - o ) .. . T
- - = - " N - - : -
: 23. I-iigaggw_a:, I. and Itoh,‘.lf., J. Chen. Phys. 6, 2157 (1962) )
' k 7. ) \ / SR
' ~24. ' Delbousquet, MK in El ctz.'om.g Magnet.:.c Resonance and Solid “:
) Dielectrics, Ed.\R Serv nt and R. Charra., p.,l’?’s Amsterdam,
’ . - ‘v~ .
. Tuorsh Ho}.laEPubhshmg Co., p.‘176 ' P
. N PO i
. < ¥ % rr - - - ru ,”
» 25, Heller, H, CMJI.—C}:em. Phjs., 35, 175 (1962)
.._'.----———"o':_:—_‘_-_‘ﬂ ' “ ’
T .1 N v ’ ' ' - '
26. Morto .R., . dhem. E‘h;s., 4 ’ 295§ (1964) I .o ~
- g N \"“'I'\“’ T e
27. Derbyshire, W, {liol., Phys,, 5, 225 (1962) \
.“\ . } _: i .o : - i 4 ¢ . Yy \“v\\':\ ' -
&v’. " j ) * "-‘ \
. - - . g - ! . r - d :_ .:_ T




= » -

: ) . ) . - 43,
28. Henn, D. and Whiffeny D.,,l-!ol. Phys., 8¢ 407 (1964) N
. P . -
29, Pooley, D. and. Hhxffen, D., Trans. I:*araday oc., 57, 1445 .
. (1961) ] , T T
- < o - . b R
30. Morton, J. and Hoés_field, A, “Mol. Phys.; 4, 219 (1961)
N . 3 -t s
.. 31. Horsfield, A. and Korton, 3., Trans. Faraday Soc. s 5_@1)} 470
y {1962_) - o LT
. o - - T .

-~
~
v

32, Karitay ¥: and Gordy, W., J. Chem. Phys., 34, 1285. (1981)7

{.” - i ‘

. S - e - ——- - ‘ o
= - - b4 AT T At Ve
- - -

3’:3: McLachlan,/ A;¢Mgrmhn, H. and Lefebvie, R., J. Cheni._ PhyS.., .

¥ - F ~ .
33, 65 (1960) _ N ; -
) . . Pl e . . . Y A
* 34. Fraepkel, G., Pure Appl. Chem., 4, 143 (1962) e .
- y z - — ¥ rr -
S T o T - “ L . - "' - .
: 35, Weiner, R.F. and Koski, W. ,‘J, Am. Chem, Soc., 85, 873 (1963)
,'36, de Boer, E. and Mackor, E. " -.'I. L_’m Phys., 38, 1450 (1963)
\x'\{?_. Heta, P. and Fessenden, R.A. J. Yhys. mwasz (1970)
',. ) L | ’ . * - . ™~
'38. Symons, z&.c R., J. Cheém. Phys., 55 1493 (]:97:!;) A .
¢ o b 1 ~ ~ "‘{...‘ . . L . .
% L g ) .
oo C. . CYE, N. and Toriyamay Kop\J- Chem. phys., 56,
-+, 7 (1972) .. Sy
! » - . . ; Y » - -
. A }
\ - Cyr, H. a.ng Illn; W c-; Je Cllemc—‘?}ly.?io; 50' 3101 (1969} — .
- * :' B -L\_____‘_/—"'; . y - ’ qﬁ * .J( v
- 4l Pople, Je A. ‘and Bévendge ¢+ D. L., Anproxl ate Mo]j.{ecular QOrb:.ta‘}
Théory,u McGraw-Ha.llr 1970, chaptex 4 . # PE
¢ F .- LI
v ' - - " / L -cj 1\, -
L
« ’.
-,




o«
- . & o s

o
- - » i
A - —— - ~
-

. i 44,
43, Arnaud G., Fatome, H., Granger, R., Orzales::., H., and Robbe,
-« ¥,, Trav, Soc. .Pharm. I.onf:pellz.er, 29, 119 (1}969)

1 . o’ . -
) 44: Granger, 'R., _Orzalesi, H. and Robbe, * Trav. Soc. Pharm.
:4. Moni:pellieryzzs 47 (1968) o " " .
. L E :’a/ . . . . <
45, Jazard, Reng, Cheynot, J., Snarzewska, X. and Chabher, 2y,
. Compt. Rend., 227, 312 (1948) ) . . -
. . ’ ia ’ ' N
46. Vheatley, P.J., Acta Crystd, 6. 369 (1953)"
%87, Cafles, I._hnd Fliszaz, -S?,—-*Adva'gxc’es ﬂremistry, 112,735 7 T
.o Qaerey. - R S .o
t / ¢ . . .
’ 48,,»' Hardbook of Chemistry. and Physics (Chenigal Rubber Co., :
Cleveland ‘Ohio, U.s: A‘? ) . -
Ty - | T
49.  Oecheme, P., Rex, H., Wergln, A. ard Jung, J., Acta. Ba.bl
, - Med. Ger., 21, 635 (1968) _ : S

50. Jordan,” H. Zipkin; I,, Fifzgerald, R. and B rger, H;,TJ.. Dent, °

L7 Res., 33, 3 (1964) : N - .
‘- . “\-w‘ ) ‘ i ) ] * ’E t
» - - . - .
51. Pospekhova, G., and Generalov, V., Farmakol X Toksikolg .

24, 623 (1961} Ce e : S § .

- ‘ ] T - i * - > . »

- . 52. Tuomisto, J., Ann. Med. Exp.’ Biol. n., 48, 160 (3.973,s. T .

: . ’ %- _ T Tivs
: i ks ) o ot ) s
53. Datta., C, and D'ey, P, Indian J - Biol., 5, 36 (1967) v .
7 hadil - PR
. 54 orton, R. ‘and Horsfield, A., 3. Chem. Phys. , 35,,1142 *1‘.)61) P
55.# Rho, -D. and Gordy, W., J. Chem. Phgs., 35r~362 (1961).
’ i Y "l';. ‘ ~ M s T . 2
" 56. !Jasefa, ana And son, R., J. Chen. Phys.., 35, 2192 Jl?ﬁl) .
- < ‘_ M . R I P R "
" 'fifi, Results preéented i:in ’this i;hesis R a '. e
. e ) S ‘.;‘:{,f:s T . - '-'6‘ . ' v T «v‘d]—"tr ,-,”." . *
;;,._,:.. - " . . ‘-" . - "% - F .oy ~"~-’ - “: v, , ":}‘ - ’. ‘_
, —;‘ . __: Y R - _‘ * /. P oeman ___' - o '*_“‘\. B . S - - - - -



) - 58, Schonfland, :D.s_:, Proc. Phys._Soc., 13, 788 (1959)

R - -
. . » L d
‘, » [ a - ’

]

59. Nardelll,. M., qua, G. -and G;rald:., G., Acta Cryst., 19,
1038 (1965) -

: o
. { . . -9 = -

«
- - - "

- 60, Shrwastava, K. and Axid'érsoq,' R., J. Chem. Phy_s.; 48, 4599
S (196 ' ' o

: * i . ) ‘- - : .
¢ - ' ) ’
l‘ - 1v - - "
61. Gou . Mecham.sm ‘apd Structure ;éfy Organic Chemstry » Holt,
Rhine ayt and*wlnston, Hew YovEg 60) - N
P N ’!i * ‘

o
{

- . " )
. . ‘u r - -
E - =
-4 - ’ ; :
) - - o g
£ 2 F - *
. . . - - ‘ - -
= - - = ) * -
- = - - - - ’
. . - ~
2 . ‘ - . LA | -
r} = JY - - T -
—‘ . . b
- . ,
.f - . > — »
P AT « - -
m:...,.-u " * - - ’- b
-~ £ * - ' )
. . - . » -
, - . ~ .
- . *
o . . - 4 *
4 . * oY . * N
. - . -
5 - . ‘m‘ - 4
- : " !
, - ~ \. - ¢
.
.n - - » L] - - A -
» - - & Ay * ) - ) * ) ’
B . y )
. S . O D . ' -
. »” - L4 -
. _ - < H - + »
. [ 4 ’ - \ -
. - e 4 - *
R e’ “ ‘ - ‘
n o= __‘.-.,w.:,.,,-s...\s,..;',“- * - . ) Y
L . s " . - - .
LS . v - " * ¥
A i - -
¥ . - , -, - -
- v >, - -
. L oo P £ %
- * - ] * ; - »
B
[
L. s » . » ’ A «
. o - % - [ Y - . - - * - - 4
£l ‘ -
», - »
. ) R - .
x . o, t *
= - —_— - - - - = 4 = - -
= * N ‘ ) '
LR 3 hd ) .
, -
) - .
¢ . ) - ¢ ?
. . . ~ - . -
L PR "o " _,.> = ’ *
- . . ' ’ i
- - - .- ‘ - ) ‘
- - “ i ’
o, 5 ,r » hd
- . e - "~ .- » * N / i
i . -t . ’
-
* - 7 s .- - v "". - - -
) . P * -
. "t
- : - " -4 . -
-3 i " N *
LY ' )
N 1 " % !‘ M N i w 7
. I LI . p :
- - . - iog - ~ N * - .
.\ -, ." - - L] ' P s - » -
.y - . . - » > f - -
. . - N - . - + > “
> v w b - T ¢ - vt . - "
» - « s r - f » < ! H ’
.
. - N ;. - - A L3 " Vi * - ' * i
- < :
- - = rs » -
, . ¥ 4 L 0 * . ’ . * ‘- - N
-+ > ‘ - )
’ ’ ‘ .
- " . W - o, ! . - P ’ ! L . ! .
. - . -
" [ v .y D s L - - L
- M - N
» * - .. - . Ya "o * * - r, » K ’ Y
—_— = - - \d i 30 '
i . 4 “ o oo* L to ' .
-3 . . . - -

»
¥
-
L]
[
-
L]
»
.
B
1
-
.
s
L3
.« .
f
-
S g



) - | I -
* :4, _’:}; i . : - rz; .
. "pt E] . .:2 - : ] _m‘_" .t - - - L. -
- . L ¥ - * -
’ - - . . *
. u - - . s
e . -
- - - * *
» . - " » - ”
s * » ™3
- ” L] -
o, 4 N + . - . . .
- l - “ - < N -
- ‘. . . M [ -
3 : » B . ‘ RN
- e .y - - - .
. . T - . Pl . - .
. - .
- ! ' . -
b .~ % - =
‘J ot ro- [y p‘ . " .
¢ . ‘ ,
* .
AT ’ . ’ . - .
- - - -
IS
. - . L3
N ,v_- .
e - ‘l . . h F
U o ) ’
.
w - . .
- . - +
. - . L T — —— H
4 . = .r’. -
-y , i .
v, % ., ’
" 1' r’(t . .
» . - . » - .
. [ -
b P .
N 4 T .
* . % ~ »
. - ’ Y ! ] ~ ‘ -
'
—— . -
-« SECTION 3. . - - von .
+ A Y - P
ESR STUDIES OF BLOOD AND ITS COMPGNENTS FRO’{ WOMEN " .
- / \ s * “
. HAVING CARCIRO‘m OF THE CERVIX' TERI. - -, T e -
-~ i . ; <y
N . .
.
. . ) . N
' - -
: - ?
. ﬁ - f,
£ - -
1
-
- - ' 3
- F“ - 4 v L)
- - - i, i . A -
! ) ¢
¥ -
[ 4 ! - M s s - i * :
.
" . - . .
; - - -
’ -
. i . . ,
» . - S
. - - {:‘/
» » L F
t . . »
’ - -
M 3
_— . » - .
- - L -
=~ % -’ .-l s .
. \ ve # . ) .
.-
" - * - - v
. F - - g . - E -
v : - - 4 ‘. - = L4
e ‘ e e e . : L.
‘ ¥ s - ‘fg ¥ - . ' .
. F N - ., - - ) & - ’ -
o . - [ ! , . - » : . j
' ! » ! * - r's :’ tT bl - L4 .
- - -t o - - ToTETRT T T T Ty T Tttt . T 7 =T Tt T T T v 4 - - 7 N



: _ (1) o ' L
N " » - {’“ ’ ) . = ’ =57
: RS R g
‘ . ) IHTRODUCTI.ON . . )

- ‘canCer Lt - "d ) . '¢.|‘~ L ) R ‘ .

a A L ) M ‘-‘v . X R ,(:, ; ‘#\/ ’_/t

The term cancer refers to a very large yarietx-of conditions %in B
whlch there is an abnormal mass* of ce":s, the growth of which exceeds _ <
and is uncoordmated rnth that of norma‘l ceﬂs and persists i e same ‘ .

ekcessive mannér even a’fter cessation of the stmuh which voked the -
change (1). in patholog; cancer is described by the tern mahgnant . ' '

- as . .: L, . : ’ |
« neoplasm and a distinction is made between carcinomas which are derived C

- .

from the ectoderm and endoderm and sarcomas‘ which aré mesodermdl ‘in
in origin. The word neop‘lasm srgmfies new 'g'ﬁewt and ‘the adjective  w -
mahgnant imphes that thw-groﬂth is res1stemt to tr tment. Neoplasms

L. . .

$umours re;’emble L

(in structure their ceﬂs of omgin more close'ly than tI}ose “of paa’hgnant

or timours can be bemgn or, véhgnagt However, benign

A twnours. Moreover they do not spreaj mdely throughout the Qody, grow ‘ *

o herve; and 1ymphatics. (Tjlus in chemical ang 'ysfs of enhre cancers‘ - _:- ‘
correcff:(x\have to be #ade for ﬁariatwns in the vo!me?:r ratio of ’ L. 1
ma?ignaot ceﬂs b stroma and for chemical composition of the stroma). g
’ ‘ On a ceﬁu‘la; 'Ieve se\rera‘l distmctions c;m be made between cancer
. .cellsand normalr ce ls; ’ e @"“» o TSR
' Cancer cells usu , 'r,{ot: ;unction in the same manner as their . ¢
! A E) : : '
. . ~ T
. '\ ) ‘ . ' . -y .




-

normal counterparts. .- They increase in number in unruly fashion,

pa‘rt’:‘ly or whol'iy released fron_r‘ the usua1 restraints such as contact

mhibnwn, basement meémbrane hmﬁatmn and formatwn of immene

-

mechanisms destructive to foreign cells. Cells of malignant” tumours

.can spread direct}y to nearby’tissues énd mgtastazize via lymphatics

L]

and b'lood vessels to other more or less dlstant ‘Iocatwns Cancer cél'ls
act ag amino acad traps, thus depm\ung_ their better behaved bretheren

of needed nutmtmn. Histologically mahgnant ce'Hs from d1fferent )

.i'

prmary bs’l_gns show a greater smﬂanty m s1ze and shape than their
normal countepparts. But in a given cancer‘ there js often grq&r

dwersity of size &nd shape of mahgnant ce]ls than is exhibited by the' )

P -

normal ceﬂs of the same oragm.

- ~ -~

Intranuc]ear yiscosity is often 1éss in mahgnant ceTls than in

. A . N - . .
noma'i ones. ‘ : - ,

‘:: . Hmera(conshtuents e.g. ¢ a‘icmn and magne;wm, are usuaﬂy f‘uqhﬂ‘ ]
neop‘last-:c cells as compared to nomal ones. ]’he polanty of many ce}1%” :
‘are 1gstr when they become mahgnant. This is sometmes evidenced by ,\

ck of uniformity in the positwn of the centrioles. Huc]ear dinsion
o is frequently more irregu]ar m cancer cells than in normal opes. Braphic

ilTustrations of some of. these dxfferences afe shown in F1g$ Tard IA.

»

Carc'moma of the Cervix Uten -

-

Carcinozna Af the cervix is the spconcf most frequept cancer affecting

9

women. 2 of each 100 women in'No’rth America has the disease and‘ one of

]
H

VO iy . ) :
them will dig:af it. It occurs chiefly. in parous women towards the end %

of their child bea‘r.ing years. The disease is thus rarely §een under:the

* . L
- - »
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" .7} F10,1 Continued. . g f
. T. Group of cancer cella, squazons cell aq;cinvﬂ& of the carvix,
‘z' . Gl'a.dﬁa. h . \w )

2e Group of cancer cells, squamouscell carcinona of the cervix,
Grade 2 (anothey case ).

-

i "~ * Je Group of cancer cells(same asd 2) : ’
Vo e 4v-3 Group of cancer cells, squamous cell carcinoma of the cervix,
s . hd - Gr'ldﬁ 2—3 - ) . s !

9-11 Groups of cancer cells ,recurrent post:gﬂiational squanous
. cell carcinona of  the gervix, - . ﬁm -
- 12-27 Groups of dancer cells, adenocarcinozs of the endocervix.
* . 28, _Growp of ¢ dr tells from a scraping of the tumour surZace
X  immediately after its removal. Note striking inequality in
. Bize of nuclei, sone reaching gig tic proportions. (Sana o
+ “ 12"'2?.’) T . ? 4-“‘""3"'{6‘ - e

»

29, Gronp of crowded c;ncer cells, adenocarcinoma of.the cervix,
30, Group of cancer cells, squalous postradiational cell carcinoma

i . of the cervix, Grade 2, -
‘ 31-32. Degenerating cancer cells,sqnxmous toll caroinona of the
G, cervix, Orade 2 to 3, affer arecent iréatment with x-ray.
. 33. Dagggqxating cancer cell, squanons cell carcinoma of the
R ,Grade 2, after irradiation , )
,3#ﬁ35. De ting cancer cells(same as 31-32)
¥ P [y - '
- * : . "8 ] \ o
— # -~ . . .. .
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B FIG.I."f:)ancar cells found in the vaginal‘:émea.r of women{carcinoma and
' adénocarcinoma of the geryix uteri) s

]

SRR

-
.-




- 4
-~ - ) N
“ 2{:-. - , -v: . ~- L " F) )’/ . .. z v . ‘f? ¢ '.‘

- - - ‘ ot g
- . . - " .
N 4 P T Pad P L
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- ° 1-2, Superficial squamous cells of the “normal Iollicular('preavula.to
- ‘._ ’ Phaﬂﬁo . -

3

9.aupqp:tic:lal 3quanou8 cells of the nornal regreetsive(gostow;.atarﬁ
> Ehaﬂe. - s - '{ ’

> « - v

. 10-16. Navicular, co’lls, inte iate type, of normal pregnancy, B
. 17-19.Homa1 navicular ce s intermediate t:ype, non—-pregna.nf; . N oot

,20-23, Bnperficial squamo celis of the norual prenenstrual pha.so I

2430, Cells ot the nomal po tpart\m phase,outerba.sal and inter:nﬂiato .
- . types. 3 ‘i‘ ., \ “I_ . .
31-35. Nomalf cells or the. ca outer basal type iy ¢ s 1 2
1 T LI VR
36240, Snperﬁci‘al. Sa'lJGﬂOUS cells totally cornified. S £
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age of 25 or over the age of 65. The meaﬁ'age is approximately 4€(years
{3, 4) The incidence IS 1ess common among jewish women, and other women
.  whese spouses have had circumcision and dmong virginal women. Carcino-
genic prOperties have been attributed to smegma (5) which may explain the

. o : .
mportance of circumcision. Inc1dence is thus higher in ethn1c groups
"X

where circumcision is uncosmon in women who have married early and !po

. have had mu]tzpie pregnanc1es {6)}. Sexual promlscu1ty, coupled with ~ e
* 1

ot

failure to use contracee;?ve devices 1ppears to be a factor contr1but1ngiﬁ;

it

to cerv1ca1 carcinogenesis (7).
-The disease is classified according to its cellular origin. When
it or1g1nates in’ quamous cells (uéhale:1§£ the squamou&-co]umnar Junc-

tion of cerv cal epithelia) it is cal) squamous carcinoma of the cervix

uteri, On the other h&nd when it originates in the columnar cetls of

- .
- ~the ocervix it isCalled adenocarcfhoma Squamous carcarcinoma of

the cervix uteri accounts for 90.2% of all 1nstances of cerv1ca] cancer,

~ *WKile adenocarcinoma of the cervix uteri occurs 7.1% of the times. '

s

In a few " lnstances (1.6% of aln reported cases) 1e51ons have

characteristlcs-qf both types of cervical cancer. A ‘few cases (0.8%2)
Y 3 .
where pr1mary ?esions are found in bbth squamous epithelia as we]] as .

th endocerv1s have also been reported. In about 0.3% the cyt010915t ) t

as unable to determine the ceHular orig& of the primary lesaon (8).
The extent of a car01noma of the cervix is ¢(Eermined hy physical . v

examinatlon, accordlgg_;o what the phy51cian may see and feel in the,

vagina and cervix and feel inrthe uterus, parametrium and pelvis.
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The rules Eh%t apply in determining the stage of progression of

cancer of the cervix are accepted internaticmally. They were adopted

by the International Federation of Bynecology and Obstretrics in 1961 (9).

They apply to both epidermoid carcinoma and adenocarcinoma. (See Figs
* |

2-1 to 2-7). .

Stage 0 Carcinoma in situ, ihtraepithelial carcinoma
Stage /1 Carcinoma strictly confined to the cervix

Stage 1A case;\\f‘early stromal invasion -

- Stage 1B all other cases of, Stage {

Stage 11 The carcinoma extends beyond ‘the cervix but has ?ot
extended on to the pelvic wall.\ The carcinoma involves
the vagina, but not the lower th1rd (subgrouping qf Stags

11 cases into 11a (no parqmetrial ingo}vement) and 11b :.

>

(parametrial involvement) is recommended.

Stage 111 I?e carcinoma he; extended on to the pel ic wall.
. Gn recta? exam1naﬂaon there rs no canter free space
1

-

between the tumour*and the pe1v1c wall. The‘cumour

-

‘,f”‘ involves the Tower third of the vag1na. - }\

‘Sgage v The carcinoma has extended beyond the ,pelvic ua]; and

has penetrated the‘mucosa of the bladder. or. rectum
» ' ) '\h ':} ‘ 5 a '

- -

.
¥ - A

Diagnosis : . P ,: SR LT
The symptons of carcinoma of the cervix larqe enough to ulcerate,

* \:. L4

(4) : /‘



FIG, 2-1, Stage 1A carcixbfia  FIG. 2-2, Stage !B carcinmoma of the cervix,
of the cervix, Early sfrozmal The $umour is small and confined to the
inyasion is present. / cervix,

. . ) » - -
PIG, 2-3, Stage 1B carcinoma FIG., 2-4, Stage 2A carcindma of the
of the cervix, The tumour is cervix, The tumour extends beyond, the ,
large but does not extend into cervix(here into the upper third of the
tissues beyqond the cervix, vagina). The parametrium is not involved.
) - The lower third of the vagina is not
, involved. - 7

rfd- 2«5 "Stag-e:a}‘s ;arcinom - . » .-
. a of - PIG, 2.5, St -
inth:"c:gi;&l‘. anTh:t:}.malou:i:::ends co::.n Ax, éhé :8“:03“1'?;1:3:?: :Ifethe
‘ es . lateral pelvic wall 1
but not int » 3 » W or lower third
Pﬂl?:lﬂ_o o' the wall cit' the | of £he n.gina( or both), .

o
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tageh carcihona of the cervix. The tumour has

FIG. 2-7.
exteanded beyond the true pelvis(lor instance, to soft tissue
of the vulva or to a lymph node above the pelvic brim),

)

* (See ref. 8 for above figures) ' )
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(5)
may be intemittent b]oedy discharge or spotting; large lesions with
central recrosis mﬁy be the\éource1of a foul yellowish discharge.
Invasion or cgupression of the pelvic nefves ‘late in the course of the
disease causes paim in the lumbar regions, Tegs end hips (1,4).
In-recent years a considerable amount of effort has been directed

L]
»towards finding carcinoma of the cer¥ix at an early stage befoxe any

symptoms have been produced and before the lesion is visible.to the
examiner. This has been accomplished by the use of stained smears .
" {The papan1coﬂaou smear) of exfoliated cerv1ca1 cells (10, 11) and by
microscopic examination of tissue removed by punch or cone b1op53es.

(In very small -lesions the sampie may migs the abnormal tissue).

*

. Considerable controversy has been generated however, as to whether the ' ‘-~

earty dysplasia of cervical tissue seen undeg the 1aboratory'miqroscope .

necessarily progresses, if untreated, to carcinoma of cervix (12-18).
* Current belief is that it does and that instances in which it does not
happen are due to the fact that the abnormal tissue has been removed by

cone or punch biopsies ete (19 22).

8: ESR AND CANCER-
1, Tissue Work - v s
The first experimental ebpliEEtions of ESR-to cancer were stimu-
1ated by theoretical consideraé ons™ concerning the role of free radicals

in Tiving matter (23-29). These Yyadicals originate e]ther from the

outside®™f the cell or from the in de (30-35); they are high]y reactive

(36-39) and so are capable of alter ng ce]]ular biochemistry.

.*,.;
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‘Investigations of notmal and neoplastic tissues (40-77) show differences

in ESR signal intensities. Usually the former give larger signals’ ‘

than the latter. The exceptwns (65- 69) to this rule may be a resslt ogw :*-?

-

the dynamics of tumepr- grawth (78-80) -(See Fig. 3). )

Paramagnetic transition elements are present in diff;.rent am;ﬁunts

in sorme tumours than their norral counterpa;'ts (57, 58, 8]-83)./r

" For example lebert and Mason {58,81) observed that at hig;l micro-—
pave powers ESR- mgna}s from wouse hepatoma were less intense than the
"norma]“ ;:mes. g..g, ’

I!ulay and l-'a]ay [83 found that mouse we]anoma {s91) had resonances
at g = 2. 05 and g = 4 while ame]anmc derwatwes {S91A) .from the same
animal had neither of these peaks. The 'I:t{)e shapes of ESR signais fmm
nahgnant growths may quahtatwel y not be sinmilar to those observed for
homologous normal tissue {82, 84). "Tmp?et" signals for example have
been ebserved in the ESR ‘Spectrq of neop_lastic tissues (43, 59, ‘85-90).
Such signals !vdo not appear to be intr'insical.ly relatgd to ,tumour,i '
processes since they have been found for tissugs in other ;athologi\'ca'i
states (91-95) They may be due to KO-hemoprotein c&n;ilexes with '
su]pnur and iren involved (92-94). . J

Another dafference between nor;na'l and neop'tasttc tissues is a shift
in g-factors in the g = 2 region (71, 79, 78, 95) )’hese shifts are
generaﬂy qu1te small although Driscol] et al 78) has report:ed a ten-
fold change between normal and cancerous ti%,[yo ph1hzed samp‘les

were used so thé origin and neqmng of the sh:fts are not c]earh Most

‘&
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probably suggested(ﬁy Lhe eariler work

{(7)
broad lines are seen in most t%ssues ahd or

have only slightly differing é-va]ues. Away f(om-the‘g =2

dicals as a rule

larger g factor changes have been chserved (58, 81, 83).

n Figur
4 several examples of these signals are shown. j’//e

tissues and only elatively few on blood or its cowponents (97-102).
Dur ng Cancer, severa] non specific disease changes ocCur M blood
Examples of these changes are\ﬂa{ a rise in glycoprotein levels (104-

114), {b) a decrease in haemoglobin content and sedimentation rate of

. <
red blood cells (115-117), £c) a rise in ceruloplasmin (100) and (d)

a reﬁppearance of “feta]l” proteins (llé) Chanoes that are spec1f1c
for the type of cancer may also occur in blood as the d1sease progresses
(119-126). BKevertheless if these changes are not asscciated-with
free radical fcré&tion they i;g not detectable by ESR.

Saprln s group when eraﬁ%l;pg the responsh of Walker,.carcino- '
sarcoma to ThioTEPk aiso stud1eg'perzphera1 blobd (80). This stqu‘yas

ablova and Livenson (103)

who investigated the cone of free radicals %n periphera)l

bléod of patlents Hlth chronic lymph genous leukemua. A 30 to 40 fold

1ncrease of free radicalgoncentration was fbund Jdn the leukocyte frac»ion

»

of the normal patlents In Similar fashion te their work on.t1ssues,

Saprin et al examtned the dynanic variation of free rad1ca1 concentration
. “ { L

"\

“i
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,in,gpdlemﬁarjphera1 blood taken froy rats who were growing Walker o —
caré%noéhrcomas. Their find1ngs are summarized in Fig.”5. Wallace |, ) o

et al (q¢) using the1r own work as well as Saprin's (30) have . ) §} .
attempted to establish a generalized blood curve shegling the vafiation . .." v
of free radical concentration in peripheral- blood as a function of - s é?
tumour size. ‘ :j"ei7“~ﬁ—f_i , L 17 o

Their fin&ings are summarized in Fig. 6. HWallace's curve while

Juite 1ntrqgu1ng must nevertheless be con51dered suspect since it is an

extrapolatxon of rat data to human data. Such an extrapoTatlon may not’

L L]

’ ? ‘
be valid. . . . %

-

3. Free Radzca]s as Carc1nogéns Q&>

Eariier work (37, 84 125, 125) has shown that free rad1ca]s are

probably involved 1n all cellular oxidation- -reduction react:ons and
; 3 < -

Commoner (45) has noted that there appears to be é»rg}g&ianhip between
concentration of free radicals in a!tis;ue and its metabolic activity.
The experiments of Truby and Goldzieher (50) shoé however that this
relationship, if it exists is not a simple one since neither the
stimulation of the gu1nea-p1g adrenais by adreno corticotropin nor 1ts
suppress1on by hydrocortisone sulphate hadrmuch?;nfluence on the
1ntens1ty of the ESR spectrum of the adrenal tissue, A-c]oser
correlation, as Conmonet and Ternburg (44) note, is observed for free

radical and mitochondrial. concentration in anima] tissues. These

investigators found that resonance could not be detectéd in the liver,

kidney or heart of rats at b1rth, were smalier a day after birth, but

reached.a constant intensity after 8 days.

. Similar observatigys have also heen noted by Brennan et al (42).
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FIGs 5. A--Kinetic curves of change in concentration of free radicals in .
blodd of controls (1) and animals given ThioTEPA (2). Ordinate, relmtive
amplitude of ESR signal. B--Kinetic curves of change in number of lencocytes
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_ 1ight on the importance of highi y reactive free radicals in 1arc1no-

.%o the Suthor.and other ESR inyes@dgators in th1s field. §\\\.' A
' 1 ¢ ‘

L
W .

a®

- (9) ,

. +
-

Dawkina‘(lZ?) observed a paraliel increase in rat liver succinoxidase
:actiéity with this mitochondriaT concentration.. These’facts, _along

with the observed 51malar1ty ef tissue spectra wlth,those from

-

isolated mitochondria and from redox systems found in mltochondria

- .

indicate that the or1g1n of "tissue" signal is in the enzymat1c redox ; .

-

activity of mltochondr;il/part1c1es . ) - ﬁ;
ESR of free radigdls 1n;norma} animal tissue ﬂ!uithen be oniy- ‘

another way of measurang m1tachondr1a1 popu]at1ons S

.In ma11gna?t t1§§ues freb radical type and/or gquantity apﬁear ot
to change during the progress of the disease. To date no cqpéisten% '
explanatton has been offered. Oppenhe;mer ee al {128) reported
carcinogenesis after imelantation of plastics in rodeﬁts. However,
when a series oflp]astfee of differing free radical conceetration . .
was used tumour incidence did not appear to be altered by this change

in concentration (129). Boyland (}%0) and Peacock (131) observed
s1m1]ar nesu1fs but with dlfferent cgrcinogens

-One problem in ghe above exper1ments is that'only relatively® .
stable free rad1cals can be observed under these conditions. .éuch
_free radicals are stable because, they are not veny re ctive. Experiments

“of the type out]1ne!lgbave are therefore -not ]ike1y to shed’much

.
R

’ r/-/‘, ¥
4 b * .-

.
Aaap”

gene§“§ and the high react1v1t radica]s4continues to be of interést 7
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. The admlmstratwn. of free 'f‘adlcal 'lnh'lf)'ltO‘(‘S in both anm 1s _

L "t

and humans reportedly causes a dec%:ease in the rate od’ tumour g;}owth (75,

80, 132} which is para]’le]edsby a decreasg :m the mtensn:y of* Q:he "ESR

.51gna'ts omgmatmg,from the mahgnant tISSUES (133 134). These

-7 cooc}usmns are ren&ered somehhat doubtfuI contradzctory reports._
b4
For exam;ﬂe. Ka"]manson {]35) has reported that t 1strahon of

¢ tumour l,nhlb'ltOY‘S such as prbpy} gai'late cause an mcrease in the ESR

..‘

s1gna1s seen in seyerarl types of, tumours. This absence of c}arity of
per}menta fandmgs has ‘led to the proposa] of several different

th gﬂes concerning the ;nvo nt of free radu:als in carcmogenem

Bur’!akova (136-738) for examp]e has suggested that high mtrace]]u]ar

levels of free r9@1cals ieads to an mh1b1tmn of the rate of cel‘l

-

d1v1s1on,._ She S tes as e\udence the fact that an increase in
q -

abih'ty is often assocrated with carcznogemc.abihty»of drugs.
Harman (32 shas theonzed that ce]]u!armutations such as those

produced by cancér and aging are related and due to the action of free .

rad?ca]s on,DNA aﬁ'd, }ts pgcursors therehy affectmg ceﬂular metabohsm.

-

£

. 4. cfarcmogens as Free Radlca‘ls - -
* - . «

Several studies’ ..(23, 139 145) have mdlcated that carcmogens 1n
_most mstance{radﬂy form free radlcals and@hat the case of free

-

. radtcal forfation can often be corre?ated with the capacitjy to induce

tumour fomati ONe. -

!

- Some car‘cinogens sock; as éjgarette smoke, th’ioacetamjde, p-dirg.thy]

amino azobenzene etc giue ri se to d;stfnctwe ESR spectra. in tissue (264 .
[ -j *

>
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146). “Interestingly Vithayatiz;§t al (26}‘fdun fter the aszn-
it -\
istration of amino azobenzene %4 rats. there was a change in Tiver
tissue ESR s)pectra.' ?qis chande appeared well before any histological
-~ b 4 *
or biochemical manifestigatiomn of the developing cancer in the liver
t ‘ . ' )

-«

could>be detected
: Ano@b;?‘int resting finding is that :ertain polynuciear hydrbcarbons .

when heated to t ‘atures above thei{%me ing points gave well resolved
Ve

"ESR spectra {147- ]49) Forbes and Robinson (147) showed that 3,4 benz-

. s1gn1f1cance of this has not beenﬁascerta1ned however. . -

_are the following: ‘

"

pyrene, a weil Eﬁown carc1nogen found 1n tgbacco smoke, when heated 1n a
4

vacuum gives rise to a spgctrum 1ch on exposure to air changes.
. Beither spectruni~d§ Zidents With -the spectra of benzpyrene onio&-' »
or cation radicals at ordinary temperatﬁres (300°K). The authors have

suggested ‘that the carcinogenicity of tpbacco smoke may.ﬁe due to these

reactive rad1cals produced by heatlng. {
Ingram (1’ and 'Hyard (148} haveN{n stlgated.t e productlo;\oT"/’

free radicals by charr;hg\rrganIC materials and found that frgngédlcals

are present in high concentration in such foods. as‘toast. The medical

Various authors ‘have’ attempted to explain the mechanism of cancer

1nductlon by carcincten free radicais. Among the hypothesis publlshed

*
L

*

(a) Certain free radicals can.form charge-transfer complexes which
1ead to the induction of cancer (151-}53) ‘
{b) The initiation of cancér by congugated hydrocarbons is a



s -, (12)

-

cdnsgquence of the transfer of excitation enérgy by resonance

protem A‘.arcmogen complex {153, 155)

rc1nogens react with su]fhydryl groups of protelns by
. o

’ $
possess a reactive band in the K region but must be devoid of

*@agf w reactive para pos;taons (actzﬁgfl region) {156, 158). -

-

L4

{e) Carc1nogen1c act1v1ty is assocaated W1tﬁ'e1ectron transfer

from the highest filled energy level of the protein to one
of the empty leyels of the ﬁtarcinogenic“ hydrocarbon, there-

he molecular orbital

by resulting in an dnpaired e]ectron
of the protein (151, 152, 159).

The above hypothesis have certain features in c&nmoq: they all

suggest that free radicals are involved in carcinogenesis. Recent

¥ L}

¥ork (160-162) does not entirely support this view. Free radicais

— are probably involved in some tyﬁes gf chemical cargjnogenesis

'\

.

especial]y:in view of the demonstrated interaction between free radicals-

and DNA (163) and jin view of the fact that manyfcarc%nogens aue-étrong

electrophiles (160).

It is evident that chemical carcinogenesis is of

such 2 diverse nature that free radical mechanisms must be considered

within the overall physxochemlcaI propert1es of each class of compounds

(96).

, "

v
¥ - L4

5. Irradiation and Cancer

-

~

That ionizing irradiation can cause the inducfion of tumodrs is

from tr%EZE?anfto the carcinogen. rééulting‘in the formation of

»
*

-
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* +_well documented (164-174). The nature of the induction mechanism is

not known althougl; radfob:io]ogicqif cons%de'rati‘s?nﬁEint to alterations .
. W"suhse?ueqf—dismpﬁon of cellular ;wxetabolism (175, 176).
Fr‘ee 'i'adi'cal foma'tion is probably involved and a considerable amount
of ESR stud1es on radiatwn damage of DNA has been done (177-181).
Recent work (182, 183) has shown that 1rrad1ataon of radmsensnwe
- tissues (_1.e.,ttssues whic@ are easily damaged l}y fonizing irradiation)
]eads-_tol’thq for;natior:h of an ascorbate radical. The intensity‘ of ;.his
- o

" irradiation induced ESR signal varies with the concentration of added

. flavin mononucTeotide and it has been concluded that radiation d

may be a function of tissue flavin content (184).

6. Gene{al-rproblemsfmvolved in the study of ESR in re'latwn
to Carcmcmene”s'ts

5 . (i) Techniques of Measurements. *
’ The method of sample preparatwn can\jreatl y affect the ESR spectrum. ’
0 Ideaﬂ,y, ESR spectra of tissue should tell/the experimenter something
’ ‘* *abou? the behaviaur and environment of free radicals as they are found -
‘ " in living matter. Each of "the methods now available to the investigator
comp“r“pmis;es this ideal. In the main, three pre;;aratery techhiques are /' ' _
Ju‘séd: “» . " o o . I SR
(a) the rapid fre‘e';e.' technique . ;
{b) the ‘surviving tissue techniqu '
‘ {¢) the*freeze dry ‘teEhniqye - ., . )
4 The Rapid Fi.-eeze Technique ) ‘ i v .
\ , Spe_ctrometer ser!sitivit;r is adequate with this technique being of
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the .same order as for dry sa;ples. If measurements are made at 77°
K (as compared to 300°K) there is a fourfold gain in sensitivity due
to the Boltzman factor. Thé probiem oé non resonant absorption by water
in the tissueéris also minimized sincF water's dielectric constant

drops from 80 fo Qpproximately-z when it is frozen. jPe rapié reduction
N E. ]

of sample temperature to 77° K staps alT cellular processes, therebj~

1lowing the investigator to take many more samples and re-esamine them
r - ‘4
by ESR at‘h:s convenaence. ” %

The poss1bt11ty that this technique can produce artifactual’

™

*

’ changes in the ESR spectra should be borne in mind. ,In aqueous state \:E;

sampfzs.at 273° K or higher, transition netqi fons are not as a rule
observed.although Mallard and Kent (65) rep rted 11nes at g = 2.0 and
= 4 which they attributed to paramagnetig metal jons. These jons have

bt been observed in freeze dried magérial either, apart from whole blood

_ (52, 185). At 77° however, most transition metal® ions are readily

detegted and thejn.regonances may obscure those of free radicals that
are of more direct interest jg ;his field and canpliééfE’the inter-
pretation of these spectra. §w5?iz and Molenda (55) have’spown that thgﬁ‘
two typgs of ESR signai can be d;fferentiated by means of power saturation
studies'siﬁce at 77° X the relaxation times of the transition metal i;ns
are much shorter than those of the usual tissue free radicals. é;cept

~ Tor tha‘factors pointed ont above (paramagnetic fons and r /ﬁTaxation time
effects) freezing has little 1f 2ny affect on pre-existing free radicals

(185, 187). If oxygen whic is a free radical scavenger\¥s present, the
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n (15), . -

number -of free radicals can be markedly reduced by the time of C-

* e

measurement (188, 189). In spite of the great sensitivity oft
: the rapld freeze method very few measurements of free radical
concentration have been reported.

The Surviving Tissue Technique

Ih thts techmque introduced by Com’oner et al (160) 'm 1956, -
the organs to bg studaed are removed from the animals as rapidly as
possible, cut into thm siices about&!l .5 mm thick and then suspended
in ‘@ither a 5% glucose or sa'hne solution contamed in a flat ESR
cell. The tissue may be stored on dry ice for 3-4 weeks mthout any -

~ apparent change in radical concentration. Kerkut et al (53) observed ~
. that at room tempergture free radical concentratwn can decay by as ’
much as 50% during the ﬁrst hour. .

0ne of the difficulties with this technique is that the signal

to noise ratio is usually very small and there has been considerable

debate on the optimum design of the ESR cawty and associated cel'l {44,
, 46, 190-194). Another diffzculty is that tissues become rapidly anoxic .

and the sbgctrun is Tiable to change during prolonged observation

periods. o ) L . -

ESR spectra from surviving tissue are not distinguishable from °*

“

" those obtained from free radicals in redox enzyme systems such as cyto-
»

- chrome reductase, and Brhydroxy butyrate dehydrogenase. There is little

doubt that these spectra are due to-the semiquinone free radicals assoc~

jated with these systems (44).

i

€



“radicals during the freeze drying pro?ess.
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(16) ; '

The ESR si naTS seen in]yophilizediﬁfsue are probab?y %imiiar

has suggested that certain enzyme cofacéors are transformed into free
!

The Freeze’ Drylng Technique

-

The dielectric constant of the sampies are so'reduced by freeze
drying as to render piractical the spectrometer operation and to er]d
a very good sensitivity. The signals observed are broad and without
any e*ceptionallChara;teristics; their origin is obscure but their
intensities, and ]ine’pidths vary markedly from sample to sample.

In this thesis, we attempgzyo gorrelate the sign;l intensities,
Tinewidths and g values of the "crossin§ points” to the t}pe and
incidence of cancer. A more detailed treatment of 1yqph111zation is

g:ven in the section entitled dzscu551on (See Page 24 ).

L5 Corparison of the Three Techniques

In summary, the conditiens in the surviving tissue technique -
are closest to,nopnal though the ESR m;asurements are essentially

under andevobic conditions. Commoner and Ternburg (44) howeven did

not notice any difference whenthe sample was saturated with 02 or Nz

immediately before recording. ‘-\;k -

»

The Rapid Freeze Technique is the most sensitive of the three

 techniques but under certain circunstances gives results that are

- hd

‘{"
; - vy
%

2

‘sxty may be caused hy the freeze dry1ng Arocess itself. Hyard (84) f

r
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dufferent from tHose obtame.d using the other two techmques._ For

examp'le with the surv vmg tissue techmque malignant tumour tissues
usually show a low and often barely detectab‘le' ESR signal. -On the
other hand a small but cleariy defi:led signal is usually present when
the freeze dried techmque is used. L ‘

' With the Freeze Drted Technique szgnal tntensﬂ:y differences
between neoplastic and normal tissue are usually less than with the ‘

- '

other two techniques. 4 L.
-, -] 4 ;‘T
(\ 6 (ii)} Interpretation of Spectra, ] s ~

Free Rad.icals and tranéition metal jons may be present in the '
samples. The Cmef dl-fferences betwe n thet¥ resonances is that free
radlcai'have g values very close to the "free spin® value (2.00232)
while, individual transition metal ibrs have definite g values which

- fall “between g-1.93 and g = 6. Some of these metal fons thus have

* spectra quite close to g = 2 and can be mistaken for‘fr'ee radicals. .
In sucl} instances power saturation stud'ies: may enal;]e a differ- .
. entiation to be made between the two types of signa“l.; - .o Y.
) The identiﬁcatwn of free radicdls in bio]ogma] sa:ap‘tts is ‘. -\"«...

often not p0551b1e smce the ESR spectra usuaﬂy cons1sts af a single
/eature‘less Hne, but by very precise me;su;'ements of g values, 'hne
p widths and 1ine shapes it may be possil;!e to distinguish between -
spectra of this type and correlate them with bioiogical phenomena.
* Byperfine sp‘l'ltting is sometjmes observed. If there ¥s doubt

as to whether lines in a spectr}m aﬁe due to hgperf'ine splitting or

ome from different radicaf‘ls./ this can be wesolved by, comparing ESR



. . R (18) ‘ ’
n*easure:gnts At different fre quencms. The absence of variati_oﬁm
. hjpnrr'(ne sp'llttmg. irplies thqt t.he spectruzn is etther isotropic or
.,hat the radlca'f is tumb]mg so rapidly that the amsotrop1c part of
tﬁe hyp=riine :ntgrgcttoq and the g vaiue variation is averaged out.

in solutiens the turbling, Tc, is approxiiated by the-following

»
- %
- -

exprassion.
.. . P * . . —

Tc = 4§ = na3/3k'l‘ -~

&

T g wmRTE D 15 the viScosi'tyif 'the— fluid and a is the radius of the .
) radica"l. _ This equation is.true for small molet;u}es such as sigple a
semiquinones but does not hold fqr large molecules such as proi,:gins.
In biological tissues of course sémiquino.nes are likely to be tightly
bound to proteins so that tunbling is restricted. Looser forms of ,
attachrent are semetwes possible (195)
Pararagnetic metal ions in biological redia often give rise to
’ veqy,ccj;ﬂﬁz spectra. Beinert and Palmer (196) have made a compilation
e m,- ;:tre%spectra._ By comparing unknown ESR lines with these known
sbectra, 11 7ay be-possible to idéntify the paranagnetic ion.s present.
‘ The passibﬂi ty that artifactual signals ma.uy be present in th?
Sp-ectf‘a rust asso rot be overlooked. A frequent source of such
sxgnam is the paremagnetic contamnatmn of the swple cavity and/or
howers and "bac!fground spectra" mst be run frequently. The saﬁple

itself m; influﬁnce cavity die!ectric loss etc. in such a way a 10
rake the reprcd.zcibilit,f of mstru':enta‘l conditions quite difficu‘!t

L e

b

A
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. and so spectra may’ vary from one run to anather. External paramagnetic - . s

mpunhes ndy contammate the samp‘le durmg its preparation. In some , ) -

. instances however, sample’contamination may amse from paramagnetm ’

substanses f‘hat are indigenous to P ce'l‘l but not an essential part of
the mo'lecu]ar s;s:tem.being studied (1

biopolymers can also cause free radicals to be produced (207,208). »

97-2056). Mechanical damage to 1

¥

'Y

The intreduction of oxygen into a sample }to avoid anox1a for examp're) o
can as has been. pomted out before,\i’ffect rg%l formation 6188 189) r"j
Relaxation times of radlca]s m frezen solutwns can also be affected by o

- the presence of oxygen (209,)*
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v 7 C. REASONS FOR_CHOOSING CARCINOMA OF THE CERVIX (UTERI)

As meggioned on page 7 Saprin et al (80) showed that:free radical _ C

concentration in 1yophilized pehphera1 blood of rats with Halker

-

carcinosarcoma nses and fa'lls as the t}ﬁour progresses rew

max imum \/haﬁway between the tune of “4mplantation of the tumour and '
death. Sznce Saprin et al blood measurements were made at the same’ - .
time as the tumour hssue measurements in the rats with Walker carcino-
sarcoma ant since both the tlssue and blood ,fmdu:gs were presented
+with a comon absc155a, j.e. time since tumour implantation, Wallace
was able to transpose the blood, curve to the generahzed form shown ’
in.Fig. 6. In h'lS studies on breast cancer in females, Hal(‘ac((gg) 2
found that free radical concentratitm in 1yoph1ﬂ'zed penphera'l blood °?
/ *  decreased as the tm;our' progr‘ ssed. He was thus able fo observe the
- descending Timb of tl?e‘gener7ﬁ1z’ed blood curve {See Fid.7 Y. However,
Wallace used only ] 5 patients. The geork. p{'esehted in this ;section of *
__ the thesis is an attempt to'fin;! the ascending 1imb of the generalized
blood curve and to have a cyto]ogica‘l ciﬁterion of early cancer which’
wou]d be available without undue ;r;zt’m enience to the pat1ent ‘
Cervica‘l cancer. was chosen—be,c:'ause the early stages of the malignant ,

L]

process may be readi‘ly monitored by the-tise of Papﬁ'nico'lau smears, cone

P

. . biopsies ete, and nithout much inconvenience to the patient.. Possilﬂe ’
blood findings <an then be readﬂy,corre]ated with tumour growth. - The ) ,;
. . . » .
women's pavilion, at the Royal ¥ictoria Hospital, Montreal, Quebec,

has a rather large and well organized cytology clinic for this disease.
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This greatly faciﬁ’tated our studies. Since blooed is routinely drawn

from patients at tms chmc, no ethical difficulty was encountered
ﬂh{o_btaimng our samp'{es. /
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. .MEIHODS AND RESULTS

183 samples ‘of whole b]ood from humans have been xammed by~

electron spmdesonance, and statmstmany analysed

*s

The pathological classification of these samp‘?:es are given below

f .

{a) Normal epithetial cells - 4 56

e N . 4
(b) Mﬂd dyplasia of e cervix uter§ 35

(c) Moderate dyp‘lasna of the cervix uten 16
{d) Severe dyp]asn‘ in the cervix uteri 11
- (e) Carcinoma in sita of the cervix uteri 20
(f) Invasive carcmoma in the cervix uteri 15
{(q) ";ﬂfpp‘ar-ent:-j._y&;l normal females l . 30

¥
¥ v
“

» P

ESR characterzstms determmed from “the examples are given

. m Tab]es‘ 1-7. The™ statlstical analysis of the results are given on

it D%

Tab’le 8. Sample preparétwn was done b_\% Dr C.6. Kalomemes. 28

measurements m Tab‘les 1-7 are taTEen from Dr. E.C.B. Pederson's resu'lts.

On the Chmc&l side he]p was received {rom Dr. J4.P.A. Latour and

" Dr. K.G. Marshaﬂ‘of the Royal Victoria Hospital,

-

In some cas‘es fracfwnation of whole blood was car,ried cut by

: -centrifugatipr'l,q_ln thesg ,}nstances EDTA was used, as”

anticoagulant,

L3R

-
]
i
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A

Tl'ge bIood ‘fractions obtamed were p]asma p]’ate‘(ets and .r-ed bTood ce}]s- .
(whwh 'mcloded 1eukoc,ytes) These fractyons were then 1yophilized for "

72 hoqés In the cases where 3ctionation was not done he

- . Sam ’ies as ,seon as, ’they were obtained were dipped in hqu’
' . i'

tben 'iyophﬂ:zgd»for 72 hours. The safples. Were then g’ent]

,,make them powdery and after this trarisfe;red to standard vahan ESR
/e ol
’ spectroscoplc grade gquantity tubes havmg an externa] d1emeter of 4m .
#* it

an mtemaﬁ diametei of 3m, and length of 240ﬁm Bemg mindfull, thai;

mechamcai damage (207, 208) can cause free rad1ca‘L formarlon in ’

aw

biopolymérs, caution was taken to see that this \tid not occur. ‘Each

sample after ‘i"f"‘ | izatien was ‘packed to a he1ght of approximately 80mm.
Rubberm were changed between the handhng of sampies’in order fo

’ avo:d c‘més contammatmn and a surg‘ica] mask was ‘also worn. To grinimjze

' ', ‘ exposu j"of the sampl to mo;sme, a desu:ator contammg anhydrous . >
magnesmm perchlorate uas used for stor'age. The sample contaming tubes \
were then" removed evacuat or‘ ten minutes and seaieci. A total of,18

P

samp]es of non ]yop hzéd esh who]e blood were exaoﬁned by, ESR at

b "

lr'

[ 4 lfquad nitrogen tempe rv?and room temperature as sobn as they werg:
obtained Plasma oas a'lso examined at I‘lqui(f nitrogen teoperatures and at

Pa
- -

..\ . ~rtoom temperatures. . e . ~

. . i \ L !
t N Additwna’ll,w p‘lasma tfxat was poo‘led from nomal persons and _plasma

L - *

" that was pooled from persons with’ invasive carcinoma “of she cervix uteri LM

LIvR

A S

~were separatéd by ul théff’lt‘ration into 3 frattions, U) a fraction.
containing:rp]ecules aver 100.000 in molecular weight, {2) a fraction -~ L.
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-containing n‘.ol’ecines from 100,000 - 30,000 and {3) a fraction containing

molecules from :‘:"0',000 - 0. These fractiens were then examined by ESR at

-

- Jiquid nitrogen twperatﬂ;-gs.' A varian 4502 X - band ESR spectrorater

and %’anan TE 102 standard cavity vere used to make all ESR measurenents -
-of samp‘!es and diphenyl p:cry} hydrazyl was used for ﬁeld frequency
cahbratwns. Yarian~ strong pitch was used as an extarnal standard.
Tes, ‘g with chromium in magnesium ox:.de as a secondary internal standard
sho) ed that the neasure*ents vere rehab]e. Varuan precision quartz
tubes with an external diameter of 4, and an internal diareter of 3m
were used in the neasurenent of aH sambles.

Einewidth, g - value, peak to peak signal height and s1gna1 mtensn:y

were measured for each sanple. Since the signal shape was essentially

mvanant the signal intensity was set equal to peak to:peak hefght - "

“* P “

¥

Jrtmzes\%memf.'ith squared. A stepqise regression anaiyms (210, 211)
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was done on the data:, .-
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(25)

, TABLE1 = ° ,
4 Electron Spin; R.esor-l‘ance Signal Ci:aracf_er:istié; ol‘)tginéd from blosd
| / _ samples from females who were gnpazrenﬂy Snormal®. & , d
o Coo i
< - X - -
Case Pea_k to Peak Ll:newidthrof g Age Ir_ltensity.of
No,  height of Signal signal ( pr) g in signal
' (App) in. (gauss) in gauss . Years (App x pr) -
-2 3.9 9.6 , 0.0015 ,' 30 359.42
3 5.0 8.8 0.0017 / 39 37, 2-
22 3.7 8.9 o.oms;/ 54 293. 1
45 21 ' e T oamd 27
a7 5.4 - 8.8 or.%i 7 52 )
49 7.7 9.0 - 0.0020 40
65 ___3 3.5 8.4 0.0022 27 9
68 4.2 " 8.9 0.0021 - 18 7
69 81Y w90 77 om0zt 27 332. 1
78 EAT G ¥ 00022, 8 5624
81 - 5.5 © 87 o3 25, 416 2
82 36 . 86 .. 0008 2gs 265. 2
83 .. 169 . 88 o003 3 sm3
84 5.9 : 9.1 . "o.‘oozl 34 488. .6 '.
86 . 53 . |- 9.4 0.002 41 . 4g8. 3
. 88 3.7 /g" 9.5 0.0022 55 243,77
91 5.5 8.6 ° 0.0023 47 406. 7
92 - 5.5 8.9 0.0023 25 435.6 °
ce 9% 57 8.8 0.0023 § 30 a4 4
9 . 55 .89, . oo0. 2 435. 6
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v L
.« " Table 1 - Continued,...
' - .Peak to Peak Linenidth of ‘ Age Intensity of
. Lase “height of Signal. signal ( H2) “  .in signal"
;" g No.. (App) in (gauss) .im gauss PP "~ g Years (App x Hop)
R T 7.2 8.9 0.0021 32 " 570. 3
- - 1Y
10 . 6,0 8.6 0.0022 27 443. 7
163 8.3 7T -+ 92 T o0 20 Qs 6
165 7.2 9.6 0.0017 37 _  663. 5
. 168-, 4.6 ° 9.5 L0007 21 T/ a5 7
6 5.0 9.5 0.0019 21 . 721. 1
. 195/\ 92 ") . 9.4 0.0019 28 812. 9
i - : : g
197 T o83 " 9.7 0.0019 56 . -780. 9
!
4 !
. - < o . .
- 7 - ”
:} _j “s‘ .' -" oo o
£ .

.
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' " TABLE. ’ - .
TN
Electron Spin Resonance Signal Charicteriftics obtajned from blood

sampies from females who were diagrdsed as having Kormal Cenr'ica] Epithelial

L]
£

Gells.

4

Case ; Peak to Peak | Linewidth of * Age - Intensity of
No height of Signal signal ( H_) g in signal

z- -
{App) in (gauss) in gauss PP Years  (App x o)

34 4.70 7. 9 ' 0:0022 25 - 293. 3
36 5.9 .- 9.7 0.0018 y 82 555. 1 .,
7. 59, 92 T aos 6 499, 3
8 . 5.30 9. 2 0.0018 26 " 448. 6
43 a8 8.70 0.0020 22 363. 3
44 “4.60 9.20 0.0020 45 389: 3
53 ~ 3.60 T 9.0 . 70.0018 32 291. 6 *
5 . - 510 g\ 9.50 - o.0021 28 460. 2
57 7.20 %‘%ﬁx\_&go - 0.0019 - 33 570. 3.
58 3.3 - ‘9?10_ 5 a1 37, "o, 2
63 _ ' 7.8 . &7 o001 3w, . 5.3
7z 3.75 . 8.-9 0.0021 22 - 293..0
74 3.8 © 9.3 ' 0.0022 65 328. 6
85 8.1 -+ 9.0  p.002 656. 1 .
05, 355 4915 o.Go/z'af/Ez 289..8
% . 40s ) 0.0015 28 34. 3
127 4.9 - 9.0 0.0022 - 21 *  39%.9 °

128 2.55 . 9. 4 0.0020 . 40 229. 7




gty

L@
, Table 2 - Co;:ting;ed.... ' .
" ~~
v " Case Peak to Peak Linewidth of Age Ir_:tensityo_f«
g Mo in (oageg) et T 9 dn (oo x 23
. . . pp
3.2 9. 5 0.0022 34 . - 288._81 -
9. 4 0.0021 29 256.2
B 8. 6 0.0023° 27 451.1
9.46 0.0019 (" 42 424.2‘L
2.2. ' 9.15 '0.0018 50 182,27 } '
W . 637 9.55 0.0015 17 568.5 -
. 146 3.7 9. 4 0.0021 4 326.9
o /—g./ 4 9.55  0.0018 " 30 7141 o
. 150 8. 3 8.9 I 0.0019 ~ 33 657.4° -
* s 3. 1 a3 0.0016 - 33 4.6 -
15 5.2  Toas . o006 2 ég_y/\_\
w6 L 6.9 9.266 0.0019  25- 596.8.
t 157 616 9. 4" 0.0018 28 5.8 r ’
59 ' 46.1 _10.0' 0.0019 2_1 630.0 ° {‘_
160 0.0016 .23 467.0
e 0.0018 36, 397.8 R
R " o007 2 470.4
166 '0.0017 AN 3639
170 0.0015 47 609.7
0.0021 « 23 -




’ (29)
): - - ,

" Table 2 - Continued,... o .

£

Case Peak to Peak Linewidth of Age Intensity of

0 Mo (hon) in (gaose) namwss PP 9 yawe (i )
RN ,

180 8.9 T 0.0017° 24 890.0

182 6.0 0.0  0.0017 27 600.0

- 185 42 C ., 100 0.0018 33 420.0
' e 46 9.7 0.0b1e 22 | 432.8
188, 8.6 D a7 0.0020 34 ° 809.2

} 189 4.6 0.0 . 0.0018 . 36 £ 460.0
191 6.5 . 9.8 0.007 .20 . 6.2

193 5.8 9.7 0.0021 30 545.7

9 - 9.35 .  0.0020 27 '

19 9.05 10.1 6.0015 27 928.3
w3 9. 9 0.0016 18 539.0
AT . - 9.2 0.0015 ° 20 . 550.2

213 455 !r-\% 2 - 00019 35 389.3

27 - 43 10.0 0.0015, . 57 430.0

218 5.2 9.7 0.008 34 . 489.2
e 5.2 9.4 - 0.007 30 578
" 63 . 9.3 200019 49 - 544.8

. ) ’ * | *
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TABLE 3 T

-

_ Electron spin resonance signal characteristics obtained from blood '

samples from females diagnosed as having mild dysplasia of the cervix

coeo Peak to Peak  Linewideiror Age  Intensity of
Ho. ?2;3')”‘,-27(32322} ff?;‘iﬁsﬁ Hop) ® Years ?;gpm: H? )
; PP
B 3.4 } 9.7 0.0018 30 319.9
59° ., 5. B 8.9 0.0019 24 403.9 -
-z, 4.6 8.3 - _ 0.0020. 25 315.9
‘64 5.4 2 8.3 0.0021 = 25 372.0
67 3.8 - -, " 8.8 0.0023 5 294.3
70 3.7 . 9.1, 0.0021 21 305.4
- 80 i 9.3 0.0022 31 268.1
% 28" - 93, 0.0022 19 242.1
$4 ar 9.0 L 0.0022 23 " 3321
101 4.4 9.4 0.0021 29 383.7
103 4.4 9.1 0.0020 2. 354.3' ;
104 3.7 9.2 0.002 41 M2/
08 . 7.6 8.5 0.0022 = 24 s19.1
109 3.9 - -9 0.0020 33 356.7 .
13 7.4 - 8.8 0.0021 45 ' 573.0
14 7.4 9.1 0.0021 24 612.7
122 5.2 9.4  ° 0.0016 31 459.5
125 - 6.2 e '

0.0016 23 513.4
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. {31) - i
. Tablsf;é—, Continued,... .
h . : s
case Peak to Peak ~  Linewidth of Age ~ Intensity of
height of Signal  signal ( H_)) g: in signal
- (fpp) in (gauss}  in gauss PP Years (Appx H pp) _

129 3.9 9.5 0.0023 . 31 351.9
130 2.7 9.7 0.0020 33 254.0

. 133 2.7 9.3 0.0022 20 233.5
144 6.5 9.1 ©0.0020 34 538.2"
148 5.5 .. 88 0.0017 21 - 425.9
149 9.9 ~ 8.9 0.0018 .20 784.2
153 8.4 9.4 0.0016 32 " 782.2
7 . 4.7 . 9.7 " 0.0017 30 " w22
175 13,0 _ 8.5 0.0020 44 939.2
181 . 11.8 5.4 . 0.008 21 1082.6 -

182 s - g8 - 00018 25 i-
198" 7.6 97  D0.00i6 50 715.1
201 6.0 .. 9.3 \ 0.0017 25 _  518.9
206 7.9 8.9 0.0018 23 -  625.7
209 7.9 X 0.0017 23 - 698.0
' 10.0 .'0.0018 29

' 460.0

[ 1]



TABLE. 4

*

tron spin yesonance signal characteristic obtained from blood .

le

s from females diagnosed as having moderate dysplasia of the

o~

cervix uteri.

’

. L

T I = AT S A

bo. -(Apg) in (gagss) inggat:ss - PP Years (Aﬁ? x H ;p)

a - 30 8.4 0.0018 24 211.6

73 - 3.8 8.6 _ 0002 21 281.0

m 5.9 " 93 o0z 2 510.3

12 3.5 9.6 0.0019 32 322.5 !

15 51 - 87 0.0021 . 20 386.0

145 6.4 8.8 0.0018 42 495.6 -

m - 9.6 9.7 0.001 32 903.25
s B 9.4 0.0018 23 450.6 .
190 51 " 97 - -come 3 419.8

200 9.7 9.1 ‘0.0m8 28 803.2

207 - 8.2 @ 0.0017 29 649.5

268 8.8 9z 0.0008 35 406.3

.

an 4.3 9.3 0.002 25 3719
s T 8.7 8.6 0.0020 32 643.4

220 6.5 9.8 25 628.2°

0.0016

-
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. TABLE 5 )
Electron spin resonance signal characteristics obtained from blood -
samples from females diagnosed as having severe dys;;]asia' of the
cervix uteri. . é . S
\ ] ; :
Case Peak to Peak Linewidth of Age Intensity
No. height of Signal  sigmal ( H ) g in of signal
{App) in (gauss)  in gauss PP ! Years  (App x H;p)
3
54 5.4 8.8 0.0023 29 418.2
56 3.7 %9.3 “0.0019 39 320.0
61 4.8 9.2 0.0020 40 406.3
73 2.7 9.4/ . oloom 24 238.5
102 5.7 .87 £.0021 337 4314
" 140 3.4 . '\ 9.6 ‘0.009 28 3.3
7167 5.6 9.5 0.0018 51 505.4
169 4.5 " 9.4 o7 28 . 3976
178 5.9 9.8 Somes 38 566.6
205 ° 48 9.5 - 0.008 36 433.2
‘ 216. 8.4 - 9.4 oone” 19 ' mza. €
- : - g
- B . g

Y

PR
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(34)

A

" TABLE 6

E

H

Electron spin resonance signal characteristicy/obtained from blood

sanples from females diagiosed as having carcindma in situ of the

!

cervix uteri.
b4

' 4
- ' 5

o ;i

183 -,

case Peak toPeak  Linewidthof -g.  Age Intensity
No. - height of Signal signal { H ) - in _ of signal
l(ﬁpp) .in Fgauss) in gauss PP- ‘ , Years (App x H;p}

39 " 4.0 8.6 . 0.00i8 33" 295.8-
40 5.8 8.7 . .00l . 37 439.0 =
42 6.7 9.2 0.0017 24 - 567.1
60 54 - 9.0 0.0021 21 ' 437.4
116 77 8.8 0.0021 19 596.3

128 5.0 9.6 0.0017  23°.  °460.1
125 - 6.6~ . 10.1 0.0017 19 673.2
134 3.9 , ’_9.4 . B.0022 33 344.6
A% 4.3 94 . omm 2. 291..5
M i 96"  o.0m9 41 325
151 5.0 \ 9.4, _ 0.002 %3// TR
152 4.7 :9.2°. \/cwnz%ﬁg 3978
158 X 9.6 > 0.00018 50 617.4
6 3.8 9.6 ~0.0017 38 350.2
172~ , 4%~ 9.8 0.0017 49 | 655.5
Ve . 63 " 10.2 0.0017 31 655.5. -
179 Yo - 9.4 < 0.0019° 32
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- " Table 6 ~ Continued,... . T e
- . . T p
) . ) : - 2 .
a7 " . * ‘a‘
case Peak to Peak Linewidth of Age

Intensity of
in signal 2
Years (App x H

» el

e

height of Signal signal { H ) " g
Ko. {App) in (gauss) in gauss PP

T
+

[}

- 22, 5.8 8.4 0.0016 29 109.2
, 212+ - 4.4 $.3 . " 0.6023 . 39 380.6 -
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' S TABLE 7 - / ‘.
£ -
- Electron si{ingr;e‘senance signal chqrgctéristics_obtain'ed from blood °
sampTes from Faimles diagnosed as having invasive carcinoma of the ..
cervix uteri. s ¢ E
N Ey K R .
. " B . (;\ W} ‘ -
4 N : Py : i
Case Feak to PeakT - Linewidth of . .Age - Intensity _i-
No, Deight of signal signal ( H_) in  of.signal _ Stage -
* {App) ‘in (gauss)  in gauss pp 9 Years {App x Hp’p) N
75 54 1 - 87 0.0020 & 54  408.7 4
% 5.6 . 8.5 0.0022 - 32  404.6 ¢ >
97 © 5.4 8.3~  0.0022  51. 3720 4 .
98 6.9. ¢ 8.5 ~0.0022 58 ,-498.5 4 T
106 6.5 <" 9.0 > 0.0018 s - 380.2 4 /
107 541 835 - 0.0020 467 3683 , = 4/
. . . ’ A R
17 8.1.- 8.6 '0.0020. B s99.0 ° /g
‘119 9.9 8.2 0.0019 , 47 . 692.6 s .
Y . - _‘ . * . ‘
120 6.9 . 8.7 . 0.0021 LI
121 6.6 = 8.6 0.0013 a .
132 5.7 9.0 0.0024 1 p
139 6.2 9.8 0:0017 3
177 9.9 ©9.3 . 0.po19 5~ . _
24 . 56 8.2 .  0.0018 4 -,
225 8.2 7.8 0.0017 g .,

R
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Stepwise regression analysis of spectral parameters for the different groups of :donors, - g

Lt
L
1
N E - ‘ « an o . . w
L1
‘. . . - B
1 «
L, - : n . . P > .
N .
. ¢

' T . . Group‘ means (standard deviations) and F tests (  =0.05) . T
T ) - e 8 . /Fto Fto “Fo V4 J
; . “"Number of . : -~ . © enter ente™ enter
: Cases . Normal " Mild , Moderate  Severe -Insitu 4 Invasive Cincl. not - with
\ variable i 95 - 35 , 15 - N 19 }9 age as inct. 1line —
- - o ; ] S S /7, varfa- age nor incl. <
L . . . i - TR . ble  invasive i
ot v SR e . R ,'j‘i»t’.?“ ‘ group
.{ﬁn. . . n - — :‘ p - .
' ] . v * ¥ * . o .
; * amplitude 5. 45; 1.63) &77(2 14-) 5. 98(2«‘]7) 4.99(1.52) 5.24(1.26) 6.69(1. 37) 1.8 0.8 ,0.75
! B * :“ " /] =+
L ‘ Tine-width ‘ 9 38(0 42) 9. 14(0 39) 9 14(0.45) 9.32.(0 33) 9. 337§0 .48) 8.55(0.49) 9 6 2, .=
| ) . ’ 4 a * . .
: SG. frbm D PH } SEREI - : :
. 10°3 'P - ﬁ(o 22) 1.95{0. 22) 1.91(0. 19).1. 93(6 18) 1.90(0.22) 1.97(0.22) 1 1 o, 0.3
. hge .. i. 32, 4(10 7) 28: 7(8: S)L 28. 1(5 o) 3. 7(9 -0) 33. 6(9 9) 57.0(15 5) 18.2 - 1 -
st L O
I‘ntgnsity 4 (159) 497. (204) soz, (1»92)*433 (136), 481 (127) 45 (144) 0&5‘ 0.3 0.5
. . e L ove L ,." 1“1 .- .‘. N ‘.’f" ".!a.
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factor in many of the dried sampie ar . i
i Dﬁahdousku and Kafaheva (215‘) tudies of p1ant Jeaves .,
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. . DISCUSSIOW -

In mterpretmg the above. results, certam problems that are O

germane to the e)rperxrental method used (i.e. 1 yophlhzatwn) must

be- consi idered. - : ’ - .

. " x -
A. The ProbTem of Lyonhilization . T

b -

[ A

, Since 1954 (45) a considerable body of evidence has grown.up which

indicaies that ’fhe éigriais seen in 'iydphilized pre;')arati'ons do not
accurate'ly aefﬁect free radical levels present in hydrated functmmng
ceTTs. For exa;ple Berlin and Penska'za (1956) {212) showed that rap:d
’freeziny of high molecular po!ymers breaks some of the bonds, therel:f;
gwmg ESR spectra. Varian associates (1957) (52) as well as our ?roup
(213) have found that free’ drying cf vhole human blood prod'a':es ﬁ‘ee.:
radicals that are not present m qtnck frozen Blood a served in- the
ESR spectrum. Truby and Goldzh:_er {1958) (49) neted a difference in
Hnemdth and signail int:enéity be?ween 1yoph{1ized and frozen liver
preparations 'an'd concluded th\at the ffr‘ee radicals seer; in the freeze
dned t?ssues yere art1facts created during drying. Bl wmenfeld et al
(214} have made a summary of pubhshed ESR data shomng that in general
hnemdth of the ESR spectra-of lyophihzed animal tzssue is ab 86
compared to 146 before dryinge The_; roted, al so 2 large s!nf ing

reportecf @r{ 1yoph1hzation destroyed the radicals. abservgd in the

. - - " fresh tissue and that a d1fferent radical appeared after continued i *

-

‘l
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(3:&3)_11:,24

drying: The size of the ESR signal was also proportional[to the length-

.

-

of drying at 0.01 torr. Thus they concluded that ]yophﬂlzatlon produced
free radicals; Joss of water causes chemical bonds to break resu’ltmg -
sometimes in the formation of statﬂe free radwals. Unfirtunate'iy,

. _they did not consider the effect of oxygen.

ﬂe ei;fect of oxygen on free radicals in 1yophilizéd tissue was °

first reported by Hiyagawa et al (216). They found tha animal tis;ues,' ’
]thlhzed and observed in vacuun, gave httIe or no ESR signal, but that
after admssmn of air or oxygen a sizeable signal appea l . Removmg
the air or oxygen caused the spectra intensity +o decreasa cons1derab1y,
to reappear again on the readmi’ssion of the gas. The spectra had a .
smaﬂ asymmetry due to g - value anisotropy of the type expected for a
unpaired electron on an ‘ox}gegp mo‘lecu‘le. Miyagawa et al thus concluded
that the spectra appeared to be due to molecular oxygen weakly bonded
to some site on the }yophﬂized samp1e. Th1s effec'% of oxygen on
_Iyoph1112ed tissue has also been demonstrated by seyeral other workers-
(217-222) Even traces of oxygen, 3uch as are found in virtual‘ly all’
comnerciaﬂ nitmgen gases, can generate free'\»adicals in lyophilized
t'issue and it is on!y when specia'l oxygen scrubbed gases are used that
such free radical formation can be prevented ‘(223) Additionally,

- Morozova and Bliumen‘feld in their ESR studies on rat Tiver and spieen .

. have noted that if.the tissues are ‘lyoph%‘lized without preliminary

freezing the oxygen effect was almost o completely absent (224},

. Hodstuye has also a demopstrable effect on free radical production

f




. associated-w1th lyophtlization (225). Ka]manson et al (48) have shown

that if evacuated 1yophilized ‘tissue is exposed to moist oxygen, the
ESR szgnal Jncreases by about five times and then subsequent]y .
decreases., Replac1ng oxygen by argon in the slightly noistened

. L
- samples reduces free radical concentratlon

In Bany

»1nstances (220, 225) moxsture affects only the rate of free radfcal

productlon since with continued drying free radical production .

approaches the same concentration found in rmterial at 15 and 30 percent

¥

—

=

E
Al

relative humidity: : - ) . ) -
Other effecés have.a]so beeri observed. 1In lyophilizeh yeast, free -

radicals are present at g =203 and g = 2.024 {277-229). In moist

yeast;the absorption at g = 2.03 is. cons1derably q{elnlshed but on drying

this absorption is increased many fold. Studies with the cell free

extracts (229) snow that the g = 2.03 absorption can be obtained only

;1f thé enzyme -preparation §s incubated with glycogen. In the presence

of glucose and ATP, resonance at g = 2 03‘was detected. As a rul ESR

signals from iyophilized tissue do not show hyperfine structure dnd so +

H

the free radicals ingolved are diffﬁcult.te jdentify. Neverth ess
several workers (45, 214, 219,u230'2?4) have concluded that the free
radicals deteeted in dried b%o{ogical material involve enzyme cofacfors
and or semiqninones in an oxidized state, because of the fact tﬂat redox

enzyme systems (e.g. flavones) that have been isolated from.m1tochondria1
fractions give ESR siggﬁf;‘dfirtually identical to those derived from




— - e :
lyophilizedttissue. Kalmanson et a'l_ (48) while agreeing with the

e

probab]e relation of ESR signals to enzyme cofactors and semiquinones A
found puzzlingly emugh that boiling tissues for several hours before
1yophilization did _not remove the ESR signal. Chetverikov et al (225)

" found on the other hand that free.radicals were not produced in lyo-
phih‘;ed tissue in the absence of water (defined as less than 10
percent roisture). They concluded therefore that free radicals found

in lyophilized tissue are not only unrepg‘ese}mtative of those present

in living tissue but ray not even be associated with "normal® oxidation-

reduction systems, Chetverikov et al however, did not extend their

observations for rore than a few hours. Their conclusivns may not be

valid for longer periods of continued dry1£g (220,226). There is abun-

dant evidence (93, 22] 222, 234) that the fpee radicals detected i
1yophilized t1ssue have some relationship to precursors m the frésh
tissues observed “under physio‘logica‘l conditions. Azmpa et al (b3y -
for. exarple Have reported that when%ts were asphyxiated the free\, l .
radical content of 1yophilized braif was reduced. Karitonenkov et al

{232) have found that no ESR signal could be detected from 'Iyophilized
preparations of oxidized ethyl gallate or from mixtures of oxidized _
ethyl gallate and amino acids. However from a mixture of oxidized ethyl .
gallate and protein a large signal was detected They concluded there- \
‘fore tbat proteins in Tyophilized mixtures act to stabilize free ‘ o
radicals. Hith respect to wet tissue, the free radica‘!s originally

“present are pot necessarily destroyed by the drying procedure a]though *

their concentration is usvally so low that their contribution to the
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_ ESR signal (from the lyophilized tissue} is ng igible. He\f;erthe-
less if exposure to oxygen and moisture is rigid contro]l[ed the
freeze drying - ESR technique “can be used to déterpyine trup differences

jin the capacity of sample to interact vrii:h oxyges to prod ce free

radxca‘ls. Such a capacity may be related to si nificant ‘changes in the

. i -

tissues, 7 ' i . B
8. The Cavity -
The resonant cavity use;:l jn the x - band experiments is a t:ectangular ‘
bo;: measuring 12 m x 2.5 cn X 2.5 cm. The sides of tI! ccavity are
formed of gold plated brass.and silver plated ceramic, the 1aier to
.« permit transmission ¢f the high frequency field, modulation (100 kHz)
The high quality factors ob'tamed, Q - 4000 for this type of‘ mpty
cavity are indicative of a goo s itivity. The cavity resonztes
in the ‘i’sz mode and the circulating ;:."f. fie’ldo are shown in the f‘igure.
8. The sample is inserted in the cevity at the poéition of maximum -
aagnet:ié component of the r.f. field as.shown in figure 9. As eﬁdent J
in figure ;, the sam;;le Tocation js rather important. For example, an
aqueous or. wet- sample projecting 'Into ohe electri‘c ﬁeld componént will
A\ absorb much r.f. power independent of the externa'l] applied :sagnetzc

field. The quality factor of the resonant cavity containing the sample <
-is puch reduced, so much’ so that in certain cases the fairly weak e.s.r.
absorption 15 obscun:ed This power ‘Ioss observed for wet samples is <

due to the rapid wt';}iindered reorientation of the electric dipoles of
. the water. The r.f. fie‘ld inténsity in the cavity is much reduced’
g 1f the ‘loss is great. Simi'lar]y, the magnetic component of the r.f.
- - . _,-CH - 3
L AT 0

i
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much s:saller ab orption is produced. The two factors reduced Q ard

Experimentally, ‘precautions were taken to place all .saep]es
identically in the cavity. Moreso, -the sa=ple geometr fgnd packing
were maintained to close toierances by. using repeatedly the same
procedures. For example, Table 9 , the variatior-: of sa=ple weight
and machine factors are visible as variations in the e.s.r. spectra.
The standard deth of the e.s. r. para=eters, peak to peak
height g value; line width about thé mean for each sa=ple, several
bl

aliquot reasured for more than one hundred samples, are shown

Table 10, ¥Xithout analyzing in detail eech of the experimental-
factors involved, the overall deviations are mainly due to sasmple
packing since a‘l] otber teres were experiaentally observed to be
relatively insigniﬁcant. Indeed in spite of a’ very elaborated
packing procedure, requiring freeze drymg af all saep'les to the same
degree, careful neighing tecbniques and tafaping procedures, the signal
variations about tisefr zsear!\_ou'ld mt be reduced ‘further than thoge
shown in the tables.
_ €. hature’ and ﬂrigiﬁ of ESR Spectra obtainedlhuﬂan blood _
. A typica] spectra is shown in fig. 10. Helat?ve]:{ harp T'fnes

. oL

¢ -~

are séen at g = 2 and g =4 while a number of broad Tines are seen
over the entire s'pectrim. 1iguid nitrogen teeperature, the Tines
inthe g = 4 regior,t shoned no,d!ban{e when .the sicrowave pmrer incident
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. . Table 9 \
Typical varxiations of n'arnpla weigh:f:. and peak to peak a;nplituda of sample - qignal.‘_ s '
Sample Sample Penk to Paak " Dpifferencas  / Square of N
(Case) No. Weight hetght of betwaen peak differenco
aignal (in to paak haelght from mean
'gauss) * of same aligquots \ , . *
- 138A 173.9 ) ’ 4.0
1388 167,71 . 3.6 ' ,
1394 | 175.6 5.3 Standard
1398 1712 4.8 o |
- N ' l Deviation
1400 ™. 155.7 . 2.3 -
1408 163.2 3,0 of signal.
: f‘ ») , - height is
4“’ [ ) [ f » .
}.41:\ i igg.g | gg v 048 e approximately
v e 0419
. 1423 60.8 . T 1.9 J1.1, " .09 - .
- 1428 - 51.0, 0.8 , :
N i =l \
- ' < ,
J.mx; 281 9.5 0.9 o+, 0L .
d.un 275 8.6 - A L
1470 296.7 " 8.8 0.8 . 0
1478 278.2" 8.0, “ N
148A 173.1 4.9 1.2 .16
148R 18832 ¢ 6.1 S . l )
Z i
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L , Table 10
rypical \wia;ciu'tions of line width and g value of ESR spectra of samples /
Samp‘fé Ag Differaence in _ Line width Différance in )
(Case) No, . , A g of ! line width Standard
aliquotna o of aliquots deviation of
T 7 " J ~ -
138A /0019 0.0001 9.5 0.1 & g'ls approxi
\J.aan .0018 9.4 Juately 0.0001 .
. ! J : : :
< 0.00n7 0.0001 9.8 0.1 .
o o.bk : 9.7 ‘ Standard
. ’ ‘ WA . _ deviation of
"/ig.oom, . 0.0002 9.5 : . +line width is
' . 0020 ol 0.1 @ approximatelY
: z (,9\6\” 0.1 s
" 0¥0020 0.0003 9.6 \ 0.1 .
000017‘ ) 9.5
f . " . ' o »
0.0019 0,0002 *9.0 . 0.2 ,
0.0017 , 92 . .
) 1 ) [ ,
. ! M LR -~ PR
" 143 - | 0.0016 0.0001 9,6 : 0.1 ‘
1438 | 0.0017%y | 9,7 , . o
. o . i . ! : ¢
? 144A 0.002) 0.0002 9.0 0.1
144B 0.0019 " \ 9.1 . ) -
] N -
J— . " (]

1 T . Y w
14SA 0.0019 0. o}\ 8.7 0.1~ -
1458 0.0017 8.8 '

»
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on"the ;a’mfﬂe was changed from approximately 0.1 mi to 60 r¥. The

= 2 lines hoyever,shwed an increase in "structure®. Fig 11 shows
this effect.” Free radicals have longer relaxation times than
transition metal ions ang 50 are rore easily.saturated. It was
concluded tberefore‘that ’th.e g'= 4 ESR ‘lipes vere p;obatﬂy from

transition\metal ions and the g9 = 2 lines from free radicals.

Separation whole blood into plasma platelet and red blood cell

fractions show that the g9 = 4 Tines arise primarily from the red blood
cell apd pla;eiet fractions. A1l three fractions however, coﬁtr:it_:ute
to the g = 2 signal. » .

As noted in the section entrtled KETHODS plasma was afso separated
by ultracentnfugatmn into 3 fractions 1) a fﬂtered fraction ’
contannng m]ecules over 100,000 +n molecular weight (2) a fraction
contammg riolecules from 100,000 to 30,000 and (3) a filtered fractibn
conte'imng-molec,ule;fjﬁﬁ »000 to 0.£SR results f'rom the Iyophthzed
prepa;ations of thes! ractions showed virtually no quahtative
difference. \Hmrever, the g = 2 51gna1 relative intensities were rougﬁly
10:4:1 respective'ly. Since only 2 sets of samples were examined in this
way, it may be dangerous to pIace too much emphasis on the accuracy of
the difference of the 1ntensities. However the relative order i§ .
probably correct. The variation in packing could certainly not account
entirely for the mtensity differences. The g 4 lines from each of

the fractions-were quite weak and no difl’erences in signal intensities

+
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. ma spectruz of the g=2 signal in ly
T wholb, blood, The effect of increasing microvave - \ . -
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vere evident. In quick frozen blood examined a‘,t ‘qumd mtmgen

temperature the g = 4 hnes were vefy broad and on'ly d weak
resonance"a’t g = 2 was observed {see fig 1 5 Quick frozen plasma
a]so_egu?es a weak resonancezzngl-: typical spectrum is seen in fig. 13.

. In the present study, the observations lon Tyophilized uho'lme b]ood.
and fractians thereof are consjstent with/the hypothesis that the ESR
hnes in the g = 4 region are due primarily to mon in different spin

‘ states In a variety of biological compgunds (2 -238) iron (111)
in the high spin state. gayes resonances at g =4.2 - 4.3, During the.
il 116;:'ﬁtﬂzafwn of whole tﬂood thére occurs breaking of the porphyrin
ring structure in hemoglobin of erythrocytes and heme proteins (239) and
" the subsequent ox1dation of the ‘&ssomated iron which could rise to .

=l
S " “such iron (11]) compounds. Resonances at g = 6 haye been assoc:ated

\ 7 with iron {11) (240) and may contnbute to the spectra of lyOphlhzed 3.

L]

whole blood. " > .- - .
‘ The s1gna'l at g = 2 arises from a multitude of different free;radicals

Transition metal ions are a'lso pro’oably involved ., The present s es
§
,show that }yopm'hzed plasma, plate'le;fq red blood cell fractions each
s

- - td ra

.
AR G et g Ay

—_

%

give very strong 51gnaTs at g = 2. L
/ ln Iyophi'lized plasma as in !yophﬂued whole blood the sagna]s
’ " in the iegion of g = 2 probab]y arise most'ly from semiquinone radicals
formed by oxidation. It is be'heved that 1yophilization facﬂitates
this oxidatwn. These semiquinones tan form complexes with oxichzed
(and reduced) forms of certain proteins (241-247) Unattached semi—
.. T quinone radicals “give multiline spectr'_a-in g:o,‘lotions‘ but when they.are - -

*
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bound to froteins or are in non sing’!e cr_y%ta] solid state a ,"broad"

powder spectrum resuits. Ttﬂg powder spectrum 1s smﬂar in g value,

Tine mdth and line shape to The signals obtamed “from 1yoph1hzed
p]asma at 9= 2 (See Fig 14) Ru?ge and Bliumfeld (248) found that

¢ ESR spectra fmn a Iyophihzed mixture of L-ascorbic acid (\htamn C)

and a‘lbumm, on exposure to éxygen are .qualitatively smﬂar to that
from 1yophilized raf spieen. Nor were ESR signals obtained when
astorbic acid or albumin werel yophilized separfately and exposed to

: ‘oxygen. Heckley (249) has conﬁmed the abov findings. He observed

- that the ESR spectra from any of a number of djfferent proteins -or DNA
combined with ascorbic ac1d and 1yoph1hzed yi lded spectra that are
1dent1ca"l"m Tine shape,, 'lkmemdt_:h and g factor. These spectra are
similar to those’ opta%ned I;y }:s at g =2 1in lyeﬁhilized plasma.

Heckley, concluded that ascorbic acid or sem'quinone substances like

-
I~
'Y

it may be mvo'!ved in spontaneous]y producing free radicais (probably

#

oxidatmn) in amma] tissue.

A;corbm acid’1s present in human plasma and is easily OX‘id'lZEd

to ’fts semquinone free radical form. Otljef'/sﬁniqu‘l‘“’ nes’that are
norma‘l'ly present m human p‘lasma and so could contribute o the g = 2
signal seen in the lyophi’hzed plasma are vitaminss B, E, Kand Q. .
These vitamins arél 1nv01ve in many biological reactions some of which

iy

7
'occm: in sera (250). They

nction as cofactors of enzymes (to which
_they.are often attached) end participate in ‘reactions via their, free

‘radica'l forms (196, 2 ; ).  The ehief centribution theg=2
.signal in 'lyophi]ized plasma probably arises from thesd otidized ’

>
semiquinones. o

-

-

(e L)
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‘FIG. 1k, si:a;:tm A ig Troz lyophilized plasma. THe sigpais
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SPECTRUM B

“lyophilized whole blood and from lyophilized red blood cells are
sinilar in linewidth, lineshape and g-value.

-

Spectra B are of free radicals from triiodothyrpnine
KinO, in skaline solution. These spectra were cbiained with cortinuos
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froi

flowqapparatus in conjuction with a dual cavity containing a reference

DPPH s
80 8

e in one half. Magnetic field increases left to right,
18¢ spectrum recorded froa the transient radical present

during rapid flow has a higher g-factor (g-2.0186) than the metastable
radical persisting after flow has stopped{g=2,0059). (Sec (4-239)- )

-
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Recently (251, 252) the‘superoxzde ani < has -
- ~ et
been 1denttf1ed as ‘a species occurjng in San; strate -

‘oxygen systems Thls radical has resonances in the g 2:08 to 1.95

"‘.f

kM region and may make s:aaﬂ contributwns to theg = 2 absorbtwn seen : :.
1;:k frozen plasma and 1yophilized plasma. ESR spectra of the Eh _
. sjiperoxide onion radjca‘l is shown - . * in Fig 15. ’ T i PO
: 1titude of dther substances that could give rise to free y

-

nt in h‘uaan plasaa-and may make minimal contributions

1 to g = 2 #ignal observed %n this study. Cathecholamines such.as

v

epinephrine, norepinephri’ne, and dopamine are normally present'inA

huﬂ;san plasma and do undergo oxidatioy’&ﬁ“om seniqﬁinone free radicals
. (253-258) They therefore, may contribute to g = 2 l_@s*lgnai in . .

'Iyophﬂized plasma. Other hormones that dre in hmr&_}ass’a an‘d do /\\

give rise to ESR signals after oxidation are the ttly;-oid hormones

-

thyréxine and triodothronine- (259-262), the es;‘.rogens (263-266), sero-
tonin {259} and nsulin (257-268) These ESR . 5ignals are also at g = 2.

-~

[y

Other examp]es pf substances that may contribu}‘.e tog-= 2 ESR __s:jgna‘! -

t

observed in 1yophilized human plasma are: ;

_(a)hcermoplasmin (269-274). This is a’protein contaim‘ng between

7

-

-2 )
6-8 copperatoms per molecule (275- 278) It constltutes the .

- main copper componient of htman serum (279). Each mlecu‘l’e ;

(5 - e

- contains two types of cu (280 281). Ceruloplasmin functions

-

i as an oxido-reduction enzyme aning ferrous iron with oxygen

LI}

i (282,283). In some types&f disease its concentration in




FIG, 15, ESR Spectra of supproxide anfon radical, 87 produced in different
ways; accotrding to Orme-Jdhnson and Beinert(252), A--C, ESR spectra observed
150 msec affer mixing varicus reducing mixtures with an equal volume of
oxygbnated buffer. Av-0.31 aM sodiue dithionite in 0.0L M potassium )
phosphate of pH 7.4 was ed with 1 H glycine buffer of pH 10.5. B~~0,053
pH_yanthine oxidase in 0,01 M pyrophosphate of pE 8,5 was reduced anaerob-

.lcally with sodiun dith{opite, corresponding to 1% ed per mole of enzyme,
~and aixed and frozen as A C~~0,025u8 xanthine oxidase, dissolved as

in B, was mixed with oxygenated glycine buffer as in A, vhich contafined
2 zM xanthine. The conditions of ISR spectroscopy .were sicrowave power,
45 mwatt; modnlation litudp 2 Gp and temperature 102 X, The enlarged
low-tield portion at g=2.08 was retorded at an amplification fourfold.
higher than that used fpr the complete specira and at 6 G modulation
anplitude. Thé relativq amplifications used for recording spsckra A to C
were 1,2,1.25. At gcl.97 signals of Molybdenum(5) are seen yifR xanthine
oxidase. Under the expprimental conditions used the flarvin zplybdenun
signals are partly saturated. The signal at g=2,00 in B C zay have

a szall contribution from the flavin seaiquinons., A1l ESR sbpectra shown
in this figure represpnt the firat Uerivative of the abe




oy

P

han serum is narkediy 'red ed (284). In cancer and/ variety ’

of infectious disfases bonever, there is evidence that the
ceruloplasmn Ievei in b‘lood rises (100). Resbnance at g = ‘2

,_,\ has been chserved with ceruloplashin’ (285, 285)

. (6} Transferrin. This serum protein is in vivo an dren containing

_protem which requires the presence of equ:mlar amounts of

s range (287). ’ . -
{c) _Antibody to carc'"innmbryonic antigen. As was indicated before
recent woz:k.has shown that in humans a group of g'lycoprotein
substances Toosaly referred to as carcinoen.blyonic antigen [CEA)

L]
.

‘increases in plasma when cancer occurs (106). Our studies show .

ﬁ—"l that this *antigen™ when lyophilized or quick frozen does not

i

“give an ESR signal. However the lJophilized antibody to the

f
.,( b‘r carcinoembtyonic antigen gives an ESR Signal 4n the g= 2-3
T region {See Fig 16). This antibody was derived from the y
¢ " rabbit and its presence in husans has not been specificaﬂy

deﬁnnstrated although an antibody that simﬂar‘ly binds CEA -

has also been. found in hu:ans (290).
(;1) .Brugs.  ESR studies on such conmmonly used drugs as phénothia-

Zine (291-299), chlorpromazine (300-304) and the salicylates

3

f
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k305‘, 305) have led to the hypothesis that free radical.

z N ) fomahon "ay be relevant to drug actmn {392, 307) The -
% rescnapces resultmg fron these cm-pwnds can t!utf{ontnbute
to, the 1ines séen in Uophrhzed whole blood. On theothef

°  hand studies on ‘trates and nitrites,béﬁch a.ay ke consa:azed
in drinkingad\fo exarple) indichte t-ha_t such drugs are
not Tikely to give signals. in whole blood {.31':3) although
bignals ray result in such tissues as liver {133).

Red b'iood cells give signals also. This s1gna'f may fesult from

iron in an oxidized stxte. Hemg}oﬁin in red cells contain iron in

its porphyrin miety and an ESR signai'l at g = 1.94 has been attributed to

iron 1in a whole range of bwl‘ogica‘l raterial {309-313).
Platelets centa'in large a=sunts cf proteind (314) and seaiquinones *

such as epinephrine and norepmephnne {315). These stbstances as

: *exp‘lained before can give rise to the ESR s1gna] observed at g = 2,

' ‘The, signa‘ls from Tyophilized red blood cell p‘late?et and plasma

fractions as well as those fm ]_fophlﬁzed who]e blood itself were _.

observed to diminish with tize. Periodic reasurerents of the sarples

A bowever, sh«weji that no changes in Hne shapa o/ciurred In' su-rcary

then, one ray an that wbo]e blood contains d vast array of substances

‘which are capable of gwing rise to the ESR :ngnals observed. The -
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D. SFATISTICAL ARALYSIS OF RESULTS : ~

1t smediately evident in these studies that the scatter in
experimental resu‘!ts was large. Spectra obtamed from ;_Qifferent _
sarples T, the same domr_nere nearly 1dent1ca1;,but when obtained .
from d-if'fer'ent patients, the spectral widths and ;ntensities showed -f
Jittle evident correlation with the disease stages. In all cases

the line-shape as shown in Figure liff)was essential!y invariant. A

" statistical analysis was deemed necessary. The results of a step&ﬁse

regression analysis is shown in Table 8. A:ong the dlfferent
classifications of disease _progress, normal, mi‘ld, moderate and

severe dysplasm, in situ and invasine carcinoma, the observed para-

I

meters 1% genera] show 1ittle significance. The linewidth is the

-

statistiéally most important variable and it readily separates the

group havmg invasine carcinoma from the others. Unfortunately this

is also the group formhich there ;1'85 no control , the mean age of this -
grogp being &7 yars whereas the other groups and their control ranged

@ge fl‘)§/33\0 35 years. Tﬁe partial F-test to remove or enter

the J.ineui th as a varfable was always mote than 2.2 even when the

gn;up having invasife cmino’ma was eliminated frou the analysis. .
Figurgﬂ shorgs histb/gnams of the groups as a function of the signal

;'inﬂdﬂth. It i easﬂy seen ,that the signa‘ls obtained for the invasive _

cardnoh:a grouq ,hay

ch narrower Hpéﬂidth and that this distinction
hows the mean 'line\ddth for each of the groups.
creas’in_g lineuidth is notable. It is

is signi?icant. F{gure ﬂ
The general trehd towag_xfs a

- . rd ,4 -
{mportant to note again t‘he otﬁer spec;r&‘l parameters, including
a /}.e . 7
~
’I'/J’ , b 7 /. .
e -z .
- £ - . :, oo » ‘%‘fﬂ.n - - '..4,,«,.24 — - - . J—
“ - ,‘,” / . (/ d -
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and that from ‘normal'samples (h;aavy solid lin;e).
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contdining substances such as drugs, vitaning, etc., are a routin&

; essent;al character of the radicals is a varaable. Fma'lly, it is

- thaf i nean lwe'ﬁdtn of mahgnant tissue is narrm.er ‘.han that of

D
\
AN

" - . -7 Sl-

the ccrcentration of free radicals, did rot appear to be stastistically

important. - . ’

AAithor.fgh the r.adif;ai.i: giving rise to the e.s. T signals hava pot . -

-bzen identi‘."ied it may be ccnjecf-ured that they are sem..qumone radicals

As pomtcd cut before Heckley and others have obsewed spectra of
ascorb‘:c amd and protein ard they neted that thn spes\tra obtained woere
m:ﬁ unlike tir:osp of g.he sepiquinone radical. The spectr:z obtained are

not unlike those of the semiguinone radical, Since semiquinons

part of many diets }f is expected thst their corc"entratmn in the . :

blood should be a functton of 3agesticn and general physical healzr: of -

‘the patiefit. . It is thus not surprising that the signal intensity vas

the }eas* significant variable. On the other hand, a variation im ... .

s:ﬁna? hnnmdth wplie; that th‘. d_mamu' behavmur or pare likely the

mterzsimg to note tha.. e;.amm;twn of n°0plast1c breast ta sue sho-ﬁs

bemgn u.issue hhzch is in turn narmwr than that of nomﬂ breast/ R

tissue {7/ ). " The question then of the changing nature of the ’radvcal' .

4
in blood, whather they be aemq.:mcne or othemlse is fundmenfal tow

furtber study, . ’ < - ST
» * ’ h : / i . i R
In conclt.sion it snould be embhass.ze;i that the results .. “

-

inalca.te that; the ESK technique anp.ued/tx:: the’ analysis of tﬁe

g = 2 signzl of geripheral blood is sot suitable. -
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CLAIMS TO ORIGINAL RESEARCH
' <
The material presented in this thesis is original with respect

- .

£ the foilgwxng points. -

(1)

{2)

(3)

\

— £ . -

A critical review of the literature from 1960 onwards of ESR
studies of_organic single crystals 1s presented aﬁa published
spectra are agglgped o new previously unidentified radicals.
ESR studies of y-irradiated nitrogen containing organic single
crystal have‘fhown Spectra. The orientation pattern of these
spectra permit the radicals to be identified and characterized.

They are: .éHZNCONH2 observed in Z—iﬁidazolidinone, CH NCONH

2

observed in 2-imidazolidinethione Héconncocu2 observed in
" /

2

- ‘4
succinimide, and N-halosuccinimide.

ESR studies of lyophilized whole blood obtained from 183

<
patients showing invasive carcinoma, carcinoma insitu, and

varying degrees of cervical dysplasia of the cervix, uteri and
from normal persohs, have shown that the character of the

radicals in blood’ apparently changes as the disease progresség.

However the number of radicals do not appear to vary in a P

1+

stat;stlcally significant fashion. This is the first s;g-

»

nifidant statlca analysis applied to such a study and 1t has -
+» .
has been prev;ously supposed. . o

shown that the diagnostic utility is much more limited than



76. .
An additional study gf some of the components of blood, show

that carcinoembryonic'antlgen, an antigen associated with

several types of cancer including cervical cancer, and found

. -

in the blood, does not give a signal. However, the antibody'

to this antigen gives a signal at g = 2.3.
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