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(i)

The electron- ;uclear Gverhauser effect a:-: s_in i nuclei 

in fc-olutionr* containing free radic-Is has been calculated 

from a method based on the treataie it used by Solonoru The 

magnitude and si en 'oi the enhancement of the nuclear signal, 

which may be represented by a factor f depends on the nature 

fr.<3c time dependence of the electron-nuclear coupling, w.ich 

is assumed to be either dipolar or eotd^r, ihe time 

dependence for the dipole iipol*> interactions is assumed to 

arise from the traaslational diffusion of the free radicals 

u-.ia the molecules containing the nuclei. Three models :*re 

employed for t 'L& scalar interactions. In the first of these, 

teraaed the Sticking I'odel, the scalar interaction is as sum d 

to be finite only while a molecule an3 free radical are 

"stuck** together. This sticking tiiae i ; assumed to be short 

in coinpiri^on with th© vUffusiooal correlation time. However, 

an alternative social in ^:dch this assumption is not made has 

bae>i postulated to explain certain ejcpsriB--ntal insults, 

5?liis is termed the- !Todifi??d otickin V.odcl. la the third 

model, called the tiffusion Model, the hypothesis is made 

th t the ccal-. r interaction is a very snort ran^e ir:-c'.ruction 

with



(ii)

v.'horo /x & 2> 1 P 3 and are constants, H i~ tiio dl

cetv/ocn a nucleus ana an electron, and d irs the dic

of closest approach^ inside of v:iiicli the intor-oeticn i- :-o^o.

In this modol the time dependence of the scal-.^ ii:torcctior.,

as in the caco of the dipolar- interaction.^^ ei'-lses frorr. tne

relative c; If fusion of the molecules nnd frae i?a;:ic£ls in the

solution.

?or ell the models of the sealer interaction^ r rra y bo 

Dlotted as a function of £ T v:here <J is ths electron
*  r ^» * ~

 .-^ O '-*>

Lcrn.or frequency and';: the correlation tirr.a and. it is roundc
that the sign of p may ch^n.:e. The product tj .^_ rr.^y

v> C

be altered by working at different magnolia' fijV.o or 

changing f , From measurements, at tv/o different rnr^-r. '-tic 

fieldSj of the nuclear spin-lattice relaxation tir.-uis, trie 

concentration of free radical in the solution cnci /J , the 

theories allow the cdubeulation of the mean diffusion 

coefficient of the radicals and molecules in solution, the 

correlation times and the measure, of the relative importance 

of scalar and dipolar interactions.

Experiments on fluorinated end proton.ic solvents 

containing the radical tri-tert-bu^yl phenoxyl (T*1\3.r.) have 

been carried out at tvo different magnetic fields. The 

proton-free radical interactions rnr.y be ex-oli:ir.oci „.-•  ici'-r.-iS 

of cipole-dipole interactions. On the other hr.nd \vitl'.
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fluorine nuclei scalar coupling does seem to be important  

The Sticking ] odel does not suocesfully describe the effect 

of this coupling. The other models ^ive reasonable values 

for the calculable parameters, but it is difficult to decide 

unambiguously between them*

If scales coupling does occur, a scalar shift of the 

nuclear resonance is expected* This has been observed for 

hexafluarobeaaene solutions containing T.T.3.i, the 

theoretical and experimental re suit© are compared, and while 

either theory might explain trie observed shift, less 

assumptions have to be made in using the Diffusion Model.

The correlation time dependence of the Ovarhaueer effect 

has also been studied for two systems, h/xafluoroaensene and 

1-1-1-trichloro-2-2-2-trifluoro-ethmne, at two magnetic fields, 

The correlation times wre altered by addition of carbon 

disulphide or a chlorinated ny.3roear$x>n or by changing the 

tempers tore of the sample. ;ualitatiwly the Diffusion Model 

was ia best agreement idth ths cxperiaerital result®* bat 

^uaatltiatively, neither model was satisfactory*

la the Diffusion Kodel, the assumption \& >M is m^de aad 

in an attempt to obtain better agree ait nt with the experimental 

results f> has been calcul; ted usin^ different values of 

\d in the seal r interaction function. The best agreeaeat 

between experiment nd theory was for values of Xd ^ 1000.



Measurements of the proton electron Owrhauaer ef/*et 

can tumidly be interpreted la terms of dipolar interactions 

(positive f ) between the electrons and tiio protons. However 

for the resonances of the tert-butyl groups of tri~tcrt~butyl 

phenol in solutions of f .r.B.P. /> ie negative. Thla has 

been shorn to bo aes elated with the pxoton ^xchi-.agt between 

the radical and phenol molecules* It is postulated that in 
the radical molecule the scalar coupling fcetween the electron 
j-nd the t©rt-butyl p.-oton®, occurs at least in part by a 

hypercoaitagative mechanism. The raiidoo rotation of these 

tert-butyl groups could modulate this 3CiJ.fcir couplini,. 
This woald lead to a positive polsrismtlon of the tert-butyl 

protons, which persist® when the radical accept© a proton 
and become® a trl-tert-butyl phenol
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C U A F T E T ;

. lhaationa f or a Two Spin System ( 1)

Consider a system containing r> rticles ofs j

interacting with a* ( > nj pc.rticl^s of apin I. If a
A fc> """

laagsvitio field, li , ic* applied alon the a direction the 

fiamiltonian for this interaction ins-

H, -*HI- * YHB * H' ...... (1.1)

T.-luere BL is the Ilardltonitm of the motion of the particles 

aaS coEfflaat^a with th« spin op- rat or a I and S . The nextiS 2»

two taxme are the Ztiesian energies oi" the two tv j s oi spin

ia the ffi&3:ifttic field H , v^iilo II in the spin-spin inter­ 

action terra «? Mcu ir, considered as a perturbation. It will 

be c-ecumed tli t all £ spins are al v ayo coupled to an i a pin, 

but th,,t there in a rapid ezch mge jetmien coupled and 

uncoupled ^1 spins, PO th' !t th-? t2B.gnetioatioa of the ][ spins 

is homogeneous throufhtout the saaole. If both types of spin 

a quantum number 1 » /2f then the four eigenst^tes of

the epinsj will be defined by the relations:

I, I +> * ** t *>

i i -> - -il ->
s ""a

i i -)



so that the four unperturbed •i^enetatee of tbe nfi 

acting pairs are I + > I O f I + > 1 -) ,!->!+) 

aaS t -»> I -) with the respective occupation numbers 

K , ,; t R and R . The aigeastate®, f + > aad f -> 9
A •*•* m^ <•• mv^L, *•""• *** ^i^ »

of the uncottpled j[ »pia© hare oocup tion number© H end !*_.

Fl^ttre 1.1 give® a pictorial r«proseat tion of the 

systeta at any instant. The W*e >re transition probabilities 

and definod as /oliowei

W, is the probability of an 1^ transition caused by

interaction with an J> spin.

W i© the probability of ai £ traneition caused byi *"*

inter otion with an ^ spin.

« i@ the probability of an J. transition cauired by

interaction with other JX epiao or a ly other ma^natic

sp«ci©s other than an j£ spin,

wrt is the probability of simultaneous I &nd ."'w "™* "*"

transitioss in uhe opposite sense (fllj-flap pmcess).

W 0 i© the probability ol simultarfeous J and £ transitions&. iw ~~

in the @ame aenae (flip^flip prooeas).

?<!_ i^ th© probability of an 3, transition caused by

interaction with other £ or &ny aa^netio species other

than an I spin*

Hence W^ and W^ will occur in conjunction fdth «^ an3 W. 

respectively.
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-> 3 - 

From the definition ot the *'• It folio ^ th t

u*4 W/)^ T'5 ! * WL* 
dt

4 constant,

dt
conetant,_

dt
4 WJi 4 constant.*

m - W. N 4 *. H 4 constant*
t» 4 fc» '"'

dt

l « - w, N * w, H 4- constant.4. - /- 4»
dt

"1 ^ '/ * W 1 * wo'%- ** WL ^ W 1 ' ft *4 * v 1 * w *'"' 
dt

^ i^ ^ 4 constant,

effect of exchange between coupled snl uncoupled 

on the populations can be Ignored, since sucix processes do 

not iavolTe spin flips .net ihm do not contribute to 1 .
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The constant® in equation (1.2) are obtained by 

aideriog the* system mt te^p rature equilibrium and inserting 

the prop* r Bottamann factors.

The eaperinentftlly observable qoantitites are the

macroscopic magnetic momenta proportional to ^ and j 

Thuat-

=, (H ^ * 1^_ + »+ ) - (H_ ( f »__ + H_) 

Yl

and E3 » (K * K ) - (H + K ) ......... (t. 4)-— — 4,4, -»4. 4,«» •»«•

a

Hence uotn.;* (1. J)

K dlx « -{Wn ^ ^^ * 1 J(I > H - ff - ** *T o 1 24* 4-*"
v/•

> H f_ - H^ - ^, - K^ - HJ

»- constant. ........( 1.

and s similar expression for I MX can be derived by 

using (1.4). *

Since the & gnetisation of the I apins Is homogeneous, 

then usin^ (1.3) t tto iol iriaation 01 the ooupled epina 

(n in number) ia & iven by

a l Yl



Thus*

a
I,) n

and eiisili rly for K dS.. Wh0re-
!gyromagaatlc ratio for apias ^ and

Setting J^ and
(dl/dt * 0) we obtaint**

equal to IQ and

are the

at equilibrium

<t.7>

so )

(US)

If £ represent® an electronic spin and £ a nuclear spin, 
then the electronic longitudinal relaxation tiita, will in 
general be much len then that for the nucleus. Ihua in the 
tiae scale of obeenmtion of the nuclear relaxation, tha 
electronic magnetisation mny be re^^rcied as decaying instantly

(1.9)

Equation (1.8) then be comes J-

(1.1.)



showing that the nuclear apina I. h ve a ftiaple decay, 

a relaxation timo given Djr*~

(1*11)

If there are no £ spins present, then the relaxation tioe 

for the nuclear spine f ,, . . will b© • iven

4- m 2*' ....... (1.12)1 L

(1.13)nl

from equation (6) t at equilibrium dl^ ^ 0 and

l (--3) ...(1.14)

^1^^ j
. T

.. - ^-_^g. \^]
....... (1.15)

*A - 1A v—s——^'i!*/0 * \-i. (f^-s0)-(i.i6)
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where /O m (W2 - ^0)/(^0 * ^ * W 2). The magnitude

thus depends on the coupling between the different

jj, and £ . A leakage factor f f which measures the proportion

of the relajsatioa of the nuclear o; ine which occurs by coupling

with the electron spins mry he defined as

Thuet-

- n * -f.p. a. Y«r (S_ - a,J ....... 1.17

The Overh&uaer, : Effect.

If the spine £ are oufejeeted to a fluctuating field 

B 9t at the appropriate resonance frequency then £L. in
*•

equation (1.16), will be ;iven by (2)

(1.18)

'"• fit

where T/% and f ̂  are the spin-lattice end spin-spin 

relaxation times for spin £.. 

Thue ttffi equation (1.17)
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From the Curie law ( 3) the mt magnetisation M of a sample 
containing N spins in an applied field HO , is given by

1(1 + 1) Hn ....°.... (1.20)

Thus for the two types of spin .1 and £, both of the same 
quantum number, in the magnetic field HQ ,

{1.20

Substitution of (1.21) into (1.19) yields

if
u Sj a) 

1 r 2 /
..(1.22)

Thus the polarization of the spins ,1 depend on the power being 
used in the irradiation of spins £. This was first predicted 
by Overhause/* in 1953 (4) for metals, but is of general 
application.

An enhancement factor, A, for the nuclear resonance may 
be defined as

then equation (1.22) may be rewritten
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81
If P IG tb* power of tli* £ irradiation, then

•>

P » a const, (p) * H :," 

which on substitution in (1,-iJ)

where x » a constant
C.

He nee i-

........ (1.25)

thus a plot of A** 1 against i~ 1 would be a strains! liae 
with the iotercept (i^ien P « ^ ) given

(l) V

If it is assumed th. t Ap (tba saaaaured relsxt^tioa time 

of spins I. ubaa both s^ia types «re present) iB linearly 
related to iradical concentration, auch that

........ (1.27)
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where K is a constant, then it follows from the

of jf U 1 - 
7

(Ko

on saoatltutloa in emotion (1. :t>) ;jive»

x *
8

Thus a plot of A* against C~ ] shoaia alflo bt a straight

ll;ie t utiioh (for 0 «**) ®3ctr»pol&t®s to a irali» of A""', which 

ie the vali%& of the r^oiprooal enhancement of the nuclear

of a solution tbat would oe obtained vytien infinite 

power IB applied to tL electron a pin and as&umtag 

th&t there is psrfeot eouplin^ bttwaen tho 8pla0«

and since * T fi n &ad A are known /I9 oaa b« detoradaed
JL O ^r

eatp@riasatally. In ordor to oaloulate /P th«or©ticall|rf it

is n«c©oaur to oaloulitt© this tr^asitioii proUabllitifta

an^l .. This can b® oarritd oon using first ardor

perturbation th»oryt if the e^ia-spla interaction comidered 

ae the perturtoation in equation (1.1) is made explicit.
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In the present ire-tanoe, for the two sj ina with quantum 
nuaber f^ « V2t dipole - dipole and eoalur (AI . j| type) 
interaction* will b© considered. It may be shown (3) th tt 
in th*s case of dipolar coupling P ir positive, bat that for 
scalar coupling p aay be either positive or rie ative. 
^xperi merit ally (6, 7, £,9) it h,*s been found that the enhanoe~ 
menta of proton resonances are negative while those of 
fluorine nuclei, may be either positive or negative depending 
on the system* 'hese positive enhitnce meats mi ,ht riee either 
fro a aoalar ooanling or, from a "three spin effeet*. These 
are dieoaased in later sections.

Fanotlo
If M*i > aad l^j> ^re two eigtiast^teo of the 

unperturbed Hamiltoni^n with correspoadia energies B. and 
B , the transition proo&bility per unit ti^ between these
two states, ueiag first order perturbation theory, is

2 
dt (I.JO)

with

In the oases to be cooaidered here the i.K.?caiitonian H 1 will
fa»5

be time dependent and^wili be a random luriotioa azxS m^ybe 
represented by < / (t) > . la order to set a time scale



to the random motion a correlation time To is

A correlation function g(f) my Uien be defined as

g(t) « </(t) f(t >t}> ....... (1.31)

ana tha correlation time to is th» shortest interval of tisae 

within which f(t 4 f) becomes unrelated to f(t).

The motion of the neighbouring magnetic moments of * 

particular nucleus will prod nee at tr-in nucleus a raadona/ 

oeoill&tiri: ac^gnetic fi®ld ifeiGh may be resolved by Fourier 

analysis t into iaay coiaix>nt;ntK, ®oaB of w&ich huve the oorract 

frequency to induce r@l *xation tTaaeitionn. Ifc« m. trix 

eleaent in (t.jf>) corresponding to a ^.^rtioular transition 

will depend upon the ialbeniiity of t&© cocavonent with this 

freqoenc^ oorresponding to tain transition e^t-r^y. This 

int© uity is ;iv©n the symbol ^(<0) and i- often eddied the 

spsotral density %& a particultyr frequ-saoy «J and J(«)) is the 

ioarier transform of the correlation luaction
4 90

i*e. e

Thus from a knowledge of J(*>) thB transition rob abilities 

Wf may be evaluated. In ©qoation (1.15) the tr?4nsition 

»robabilitte-a widuh occur in describing tha relaxation of 

the nuclei in a solution containing a i^rana ;rietic substance

*- W.,) and w g. From the definition of the w«s
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the caloula-ioa of each of these will i r; Ive a 
of J((»>j * tf^), J(Uj) aad J(u>» - a),) respectively.

In order to calculate tbeee spectral density function*^ 
the nature of the tl»a depend nee of the Hamlltonian f nl hence 
the fora oi tlK correlation function aaat be kaown. In the 
case of intra-niioleciilar dipole-vlipol« int&raotioas, an 
6x (>on«iati^l cor relation fuaotion has be a abofm to describe 
th* time depeaddDce accurately* liowe^mrt in the case of 
Ifct r-®ol©cttl&r dipole-dipole interaction® this io not 
generally trua.

DJ^Qla^|tt>i?Qle I teraotioiu
Bub bard (l ,11} has considered a laedel of spine fixed 

off th® ceatr© of ©ph^res waose tr^n, 1 tioaal and rotatloa&l 
motion are described by a diffusion equation* 80 his shown 
that the contribution of the rotational motion ID v ry much 
less tfl&n that of the tranaletional motlont and th<.t to a 
first ap readme tioi, it la equally valid to treat the ©pins

»

af9 being at th® centre of hard spheres, and to consider only 
the translation ot the spherea« f hie is similar to the 
treatment coneidered by Abragam (12) and Pfeii^r (13). 

The usual llpole-dlpole Hamiltonian Ht>o 10s-
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wfcere £ and £ are the wctor operators for the spins 
£ is the intorepin vector. The tlae dependence of the 
Eamlltonlan arises because r ie time dependent, because the 
apin* are ejBeoucting random motion with ree;. ct to each other* 

This model for tbe ti«£ dependence of r has enabled the 
calculation of the reduced dipolar spectral density 
function Jg(<0) f where J d(«) 1® defined asi-

Jtt
a

where a » |®Tt | and t0 is the dipolar correlation 
tiae, and I(u) is given byi~

-5/ 2 -u f / 2 2 ")"1 j«-^« [^ »-2)Si.u* u.4^2Coa»Jj

When the correlation function la exponential in form 
J *(<*») ia of the form

(1.37)

for comparison graphs of S&M versus O>T^ for each of these 
models for the tia» dependence of the coupling* are shown 
in 1'i* 1,2.
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he scalar interaction between tho 6 aueldttft and the
th elect fou can fct»

where I; ia the spin opor&tor for tiie nucleus and JL is t&e 

spin operator for the electron. 1'hia interaction if tisae 

dependent woaia be a relaxation ^ec: -alaffi. The time 

could ®riae fro® ©ith^r the tim© depend* nee of S.^ or 3^ . 

The foroaer is referred to «e ©onlar ©o^pIlaK of the first 

kind &nd t*e latter aa of the aeooad kinfi (11).

An ©x/stfapl© of scalar coupiin^ of the second kiad ha® 

been given %y ^loernaeaRgea (1"»« Be has ei^wa that ia 

aqueooa eolationa of marigaaous io , each ion i^ surrQoaded 

by a o©-ordia tion sphere 0f wcter saol^cules, ana thtt t lie re 

exist a a uc. x. r coupling betupeen the electron spla of the 

paramagnetic Ka** ion an<l th© water proton® of th© tolvatioa 

sphere. This eleotronrauoleus interaction is than r,,adoaULjr 

n.odul wud by th^ ciiort relaxation ti^a@ of tte tleetronio spin 

i.e. by several f ..ipo 01 the electronic ®jjia whilst a water 

molecule IB coupled to u p<*rticul:.tr ion*

In the caee OA scalar o^-oplia^. of the first kindt iih« 

time depeaAeae* *\t tfee eealfcr Int^r^ction^ eri^e* from the 

time depends nee of tLs coupling coast aat« in obvious example



of tbie is choiaical erch.an^c ouch that at oise instant,
e^iris I aad £ were oa whe s;,?;ie ,«olocule and therefore coupled,
and at <* latter time they are on different molecules and
therefore not co^^ad. The value of ti:^ couf.liog co;
it thus ii f rvhea I and £ are coupled &#-> ^ro v^on th<
not sn<l tho scalar interaction caa then be represented by a
tep function. An example oi ti.io is the case of the EF 

molecule d f 17) in which the scalar coupling between t&e 
nuclei is modulated by chemical «xa ^a which is catslraed 
by small amounts of water. The value of the scalar coupling 
constant was found to be 615 - 50 c.p.s. Viis is several 
orders of magnitude sialltr than the dipolar coupling, and
the * c J&r coupling is the doaiia nt relaxation mec &ni@m t 

because of its greater efficiency, r^u;u^ ui u t irom a more 
favourable correlation tiae ( 18) This Illustrates the point 
that t e efficiency sf - couplla, as arl&Xiition ^ ohaniam 
depends not onlj on its magnitude but also upon its time 
dependence.

kxporiments on various fluorinnted cr^tnic solvent® 
containin free radical a, carried out ia t:iii: laboratory at 
J r 300 and U t >00 g^ust, have indicated that scalar coupling 
exiat? between the unpaired electron on tae radical and the 
fluorine nucleus. i>ince &*•-. ti»^ defend ease for the modulation 
of this scalar coupli i t if it is to be r sigrdficaat
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relaxation inoclumiemf is of the order of the inverse >- ^h 

electron Larmor frequency i.e. ~ 10* sec» in this caee f

the relaxation tin** of the electron spin i« known to be 

10 seo,, then tKio 1 tter tiaa :5cpendr.noe will act be

of tfte correct order of m^nitude to modulate the scalar 

coupling Thua scalar coupling of the second kind seems 

unlilsel/, ana it would a pear ti^.t scalar oouplinL; of the 

jiret kLad s^y be involved in inte*.-;•= retio^ tl& results. It 

i ohemioally unlikely th t for tha syetemr studied there is 

sticking between a nucleus a a a radios! • Thus an exchange 

mechanism such ,;:: iv-r IIP can be ruled out* the scalar 

interaction, hov,ever9 'ic probablj short resge and reaches a 

ximum on collision* !iubb;-jrd (5) has sue.rested th,:;t t'hit?

be approximated by & etep function. Th- calculation of 

the scali r speetral density function is then simil r to tnat 

for Ki8 . Hubbi re! hrs eirelanted the s^ectr^-1 density function 

for this model t which is termed the ->ticking Model, An 

alternative model for the tia© dependence of the ©oalar coupling 

co»Btant is a steep axponeatial ianctaoi and Hubbcrd has also 

evaluated the pectral density function for this case termed 

the Diffusion r.odsl. These are disoi&sed below.
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The ldf.fur.lon rodel. ( •>)
In ti.is model the acid^r .interaction is a8^u:r> d to be a

very short ra^e ijit@ract.ioia of -a .griitudes

e3^ 0

v; lie re B aad X aro c net&ats, ';;; - t i.1* ttv; diofca^ee bc
A J

the elect wn, and d is the distance of closest 

>. ; ince tiie interaction ii ahort raaig^f it 

follow taut X d "^ 1, ^feon tuia io u^» tfeo factor ^ 

in Lhs scalar ia^erfcCu^on ii&e little effect on its 

dependence "bat tat presence 01 this f tcicr _;it»atiy 

the ease of c^lcil tion of the sculaa.- cp^ctr I density function 

-lie tine dependence of B., arises tecaa&a ^, ^
'*", -i- <J

at? tl'iH ioleouie and free radical diffuse nfeout in the 

li uid.

el, (5)
ha© beea previously used by ,- bragam (1B). 

t is zero Ui^esr, the uiclecules co-itaininfi tlje electron

the nucleus are atuck toother, in which case P.. is
A <J

constant '. Tl"h^ tiia0 dle\-:endence arisec bec^uec tb« tit,, 

rticiin 7-, ift asi.uftt'-3 ^o t»e a ^oidom Vtorloblf?*
vt

iii ox"3©r to *A , Iy thi.- ao:Ul '.;o tiit ecalcr cou/.lin

rei.:^n^: cli^ol r ccu^li •..„ by t,^- diffusion aodel, it iu 

thc^ time of cticki* la rhort oom.--.r*-id with &&



co-rel-.tioa tine, for otherwise r.o

l;icki:-( tirmi would h^*m to be t iken iito account in 

of ttv: : diuol r ^octroi de'.sity Inn at I on

-oic.,i'i -

Uanauth hi/.s postal .ted tht,t a batter tit to the 

ex"*rimefitcl reeulws ad^l'it be ol/Gained (19) if the sticking 

tim- is iacrean-e-'l until it be GOBIES cosrp rable with the 

dllfasi.onu.1 oox*rel t^on tin**. It L-. hoviev- r, difficult to 

onviea;-o a ciecdc&l iaeo;-.a-nl8Cii for tha st-cKin s v,.,iuh is 

»uffloisntly miraatilfc to cover every Cb$e« It io possible 

to ju- Ufy the use af raacioa «:iff osioa to fcrt-i.t tlrio dipol... r 

oou.plii\ , 11 it io aeoutt&tf th*^ only & aae.ll fraction of 

tl^ i r.;ins are f*etaclf f to * free radical. ^fe majority of 

_I s i'ir: f?oul'3 then diffuse; up to an£ .. w^.y iroca th«s radical, 

u.iJ«ry in-- collision but not sticking (pGrlk»r>s becauoe of 

ir.corr* ct orientation). /,Itcractively, if ther<? i© no 

c i^Lical atioKlati, it mast be th i; an extended etap 

is a ^oo^ a-pproxie; .tion to tho variation of the ecalt-.r co 

c-nstant with intersv'in diotaiuo in a collision. It1 s^ 

to th« o ae t;.-•'. seal. ? &;)©cir«Al density fajsctloii will be

r to th^t in a true ctiekinr model, %ithoot f ii&oet.

n-^ Amy atic^iin,^ on t> ia mo<2®l. Thw.- ti«? tr^ateent of 

the «"d ^olar coupling would be siudl j? in eacii



Thi^e Spin E

To exri%in t&- positivi eah&nces&rits (negative f) 

observed with fluoii/i* racial In solutions containing free 

radical- t it lu.s been «,. sua^d tii&t sealer coupllO£ oi tnc 

electron to the fluorine fiueleuii occurs. however, these 

positive en&.ncemaote ;£$..nt ,.r..ae thi^u^ti u tlirae »pia 

interaction with otb^r nuclei (•..,. 14) wti--h ^ay be present 

in the »olutioc.t by ae«u.:j.4tf ih^t * - . intor*etion9 &re aij/ol'-f 

fhur, coupling to the electrons will proaa-^ a negative 

pol rizction of the fluorine nuclei, but the pol&ri&aticA of 
the protoac is alr-o n>. $&tive &^di t siaoe the :iyromaj:i2@tic 

ratios of hydro ©n and fluorine nuclei .-..re positive, the 
Hue rlnc nuclei rill tend to b© positively pol-rlsjed by 

coupling to tl*e protDnc (fjaatioa (K2i») ). If the proton 
^claris^tion &ui trie pro ton- fluorine coupling ore of the 

correct m^aitide, the poritiv-- tendency ;.,rodaced by the tliree 

8:?in intenction Key outweigh the ae^utiv© ...olfii i nation 

pro.l o d by direct fluoil.:-.»-electrort co upline;*

T>J.6 ei'fect can Le inve«ti^at«»<i by strongly irri,diatirr ; 

the sample at ti^e proton freqae.icy, vvidldt s... Bultuneousi,/ 

v i*iii ..*icrow^vo po^r to excite the electron resonance 

oi> serving ths fluorine nuci^i. If the poJ. rication of 

.» fluorine r^clii occurs vi. . tfc^ prot : •. , there ahoid4 bo 

c:.aa,?e in the fluorine @uhtinc@^-;at -.vtic n tt.a protons are



r liated. The reeulte of triple irradiation eap-'-ri/<,:it» 

are described in detail •leewiiare (*-0) f and it h&& l»en 

shown that for the systems Ji Mussed in this* latc-is, the three

si'ln effect iv ,30 aa rally only si^-iii'lc;.^ ij spluiio.'is far 

more dilute tl^a h'V« "been uoed in tl (.e ,reae:it

ositive fluoriae

no

been observed

is (©.,. • ^

some compounds . i*-?c ate^ative fluorine: cah,...acciaenta at low 

aagi;@tia fields but poaitive •ahancou^.ita i,t hi>-a fields. 

f either obserwfeioa in explicable in tezue of a threa «pia 

effect,

tl o n. .o *i '' t j^e 0 ya bauaey If f e at »

applications of the Cvcrh: ^-©r effect fall into two 

main categoric ni

(a) Information aboofe electron-nucle. r coupli :ig.

(b) The e.-'!-'=RacerTie.Tt of nuclear reoorwmcer too weak to 

be detected by other sean0»

An ejDesaple of (b) is the detection of C "* nuclear 

resonance a v©ctr», 0 ^ is only 1°/o abundant in n tural 

ocrbon r^a-l und^r normal condition® its resoinsnce ei^.ial is

not easily observe ale. -vo;k in laboratory (20)

the *eas ibility of enhancing Q • signals and both

and ae-ative e u.. .^ice-jseats u,*ve bee a observed.



*ILs v*3pk presented i,t this- thesis is mainly 

with testing quantitatively th? model?: poutu.ated for the

modulation cf inter,:ol^cuir,^ el., ctrou-nucl^ar scalar

Interpretation of .Data for the Diffusion and Sticking Ifo4el» (>)

The relative effect of scalar and ct polar iateractioiw
«. 

y oe deacETibed b

(1.39)

Je (0)

for scai 

3 « 0, 

inl- r natio

Jcl (0) ar« tfcs s;;0ctr,l tlco

di^-ol-sr coupling at aero

int. ruction ia lar , ii

a-.icioos

If 

t t&@

ciia
calculate a ao a iuiaation oi 3

oa the spectral density near t-i© electron L«ruor i 

can be -^lotted as a function of frequency for

values cf

to ^

In ., rc,c*:ioe it proven to

sent P as a *uact ion of (^ 8 T C )

ml co^rolfetion tim^

coHV©ni«nt (j)

. ie the

d is istance of ciostBt li oi an electron

L..3.d a nucleus, 1) T t.ji.0 "D ff sx^ til® -elf diffusionX o
-r,«,

oi" tl*e aolTQnt aiol^oulea ar»S cT
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In order to obtain plots f;?r /* it ie necessary to 
calculate the soeotral dteraaity functions f r et.c^ model, aad 
values of tine reduced functions

(u) 

= Je U)/3Te (0)
are tabulated by Httbbard as a function of

0 Vexpression for is tham-

4o
56

Plots of (^-T^)*" ^o^» different values oi /* are shown inB G 
*

figures 1.3 an4 I.I. , . •
fXOB measured Vclues oi ^ at the tno at^gnetic field 

strengths 3,300 gausw and 12,:>OG SGOBG, tfce possible values
JJ( •* 

Mof (wlr.,) ajad IwlT^) ssa be obtcdned as well as the09 0 G
values of J . The ;,in/:Xe prioe refers to m&asureaients
at 3,300 gauss and the double prim© to those at 1^,500 gauss.

J-'rom the possible valuer of (*fQ ?%'f tfae values of
ej.(<3 ) &nd J9W8 ) ^<>r *^e two models can be obtained. 

Further, sir^oe
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where r, is th" nonber oi u/?3*-ired election .^in.y * fc
Iif;ui3, than the ri tio

- i

oaa b© e dculateci ana ooup^red wit;** fci, of

-'t ^\*' ftsiJ T, ^ tor i%:rfe.!e-iaent .j^t^te- ci.-ic;v* -ted i » 'fO»
xoeriar nttd valuta will t-iup t ?ort th* model choae.i.

racHo.il soiutioru , T. is v« ry short

In

with 4 ^ *i-
1,0

it Ic fita'iicient to aeucure

whore i/ a*

closest a

•£ (i; 4- of a:i-.i oi" of

(I

of Pfeta for t^,. , Modiied . ,^tie»i.

* oiler ftfurauih u^ca a differoat not&tion ( *9) icr tid 

model, frois tk.t ;-.<rev^o^:l,/ Ui>e<J by Mibard tor tae i-if 

ami "tic^iiv-: ;' odelr- . In order to compare ex^jriatentel data, 

on sil .,T.-3eIo, it is: aore coiwe/>i- ^ to brfrntDoe* ollar 

•',Drrc,uth*fcj e -aatio-is into the hubbard not-^tio'- . '..'.^u;. f> is



- 5K
'-.. ^

. r js i d( Vc> • •«
1 11 o L

(1.45;

re

53 * e'?*o

"e 10 't;ba correlation time for tr j 6O-..UAC1 interaction (i.e. 

tiae 01 sticking). ^U is t^ne «jro^aoiliuj t^. t on*

;:; io st^ck to t-mj a3.eotrt>n at aii^ ti^e, 

-- is the ccuidi'i-- constant in o^ci*ex ..v*o.

Thus ft can be plotted &s a ianotiioa of (u t J for
f^ *J v»

various valutis of F ^n<3 » * As before, tiio Bi»a£ur«u values 

at J, jlO gLOSo end 12,^00 g^ua^ yiv.-!U yoesic.*..* valunft

of \t -,?•, eoict <tj.f-r, An adition to valuc*o OA K
S C to G

The caleuIutxQn oi ti» relaxation tie^ ratio* f"A]» d tvacl 1) 

can than ^e carried oat Iri an analagoun 

for thrf Ii foteioa ^n;l ticking



C li «, I* X I .1 II

Ovar hawser ex;)er:i.aent involves ,,1 cing a

aipr,ired electron c*a»i suitable nuclei la a 

, irri?3i ^.i.- : . . at bao electron jp03ona',-C*% anri notin 

exj'eot on tt*^ riuciear -^souaaoe. '..he enh-ncc^eht ' 6:t 

^oasac^ ct,a ^e meab.x^ed a^ a. *unction of fci;e 

po^^er u^ad to excite the elcotr^ . !*• ®^na;ice t 

or the un^ired clectr-n cpinQ» and tbe 

of thu stagaetxc field. If t:*e nuclear u^in- lattice relaxation 

tirt,- &r@ alao ffic&Kurad, tLca all the .....rcsietfir© mentioned at 

the end of chapter _., aiaj b« oalc,J f -'tea.

t foe 3^e yt ro^c. tars -« 

) The -Jan? e..-,?
^PiWMMM«MMHto«M««l**'- ^larHW" -tijyur^r iiMiL-n i-*nr nUJi»

This h&s c* ifi^.^netic i^-id of 1-5 t t?00 gaue?? (e...<:ctrr>n 

3^,00 Kc, ^; ead detail^ Iv.^ve been publlahed ( :)

r, l>r. J.*". Kenwortby Lass iTio^lfi^d ti*e r robe by 

diaexer -->f tin' ;\ucieer reeoawa-^ o/dl to &^ 9 and 

a me(*n k-i- yi ^.r cocAiri.^ the st

d of ^,JX) gaass (exectrcn 

.. i;A) 4iiiu detaiZo JI^VG twen pualished (22).
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To enable t- ,. temp*r..tur* dependence of th*> Cverh .*> 
effect to fce »tu3ied st j f yx> gauss, r. tr.£. K«nwort!*y * 
^r. -T.A. Isidc h£V8 constructed ,. variable temper, tare

crvity ie rectsn^ttf <--r unj o^eri-Via i-i the h , > aio«3e.
. • I <i»

fhe incident micr-/7t,ve ^o'^r ir introduce . ti roogb a e^-ctxlal 
coupler and timiriii is effected by wrar^ of ® j,lun t-r. 4 

fc pi.?; iii tiroiisL the re^or, oi Bi&;ci.;5Ju 
fit- Id nerve a to support t-.e n.&.r. rt coi 

in the cavity &•&$ ts centre the sample i- t*^ field. 
eud of t,- tube ir. connected ty l^war ©leaved 
tc a source of hatted ce:apree;ed ,,ir, or to & eup/iy 

of li-uici itrog' ., whoue r^te of evaporation i.rto the eystem 
IF controlled by «n electrical heater. f~r incol:.tlont 
major ^ortion of the wav-. : ,uif!e c .vity it: f illr rl with 
styre:ie lost 1 . *!w cavity ia i-i^il. ri,;, icir-ulated on the

rlp to pr*.'V- nt radi::t;.9?i &ff«ctin^ the pole ^-iecea of" the
In t,.j.s ingr tU. tecjwrfotLjre of the san^lc can be 

d fron -2^c , to 100°^ and m^i^itai^a within * 1.0° of a

i of an ox; eriaaejat. ibe a&apl temper- turs 
is isesusurad ut t-c. be^ ,ianiiv-; r.nd ^.,id of c aci, tjtperimeat oy
HA? substitution o* ,> fitu^ ,, Sici-ilc? cotiUeini' , liquid paraffin

a c.i - oo i j-c^ ist^ -.tin ^, n



(iii) ?br Lo^ ?^e^d _^»:.» Spectrometer,

In ord$r to a^asare th» oonce at ration of radical 

solutions oocd in the Overhaas-jr er eriaa«nts t a low field 

• e.s.r. spectroijRter was built, T is h^s a magnet io field of 

130 ,;•••: uas (electro's fi^qu^acy 350 ^e/s). A full description 

of the apparatua has been pabli^he a (23).

?r the 3,.kv of completion, ti» piiblinhed details of tfee 

above ;: sectromatoi^ are ir eluded in tbe Appendix.

n

*.

The choice of a rudicrJ for the Qrerhaueer 

^oTerrurd b/ t

(i) *'.-&0* of

(ii) 3te jili !;j in the absefic^ of 

(iii) the spin 1- -ttice rf»lax.;,tio:4 tii.- of th~, electro a, 

which should b« BIA£ fici^ntly lon^ to allo ;m

?" sstarr-tion oi tr,^ electron resonance -. 

power i,vailatl--j, 

(iv) H ...,_-; nit ude of enhencenseBts of ti»e variooe repeat: ices 

should be Isirge thut* per:,J.tt in j r oca rate

on th© ejBteaas studied. 

(y) c.-iuti^it,; in the solvents to be 

ia the present work ^.re



hfc radical® coaa^rci ̂ ll/ available were 1.1- Diptee vl 

-5-' icrylhydrassylt (t t * .H.) t nftich could be o^taiaed froa
Koct light Laboratories Limited, and 2-C.-di- i,ert-botyl«-«-'
( J,5 f ai-t«rt-^-.tt /l-^-oy^-a, > eyclohexi.tlijr.-1- lideiie)- -

tolylox; f (GalvinoaQrl), (,-lda> co* 13 be

Jhxrtuical Company. In ad-Jition, *, V -^i«-

( p-iL» o-pro pl/lptoe nol) allyl, ( 3. % 1 . i ' . ^ ) , was provi *?c d as a
rift 4.r.)« ^r. S.L. ?ol---r f und perc-^loro-dipheayl «ntima« f

(F.l.^.) f wi*a & ift rrom P.'X>r*«^r TJ. Bulles;t-r.

5iiai t,!l',.e conuainiug tiie sbove raclicalx t (which were 

solids) re re &..de u:. oy caldin^ -jii*-- r^dicul to the 

eo.. vent under an tiaosphere of aitro|on. ~ ;eoay&*ri^tio:a of 

«olrents -.vajs c,.Lrried out either fey a

-ue t or Ly pur^ii% pith nit;ro "

A radical «hic& could sx-. prep^rfecl easily i.-i the laboratory 

r.n- 7 was soluble in ;:on ;-o,V.r solve/its was ,.'-t-5 tri-tertiary 

butyl pbeno:-:/ (f.T.B.I.). Tiio prep: region of this wa© 

b^soJ on tb&t *..' & ay roller, Ley anJ .risd..i-c ; .. (-J-V; f and 

was carried out aa d@ cribiid below.

A kaovn amount oi 2---C tri-tart but/1 :benol was 

dissolved in the appropriate solvent, ^, icK aroct; 'x imffiiscible 

v^itb water in this particular pre.x;r--tio.?i, An alkaiirte 

oolotion oi ^otaasium ferricy.,alia (ir.ici* h a previously been 

boiltd to remove O3o? :^3:.i at*.- U4ei -llo^e..! to cool under an
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of nitrogen) v?aki thvn added and the sample •••'"." 
shake a uy uaiatj an electric shaker. *urirtj tivis process, a 
positive pressure of nitrogen over toe sciatic n was maintained 
to exclude aay oxygen, since the radical, wfee/i loxmed, reacts 
with osygen forming a peraxide (23). xtoe JferricyaniSe 
eolation oxidiaes the phenol to the radical fc&e rcaeace of 
wi ich can be detected fc/ a deep blu& colour iri the organic 
layer, which la then sepe rated from the aqueoue la/er t 
an hypoderaic ayr:::j;e t and pl-.ced in a tube (\jLicii bad 
flashed oat with nltro^fca) ooat&i:dn& aaolecular -ieve, 
linjo Type 4.-\ t whio^i rwiaoved any «atar. i'fei^ radical 
aclutioa was aaintai/ied under a positiv-u pre^cor^ of nitrogen 
aad was stable for atv^r&l weeks* When required for an 
©jqperiasatf the correct ^^oont could be detracted by usia^ a 
syria^e aad placed in thf) sample tabe &nd then oeuled off. 
the sample tube carried a Baaeea vr^JLv through *iiich nitrogen 
was pasaad* this method has the advmtage tiu t it can be 
carried out in & series of teat tubes, unlike that 01 which 
it is based where complicated apparatus is required, Th® 
perceatag* yield ot the radical (b.eed oa the precursor 
concentration) varies between 30 - 100°/o, il the concentrations 
of ths radical as determined 01 the low I laid e. .r. 
apectroaeter are correct*
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If tiie solvent is miscible witfc water, aome other 
oxidising i^eat suoti as lead dioxide is then uaed. In this 
oaae tbo pro oe dare was to dissolve the precursor in the solvent 
and oxidise, in situ, with exceae lead dioxide, , fter 
several fcouri; the solution wtiw cent nf one d and tiie supernatant 
liquid was trauBferawd to the saople tufee. :i^ percent 
coave-reioa to radical was extreojcly small*

la tooth these prep-: ruti one c, 1^ rg» exo©»s of the 
unchanged phenol in th final eolation mmt be .voided, since 
thio will alter the vi^coaitj of tim eolation -,^4 affect the 

of tlie eahaaoeaaat . (see chapter ;>), la pra 
up to 0*291 in the phenol >'<«re use a in vhv above

Of all the radical::- coa^i-lir«d, ?.T.J3.I'» gave the largest 
enhancement with fiuorinD and proton nuclei. rau electron 
reaon&*oce c,i: ]/,T?*I/I'.^. a,aJ ?*?•*%, ualito the ctJaer radicals 
tuid in particular contrast to "•*> ,^...,, t <^>«kl^ *** 
e&turated &t bctii

i'-i B.^.I.P./.. ^erc oil/ ;;iiL:&tl/ coitulc ;< 10""*^I) ia
fluorizuited solv^ots, itile J«iM.H« v*<*s uoL Tftr/ soluble la 
either pioto-iio ot* fluoria&iied ^Iveats* I^uce f.4..3.1.'. was
iound to i>e t^,t meet suit^^l^ 2-»idjc«u. ior tik. pre"*-nt set of



Since it was deelrafcle to c^rry out a complete cat ?-i 

&;.; feauresu ate for ti*-.. same cackle on tht- different 8pc.-et roasters,

epee&ki «*ua#le tuU^e &..,£ to ca aade sir.ce tic diameters of 

nuclear r* son '.ace ooils at X &:*§ Q oaudi are $&& and 

ectivoljr. lbi» tube mio ^ide by aeatln,,, an.3 

down (to Jfii&) a portion of ^aan tu^i.-ij and then i, atiag 
tube so t:*ut it went into a V-ahape- &ith di.-ch i-r-i- a different 

dii-viiet^r. The >nti fcr& M^B th«n se;.acd oi'i and the solution

oa the othsr arm, .,vi,

(a) £
(i) Acllstam^litM^t . .laa ..ouolar. reeogtce

orf the ^
i£ observed oa the

osoilloaoope after passion tlirou,^ the phaee fc 

detector r*na thd r,f. pb&s« is c justed to aelect

into tte circuit and the centre ba ia phased 

oat by adju&ting ti^e audio ph^ae. th^ field is than 

adjusted to briayf the first si aeb^ad to tbs centre of 

the acoa*

The nuclear resonance signal la recorded and the



of the r. f, field at toe sample is altered by chfwr

tho r. f« field attenuator setting, T is change ie then

compensated for by dteria^ the signal attenuator*

Th£ aucleur resonance signal is ;uln recorded and the

process repented for different setting of the r«f* field

attenuator until the «i,rn 1 is a n^xim^

(ii) Adlti:.;tlH the 3i&:;aeti fieia to @.tntre.. of the

The eahcjaoeiaeat of the nuclo&r resonance is observed 

•;.a<3 tha fi-,ild a-;l justed until the enh^rice.aeat is a 

to&xiaum. This ia ..ckieved ty moving tho nuclear 

resonance freqaenoy la oteps of 1 I'o/s and altering the 

field an til the r&aonaacs stp.-oars.

H-3£p«riment8 L vs b^en i>or formed in ii.iicsh the 

magnetic field has deliberately act been at the ce itre 

of the a gTitJtic field and uue/° value obtained from tbe 

nidasureaiento was at I-band witjhin experimental error of 

the f value obtained whan the above procedure was carried 

out. At >b ad however, quite different f values were 

obtained* 

(ill) Ad^ qpt.eiae.nt s t o the, fflj.orowa.ve cavity .

Both oavitlao operate In tho ii. . _ &ode where* u i j n

n a 1 at X-band and about > at a-b&nd, » he oavities 

have to be adjusted for minimum reflection of the micro­ 

waves* This indicates a maximum of microwave fields
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within tit-e cavity for a p xticul r mode, for tfce i 

are those fields the greater will be the saturation of 

tte electron resonance. f *ds adjustement its carried 

out lith maximum microwav© yoiver a plied to the sample aad 

not altered throughout on exjeriaient. c ince both 

cavities can opertte in several different modes, the 

mode in which tht* largest ttuu^ncement of the nuclear

occurs, is the one onosea for the 

a»id^r^ble heating suay occur .,: ..n the 

s replied to the «iwapl4» f particularly if the 

is pol^r. liiiij h^^tiiig, ^^y be minimized as 

f oli owe i-
(i) The cooling air i« allo td to i'iow as f ^t 

ae is practicable.

(ii) The micro mve power ie applied for the 

smallest interval of time, before recording 

the signal. In practice thi. was assumed to 

be 5T-, viiiere T ,j is the nuclear spin-lattice 

relaxation time, 'Xhu^, in general, conoeritr ted 

samples with 1.4: 0.1 sec. were u ed in all

(iii) The cavities are d*ai;-r&d to operate in

the H .. - -Rode*, vith the sam les at the position •- • i , n
of t&3 minifiatea electric vector. This is 

vector that caueee the he at in which can be



rni'ii raized by using narrow fe^-u^-lfe tube©. 
•>iar:ui f ?='Ler» -dcrow^ve Lsatlag was x: . 
noticeable, very "narrow sacinib tub -8 were uc 
and occasionally, with v-ol* r sua^l-.ie^ this b 
nscesaary at ';:-b.-.-,n<3 ac <#**?.!« the reduction in 
ai5&6 of the sample improves the ^uality factor of 
the c: vlty but has a d^triaentaL effect ol tbe 
«i-S:iaJ.-to--n.-ios ratio of the nuclear resoaaao®. 
At u-^G.yi, the ^aality factor wiio ali, o found to 
increase (even in u rrov tubes) as tfce amount of 
saa^le in 'thf- cavity decreased. 
, i ice boating tends to occur, a sufficient period

•^f tin>> lxitv^e?i reading® must be ^lloweJ so th:^t the
a ample ra,^ cool, 

(b) Ij
nuolc;.r enhancement at several U f fa rent

was sasc.curcd by notiii^ tha bsi,..'at of -ji.u e^ihunced and
d :;i c.,n.:l:;. It wc^s M:GU.';=-.-.U tii^t the bi^A,,! ..ei^iit 

ration v^cro the S'-'.-ao as- llic si^n.*! &r-*i- rutics, I'his ie 
valid as lon/5 ae the r^a.-lotion of l>hc ?u-.;;not roiu^ins constant 
throa..iiout r-r, exp^rimoat. A plot of the .r-clprocal enhance­ 
ment fcot^r. A** , v&r?us the r-ciprocal dcrowave power 
applied, r"* ! , was then :aade, rr,m equation (1.23) this

t to be a straight Tine plo". T ig* 2.1 aho"-: a typical
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1 curve for f .f *B«f>. in beasene at Jf JOO and 

gauss. If the plots were not straight lines, then the 

results had to be rejected. These deviations mi^ht aria* 

from-

(i) Heating of the sample by the odcrowaves (see 

garticulaj&y chapter 5, for the effect of temperature 

on the enhancement)* At each different power the 

heating effect will be different* 

(ii) Changes in the Klystron frequency during the 

experiment, which will result in the magnetic field no 

longer beine at th€< centre of the electron resonance* 

This Is cheeked by comparing the enhancement of a 

particular power at the beginning and end of an ©xperimeat. 

(iii) Changes in the height of the unetih&nced signal, 

(which is recorded at the beginning, and end of the ex­ 

periment). If the difference io more than * to°/0 

the run has to be rejected. 

(c) Measurement cf the conoentrat JOQ depeadejace*

the above experiasent was carried out for several 

different concentrations (c) of the radical. A plot of

A~* (obtained froci the above measurements) versus c"" 1 was max
made. fair, ic shown fcn ft?. 2.2 for solutions of T.f.B.l. 

(preprjred by the two different methods) in benzene at X-band 

fig* 2.3 shows a typical riot al'o for I.T.B.P./benzene
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eolation® at Q-band,

The radical concentjratioas were estimate:! b,/ measure­ 

ment of the area of the e.s.r. signal, wMdL a&king allowance 

for the Tolune ol the solution, could then be compared with 

the area cf the e.;vr. signal from a standard (potassltm 

nitrosyl chro mi cyanide) of know* apin concentration, 

(d) Meapqrenentg of the auclear opjn lattice relaxation tirat*
These were measured by adjust in the field to 'ait 1 

on top of the nuclear resonance sigruJ, and observing, on an 
oscilloscope or fast writing reoorder, th*, rate of growth 
or deeajr of this signal, when the uiorowave power wae turned 

on or off respectively. However, the r.f. field auet be 
sufficiently email not to cause saturation of the nuclear 
resonance and experiment hfc.e shown (26) that this must be 

at term ted by at least 30 otA from the tioroal setting if a 

true T- is to be obtained.
If the decay (or build up) curves are longer than one 

second, then they are recorded on a pen recorder, and the 

tiae axis is calibrated by rewiadiag the paper and running 

out the chart again with a 1 c.p.s. square ware fed to the pen. 

Faster " 's are photographed on ^n oaoilloscope using a known 

time base* On the A-ba;i3 aaohine fiere in a £-Qodul£tlon 

facility m3 thus the brilliance can be modulated £t ft kQown 

frequency. The modulation la provided by a Venncr counter



which prodiaaee a 100 c.p.s. or 10 c. ^.s, aquare wave. 
the trace may fce made to blip every fattn&rc !th or teath of 
a second.

From a Iraowle ! je of f , and f , ti^ f- fact or in1 1 o 1
equation (1.26) can ba cotaputed for e&c; solution aad thue
the gradient of th© ^T . vs. c"" c,.rw can be ciiJ «?* A

knowing A 1̂ . Tliia ha© bee A 3om f ̂  c tb» ben^e -ae/ '.T.B.P.
•»1 / — 1 solutions A^' /C plots shown :'n fi ur^s ':, 2 &r\d 1.3ulfikJC

when th.8 caiculat«d an-1 ti^oretioal lines vere fo»ma to 
coincide.



Q H A.P..T HR-

Pip»p4enoe_p_f_.t..he. Ov^r&auaer effect* ( 44 ) 
latroduotiom

In order to distinguish between the three possible 
aio dele for modulation of the scalar cou^Iiu , discussed 
in Chapter I, measurement 0 have been carried out for some 
selected systems 't J9 300 and 1 -: f ^00 gauss, The results 
have then been fitted to each model in an attempt to find 
out which model was In best a&reea^nt with these experivent^l 
results. Clear!/ to provide a unitue fit, results at 
eevertl different fielda are required, and isfeere other data 
are available t ic has bien talfien into account. It is 
possible to calculate the theoretical ratio of the relaxation 
timss at the tw? fields and comparison with the GX orimsntelly 
determined ratio f provides an extra oriterio . ii fitting the 
results to a model,

Solutions of 1.1.J,,. ii tfc® appropriate solvent were 
prepared as described in tl& previous chapter ^^ tiie 
values at 3t JOO g^use ( /^ ) and 1^ f '30v> e.«o^j ( /^ ) obtaiaed, 

€Jthe values quoted ia T«a.*le3.1t are tht results of at least 
t7?enty five Jeteimiii *tlons Tor each sample. i'he spin lattice 
relaxation tia^e of tl*« ©olvent nucloi aad th^ radical



concent rations of tfce solutions were i'-lso measured. 
Concentrated radical solution® were used in all oases 
the measured epln lattice relaxation titass of the 
were of the order of 0.1 sees. since in all oases 
the spin lattice relaxation time of tin nuclei in the 
absence of radical, Is long cornered to that measured In the 
presence of radical, I § ti*e l^akr.gje factor, was very nearly

*«,^,I *O

equal to unity, so th^t the limiting enhancement A^ , , was 

equal to &^~ (equation 1.26 -;bea f a 1) a.; a could ao obtained 

with o-ily one extrapo lotion «

and .

Table J. 1. ©hows the /° values at j,jO,/ ^auor. (/^ ) sad 

et 12f 500 ^iiuuis (/^ )•

The results for the proton resonances ,-ith the possible 
exception of those for ^fc^i &*/ ^^ fitted to iLe curve 
calculated for pur dipolar coupling* On uubbard's tiotation 
this 10 when % ** 0. I hi a carve ie Co mon. to all models, 
when aoalar coupli ig is absent* The parameters calculated 
for the systems studied are shown in T^ble J. 2, to,, etiier with 
those calculated for other nuclei, ual&g the "Diffusion Model*1 . 
(la the case of CfsCIi,, the enhancements were extra o*el/ small
at 1250G oause aid t!itsi tJ-.e error in /k la ± 50°/c»

fale Interpretation for protons In terms of punt, dipolar 
coupling, modulated by transitional dif fusion of the molecules,
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ia in good r r^reement w th the work of Sailer IL.ruuth ®i rl 
(8) and Poindexter (27) who have investigated a 1- 
of protonio systems at low fields,

2. Soalar Coupling.
All thR fluorin enhancements are positive &t 1 .',500 

gauss* Sino*f ;,B has been pointed out, this is unlikely 
to arise from a **3-«pia effect 1*, a» attempt was aade to fit 
the result® to each model.

T

The result a did -not fit ut uil catiofactorily to tliis
even allowing for grosjs errors in the experimental 

values of P . Hovever f ii & v-ur^' a ; :,: roxiai"t»e fit was made 
then the correlation times calculated &re of the order of 
1G~ 12®ees. , whicb. are an order of &agnitud* lesa than tae 
values obt-ined for benserie - v;^r® t;i© ticking aM Diffusion 
T odels were identical.

T he pji f f qgi o n '> odel m
Several fits for the ex^erinental revolts are 

fable 3.? Bhowe the parametorrj calculetcd uLing the 
fits t &3»S in the cases of C^H^CF^, C^ and JF^CCtj, tne low 
fie!3 resulti; have been taken into account. i'ros. the 
field data ulone f a poosible fit for cy ̂  war, on 5 * 20, 
with Tc * 3«9 < 10*^ sees., aad tl^e caloul' led and



1.1

Solvent

<V£
C6H5CB3
C6H5OH/

CsV*2

C6H*V

C«VCfJ

W 'lSfc TT 

J* 1

C6f5 ^j
oi*coi 3
Vft*

V ** Jt ^oo g»n« 8

* 0.287

• 0*264

^ 0.2 JO

* 0.281

^0.0!>6

+ 0.^0

* 0.087

0*162

* 0*066

- 0*079

**£ at 12,300 gauss

-^ 0.09

* 0.094
4* 0.030

* 0.101
- 0.027

> 0*057
- 0.004

0.036
- 0.023
- 0.070

* f he error in the /° * values ie
f hi error in the /° " valuso is *15°/Q
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« , experimental Tj A 1 ratio equal, Tiii*i curve predict^ «**'t

the enhancement is always positive, independent of field* 

Such a fit, however, is inconsistent with the low field data 

of Suller-Warmtilili (8) and Foiadext^r (26) who observed a 

negative enhancement at low Held®* ^eeordiagly, the fit 

on 3 = 9i which is not a good fit at high fields, hae been 

chosen taking all .» suite iato account.

Systems co itaioing both proton and fluorine auclei 

provide a good test of the theory, for two sets of independent 

measurement L' can then be carried out. If the proton 

enhancement 0 ure interpreted ia term© of pure dipolar coupling 

( 3*0), then a diffusion coefficient can be calculated for 

the protone. This can then be eomptireu nri%h that obtained 

froa fitting the fluorine data to the appropriate curve. 

The results should bo identical as both nuclei are on the 
aaate molecule. i or tbe syeteae studied, tbis agree a»nt is 

good and probably within ex^riaental error*

Modified
Beoauee of the extra variable here, it ie very laborious 

to attempt to fit the experimental dat&. to thie aiodel, 

particularly 00, eincf sufficient low field data ant not avail­ 

able. However, for C^, CF^cClj, and C^CF^ low field data 

are available and the curves whioh are the best fits to the 

experiaental datm are shown. The values of K and <T chosen



4-0.02

-0.01

>, 6-0.033

KJ0.9 d-0.1

3.1 0.5 

Figure 3.1 Plots of p

Key.
A benzotnfluoride.

O hexafloorob^nzcne. 

t arcton

1.0 1°*0 

the MDdified Sticking Model
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for these fits were calculated by uol/i^ a computer 

to ptot families of curves for the^e different variable®. 

The paraiasters calculated using tide model are shorn in 

fable J.J. together* for the sake of comparison, with those 

calculated for the same systems us in the Diffusion Model* 

Again, as on the 1 tter aodel, the diffusion coefficient* 

calculi.ted for besusotrifluoride, from the proton and fluorine 

data are ii reasonable agreement.

Comp? riaon wi th exi>eriiae at«

the Sticking lodel is unsatisfactory in explaining the 

exparinenbal results* On the other hand it is difficult to 

decide oetween the Modified Sticking and if fuel on Models, 

From the paraffleters oalculated in $&ble i. j, it can be seen 

that the agreement between theae two theoriee for the arcton 

and benmotrifluoride i@ very good* On the other hand, the 

two theories do not yield the s&©e parameters for C^i^, Both 

the vali*&s of the correlation time and diffusion coefficients 

differ oonsiderafely l3®re.
One might expect t/ t the correlation tiae in solutions 

of hexafluorobenae ie would be greater th&n tnvt for benzene 

( T«« 1 x 1C"" 10 sec) because of the increase in riseosity* 

On this basis the value of 5*1 x 10~ 1 ® ssc, oaloulated on the 

Diffusion Model is more reasonable th&& 0.8 x 10* seo* 

obtained from the other* However, the relaxation tine ratio
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ie ia ^ood agreement with **xi>@rimant for the 
Sticking Model and not for the ^iffueioa £odAl,

Conclusion.

Sticking Ifodel ie a poor fit to the experimental 
re suit e t it is difficult to decide unambiguously between the 
other two model*). Clearly, more results are required to test 
the ! edified ^tlokia; I odel for a wider ra^ge of compouade* 
fhis would necessitate mora work at low fleJda.

It may eeeia surprising th?,t scalar coupling ie obeerwd 
with fluorine nuclei and not protons. However all that 
this scalar interaction implies ia an overlap of the free 
radical electronic w&ve function with the waw function of 
the protons or fluorine a to IBS of the eolw^rt at tl ^ moment 
of impact* The free radical electron met then reach 
node us possibly thxough a polar; aati on asohaniam9 by 
of a contact interaction which will be much greater for 
fluorine than for a proton because of th« increased valu^ of 
the KB w*w function at the nucleus. ihua ©calar coupling 
to protona might occur, but it ma/ be too email to be observed. 
Other indications of sealer coupling to fluorine nuclei have 
been found from oieasorements 01 the ratio of the api i-lattioe 
and epin-epla rel&acation lines oi -the fluorine resonances in 
aolutiona of free radicals in iluoriaated benzenes (J2),
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Furthermore, evidence for * through spans'1 scalar 

between fluorine atoeass, has been n,tain d froiii a study of 

solvent effects on nuclear spin coupli.i; constants (33»)«

Time, since scalar coupling of the elsctroa to the 

fluorine atom does seem litonly, a scalar skirt of the fluorine 

resonances in radical solutions would bo expected. If the 

theoretical shifts for the two theories are calculated and 

compared with the sx^sriasntal ones, then this would provide 

soma additional Information towards a choice of 

this is discussed in the following cLaptsr*
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CHAFJLB1

Shif te«

Introduction.

The results of the previous chapter indicate tlu^t the 

positive fluorine enh <nce«ents observed can be explained, 

if it i« assumed t,i. t scalar coupling of the electron to 

the fluorine occurs* If this i3 the case, a scalar shift 

of the fluorine resonance in radical solutions wauld be 

expected. Further, thi© shift should collapse ishen the 

electron resource is saturated. In tMs chaptor, tnis 

shift is calculated for hexafluorab^n^enB for the Modified 

Sticking ^'odel and uhe Diffusion ::oaul und this ie 

with that observe a

Theory,
TJ^ ecalsr shift A'^ of ti» nuclear freqaenoy » ia

given

&*2 * - Bij

BiJ ie the average value of the coupling const; nt for 

the ith nucleus and Jtb electron*

i« ^^ eatpectation value of t * tctal 3 magnetisation 

at equilibrium which from th® Ourie Law ( J) may be written



Ho8

If is the number of unpaired electron spins h ace*a

« ~ SlJ W B . 1\(\s\ 8(^4 11 (Vio ^ ••<*1 rr* 1 3 i<v -

"-•*^)^
la order to evaluate &ej/caj f ^ij munt be known ana the 

calculation ox tUie dopends on the model for *he tiaw 
dependence of the scalar interaction*

(A) Modified stic^ln^ Model.
let W^ be the probability th t a pi.rticul-r r.ucleuo i« 

Interacting with an electron at aa^r ^iven tiae. Then
%i.j * m . 3 ....... (4.3)

If a be tr.o average nunber of nuclei Interacting vdtii one 
electron at aAy time and :5j be the total lusnbcr of nuclei , 
then assuming the time each electron ia unetuck ia a*^.ii 
then,

- ...... (4.6)

Thus equation (4.3) be oo mo si

....(4.7)»

ViJ



whicfc is oioilar to the @jq?;re®®ion derived by Llo^aateer^Ti (£9). 

B, the coupling ooattfeot which is fioit® *m©n a radioal and 
aoleoule art "stook** together and aero ot'^rvda-e 

(19)

(B)
The coupling of an electron to a auoleus is assumed to vary 

to the 0qu..tion (5)

. a. a .
IT

so th^t fij nill l»® the verage valoe of BiJ over all values 

of HiJ from <3.

.. +/**/.
(E)

(4.10)

where Hm is tfe* maximum value of R governed b? the 

of the eaciple, and V i® the total volume of the solution. 

Integrating equation (4. 10) fey p&rta and assuming that 

Kd $> 1 then:
2 ....... (4.11)1 . 4« . B d



Thoa fro® equation (4) *-

th® definition of (5)

*».(<?) * 100 /B \
W

3 • rf'fliVw .TTTJ -

100 a

fhu« t>y saDflrtitutinc for B/Xd in ©qu^tioaft^),^^^ can b« 
evaluated,

Ths ahifta of tl» fluorine re so a- nee f? in several 
Bolutione of tbd radical f«2,I>«F* in hDxafluorobenaens were 
measordd uain^T t@tra-iBethyl silaae as an intoruc.1 standard, 
file •3g*ria»nt8 were perforae:J on tiie I2t :?00 gauss s^> ctrcwaeter, 
£ith thi» inetriimant it is possible to o&ao,iO from proton to 
fluorine resonances quickl/ and ©aaily, aiii x,e raeonance 
frequencies can be measured exactly using the Schoman&l SJD5 
anu ix/f 1 frequency 8/ntheeietrs* i2%@ proced.re involved 
changing from the proton to the fluorine reoonajxe and vloe 
versa, several times for each solution* ihis enabled the 
eieimiaation of errors in the* shifts arising froa any drift
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(wiieh was assumed to be linear) in the magnetic fiol.X. The 
error in the shifts is * 1

Results

Figure 4,1 shows the saaaaured shifts plotted ag&inst 
radical concentration* The fluorine resonance shifts down 
field and although the shifts sure of the game order as the 
line vddths, there i • no doubt about the sign*

•If tlio shift of the fluorine jKJSonance i© caused by ecoL&r 
coupling to the radical t the shift should collapse when th@ 
electron resonance is saturated. * ho a microwave powvr waa 
applied to a 10"*% solution of the radical, the fluorine 
reson^iQfe shift • & sproxiaa tal y 1*5 c.p.s. up field, but the 
proton resonance ahowe a ver^ sasall dovrnfisld sLift. Trd® 
letter shift probably reaulte from the eliange in paramagnetic

» * ., •

susceptibility when the electron resonance ie saturated,
i

whereaa the up field shift of the fluorine resonance ie the 
net result of the partial coll pse of the dowafield scalar 
shift £*ad the ^-sccptibility ahift* these shifts are shown 

in ilg. 4*2* In order to oaliiul&te the shifts for the 
Modified Sticfcing Model it is aecesaary to decide on a value 
for nd in equation (6). i,*. it it necessary to decide how 
aiany nuclei are coupled to «moh electron at any cm time. 
If it is assumed that soffl^ fora of chemical t~s ociation iu 

in the "stickini*1 process, and if a in complex is



Figure 4.
,8

(a). /\F^ +  T. . . i<' r-eGOiia.'.iC .. * L^rge 
reduced te L ti^eE. (l;\ fc f̂c + 
Large peak has gain reduce ten 
Scale = 23c.p,s./cm. Scan is from high to low 
field, which is from left to right.



produced* then each electros will Interact with ell six 

fluorine nuclei in the solvent molecule to which the radical 
is stuck. tb» calculated ei-;ift for & 10~ 2u solution of the 
radical in u xafluorobsrisene is then 0.78 o«o. y. If each 
radical molecule * associates* witfc two solvent i&olecules 
then n0 • 12, ;nd the calculated shift is doubled* Higher 
values of no can be ruled out from ateric considerations, 
since fcolecul r models indicate that it is difficult for 
more than two solvent molecules to be "*,a sedated* with one 
radical molecule. However, it has beer as turned that the 
aaount of time that an electron is not coupled to the aQ 
nuclei, is negligible but if thlo io not the case the 
calculated ehiit-e) will be lees, '--nd the coupling constant 
greater.

The mcdttlus of tho cou^lin... constant )B\ can be evulu ted 
directly oa the Modified -ticking Todel, ^aU Ci-kiod: the saae 
assuisiptloac ao in the oalcul^tion cl the oLlfts, fciB corres- 
ponding value ia 0.5J isc/s Ur half this). The Diffusion 
T^odel, yields only values oi lB/Xd' v4aere X is a constant 
such tiiat Xd »1. In a later chapter, it i& shown that 
Xd 9 1000 is the minimus* value of Xd if ti*c- approxim tions 
laede by Hubb&rd in evalu^tin^ the ^c^dar spectral densities 
for this model are to be valid. Thus in tiii^ case only a

value for l~>\ can be estiia^ted by asaisaing; Xd n 1000.
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results are

the radical la

below tor a solution

Modified S ticking «odel,

Constant 3

0.53 x 10 b Ho/®

l;hift at 
50 !J

0.78 c/8

Shift at 
50 %o/a*

Diffusion I5o0el
Shift at

1. 5 o/s

On the ^ Model B oorresyonds to th«

coast ant value of tbft coupling instant between thr el^etroa 

^,n^ the nacleoa ^cn a radical and solvent jsol^eule i«re 

"etu^1* together, Oa the Oiffuaioa ^od®l, B, corre«pond« 

to tliJ ix^stajrta eooii Talm® of tha ooupli^ const&at at the 

of closest approach of the radical and solvent

molecule.
It i» difficult to kaow what ix^etioia of tha electron 

being tramaferrcd, tha ooaplif^ oon&tu ,v8 correspond to. 

Syaaons (JO) i^aa Ccxlcul.'ted t^t for an electron ia an iaol *ted 

2s orbital of a 1 ^F atom, the oouplia^ oonsta^t to the nucleus 

is approximt t«ly 50 t OOO Bo/a. thus if a oomparisoa is 
possible a rala« of B of 410 Wo/s oorr^spoade to th* transfer 

of only a mall perooafc^e of the electron density to the 

fluorine nucleus.



The observed shirt is In rat&*r better agvse&eat -*tli 
aalottlattd for the Diffusion " odel, but this aiay be 

fortuitous considering the poor fit of the f values for 

hsniluorobenzene tc 3 » 9. Oa trie other kaad, by taking 

oc » 12, on the Modified Sticking lolel f agree as ;rt le a^aln 
obtained between ex^rlaent =aid theory. Tb«is either theory 
oould explain the ob«orve3 -shift. Finally, an the oJiift 
to low field, this coupling const aat will b- posit Iv®.

Conclusion.

I~any more assumption® Jiave to be K--> ta the oaloulatlon 
of the scalar jshifta for the Modified 3tlokio&; Boael than for 
tha Diffusion i!o<3el f ii the theoretical and experimentally 

obyenmd ^lilft® are to s^ree* Oa tL.i^ basin it follows tm t 
the Diffusion I'o&ul IB probably the mor@ favourable of the 
two* IIowoTer, If the order of a-^nitude of ti^e aoupling 
constant predicted by the Diffusion I'odel IL correct, then the 

value oi trk ooupiia constant 1) coooes coiap arable with
Ka field, itnd ¥^®n tnio Is so, it i& not valid to treat 

ths coupling ae a small ptrt^rbctiOiru In this event the 
ge rurally acce$rtedl relajastlon theory Bay not be applicable, 
particular!/ at low fi^los. It w-y then b«i r^cess&ry- to 
formulate t*o theories for the scalar interactions one : t hi ;h 

magnetic fields where the scalar coupling is ^ aaall pertur­ 
bation cf the Seeman levels and < further one at lo* fields 

where this is net the case.
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Correlation ting. Dependence ol the ̂ Ov rhauser effect. 1 4!> y 46}

Introduction
In chapter j*t it was concluded th&t th« results of the 

radical i»T.i..K in benzene could be int<-rpret€»d in terms of 

pare dipolar oouplin? vhloh la taodul tied fcv tfee t raafil&t ioisal 

diffusion of tJraa mol^culeo. If faov©v©r 3 & solution of t 

radical in b«a««r^ is prepared by oadd&tlon of a

he

solution of tn~t«rt-butyl plienol f tuen the measured /* valuta 

iwere less than thoe« quoted in ci^ pter 3.
«t 3f JOO gouee the fluorine resonance spectra of mathjrl 

pentailttorotolusne consists of a lo^ field ieakf arising 
from the p-fluori?ie and an unresolved hi ti field uialtiplet. 

If a solution of t&i© and the radios! T.l«Si.P, is allowed to 

wsrm ap ia ttoe ®icrowav® cavity, tben tfee inititl enhi^oemeat 

of the low field peak, wtiieh ie positive booomee n&j.fetiTt. 

If then ccolirrt air is applied to the *«*ple f the •ntfc-nco.d tat 

beooaes once i^g-in .ooitive. ^his ie illustrated in ii^. 3.1.

f ba reaulte of the above experiment® can be interpreted 

if it ie assumed tf at a cfc^nge in the tr*i©lation-x correlation 

time Tt had occurred. In the first c^0e ~lt w^a increased 

l>y increasing the viaooeitv of tha eaapla, with the excess of 

unchanged phenol in aolatioa. In the second case Tt was



5.1
;et'tud Lean or low iield peak of Fluorine 
spectrum of C F nn . I, . 3

.a 

b

— power on.

— coolin i ir on.
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decreased, fcy increasing the temperature, which reeul^ in 

& decrease in *i@oosity. It was thssa expexlw*nt8 which 
initiated the work aesozlbed in this ehioter.

For both the Modified ^tickin,; ?_ea*l aa3 the Diffusion 
Kodal f h&® been cT&lcutad as a function of «>0%, (Chap. I)

O C

(where «e ie the electron as^olar resonance frequency). 

The product «a*fo caa be altered ©itii*r b^r working at different 
ne-^netic fields, or by Tajyin^ t« * ?iiia It.tter ^Bsibility 
ie aeoomplished either by cl:^n^-a : tu& temperature of the 

cample or by addition of eoae imrt, miooible solvent which 
has a much higher (or lower) viscosity than that of the 
materiel under test* Thic ob&nge i^ rt &t fixed i§9 , could 

result in a change in si ̂ n of tne onh^rice^nt ii the

w_T rt curve croesee t^e/^ « o axis*0 o
ibe fluorine reson^no«8 of aolutiona of i-,^,B.P 

p-dlfluorobeos&ena, of monofluoxt) benzene, of arc ton 113A and 
bensotrifluoride are negatively pol riu«td at J,JOO gauss and 
pOBitivbly polarised at 12,>00 g aa^» These results can be 
fitted to tlit diffusion l^odel, and in the case of benssotri- 
fluoride to tiie Modified tic'^inf- T odel as well, which for 
p&rti0ol**r yalu^B of J or 1C and «T , predict & ctiaagt iri 

sign of /> as CD r increases. If it iti aaaaaed th&t 5 , .: 
and J" remain oonetent, tb^a tbiu re salt eoulu be checked oy

at axed a>e* $&®n % IR inortasod by addition



of liquid paraffi 4 t^e, the pol;*rleatioa at ^,300 
changes froza negative to ^o-itire. An increase in temperature 
caa then shorten Tc enough to 0^.11.^ the nuclear c:oi rxe&tion 
back orce is&ain, to a negative value,

Tha result® for &e*afluorobens®ne f j&y be fitted to 
curvea on either the Modified ^ticklus or idf fusion r-ode IB,
both of *&icii . redist a oh&xtgt in tte ci^r. of /° B s»ftT.,s c
decreaeee. Thus 11 the viscosity of a solution of the 
radical la hexafluorobenaeae ie lo^erf d, by addition of 
carbon disulphide, the polnrisatioa wKch ia poeitivs at 
3iJOO gau3£j t become3 negative.

Similar changes la the ©i^n of riuorin nuclear polar* 
isationo have ueen described -y Isib&ad ^ Bertlet (31) 9 
whicu occur /hoa the temperature 1& changed, or on dilution 
liith otbar a teri^ls* In these c .-ec the ; uthors have 
suggested tb&t a three spin effect ^-:.y ba responsible, but it 
@ee&$ &ore probable tfc-t the cl*.L^^e oil co^Toi.ticn tiai€ is the 
importaxxt factor. la any ©Trent triple .U'radi&tian 
(^)) on tho jLiystc^ u«5scribed above gave no indication of & 
three spin efleet.

IE this Qhapterv it haa b^en attested to determine 
e3cperi«eirbally the fox^ or tu /° versus o>^c curve, by 
variation of 7C at fixed »ffl , for two eyatetae, hexafluorobeaaene

8

and arcton 11JA, The results have then been compared with



thone predicted from the S!odif i d Sticking snd

Tbo /° Vulu&B for solution of t.X.^.P. in either the 
sretoc or fesx^fluorctoenzeao were lasag-ured as a function of 

tesp* r tor® &t 3»30G gauss, b.y usis*®; 'oU« v&riafcle ttKap^rature 

eavity deecilbe^ in cbc.j?ter II. The /° Taloas were also 

aaea@arB<i as a function of t;;,e Tisoo^ity at j t JOG gausa and 

12,500 gans@. In order to r©4ac« the viecositiee of the 

solutions under study, tht followia^ procedure «&s adopted* 

1 solution of tbe *?.T»^V. radioal ia oas oi the i'luoria&ted 

solventa was prepared as desorlfccii ia chapter IJ, and & 

solution of t&® radical in c,.^r,cu diii;uiplUd& was ai*de up in a 

eimilar m^mer. Tite e^ncentrafeioao oil the two eolutioiofi 

were compared t>y eacaffiinin.^. their ^.S. „:. s^ctra and tiui most 

concentrated w&j diluted with tjie up;. re private wolveat until 

the concentrations was equal. Mixtures of t^a two solutions 

were than made up containing various volume percentages of 

carbon dleulphide* In this wag the radical concentration 

was kept constant. In order to inoret^e the viscosities of 

the solutions, tha ^ame procedure wa® followed but u^in^ a 

45°/o elOorin.ted h^roemrHoii, Ceroclor S4>, C^^-^t instead 

of eaa*boa dlaulpMde, AS in chapter iTI. the leakage factor
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was very nearly e$ual t~> unity, so that th« limiting 

loont could again b* obtained with only one extrapolation,

Tbs riecoeitieo of mixtures similar to the samples were 

measured at 25°C using several Gstwald viscometers. It was 

aesuftad that tl'i© addition of the radical to the sample did 

act affect tJri© viscosity significantly.

vCL t ft.
ihe self diffusioa coeffioienb of a mjbCleua k with radius 

a in a jaediom of viscosity 

equation*

"It*1

aaan diffusion ooefficient wf of two oo&._>on*.-rnts I *»5 S 

in solution Is thug

aad &g are the radii of t-.-e I a*$ f: saoleoulss, 

t'ince the diffu^ional correlation ti^e T*. ie defined



thus 7* is directly proportion 1 to vieooaity "I . TXL* 
direct dependence has bsea found tc be in {^ood agreement wita 
experiisents in «.v.ay caaes? (34, 33) -nd it will be assumed for 

tfcie work even for the diffusion of & small Molecule in a 
solution mad© mor0 viscous fey addition of a lont< chain 
hydrocarbon.

In order to interpret thk effect of Taryiit ; the temper­ 

ature the assumption will be made that the temper 

dependonca of ^ it> giimn by

ic a constant &ad A.1- is an activation' energy for 

the proeesau Tlatt® fro® equation (5.35?

where

In oxd»r to OA! oolite the variation of 1
it ±& t&en Jieoesaary to decide on a VIO.UIK fnr &-. For 

mobile organic liquids it ui>s ixien foam! th. t A lies in the 

t - 3 k cal/iaole ( 3^t 37).
For th© rii fusion !*odnl t it he bt^eu •Lo^sn that /° ie a

function of w r « Thue a oh-oigc in the electron resonance
B v

frequency «ill h ve an idetitic^l effeot on f y tv a
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In %.. l!o •-••<* ver, far the rodiri-a

this: dopendarca upon ®Q\ will o«l/ br true if it Is 

thf.t £ (m Te/rc ) r^ 1,12 a c^nrta ,t for . : i\ren solution
riatv,olby Is varied.

(1}

lh*> results o> v.-^la^ tl^- vlscoojt^ of fjcj.utioac of 

j : .T*5.?. radical la bcx&Huorobenaene by addiljion of either 

o«roclor S4!>, or carbon dlsulphlde :irs 3120^3 in Table 5.1. 
The values obtained at J, JOO ^auna «u.'@ plotted as /^ ^e re OB

a figure :'>, ^ t^ !;• the (Uffu^lonal correlatloa 

time for h&xaHaorobenaene st 25>°C ("tho magnet tf^per^ttire) 
whlcli ic used as a reference col at, Heaaltc obtidnc-d at 
13,500 gauss are ^lotted on the sauia ; rs.>>j by ttultlplying each 
ordiriate by the i" . tlo of the two r«sonf.nce f re nv ncies* 

( 3. 6 In this? eaoe). ThiR as^uass t :t i.-jcreasln^j the 

resonance frc.iuooci' oy 3»- times io eq-i'mlent tcs laoreasiag

t^ by j. 8 times. c
She /* valuf-e for 3; JOO r-;saos ;-,re usavlly the result of 

only o^o ..^.•fcsureraont . It is difficult to sntiia ,te the 

trot able random erxor bat ti,e * 12°/o sJuj^m in the figure 

seems reasonable by coag^rlaoa ^it- rc : .o^tod mea^ur^;;;ente o^. 

otiier qrst?ma* Keaaor«aaat8 at U',500 auon are aiore 

difficult «ui^ tw results quoted for Cri^/CJ^ lalxtures are

of at least five deter&iaatio ia. f̂ be errors shown
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are ± 25%.

Decreasing the viscosity at 3, JOG gaues caused the 
positive enhancement observed with pure hexafluorobenaene 
solutions to decrease and become negative in solutions 
containing more than 50°/o carbon disulphide. Increasing 
the viscosity at 3 f 300 gauaa or varying the viscosity either 
way at 12,500 ^ancs produced no strikin- oh^riiie in tbs 
magnitude of the enhancements. T?o serious discontinuity 
Beems to result frota the assuu^ption that f is a function of 
the product <fl 8tL* Comparison of the variable temper at ure 
result© (Table 5.^) with the carbon disulphi^e dilution 
results enables a choice of a value for the activation energy 
A£. ^ith 4W « 1.5 Koal0Aole y then the two sets of resulte 
are found to li© on the earn® curve. (iigure. 5.^)» Th* 
range of temperature over which studies could be made was 
limited by tis* freezing point of the solution on the one hand 
and by decomposition of the f.T.B.P. radical &t approximately 
100°C on the other. If however, 4E « 2,5 KcalA^ole then 
the variable temperature resolte fit precisely on the curve 
for the Modified sticking :'o3al, but tiv* correl tion with the 
carbon disalphide dilution results ie lost.

^ii^ttre 5.1 alao eho^s tne best fit a of the experimental 
data to the Diffusion Iod®l (J »^ ) and to t^e 1 odified 

Sticking T.^odel (1 « 0.9 ana f * 0.1). neither theory givee
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fOrt
V

J

10.5

25

40.5

48.5

50

62

65.5

74

76

34

97

/o value at 3»30Q ^auae

VG

• 0.110

• 0.092

• 0.082

-.0.057

-

• 0.04J

-0.021

-

M*

- 0.006

. 0.006

0.017

Oil' -CCi , j j

-

-

* .054
-

* 0.091

-

•

+ 0.11

* 0.1J

-

-

-
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a.i entirely satisfactory decorijtion of the results for 

hexafluorobensene, ; ualitativel/ the :)iffu8ion curve is the 

better, fhe other predicts that the sign of /° rhould 

change at le&st twice whereas only one such oiunt/e has been 

observed. The parameters oaloul@t<-d from euch theory are 

given in chapter III.

4rcton 113A. (lyljli-trichlorc- 3, 2*2 trir- u or o~e those )

Table 5.^ show® the results of siadi r ex£:orie8nts on 

solutions of Breton 11 3/-. Tbese are plotted as /s veret«@ 

?«/725 in figure 3,4, fhe key xplains wbioh points refer 

to 3t JOO gausB £ind which to 12,500 gaaes, fbe results of 

variable temperature eatperiments ^t 3t300 gauss, &Yia\m in 

S:able :>. J ^re also plotted in fiBure 5.3 v;ith A^: « j.5 Koal/ 

molo. They .--.re then i^ joo j agreement with the variable 

viscosity results,

The general shape of the carve is similar to that 

obtained for hexafluorobenzene solutions, but is shifted 

upwards towards nsore positive p values. The lit on the 

Diffusion ftodel to J ^ 3« takes into account the low field 

data. Cn the Modified sticking Model several curves imre 

found which gave c,-;/projlm- te fits to the data. The beet 

probably K « 0,5 and <T« 0.03 The curve© for both these 

models are also shown in figure 5,3, (The p;,rar&:ters
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calculated for both models ars given in cheater III). 

The K a 0.5 and J"= O.fldcurve crosses the f> = 0 axis on 

three occasions. The enhancements seen ^t 12,500 gauss 

with solutions of the arcton ade lese viscous by addition 

of caruon dis.,lphide were too small to extrapolate accurately 

but were all positive. Thus the corresponding f> values were 

all negative and the f> «* 0 axic io an upper limit for all 

measurements at 12,500 ^aues plotted between 

and 3. B. For the Arcton/Ceraclor C4*> mixture of viaooaity 

2.5 cp ( ^/r^ - -** 2 5 a small negative enhancement p * 4-0*005 

was seen at 3,300 gauae. ^t first si-bt ^ .is seems to oon- 

fira that the oarve crosses the axis at leaet three times. 

However, if on© of the crossing po:nts lies between

3. B and j. 2, increasing the temperature of a s«aple
» j. 8 will result in a decrease in/a , and tae 

enhanceaaent should change from positive to negative , Mo 

variable temperature probe is available for the 12,500 gauss 

spectrometer but when a sample of T.l.B.i^. radical in the 

pure arcton was examined for a prolonged periocl v/ith no 

cooling air, the enhancement remained positive eve-i though 

the microwave power eventually he ate: the? sample to its 

boiling point.
Since one point is plotted with a vDsl^ive^ in thio 

region it must mean thftt either f ±3 not a function of the

product oj r and it is not oe.rniysiole to compare values at * a v c



TABLE 5.3

Cy 3CC1 3 % OS^ICL)

0
34 
37.5
50.0
02.5
30.0

°/o Cere dor

0
16
13.3
50.0
66.7

*i cp.

0.79
0.49 
0.475
o. 44
0.425
0,415

o. 79
1.20

/>(3300 is USE)

+ O.C.4
4. 0.0 Si 

> 0.090
•»- 0.0^0
•»• 0.095
+ 0.108

* 0.054
* 0.015

2.50 j + 0.005
J.60

16,30
- 0.004
- 0.007

/>( 12500 gauss)

Very small 
enhance as nt 3,

always - ve,
*^

- 0.007
- 0.006
- 0.01J
- 0.004

3,

O /•^ (T "'"$ f '*/O v^.-^

50
50
0

T°0

49.5°C
69. 5° J
73. 0°C

O / • •<:-/. ... _ \

.14

.14

.13
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two different fields, as h; a b^en done in the figures, or 
there re 1-rge errors in T« /r^. Tils 1 tter possibility
would arise if tli- linear relationship betneen correl tlon 
tiisa and viscosity did not hold for th*. viscous solutions. 
It ndiSht be expected thct the correlation time for the small 
llaoMnCted molecule is much i •sorter than tnat predicted from 
the nacroBo-'pic viscosity of such solutions;. If this is the 
caee, the vuluoa obtained for the Cereclor s45 mixture? 
need to be d. if ted to lo'er v^luec of Ze/tgc aad the 
inconsistency in the f T^rsua ^/T y curv® would then be1 c>

removed. J^lnoe moat of the Rvalues frr tliese solutions 
lie oa tbe horissontal portion of th<2 currer, the correction 
will make little difference to the shape-s of the experimental 
plots. It would appear then that tiio curve croc sea the 
p a 0 axis once only in this region favour! 1/7 the theoretical 
S = 3 curve of the L'iffusion ?r odel,

On tie diffusion lodel ^he arcton resulte at high fields 
©lone can be fitted equally ;.«ll to any of tte curves 
§ a 4 to f ^ 9. Ihe results in ?&ble 5.4, ei.ow th&t heating 
a sample oi* arcton and 50°/o c. rbon disulphide from 49.5°C 
to o9.5°C pwuuces no change in th© f value* *urther this

'limitin/t* value wae within exueriaeotal error the same
as tliAt obtained with tic; pj»re arctoa at 73°^. Measurements
at Id she r temperatures co aid not be carried out, since the 
radical decomposes. These rea:-lts su.;rer-;t that the limiting
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low field value of/0 = 0.14, should fit oa 3^9 

is in contrast t-> ths low fUld value of P « 0.4 ($7). 

Thus, it my -ell be, as suggested in the previous chapter, 
thut th'3 low field results should not be interpreted using 

the seme relaxation theory as at high fields.

Concluaipn.

It ?fould appear that neither model io completely 

satisfactory in interpretitig the experimental results although 

qualxt,' tively, the Diffusion Modal is aetter, However, for 

the Modified Sticking i^odel, the as 2. .option has been ciade 

that eT remains constant as the viscosity varies. TVds may 

not be the case, but the introduction of a functional 

dependence of 'Td in ?: will result in un an deldly and 

complicated faodel. An altertrtiv function for tire time 
dependence of the scalar interaction seems t be necessary. 
This could b© obtained neiri:?: the experis^nt 1 re salt a and 

^working backward©, but thi^ would be tedious and the function 

mi^ht then, although mathematically a correct deecription of 

the results, pl^ysically be not very meaair^ful,
Again, th>ere is acme evidence that the low field and high 

field results t;ho»vJ.d perhaps not be Interpreted usins the 

relaxation theory.
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C F A B T E I! VI 

The Effect of Varying \d in the scalar Sseetral
junction or the Dirrgglo.1 ' podel.

Introduction.
Froai tit; results ol the last chapter it a^peara that a 

satisfactory function for t^ tia® dependence of the scalar 

Interaction has yet to b& postulated* In deriving the 

expression Tor the scalar spectral density function Je(co) f 

for the ^iffuaioa "odel, Hubba?d (>) <u-;de the assumption 

tlifet X^ >> 1. Accordingly, a siaple and obvious ^Iteration 

to thie function is to investigate the dependence of Je(o>)
. 7^.on Xd tnil calculate th@ correspoudiog P versus (o> ^n ) curves.

Theory,
The equation for tbo scalar s^otral density J@(u)) is 

given by Kubb&rd (5).
Xd) 2

U-CQS uUu(u4.AA).(.6ln u^ccs
J

.....(6.1) 
where u =
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To find Te(o) T Iar;b .rd i-ntuaes thcxt Xd»u with tbo
that

e
~tt

a - coc n ..(6.2)

from which it follows

Je(o) / fi , N ..(6.3)

The reduced spectral density i« defied by 

!•(») »

if a

jfe(oi) » 1 [1 * ©~tt (sin a - oos a)] ..(6.4)

However no such auproxii8cttioas were a^,u^ iu tLit> work aa;j
was calculated fox4 vanoua values of Xa. farther since

lor on thi® is .p.vea by

...(6.5)

then ir^lues oJ /» can lie evaluated as a function ofI

for differeat values of S if 3e(«T) is kaown.



Variation of ...je(») with

Je(o) » Je(«) when 1 x 10
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0. 7238
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Ta~ble 6.1 .
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Results and Dicousaion
fable £.1 ehowo the values of Je(aj) calculated using the 

various values of Xd. It is interest iog- to note that 
Xd m 1,OOQ f before tha values of <Je(o») agree with those 
ealoulated by Hub bard (-» by putting Xd»u in equation/u)?i£. 6,1
shows je(u)} plotted aa a function ot («J* )''" for various valuesa c
of Xd, Figure 6«2 shows several typioal p versus
oorvea (with Xd « 1» 10, 20} oaloulated using these different
values of >U).

T]^ reBulte of thie v&riation of Xd in th@ scalar 
interaction funoti on are so ae what disappoint ing, for the 
agreement with experiment is worse than previouoly* H<r*ev**r, 
in the oaloulation of soalar shifts in chapter 4 , it was 
necessary to assuse a value for Xd* Tnia work does show that 
a miaiitum value of Xd « 1,000 ie required, if the appro linat ions 
made by Bubb&rd are to be valid •



OH A FT EH Y I j

with Proton Ke so nances, (47)

Introduction
Measurements of tb& proton electron Cverhauser effect 

in solutions of free radicals in organic solvents can usually 
fee interpreted in tenae of dipolar interactions between the 
proton and the electrons* The proton polarisation is inverted 
and may be increased by two orders of magnitude i quantitative 
agreement with results calculated from a &odel of randomly 
diffusing ephares i usually obtained us has b®e& shown in 
chapters III and V.

On the other hand, fluorine nuclear resonances of the 
solvent molecules in solutions of free radicals are often 
positively enhanced, particularly at 12,500 gausa* One case 
of a positive eahancesasnt has however been observed with 
protons* If a solution of the T.r.B.P. radical is prepared 
from an excess of the tri-tert -butyl phenol, then the proton 
resonances of the excess phenol caay be observed. With the 
resolution obtained, three peaks are obtained, if these are 
not masked by a solvent resonance* The peak from the aromatic 
protons occurs ; t T* 3.3f that from thy hydroxyl pioton at 
T» 5*5, and that from the tertiary butyl groups at T- 9.3* 
The different tertiary butyl groups are not resolved, bofe
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under conditions of very high resolution it i» possible 

distinguish them, the sop ration being o* 1 T t the para being 

to higher field.

In erejy solvent so far investigated the tert -butyl 

resonance is positively enhanced &t J,3QQ ancl 12f !>00 gfeue*. 

Where the other two lines can be observed the resonances are 

inverted in the normal way, A search has been made for 

similar behaviour using different radicals and a variety of 

compounds containing tert -butyl and methyl groups , so that 

this unueual behaviour could be investigated in more detail*

The double resonance experiments were carried out at 

3t JOO gaoss. Solutions of the various radicals were prepared 

as described in chapter II. The concent rat ion a of the 

radios! solutions were estimated from the intensity of the 

electron resonance at 350 Uc/s us previously.

The e.s.r. epeotra for the systems 

butyl phenol and for D.P.P.E.Ari-tert-butyl phanol 

measured on a Tarian T 4500 e.s.r. Qpectrometer.



Scale 1 cm.= 1.33 gauss.

Figure 7.1 (a).

Scale 1 cm.= 8.8 gauss.

Figure 7.1 ("b).
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Jesuits*

A, Tte Overtetjiser Effect.

The sign of the Cvej&auser effect was observed for a 
series of samples containing T.T.B.r\ radical and a variety 
ci^oapoun&B containing methyl and text-butyl groups. If 
necessary t o&rbon tetraonloride was added &s ©olveat. The 
re salts are summaris-ed in fable 7.1* It will be seen-chat

' -; «:•* X.

all the en&MWemeate &r® negative except for tht;t of the 
tert-but^l protons of tiae tri-tort-i,tttyl phenol which is 
positive. The sign© of the enhancements of the resonances 
of tri-t©rt-butyl phenol in solution in carbon tetraehloride

»

with several other radicals are shown in fable 7.2. The 
positive enhancement of tbe tert-outyl protons was again seen 
with gal vino xyl and with D.P.P.H.

B. E.3.H> Spectra.
Solutions of the tri-terl-buto'l phenol in carbon 

tetraehloride to which small amounts of D.r.P.H. had been 
added gave e.s.r. spectra which were on symmetrical (Fig. 7.Vb)» 
By using high coiicent ratio as (> 4M) of tise plvmol and low 
concentrations ( < 1(/^) of D.F.P.H. f th© e.s.r. spectra were 
partially resolved triplets, with a hyperfins splitting 
constant of approximfctely 1.7 gauss. Thio is the s&me value 
as the splitting constant, arising from the coupling of the
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.7.2

of enfe;noeaient at 3t30 i of
gfrenol resonance s«

Radical CH Aromat Ic

Phenoxide

D.P.P.1I.
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protons to the electron cm tLw 1.7.3.?. radical. 

This is illustrated ia Tig. 7. 1U> This simultaneous presence 

of the T.T.B.P. radical ia ia agreement with tlio work of 

Aysoough and Husaell (33) who Ubve studied the equilibrluau-

D.P.P.H. • l? S.P.r.K. - H

Siailurly solutions of tb© tri-tert-butyl phenol in carbon 

tetrachloride to which small amounts of ...Ivinoxyl had been 

added gava e,e*r. c;j«ctra which £.gaia were aneymetrical and 

consistent with the presence of a second radical. Tide ia 

chown in Fig. 7«4(a). By analogy with the above behaviour 

of D.P.P.B, | it was postulated thut ai oxidation of the 

plienol by she £aivtno3$yl radical h&d occurred forming the 

1,T«B»P. radical. This was investigated by taking solutions 

in carbon tetraohloride of the T.T.B.P. t»nd gcJ-Vinoxyl radicals. 

!The two samples were placed aide by side ia the probe and the 

spectrum recorded. Equal amounts of each sample were then 

mixed and the spectrum again recorded. This is illustrated 

ia Hg. 7.2 (a)-(d). Since the juttter tm> » ectra were 

quite similar it appeared that the two radicals could co-exist 

in the sazae solution without reaction between them taking 

pla.ee. A further point was that these spectra htd the same 

general shape as thoee produced by the tri-tart-butyl phenol 

4. galvinoatyl. This is illustrated in *ig. 7.4 (a) &nd &



(a).Galvinoxyl. (b).T.T.B,P.

/I :\ i

/I
A

\ I v "
i

(c). (d).

Galvinoxyl and T. T. B. P. (c) placed side "by side in pro0 

(d) mixed in same tube.

Figure 7.2



Figure 7.3- 50/50 mixture of Galvinoxyl and T.T.B.P.

i is
n \m\

Figure 7.4 (a). (o).

Galvinoxyl and tri-tert-"butyl phenol (a) freshly prepared 

("b) after several days.
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spectrum of a 50/50 mixture (by volume) is shown for 
purpose in £ig. 7.3. Pi*/. 7*4 (b) shows the spectrum 
obtained front the sema eolution as used la Fig, 7.-1- (a) after 
several daysf th& extra fine structure probably arising 
from the coupling of the tertiary butyl groups of the 
galvlnoxyl to the electron,

A study of the mechanism lpa<3irig to collapse of the 
ayperfina structure in T,T,B«F. in concentrated solutions 
was also aade* fhe concentration srt wrsich the hyperfine 
splitting arising from the two ofctu protons was first resolved 
at room temperature are shown ia Table 7.3 for a variety of 
solvents, The error for the results is - 15°/0.

The collapse of the hyperfine structure might 
from:-

(I) electron-electron
(IX) electroa-phenoxidfe
(Ill) electron-phenol exch^i^e (involving proton transfer).
^ince the collapse is siore or leas independent oiC the 

concent rat ion of unchan/ed tri-tert butyl phenol preset, the 
third mechanism oaa be ruled out. This is in accord with 
the result© of KrielicTc & v/iesaann (39) who iuote a rate 
conetaat, Jk * 30C ai" 1 1 s"* 1 for the electro a-phenol exchange 
in carbon tetrachloride. Tfcia would be too slow to account 
for th© collapse of the h/perfiae
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7.3

Concentration at which 
hype rf ice splitting 
appears.

4.0 x 10~%
3.0 x 10" •%

3.0 x 10~%

1.0 x 10*%

1.0 x 10 *.:

6 x 10*"%

Solvent

Ethanol
Carbon tetra-> 

chloride
* Arcton 113**.
Bea^ene
Ketiaanol

Et^nol 4> &to

V

Viscosity
(Oeatipoi©es)

1.30

0.97
0.79
0.65
0.60
2.0

* 1,1,1-tri chloro. 2-2-2 trifluoro-ethane*

the effect of adding a coa.-ide^able excess of the 
parent phenol to any of these solutions resulted in a 
slight increase in the concent ration at which hyperflne 
splitting appeared. This small affect ?/as attributed 
to a small increase in the viscosity of the* solution.
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The second mechanism could toe tested by addition of 
ethoxide ions to a solution of radical and tl* parent phenol 
in a suitable solvent. The ethoxid© ioas mi^ht b^ expected 
to f&voutr the formation of the pheaoxide aaion, resulting in 
an increase in tho rate t>r the exchange, with tbe consequence 
th&t the concent rat ion at which hyperfine splitting appears 
would be lower than that observed in t&3 absence of the phenol, 
This is not found to be the case,

Thus the mechanise* is presumably radical - radical 
electron exohan^, an<! osing the concentration given in 
Table 7. J f tb® rcte constant for this process is

«• i «<» 1 10 m "" 1 e 'in carbon tetrachlorlde.

Biacusaion*
nlaen tri-t©rt-butyl methoxy bensene was examined in 

solution in carbon tetrachloride with iVX.B.P. radical, all 
the proton resonances were inverted in the nonaal manner. 
It would appear therefore that tbe positive enhancement io 
associated particularly with the tri-tert-butyl phenol.

When the radicals P.D.I-U and B.P.I.I).A. were uoed with 
tri-»tert-butyl phenol, all proton resonances were inverted, 
tout with D,r.I%H* and galvinoxyl the tert-»butyl proton 
resonances were once again positively enhanced. However, 
the e.e.r. spectra of these last two solutions indicated 
that some of the tri-tert-butyl phenol had been oxidised to



T»T«B,F. radical* so that all the solutions which showed 
positive proton polarisation probably contained this radical. 
The positive enhance sent therefore see me to be particularly 
associated with solutions which contain both the tri-tert- 
butyl phenol ajid corresponding tri-tert-butyl phenoxtde 
radical,

In such solutions, there is a proton exchange reaction

ROH 4. EG ^ HO 4. !C'H

for which iVeissmaan Kn3 Kreiliok (39) h&ve found a rate
••1 «.i constant Jtep *" $®® m 1 s . In tke radical, the protons

are subjected to a strong scalar coupling to the electron, 
but the rate constant for ttiis exchange io fax- too low to 
modulate the sec l&.r coupling fast enough to sticiul *te the 
relaxation transitions required to produce a positive enhance­ 
ment of the nuclear resonance*

However, if there was so 00 oiechanism by which the scalar 
oouplln,-; could be suitably modulated at the tert-butyl protons 
of tfce radical, but not of the aromatic protons, then there 
could be built up a positive nuclear polarisation at the 
tert-butyl groups during the life of the radical and a 
negative polarisation (through simple modulated dipolar 

coupling) at the aromatic protons.
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Since the r;~te constant for the build up of Overhauser 

nuclear polarisation, is the nuclear spin lattice relaxation 

time, the positive polarisation will only occur if the life­ 

time of the radios! 7* is longer than the relaxation of the 

tert-butjl protons on the radical molecule, 1? « i.e.

the molecule accepts a proton and becomes a iamagnetic 

trl-tert -butyl phenol molecule, the positive pol-xlsation 

wiH be transferred, but will start to decay to the negative 

value expected for dipolar coupling, with the relaxation time 

of the protons in the aiamagwtic molecule, Tp, if, 

the molecule becomes a radical again before the negative 

polarisation Is established, the average polarisation of 

the tert-butyl protons of the phenol will remain positive, 

If the lifetisae of the phenol is "^ , then the above

condition is
(2)

fe do not b&v® eaough information to know ii conditions 

(t) and (2) are fulfilled in a typical solution. le do 

know that from the relative concentrations la solutions
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and thus from (l) and (2) using (3),

Tp > T /, x 
p R ^ 4 '

i.e.the relaxation time of protons radical molecules would 

have to be much shorter than that of protons in the 

diamagnetic phenol molecule. This is almost certainly the 

case.

The question now remains of how scalar coupling between 

the unpaired electrons and the tert-butyl protons of the 

radical could be suitably modulated. There is evidence 

(40, 41» 42, 43) that part of the scalar coupling of electrons 

to protons in radicals is transmitted by hyperconjugation. 

The overlap of the ^-orbital on positions 2, 4 and 6 of the 

ring with the methyl group would have an angular dependence, 

and would be modulated by rotation of the tert-butyl group. 

The potential barrier hindering rotation of these groups 

about the C-Caxisis probably low enough for the group to

undergo randomly hindered rotation at frequencies of the
10 —1order of 10 s . This would be a high enough frequency to

allow the scalar interactions to contribute significantly to 

the proton relaxation.
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Reprinted from the Journal of Scientific Instruments, VOL. 42, pp. 675-676, SEPTEMBER 1965
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Abstract. The essential features of the construction of a nuclear-electron double resonance 
spectrometer are described. Both a helix and a resonant cavity have been used as the micro­ 
wave resonators and the performances of both probe systems are compared. An example 
of the performance is given.

1. Introduction
The requirements of a nuclear-electron double resonance 
spectrometer operating at 3300 gauss with low resolution 
have been described (Richards and White 1962). A new 
spectrometer operating at this field has now been constructed 
with much improved resolution and convenience of operation. 
It is similar in design to the high resolution spectrometer 
operating at 12500 gauss (Richards and White 1963), and is 
designed to study solutions of free radicals at room 
temperature.

2. The magnet
A small permanent magnet manufactured by Mullard Ltd. 

has been used. The gap is 2 in. wide and the pole faces are 
5 in. in diameter. Small adjustments to the field of up to 
3% can be made by laying steel shunts across the yoke. 
This facilitates the adaption of the spectrometer to new 
microwave oscillators, the frequencies of which may vary 
slightly. Small corrections to the field required during 
normal operation are made by adjusting the current through 
a set of bias coils.

The inherent homogeneity of the magnet is poor, being 
about 1 part in 104 over a 5 mm sphere, because of the large 
gap to pole face diameter ratio. It has, however, been 
improved by using shim coils to correct for z gradient and 
curvature (Anderson 1961), and if a full set of 13 Golay 
(1958) current shims is then used to make small corrections 
a homogeneity of 3 parts in 107 can be achieved without 
spinning the sample. This corresponds to a proton line 
width of 5 c/s which is adequate for most double resonance 
work, since the nuclear resonance lines are broadened by 
the presence of the free radicals.

It is significant that such good resolving power can be 
obtained with a magnet having a ratio of pole face diameter 
to gap of as little as 2%. Long term stability is achieved by 
enclosing the magnet in an insulated temperature-regulated 
box.

3. The nuclear resonance spectrometer
The nuclear resonance spectrometer is almost identical 

with that already described (Richards and White 1963) for 
the spectrometer at 12500 gauss. A tunable oscillator is 
used as the local oscillator for the superheterodyne r.f. 
receiver, so that the band width of the i.f. amplifiers may be 
kept to a minimum, whilst still permitting the receiver to be 
tuned exactly to the nuclear resonance frequency, which may 
have to be changed slightly when a new microwave oscillator 
is fitted.

4. The electron resonance spectrometer
The electron resonance spectrometer is also similar in 

principle to the system used at 12500 gauss. The frequency 
of the microwave radiation must be sufficiently stable to allow 
the centre of the electron resonance line to be continuously 
irradiated. This requires a frequency stability of better than 
1 in 104. It is also necessary that the intensity of the radiation 
should not vary during a measurement. In practice a change 
in intensity of less than 1 % would probably not produce a 
measurable change in enhancement.

English Electric K350 and K336 klystrons fed from well- 
stabilized power supplies have been found to be satisfactory 
microwave sources. The intensity of the power applied to 
the sample may be varied by means of an attenuator fitted 
with a vane of silicon carbide. We do not know how much 
of the applied power actually reaches the sample. The output 
of the K336 is approximately 10 w and with non-polar 
samples, all this power may be applied without heating the 
sample unduly. The output of the K350 is rather less than 
10 w and the maximum achievable enhancements are lower.

Neither valve is easily tunable, and this is a disadvantage 
when a replacement becomes necessary.

Power measurement is achieved by sampling the applied 
power with a directional coupler and feeding it to a crystal 
via a calibrated glass vane attenuator. The attenuator is 
adjusted until the meter on the crystal output shows a 
standard deflection, and the relative power is then read off 
from the calibration chart for the attenuator. An absolute 
calibration was obtained by comparison with a Hewlett- 
Packard X-band bolometer and power meter.

5. The probe
Two types of probe system have been tried. In the first 

one a helix serves both as the microwave resonator and as 
the coil for the detection of the nuclear resonance. In the 
second one a separate coil is placed inside a microwave 
cavity.

5.1. The helix
A sketch of the helix with its screening can removed is 

shown in figure 1. The sample, in a 1 mm diameter glass 
tube, is placed inside the inner helix which has 10 turns 
and forms the microwave resonator. The large outer helix 
acts merely as an extension of the coaxial earth shield as far 
as the microwaves are concerned, but if it is removed there 
is a considerable decrease in nuclear resonance sensitivity. 
The outer helix is in series with the inner one and wound 
in the same sense, and so it obviously increases the inductance
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of the nuclear magnetic resonance coil, but reduces the sample observed with this solvent is - 130. With the same sample
filling factor. With a higher inductance the resistive losses 
in the leads to the probe become less important and the 
nuclear magnetic resonance sensitivity improves. This 
improvement must more than offset the loss resulting from 
the reduced filling factor.

Figure 1. The helix.

The method of matching the helix to the waveguide is 
identical with that described previously (Richards and White 
1962).

When the microwave power is applied considerable sample 
heating occurs, and cooling is achieved by immersing the 
whole probe in a bath of carbon tetrachloride. Polar samples 
may be used and enhancements can be achieved even with 
aqueous samples. The helix is, however, fragile and changing 
samples is inconvenient and involves difficult readjustment 
of the matching controls.

5.2. The cavity
An H011 cylindrical cavity is used. In order to reduce the 

size sufficiently for it to fit the magnet gap, it is filled with a 
polystyrene dielectric. Tuning is achieved by screwing the 
bottom of the cavity up and down on a fine thread. The 
small air gap between the bottom of the dielectric and the 
bottom of the cavity does not seem to be important. The 
nuclear magnetic resonance coil is wound on a thin quartz 
former which fits into a hole through the middle of the 
polystyrene. The microwaves are fed in via a coaxial lead 
and coupling loop. The sample is cooled by blowing air 
over it from beneath. A sketch of the cavity is shown in 
figure 2.

With non-polar solvents, sample tubes of 5 mm diameter 
may be used, but polar samples must be in 1 mm diameter 
tubes. The cavity does not function very well with very polar 
solvents, such as water, but with suitable samples it is very 
much more convenient to use than the helix.

6. Performance
Figure 3 shows an enhancement of the proton resonance 

of a sample of dimethyl formamide, containing 2,5 di- 
tertiary butyl semiquinone radical, obtained with the helix. 
In this sample, which is a concentrated solution of radical, 
the line width is dominated by the paramagnetism of the 
sample, and not by the magnet, but even with pure dimethyl 
formamide the resolution is not good enough to resolve the 
two methyl resonances. The maximum enhancement

in the cavity, the maximum enhancement was -100, but an 
enhancement of —180 has been observed with the cavity 
and a sample of tri-butyl phenoxyl radical in chloroform. 
Since the cavity is more convenient we prefer to use it if 
possible.

Microwave co-axial line

Quartz sleeve

R.F. co-axial leads
Polystyrene dielectric

Screw thread

Hole for coolinq air 
Figure 2. The double resonance cavity.

Microwave 
power on

Figure 3. Overhauser enhancement of the proton resonance 
of dimethyl formamide containing 2,5 di-tertiary butyl semi­ 
quinone radical. The spectrum is being repeatedly scanned 

from low field to high field (left to right in the figure).
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Apparatus is described for ra<'asi;:-;:ig ini'jlor.r electron tionblo resonances t*t magnol ic n.-ltls 
of 12.500 G, iii tiio :iilci- .j\\\i\\) iv>Uiu.tlo;i of abu>.^ 3.jO('OMc/a aiitl at nuclear r-. -Jor-^.-ico 
iVoq\Jcncics from 3 to CO ALe/.s. Tlic microvavo cii\.uio permits saturation of sola;.;uu^ of cr. rf sin 
orgaaic free radicals i'/t solution in i.oii-pr^ar t>o!voiits \v-iien placed in a microwave cuvity 
with a radio-frequency coil mouutod inside. The revolving power of the nuclear rosoniuiro 
spectrometor is better than 1 in 108 . fvccGrdings arc presented to illustrate the perfonriancc 
of "iiio apparatus.

\Vhe,i tlie electron resonance in a solution of a paramagnetic solute is partially or 
coinv)k-tely saturated, striki:ig changes in tne nuclear resonance spectrum are often 
brought about (Overhauser 1953; Andersen 1960; Richards & Vv'hiue 1962 a, 6, 
1963); the nuclear resonance may be enhanced or reversed or even shifted. The 
nature of the effect can give detailed insight into the mechanisms of the inter­ 
actions in the solution, and in some cases the signal/noise of the nuclear resonance

microwave
spectrometer!

i

L
cavity

ricia , 
. weep :

modulation 
sc/uree

a.t.p!iasc sensitive 
detector

rccu:;: e"

FIGUF.E I. Block diagram of apparatus.
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can be so greatly increased as to make it possible to observe resonances too weak 
to be scon under normal conditions.

Experiments on these effects have so far been conducted at low magnetic fields 
(3000 G) and with low resolving power. The instrument described here ha?.-Ven 
constructed to explore the effects obtained at magnetic fields of 12500 G wish tr.e 
homogeneity normally used for high resolution n.ni.r. The layout of the whole 
instrument is shown in the block diagram (figure 1).

2. THE -:.:AGXET
A large permanent magnet has been generously —ovidcd by Milliard Ltd. The 

field strength is 12500 G in a gap 0-5 in. by I-:-,So in. The pole pieces are optically 
polished and can be tilted slightly to optimize the field homogeneity, usin-:: a 
design similar to that of the smaller magnet described by Evans & Richards (1960). 
The yoke is provided with four mechanically coupled shunts which give a total 
field shift of ± 1 % from 12500 G. Additional removable shunts can be used to 
reduce reversibly the field by a further 1 % if required. The homogeneity of the 
magnetic field is about 1 in 10s over a 5 mm sphere. A set of nine Golay current 
shims (Golay 1958) is litted ki the gap which permit a homogeneity of about 2 in 10s 
to be achieved over a 5 mm diameter sample without spinning.

The magnet rests on a layer of expanded polystyrene on a supporting frame, and 
is surrounded by an aluminium box which can be held accurately at a fixed tem­ 
perature. The air inside the box can be circulated to improve the uniformity of the 
magnet temperature. This system of temperature control easily maintains a 
magnetic field stability good enough for high-resolution work.

3. THE MICROWAVE SPECTROMETER
The microwave source is an Elliott-Litton SFK1 klystron. To obtain the 

necessary frequency stability, a very stable power supply has been built, and the 
cooling water for the value is circulated from a constant-temperature bath.

The power supply was designed and constructed by Mr D. Cook in this labora­ 
tory. It provides electronically regulated supplies for the filament, the focus 
electrode and the cathode of the klystron. The cathode supply can be set between 
1 and 4 kV at a maximum current of 250 mA; at 4 kV the nipple is only a few 
millivolts and the voltage stabilization ratio is 40000 to 1.

The frequency stability of the klystron was measured by setting the spectro­ 
meter on the side of a very narrow electron resonance line. Xo fluctuations could 
be observed, which means that there were none of as much as 5 p.p.m. Tlie 
temperature coefficient of the frequency was found by allowing the cooling water 
of the klystron to cool off very slowly while the nuclear resonance in a radical 
solution was constantly retraced. As the frequency of the klystron drifted into the 
electron resonance line of the radical, the nuclear resonance became weaicer, was 
inverted more and more strongly until the centre of the electron resonance was 
reached. Some sections of this recording are shown in figure 2. The temperature 
coefficient turned out to be 7 Me s"1 uejO1 .
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The power ovrup\-t of the klystron is not always stable; one valve showed ; 

low-frequency periodic variation of power of as much u;s 10%, while anc^he,. hat; 

less coherent fluctuations of higher frequencies. By adjustment of the opc-i'.uLvj; 

conciit on* of the valve and perhaps sacrificing some power, noise can of run be, 

minim zed; unless this can be achieved it i;; hard to observe electron resonances 

in solutions of radicals with concentrations less than 0-01M.
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FIGUEE 2. Temperature coefficient of klystron frequency.

The microwave circuit is shown in figure 3. The radiation passes through an 

isolator, I, to a wave-guide switch, S, and thence to a load, LI} or to the spectro­ 

meter. After the switch there is a microwave bridge which serves as an attenuator; 

by varying the phase-shifter, P, in one arm, the power can be shared between the 

cavity and the load, Lz> by means of the magic tecs, T. A fraction of the micro­ 

wave power is taken via directional couplers to a wavemeter, IF, and to a bolo- 

liiCtor, B. The power is monitored at B with a Hewlett-Packard model 430 C power 

me'xr. The main power passes through the matching unit, 31, to the cavity.
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ivcilcctod power can be monitored by the crystals, X. Electron resonance .-;>' :_ 
can be displayed on an oscillograph or recorded by using magnetic field modula 
and a phase-sensitive detector in the usual way.

temperaturo-
regulated
klystron

T,
,_ *

* rl

power level 
crystal

reflexion ._ 
monitor (V)——p^f

5 I^ sr
crystal

to the cavity
FIGURE 3. Microwave circuit.

4. THE NUCLEAR RESONANCE SPECTROMETER

The radio-frequency source is a Schomaiidl frequency syntheziser ISTDo and 
NDFI with the NB 7 harmonic amplifier. The frequency synthesizer is locked to a 
100 kc/s g.t. crystal oscillator in the laboratory. A variable speed synchronous 
drive has been added to the ISTDF1 to enable the output of the frequency source to 
be swept in frequency at various speeds.

The source drives a twin-T r.f. bridge with the nuclear resonance coil inside the 
microwave cavity. The radio-frequency amplifier was built by Decca Radar Ltd, 
and consists of wide band preamplifiers and two 60 Mc/s i.f. amplifiers. Plug-in 
crystal-controlled local oscillators (113-2 Mc/s for the proton resonance at 53-2 lUc/s) 
are used for different frequencies. There is a phase-shifter in one of the i.f. amplifiers 
and a 60 Mc/s phase detector. The output from the detector can be displayed 
directly on an oscillograph or a recorder.

When microwave power is applied to it, the sample is heated, and a small drift 
in the bridge balance occurs which can cause serious zero instabilit}^ in recoi'ding^. 
In normal use, therefore, the magnetic field is modulated at a suitable frequency 
between 20 c/s and 5 kc/s (usually 1 kc/s) and the nuclear resonance is detected on 
the first audio sidebands. The audio component of the signal is amplified, detected 
with a phase detector and displayed. The zero is then independent of bridge 
bala:
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The nuclear resonance may be scanned either by sweeping the frequency source 
or the field, "^iv.cmency scan is limited to a few kilocycles per second by the band 
width of the r.f. bridge. If the n.m.r. spectrum lies well inside the electron re­ 
sonance line it is usually more convenient to sweep the field.

5. TKS PE.OBE

The probe consists of an aluminium TEQln microwave cavity with an r.f. coil 
inside (figure 4). The walls of the cavity 'are very thin, to assist optimum magnetic 
field homogeneity for the r.^olear resonance measurements. Tuning is achieved

Q band waveguide—-j spinning turbine

r.f. cable to bridge

n.m.r. coil

tuning plunger

FIGURE 4. The probe.

by a plunger which has been shaped to give maximum Q when there is a thin- 
walled quartz sleeve (5 mm o.d.) along the axis, and has a quarter-wave choke to 
reduce leakage. The power is coupled into the side of the cavity well away from the 
nuclear resonance coil. The cavity is matched by the coupling iris, the plunger and 
the transformer, M, shown in figure 3. The quartz sleeve passes through an annular 
disk of Teflon in the roof of the cavity and slides through the axial hole in the 

plunger.
The r.f. coil is mounted on the quartz sleeve 4-8 cm from the top of the cavity 

and for work at 53-2 Mc/s is four turns of 42 s.w.g. copper wire. The sample is 
contained in a thin-walled glass tube which hangs fret^y in the quartz sleeve from 
the spinner mounted above the cavity. Cooling air can be forced into the cavity 
through the axial hole in the plunger.
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The nuclear resonance spectrometer has the performance expected from a li:;:h 
resolution apparatus at this neid strength. The field homogeneity is shown by the 
ecordings of the quartet proton resonance of acctaldehyde in figure 5, (a) without 
pinning the sample and (6) with spinning. This resolving power is adequate for most
i i"i > I .' ^ ' ,"} T»rio/-M'-» o t~i r*e* ivm?*]?-double resonance

(«) (b)
FIGURE 5. CHO resonance of acetaldehyde at 53-2 ~lc/s; (a) without sample

spinning, (6) with sample opi:ming.

(b) <»*«Vv»^'*"«lv/

FIGUKE 6. (a) Shape of nuclear resonance near zero nuclear polarization for different matching 
between cavity and waveguide. (6) Nuclear resonance with correct matching.

The electron resonance spectrometer is extremely simple and has rather low: 
signal to noise because the Q of the cavity with r.f. coil inside is only about COO. 
Nevertheless, with a microwave power of about 1 W at the cavity, the electron 
resonance H-^ field, Hlt e, is great enough partially to saturate the electron resonance 
of free radicals such as semiquinones and phenoxy radicals. With powers of 1 W, 
we have found it possible to use only non-lossy samples; with lossy solvents such 
as water or alcohols, the heating efTect of the microwaves is often great enough to 
destroy the sample.

With HQ fields as homogeneous as obtained in this instrument, special care must 
be taken to ensure adequate homogeneity o: the Hlt e %lcl. If this field is inhomo- 
geneous over the sample, some parts of the s^mpie become more strongly saturated 
than others so that distorted nuclear resonance signals are obtained. This is
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illustrated in figure 6 where it is shown that the dynamic dipolar coupling between 
electrons and nuclei in a solution of 2-5 di-l&rt. -butyl phcnoxy in benzene causes 
the nuclear resonance to be inverted when microwave power is applied. The 
repeated proton resonances in figure 6 (a) correspond to microwave power.-; 
sufficient nearly to equalize i-lie nuclear populations. At some power settings Dart 
of the sample has its nuclear resonance inverted while the other part still Las a 
positive polarization. By careful adjustment of the matching transformer, J/, 
the shape of the IIit e field in the cavity can be slightly changed until it is uniform 
enough over the sample to give the recordings shown in figure 6(6).

(t being tert.-butyl)

FIGURE 7. Power dependence of the dynamic nuclear polarization of the protons in a befczeno
solution of the radical indicated.

Figure 7 reproduces a typical set of recordings showing the power dependence of 
one nuclear resonance line in a particular sample. It is more convenient to make 
a rapid set of recordings at different powers for each chemically shifted line in 
turn, than to scan the whole spectrum each time, to avoid unnecessary heating 
of the sample.

This instrument has been developed and constructed with a grant from the Paul 
Instrument Fund of the Royal Society for which we are most grateful. We also 
thank Milliard Ltd for most generously supplying the large permanent magnet.
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The advantages and disadvantages of using low magnetic fields when measuring concentrations 

of free radicals by electron resonance spectroscopy are discussed and several ways of integrating 
the differentiated absorption line which is usually obtained are considered. A spectrometer operating 
at 130 gauss is described.

The determination of the rate constants for the electron exchange between anions of potassium 
pentacyanonitrosochromate, K3Cr(CN)sNO . HaO, in several solvents is described.

I. MEASUREMENTS OF CONCENTRATIONS OF FREE-
RADICALS USING A LOW FIELD E.S.R. SPECTRO­
METER, AND A DOUBLE INTEGRATING SYSTEM

The area under the absorption mode of an electron resonance signal is pro­ 
portional to the number of unpaired spins in the sample. Thus the concentrations 
of different solutions of free-radicals may be compared by observing the electron 
resonance absorption curves, and comparing the areas under them. If a standard 
of known concentration is available then absolute spin concentrations may be 
determined.

Most electron resonance spectrometers work at frequencies in the micro-wave 
region of the spectrum, when a resonant cavity is used. The signal amplitude obtained 
for a given applied power, depends upon the Q of the cavity and this is often seriously 
affected by dielectric loss in the sample. This is particularly important with polar 
samples, and serious errors can occur when comparing samples with different 
dielectric constants. These considerations are not so important when operating 
in the radio-frequency region of the spectrum, and a spectrometer has been used 
which operates at 350 Me/sec. The corresponding magnetic field is about 130 gauss.

For a given sample volume, a low field spectrometer suffers from a decrease in 
sensitivity compared with an instrument operating at 3500 gauss, the corresponding 
field for a 3 cm electron spin resonance spectrometer. However, it is often con­ 
venient to use larger samples at low field, and by so doing some of the lost sensitivity 
may be regained. With aqueous samples, for example, particularly small sample 
sizes must be used at 3500 gauss, but at 130 gauss the sample size is limited only 
by the dimensions of the coil.

INTEGRATION OF THE LINE

It is convenient when observing broad resonance lines such as electron resonance 
spectra to modulate the magnetic field at an audio-frequency and then to use a

* present address: Imperial Chemical Industries Limited, Petrochemical and Polymer Labor­ 
atory, The Heath, Runcorn, Cheshire.
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phase-sensitive detector. When the field modulation amplitude is very much less 
than the line width a differential of the true absorption line is obtained. Several 
methods are available for obtaining the area under the absorption line, (i) The 
differential line may be recorded and then integrated twice graphically. Satis­ 
factory results can be achieved but the calculations are tedious, (ii) The area under 
the absorption line is proportional to the first moment of the differentiated line. 
Verdier, Wipple and Schomaker,i have shown that this is true, even if the line is 
modulation broadened. However, the calculations are again tedious. This method 
may be suitable for use with a multi-channel spectrum accumulator (C.A.T.) which 
will automatically give the first moment of a line. Such instruments are com­ 
mercially available but are expensive, (iii) The differential line may be integrated 
electronically. To do this the base line of the differential signal must be very stable, 
and the output of the phase-sensitive detector 
must be balanced exactly to zero when there is 
no signal. Incorrect adjustment causes drift in 
the baseline of the integrated signal. Any inherent 
drift in the integrator will have a similar result. 
In practice it is difficult to obtain a drift-free in­ 
tegral especially if the signal to noise ratio is poor. 
The second integration may be performed by 
drawing an approximation to the drifting base­ 
line, and using a planimeter to measure the area 
under the curve.

Alternatively, a second electronic integrator 
may be used, and drift compensated for as follows. 
If the line is swept from low field to high field, 
the output of the first integrator will follow the 
line A, B, C in fig. l(a). The line AC represents 
the drifting base-line. The reading on the second 
integrator will represent the whole area ABCD. , 
That is the area under the line plus the drift. If 
the first integrator is now reset, and the line swept 
in the other direction, the signal will be inverted but 
the drift will stay in the same direction, and the FlG 
output of the first integrator will follow the line 
DEG in fig. l(a). If, however, at point C the con­ 
nections to the second integrator are reversed, the signal which this integrator received 
will be represented by fig. 1 (b), and the integral recorded will be twice the area under 
the line the drift having been eliminated. This will only be so if the drift is con­ 
stant and linear. Also any inherent drift in the second integrator will cause an 
error but this may be eliminated by repeating the experiment with the connections 
to the second integrator always reversed relative to the first experiment, and aver­ 
aging the two results. This is by far the most convenient method of doing the double 

integration.

SPECTROMETER

MAGNET-The magnetic field of about 130 gauss is produced with a pair of
HelmhoUz coils of about 14 in. diam, each having 10,000 turns and a resistance
f Tin ohms A stabilized magnet power supply is used. It was designed by

Mr D CoTk, and he output nfay be swept linearly from 250 mA to 400mA by

(a) and (b) Compensating for 
a drifting baseline.
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The advantages and disadvantages of using low magnetic fields when measuring concentrations 

of free radicals by electron resonance spectroscopy are discussed and several ways of integrating 
the differentiated absorption line which is usually obtained are considered. A spectrometer operating 
at 130 gauss is described.

The determination of the rate constants for the electron exchange between anions of potassium 
pentacyanonitrosochromate, K3Cr(CN)sNO . I-kO, in several solvents is described.

I. MEASUREMENTS OF CONCENTRATIONS OF FREE- 
RADICALS USING A LOW FIELD E.S.R. SPECTRO­ 
METER, AND A DOUBLE INTEGRATING SYSTEM

The area under the absorption mode of an electron resonance signal is pro­ 
portional to the number of unpaired spins in the sample. Thus the concentrations 
of different solutions of free-radicals may be compared by observing the electron 
resonance absorption curves, and comparing the areas under them. If a standard 
of known concentration is available then absolute spin concentrations may be 
determined.

Most electron resonance spectrometers work at frequencies in the micro-wave 
region of the spectrum, when a resonant cavity is used. The signal amplitude obtained 
for a given applied power, depends upon the Q of the cavity and this is often seriously 
affected by dielectric loss in the sample. This is particularly important with polar 
samples, and serious errors can occur when comparing samples with different 
dielectric constants. These considerations are not so important when operating 
in the radio-frequency region of the spectrum, and a spectrometer has been used 
which operates at 350 Me/sec. The corresponding magnetic field is about 130 gauss.

For a given sample volume, a low field spectrometer suffers from a decrease in 
sensitivity compared with an instrument operating at 3500 gauss, the corresponding 
field for a 3 cm electron spin resonance spectrometer. However, it is often con­ 
venient to use larger samples at low field, and by so doing some of the lost sensitivity 
may be regained. With aqueous samples, for example, particularly small sample 
sizes must be used at 3500 gauss, but at 130 gauss the sample size is limited only 
by the dimensions of the coil.

INTEGRATION OF THE LINE

It is convenient when observing broad resonance lines such as electron resonance 
spectra to modulate the magnetic field at an audio-frequency and then to use a

* present address: Imperial Chemical Industries Limited, Petrochemical and Polymer Labor­ 
atory, The Heath, Runcorn, Cheshire.
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phase-sensitive detector. When the field modulation amplitude is very much less 
than the line width a differential of the true absorption line is obtained. Several 
methods are available for obtaining the area under the absorption line, (i) The 
ditterential line may be recorded and then integrated twice graphically. Satis­ 
factory results can be achieved but the calculations are tedious, (ii) The area under 
the absorption line is proportional to the first moment of the differentiated line. 
Verdier, Wipple and Schomaker,* have shown that this is true, even if the line is 
modulation broadened. However, the calculations are again tedious. This method 
may be suitable for use with a multi-channel spectrum accumulator (C.A.T.) which 
will automatically give the first moment of a line. Such instruments are com­ 
mercially available but are expensive, (iii) The differential line may be integrated 
electronically. To do this the base line of the differential signal must be very stable, 
and the output of the phase-sensitive detector 
must be balanced exactly to zero when there is 
no signal. Incorrect adjustment causes drift in 
the baseline of the integrated signal. Any inherent 
drift in the integrator will have a similar result. 
In practice it is difficult to obtain a drift-free in­ 
tegral especially if the signal to noise ratio is poor. 
The second integration may be performed by 
drawing an approximation to the drifting base­ 
line, and using a planimeter to measure the area 
under the curve.

Alternatively, a second electronic integrator 
may be used, and drift compensated for as follows. 
If the line is swept from low field to high field, 
the output of the first integrator will follow the 
line A, B, C in fig. l(d). The line AC represents 
the drifting base-line. The reading on the second 
integrator will represent the whole area ABCD. 
That is the area under the line plus the drift. If
the first integrator is now reset, and the line swept "~ c 
in the other direction, the signal will be inverted but (tO 
the drift will stay in the same direction, and the FlG i._(a) and (6) Compensating for 
output of the first integrator will follow the line a drifting baseline. 
DEG in fig. l(a). If, however, at point C the con­ 
nections to the second integrator are reversed, the signal which this integrator received 
will be represented by fig. 1 (b\ and the integral recorded will be twice the area under 
the line the drift having been eliminated. This will only be so if the drift is con­ 
stant and linear. Also any inherent drift in the second integrator will cause an 
error but this may be eliminated by repeating the experiment with the connections 
to the second integrator always reversed relative to the first experiment, and aver-

,. m, • •_ i_. r~- *i.~ ~,^ot /^m/eruont mpthnn nf nninp the doiihle
aging the two 
integration.

miegraior always icv^iauvi IVJU.HYW ,.~ ***~ ~».,- ...r .. —__„_,
results. This is by far the most convenient method of doing the double

SPECTROMETER

The magnetic field of about 130 gauss is produced with a pair of 
.—inemagncu ms and a resistance.-j-.-sas
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means of a motor driven helipot. A ten-speed gearbox gives a variety of sweep 
rates. The supply is stabilized to better than 1 in 104 which corresponds to a field 
stability of better than 13 milligauss. The field inhomogeneity over a 7 mm diam. 
sample is considerably less than this.

DETECTION SYSTEM.—The radio-frequency detection system is a marginal oscillator 
operating at 350 Me/sec, which was purchased from Alpha Scientific Laboratories 
Inc., California. The oscillator was modified so as to permit the level of oscillation 
to be monitored. Small adjustments could then be made to the feedback control 
in order to maintain a constant level of oscillation with each sample. One kc/sec 
field modulation is used, and the audio-output of the Alpha unit is amplified, and 
fed via a calibrated attenuator to an audio-phase sensitive detector. 2 The output 
from this detector may be either displayed on a pen recorder, or integrated as 
described above.

INTEGRATORS.—The integrators are of the Miller type. This design requires 
a high-stability d.c. amplifier, and both Solartron type AA 1023 and Fenlow A 10 
amplifiers have been used.

PERFORMANCE

With radical concentrations greater than approximately 10~4 M, relative con­ 
centrations may be measured to an accuracy of better than 5 %. With more dilute 
solutions, which give reduced signal to noise the accuracy is less. Fig. 2 shows a 
plot of the areas measured under the absorption curves against relative concentra­ 
tions for a series of samples prepared by quantitative dilution of a solution of 2,5- 
di-tertiary butyl semiquinone radical in dimethyl formamide.

original relative concentration
FIG. 2.—Measured spin concentration against known relative concentration for samples of 2,5-

di-t-butyl semiquinone in dimethyl formamide.

The accuracy of absolute concentration measurements depends upon the accuracy 
to which the concentration of the standard is known. Some difficulty was experi­ 
enced in finding a suitable stable standard. An obvious choice would seem to be 
a solution of a paramagnetic inorganic salt, but such resonances do not occur within 
the range of scan of the spectrometer.

Experiment suggested that the purest solid radical available was a sample of 
potassium mtrosyl disulphonate K2(SO 3) 2NO prepared according to Palmer 3 
Solutions of this salt are most stable if strongly alkaline but even then decompose
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slowly with time. A freshly prepared solution was used to calibrate the signal from 
a sample of natural calcite, which was then used as a stable secondary standard 
Care was taken always to place the calcite crystal at the same orientation to the 
field.

II. ELECTRON EXCHANGE IN POTASSIUM PENTACYANO- 
NITROSOCHROMATE SOLUTIONS

In dilute solution the electron resonance spectrum of the pentacyanonitroso- 
chromate anion [Cr(CN)5(NO)p- is a triplet as a result of coupling of the electron 
to the nitrogen atom. In concentrated solutions the spectrum collapses to a single 
line because of the averaging effect of electron exchange between anions. Rate 
constants for the exchange can be determined by investigation of the line widths 
of solutions of sufficiently low concentration for the fine structure to be visible.

When the exchange rate is below that required to cause the collapse of the fine 
structure the exchange frequency is given by 4

We = I/T = 0-75 V3y( Atf- A//o), (1)
where We is the exchange frequency, i the average time which a particular electron 
spends between exchanges, y the gyromagnetic ratio of the electron, and A// and 
A//o are the peak-to-peak line-widths of the differential line in gauss, with and without 
exchange respectively. If the exchange between radical anions is a bimolecular 
process the average time between exchanges is given by

T = like, (2)
where k is the second order rate constant and c is the radical concentration. From 
eqn. (1) and (2),

kc = 0-75 V3y(A#- A#0). (3)

Fig. 3 shows plots of line width against concentration for solutions of potassium 
pentacyanonitrosochromate in various solvents. The widths were measured on differ­ 
entiated signals, each being the average value of the peak-to-peak separation of the 
three lines in the spectrum. The concentrations were measured by double integra­ 
tion, as described above.

The solutions in water, curve (1), show a marked deviation from linearity at 
low concentrations, and this behaviour is also seen to a lesser degree in the solu­ 
tions in the 50/50 acetone+water mixture, and very slightly in formamide. The 
slope of the linear portions of the curves correspond to bimolecular rate constants 
between l-7x 10» 1. mole-i sec-i (water) and 5-4 x 10» 1. mole-i sec~i (acetone + 
water, 80/20). The other solvents give values, in units of 10« 1. mole' 1 sec" 1 , as 
follows: 1-8 (glycine in water), 1-9 (formamide) 2-0 (acetone + water, 50-50), and 
2-2 (dimethyl sulphoxide).

There appears to be a very approximate inverse relationship between the rate 
constant and the dielectric constant of the solvent. It may be that this indicates 
that two ions of opposite sign are involved in the exchange, and hence it is possible 
that cation participation is important in the rate-determining step.

The curvature shown by the aqueous solutions implies some extra broadening 
mechanism, as the value of A7/0 obtained by extrapolation to zero radical con­ 
centration is greater in this case. A possible explanation of curvature may be hat 
tadilute aqueous solutions the exchange is retarded by the ice-Ute structure 
resulting from hydrogen bonding and only when the salt concentration becomes 
sufficient to break down the structure does the exchange become a second-order
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effect. The linearity of the solutions in aqueous glycine may possibly be accounted 
for similarly, as a result of the breakdown of the hydrogen bonding of the water 
by the added glycine. In the formamide solutions, where some hydrogen bonding 
is possible, some curvature of the line may be expected, and is observed; but an­ 
hydrous dimethyl sulphoxide, in which hydrogen bonding is absent behaves as an 
ideal solvent, and shows no curvature.

3-0 -

if)
t/5

3to

mole/1.
FIG. 3.—Variation of line width with concentration for solutions of potassium nitrosyl chromi-

cyanide in different solvents.
Solvent: 1, water; 2, acetone+water 50/50 v/v; 3, acetone+water 80/20 v/v; 4, formamide; 

5, glycine in water (20 % wt/wt); 6, dimethyl sulphoxide.
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COMPUTER PROGRAMMES,

FORMULA 1 • is for calculating values of J,( OJT ) as a function of 
1
for different Xd.

Je(o>) is given by equation (6.1 ), 
and

Je(o) lim.Je(u)

i

FORMULA 2« is for calculating p as a function of (cur)"2 ,
the values of j (co) from FORMULA 1 ,for different £.e
p is given by equation (6.5).

FORIvlULA 5« is for calculating p as a function of (cur) for the 
Modified Sticking Model, for different K and, 8.
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TITLE
FAPAQ FORMULA* 
CHAPTERo 
A-30
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C 3 o=

i)READ(Eo) ...

NEWLINE 
NE'VLINE 
PRINT(CI)
NEWLINE 
PRlNT(Eo) 
C= 3 CI 
J=i (1)30

RE AD(EJ) * - 
READ(AJ) .. 
2)X=4oBJ-CAJ

Z=X/Y
W=XLOQ( .1 666666666667)
T£WLINE 
PRINT(EJ)3, 2 -

REPEAT
REPEAT
JUMPi
END
CLOSE
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DATA -TAPE AS PER OUTPUT OF PREVIOUS PROQRAMME.
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