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ABBTRLCT

The eleotron~:uclear (verhauser effect o~ 8_in 3 nuclei
in ¢olutions contrining free radic:ls has beer culculsted
from a method based on the treatme:t uced by Solomon. The
msgnitude and 'si - ‘of the enhzncement of the nuclear signal,
which may be representel oy a factor P depends on the nuture
a0 time dependeice of the eleetmn-nuclesr couplir;g, w.ich
is assumed to be either éipolar or ©0Cular, ihe ti.me
dependence for the dipole-iipol:s inmteructions is assumed to
arise from the trenslational diffusion of the free radicels
vnd the wmolecules ccataining the auclei, Three modeiv ure
employed for t Le scalar iateractions, In the first of these,
termed the Hticking Yodel, the zcuitr interaction is assun-d
t0 be finilte oaiy while a molecule ani Tree redical are
"gtuck® together, Tuis sticking time i. assumed to be suort
in conpiricon with the Jiffusional correlation time, Howev.r,
an altepr:ative wodel in which this essumstniocon is 20t made has
bsen postulsted to explain certain cxperim ntal wesalts,

This 18 termed the ¥0dlfied Ttickin iodel, In the third
model, called tre l'iffusion Model, the ly otheels is made
tii:t the ceczl- v interzetlon is a very short ronse intv.r-ction

w#ith moygoitude

% 3(a/B) sxp. [ -A(2-3) ],



N
(S
P‘

oA

O

. v e e e eim e o T e I
‘3:11‘31’3 Q\ d >'> 19 L LA..d 7\ ?LLSCQ-‘&US; ER UL‘J dwu’u» PR S
cetwecn a nucleus ong gn cloctron, wnd o is Tog Giouanes

- - e - - « y 3 2 1 L N e I
or ¢rLozcost coprocen; inside of walicu

. Y- &0 RS ~ £ PN
In this model the time depondence of the cca

A o o A R T + 4y s A ~
a2t in the cacc of tne dirolur interactlions, olrlzes 200 LAG
rGLaYive Clflusion o the molecules and fese racicois L TAC

-

For gll the models of the scolcr interacuion, ’J Moy Be
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ploctitcd us a function of & vhere J_ 1is the electron

Larnor frequency and 'c the correlation time cna 11t is zound

that the sign of R may caun;c, The product W& T ooy
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@ gltered by working at different magnolic I:L1ig or

OJ

changing fc. From mcasuremenis, at two difrevent mn - tic
ficlds, of the nuclecr spin-lctiice relaxetion timzs, wne
concentration of free rudicsl in the solution ond /7, the
tneories allow the cabculetion of the mean dilfusich
coefrlicient of the radiccls und molecules in ssiution, ths
correlation times and the mecsure of the rolaotive imnoriance
of scalar and dipolar intercctilions.

Lxneriments on fluorinuted cnd pnroionic sclvenis

containing the redicul tri-teri-buiyl shenoxyi {(T.7.B.T.) hove

been carried out at two dilfercnt magnetvic Jlelus., The
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proton=LCree radical intercctlons may bve

02 ¢inole-dipole intcractione, On thc other hnnd with
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fluorine nuclei scaler ocoupling does seem to be imports~t.
The Sticking odel does not succesfully desoribe the effeoct
of this couplin., The other models sive reasonable values
for the oalculabls parameters, but it i¢ difficult to decide
unambiguously between them,

If scalar coupling doeg oceur, a sealar shift of the
auclear resonance is expected, This huzs been observed for
hexafluorobenzene solutions containing T.T.3.F., The
theoretical and experimental results are compared, and while
either theory might explain tic observed shift, less
assumptions huve to be made in usiny the Diffusion Nodel.

The correlztion time dependence of the Cvarhsuser effect
has &lso been studied for two systems, hoxafluorovenzene and
1-1-1-trichloro~2-2-2-trifluoro-ethane, at two mugnetic fislds,
The ¢orrelation times were altered by addition of carbdon
disulphide or a chlorin.ted .ylircezrvon or by chaunging the
temperzture of tic sample. waldtatively the Diffusion lodel
was 1. best agreewent with the cxperimental rosulis, but
quantitiatively, neitler model was satisfactory.

In the Diffusioa Fodel, the azsumption Ad»1 is mude and
in an sttempt to obtain better sgreement witl the experimental
results 2 has been calcul: ted usin; differeat values of
Ad in the scal-r interzcticn function. The lLest ugreement

batween experimsnt =nd theory was f-r valuse of Ad 2 1000,
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Measurements of the proton eleotron Overhauser efr-ct
ccn wsuelly be interproted in terms of dipolar interactions
(positive p ) between the eleotrons and tie protons, However
for the resonances of the tert-butyl Jrougs of tri-tort-butyl
Phenol in solutions of T,7.B.P, P ie nsgative. This his
been shown o be ses-ciated with the yroton sxClinge between
the radical and phenol molecules. It is postulated that in
the radical molecule the sc¢zlzr coupling between the electron
=08 the tert-butyl protons, occurs at least in purt by a
hyperconjugative meciizrniesm, The rz:dou rotation of these
tert-butyl groups oould moduleate thie zo lur couplin:.

This would leud to a positive polorisation of the tert-butyl
protons, which persists when the rudical accepts a proton
and becomee o tri-tert-butyl phenol molecule,
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CLAFTE . i

kate E-~uztions for a Two Spim System (1)

Coneider a =ystem containin: »_ j~rticles of aopin
interacting with Ny ( > ns) perticls-s of 9uin I, If a
aagnetie ficld, Eio, is apprlied alon  the z direction the
Eaniltonlen {or this interaction isi-

]

H':!H.;?"" XIHOIE‘. *Yaﬁogz{h H Pe s s (101)

V.1e e E“im is the lizriltoniun of the motion of the perticles

and commutes with the &pln op rators I and 8 z* The next

two tems are the Leeman ecergies o the two ty..8 ol spin

in Lhe meguetic field Iio, while i’z' i~ the epin-spin imtor-
ection trrm wich is concsidered as 2 perturbation. It will
be cocumed tii$ &l I spins are always coupled to an 1 spdnm,
but th.t there i~ & rapid ezchiage Letween coupled and
uncoupled I ¢pinn, oo th 't th: magnetisstion of the I soias

is homoseneous throurshtout the saale, If both types of spin

irave a quantum number b = 1/2, then the four eizenst.tecs of

2
the epins will be defined by the relautions:

lz"”7 = +d | +>

Iz|") s -5 =7
Sy 0 +) =3 4 +)
S, 0 =) =-11-)



80 that the four unperturbed ei cnututes of the ng int .~
aoting pairs are f + > h4) , B+ 1 =) , £ =7 14)
aod 1 =) 1 -) with the respective occupstion aumbers
F,or w0 8 &and §__. The eigenstates, 1 47 wad 1 =)
of the uncoupled 1 spins have occup.tion aumbers K_ and N_.
Moure 1.1 gives a plotorial represeat tion of the
systemn at any instant. The W'e -re trunsition probavilitiecs
and definod as Tollowss
w, is the probability of an I transition caused by
iateraction with an S spin.
"' 1o the probability of i S traneition caused by
inter otion with an 1 spin,

W _is8 uhe probability of an I transition ccuued by
interaction with other I sving or «iy other magnetic
species other than «n 3 spin,
¥y is the probability of simuitansous 1 and
transitions in the opposite sense (fli -flep process),
¥, is the crooability of simultareous 1 and 5 trunsitions
in the same sense (flip~fliy process).

%L: ic the probusbility of an S transition caused by
interaotion with other § or =ny magaetle specles oiier
than an 1 spin,

Hence W, and WLf will occur in conjunction with @1 and w,'

respectively.
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From the definition »ni the ¥%'s it follio ¢ th ¢

an ! e ! . ¢ -
+p = - (‘1 * 72 + ?!1 + ’ﬁrz)ﬂ%&(ﬁb + §1 )H‘_ (z*, + WL)
at

e

L) ’ |
Boe (W, v Wy e W o WOR_ (W & WO a(u, s W

2 1 1

+ ‘?!Gﬁf_ + constant,

...'..QQ‘0.0(1.2)

' ' '
& - -('v’?.‘ + ?62 +%, » W?_)N__ + (_NL. + ’371 )3_‘* + (W + W

1 L) P
a¢

* “"2"‘% + constunt,

N «=-W%_N 4% N_. constant,
at

61‘__ - - a‘?l-,- N_ " ?,i?L K* + constant,
as

The effect of exch:n e between coupled zn’ uucoupled L spins
on the popul:tions can be linored, since such processes do

not involve spin flips «nd thus do not contribute to lz'
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The constante in equation (1.2) are obtulned by s 7-
sidering the sy:tem at te.; rature esjuilidbrium and inserting
the prop:r Boltgmunn fagtors,

The experimentally observable quantitites are the
maeroscople uagnetic moments proportionsl to j‘ and gt
Thusi -

:‘12 = (n‘"’ » H*‘_ + H*) - (ﬂ‘. + R + N ) TEEXREX (1a3)
Y

. —— -
I

end xsa - (H " 4 §'§’+) - (E + s ) sscsesens (1.4)

+ = -
Ye
Hence usin~> (1.J)

K %; = -(WG * 2’*‘41 + Wz)(ﬁ‘” + 8 -0 R )

-— - -y ———
¥y
-(Wz - 0)(3*_* + B =R =B )

-25 (8 + K _ -8B -F_ -5 =-N)

t- + -t ——

+ constant. esnssseel(1.5)
and o similar expression for% %%z. can be derived by
using (1.4). S

Since tlc m.gnetisation of the I syine is homogeneous,
then using (1.3), the ol .rizetion ol the coupled spins
(nE in number) is . iven by

(H*_’ N g H*_ - N‘* + ﬂ___) = 29' K ﬁ snase (1.6)
a1 Y1 |



Thus:

LY

E a e 5 | 1 -(p 1)

i aéa-{(wom-.i . W) ng + 2,\;‘_} I, ~(» ~7.)5_ + cosstuat
I s 9000 s (1'7)

and eimilirly for X dS.. “here ¥ ead ¥ g 2Fe the

gyromagnetic ratio‘ for apins ] snd §,

Setting _;3 and §‘ equal to Io and 30 at equilibriua

(41 /4t = 0) we obtaini-

% = -[ (¥oe 28 47,) ng + 2’—:;1_} (Ip - Io)“(”'a‘::’c’(sz - 84)

(1.8)

then the electronic loagitudinel relaxation tiwe, will in

general be much les: then that for the nucleus, Thus in the
time scale of observution of the nuclear relaxation, the

electronic magnetisation may be regurded as decaying instantly
and thus

:..fa - 30 *esveny (109)

Equation (1.8) then becomesi~

a1 P
ti " ...t (%0*3’1*@2) ;& + 2»:“‘.] (I£ - Io) tscsoees (1. ‘ﬂ)
I
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showing th:t the nuclear spins I h.ve = simple deecay, #'th

a relaxation timec given byi-
l = ug ( + ﬁ"‘ + Wz) + E’L evsscserse (‘o"')
T, mng

If there are no :; spins present, then the rel:xation time

for the nuclear spins T1, 3 will be iven by:

T 2, vensese (1e12)
1,0
Thusi~
f,_(w + g+ o) '% % ceesses (1o13)
ny

From equation (&), at equilibrium dI, =0 and

lﬂ - I - %(?" il (g“"so) o..(‘o“)

(']
'
B
A,
=
O
&
3w
dﬂ(
+
')
g

?ega-Z”f‘»wg) s

|
81 ']
Oﬁi
+
Nt
‘A
+
N-‘-_«
) Vg
+
i
P
—
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where O « (W, = Vo)/(%; + 2% W,)e The magnitude o. /°
thus depends on the couplinz between the different spins

I1and 5. 4 leakage factor f, which me.cu’es the proportion
of the rel.xation of the nuclear u .in: which oceurs by coupling

with the electron spins m:y be defined a8

fui1-~-T
1/
150
Thus: -~
L' - IO = "'fopt sl.l h (&“‘ :»‘0) TR NN 1.17
ﬂB Xﬂ

Ihe Uverhtuser Lffect.
If the apine § are subjected to a fluctuating field

ﬁz, gt the appropriate resonunce Irequency then .::& in
equation (1.16), will be iven by (2)

( = 3) covenese (1.18)
> Ty T,

where T’ y &and 1‘2 are the epin- -lattice anmd gpin-spin

relaxation timee for spin I,
Thus fwm equation (1.17)

-Iy=-f.p ng3 ‘ -3>X ‘
p %? L Kﬂ"'iiz 1 . B (1»19)

1 *2 3
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From the Curie Law (3) the net magnetisation M of a s.mple
containing N spins in an applied field HO, is given by

E = N xﬂ?ﬁz ILI"'J)»HO oooo"-oo'oh(“ozo)
AT

Thus for the two types of spin I and Sy both of the same
quantum number, in the magnetic field Hy»

59 = ng (ﬁ) 2 cesseses {1.21)

Substitution of (1.21) into (1.19) yields

LI A

Iz - 1o f §g<1 - 1
* t . 4 [ R} .22
I, r I 1+ -3;?H22T15T2’) (1.22)

Thus the polarization of the spins I depend on the power being

used in the irradiation of spins 3. This was first predieted
by Overhauser in 1953 (4) for metals, but is of general

application,

An enhancement factor, A, for the nuclear resonance nay

be defined as
A= (1, - Io)/xo

then equation (1.22) may be rewritten



P i(; (‘ ) :‘ 120 s) eennees (1023)

If P ic the power of the ! irradiation, thea

2
P = a const, (g) x H,

which on substitution in (1. :5) yicldse

,,f/, % (1- 1 ) ceesnssea(1.28)

1+ g ¥

where (= & eonstant = 1

Hencei~

A-1 3 h _J_. ( 1 + &-1?”1 ) sevsoens e (1-25)
s fp
Thus a plot of 4~ sgeinst ¥~ ! would be & streight line
with the intercept (when P =, ) given by

gl - -»L 1 (,) cecesse. (1.26)

If it is sasumed th. ¢ VT;' (the mcasured relax:.tion time
of 8pins 1 when both suia types .re present) is linearly
related@ to radicsl concentration, such that

‘_%_ = TJ- + Ko eeecsosn (1.27)

1 1,0
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where K iz a constant, then i1t follows from the definicion

of (:a 1 - fr} . )
| 7‘ /%400

1 = 1 4 (KQT ssseecnn (1:28)

-1
1,0
which on substitution in e u.tion (1, b) jives

A= 4.%{_1_ 1 [1 s (Theg)"‘ c"’] cerenees (1.29)
g P S

Thus a plot of A-! agiinst ™' ehould also be a straight

l41e, which (for C =o?) extrapolutes to & valus of Aﬂ, #nich

is the valws of the reciprocal enhuncement of the nuclesx

resonance of a solution that would be obtained whea infinite

" microwave power is applied to itiL. electron spin and assuming

that there is perfeot eouplin: between the aspine.

Hence s~
A = o+ Y1 21
¥. P
and aince KI XE and ;f:: are inown P can be determined
experimentally. In order to caloulaste P theoretically, it

is necesgury to ¢aloulste the trunsition prouabilities Tt

w1 and 2 This can be carried out using {irst order

perturbation theory, if the e.in-spin interaction considered
as the perturbstion in eguation (1.1 is mude explicit,
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In the present im:tance, for the two s;inz with quantua

nunbs F‘z = '/2, dipole - di;ole and sealur (Al . § type)
interaoctions will be comsidered. It may be shown (5) th..t

in the case of dipol-r eouplinr ¥ ir positive, but that for
sealar coupling p amay be either positive or ne. ative,
Experimentally (6,7,£,9) it hL.ae been .found that the enhance-
ments of proton resonunces are negative while those of

fluorine nuclei, may be either positive or negative depending
on the eystem, hese positive enhsncements mi ht rise either
from scalar couiling or, from a "three spin eff{oct“. T heoe

are disocusced ia later sections,

Ir fmi > snd th> are two elgenstuten of the
ur.perturbed Hamiltoniun with correspoundin; energiec 81 and
E j » the transltion prodvability per unit time between these

two stutes, using first order pertucbation theory, is
2

vy o= 3, 7‘-1-2 Cmy W (B)lm) o 9% av | (130

with wi = (3] - %,)

In the ceses to be considered here the iiaiitonisn i1 will
thvs
be time dependent and wili be z random funotion and maybe

representel by <7((t)) « la order to set a time seale
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to the random motion & correlation time Tec 1is introduc- i,

A correlation function g(7) w y (icn be defined ss

g(r) = /\f(t) £t v )Y eereses (1431)

and the correlation time Tc is the shortest intervel of time
within which (¢t + T) tcoomes unrelated to £(t).

The motion of th~ neighbourins waznetic moments of a
partiouler nucleus will produce at ti.in nucieus a randomly
osoillatin: mugnetie field which may be rusolved by rFourier
anslysis, into .uny components, some of which huve the corrsct
frequency to induce rel.xstion ‘raasitionz, The m-trix
element in (1. 5. ) correspondin- to & ;urticulur transition
will depend upon the intensity of the comunnent with this
frequenay corresponding to taic traznsitiom eccr;y. This
inte-city is siven the symbol & (W) end iz often c¢:slled the
gpcotral density at 8 psrticular frequency @ and J(o) is the

Fourier transform of the correlstion iuvaction
9 o0

i.eO aiUT
J(@) = fg(t) e eensesee (1432)
-0
Thus from & knowledge of J(w) the trangition .robabilities

¥, may be evaluated, In equation (1,15) the transition
.robaoilitde » widch oscowr in deseribing the recluxation of
the nuclei in a solution comt.ining a peraum netic substance

are %, (W, + ¥,) and W, From the defi:ition of the #'s
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the caleulan.ion of esch of these will 477 1ve a knorlao ™
of J(wx . a&), J(wI) ond J(u&l—»u%} respectively.

In order %: c¢aloulute these spectr:1 density funotions,
the nu.ture of the time depend nce of the Hmailtonian +:ni hence
the form o! ti» correlation funoction uust be Laown, In the
causé of intra-uoclecular dipole-iipole intesractions, an
exjonenti:l colrrelation funetion hus U.oa si.own to deseribe
the time dependence accurately. iiowever, in the eusc of

int: r~moleculcr dipole-dipele interwetions this iv not

senarally true.

Hubbard (10,11) has coneidered s model of spine fixed
off the centre of spheres whose trun.l tioqal and rotationsl
motion vre descrided by a diffusion esustion. He h:s shown
thoat the oontribution of the rotational wotion is vory much
less tnaun that of the trunsl:stionsl motion, and tu.t to a
firet ap roximectios:, it 18 equally wvelid to treat the spins
a8 being at the centre of hard spheres, and to consider only
the translation ot the spheres, Thic ie sfmilar %o the
treatment considered by ‘vragaa (12) and Pfeiter (13),

The usual 1pole-dipole Hawmiltonian Hpp i®i-

PR

Hpp = gsz YIQ 3(3..{)(}_.;) -l__J cesseoneal 1)

-
*g“ rJ

T
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where ] and 5 are the veotor operators for the spins .r”

X 48 the interspin vector. The tims Cdependence of the

Hamiltonian srises boosuse r it time éependent, because the

spins are executing random motion with resy- ¢t to each other,
This model for tke time dependence of r has enabled the

ealoulation of the reduced dipolur spectral density

funotion Jd(w), where J,(w) is defined asi- |

‘ (W) - m)’ - 12 »I(R) ssesvee (1..}5)
e Ja(o) 2 |

whsre u = (o7, |‘-‘;. and 'fp is the dipolar correlation
time, snd I(u) is given byi-

I{a) = u"s{uz—-z.w"“ [ (nz-z)sin u o+ (u2+4m2)eoa u]} (1.36)

Vhen the correlution function is exponential in form
Ja{w) is of the form

’ﬁ(w) - TJ-Z 2 I A X ENEN] (1‘37)

“"”TD

For compurison graphe of § d(e.s) versus wy, for eseh of these
models for the time dependence of the ocoupling, are shown
in ¥ig. 1.2.



410 2L eanIyy

6ot 08 09 0SS o 0-€ 0-1
' DA 1 i R B . B D R

(G100 + 1)/0

é

04 %0 %0 S0 %0 £0 1Q

1-Q

\ g | A | |

/..o._

10-0

J8-0




- 15 -

" CQ_]:QI‘ 5;0;1';%.
« b

The secalsr indsrsetic: between Lo aucleus and the

3“‘ electron can e writts:w

A B;j .!._i.Sj

where 1. is the spin op:rotor for tae nucle us aﬁﬂ;gé i3 the
spin op-rutor for tihe eleotron. “hie inter .oticn if tiae
de cndent would be e relaxstion mecinism., The time dependence
could srise from either the tims dependence of B., or'%b.
The former is referred tc se scalar ooupiing of the first
kind :nl the latter as of the second ¥ind (11).

in exsmple of zcalur coupling of the second kind has
been given by ilocmdergen (15!,  le hus siown that in
aqueous solutions of wmanganous lor, each ion in surrounded
by a co-ordin tion sphere of wcter weclecules, wni that there
exists & scii:r ooupling between the eleciron spin oi the
peramagr-tic kn** ion and the water .rotons of the solvation
sphere. TLis electron-aucleus interuction is then r.ndomly
sodul ted by th: short relaxation tiue of the electronic spin
i.e, by several £ ips oi ithe electronic spin whilest a waser
wolecule iz coupled to « Juxrticul:xr ion,

In the cace 0. socalar couplia- of the firet kind, tho
time dependence ~f the scalyr intursction, sri.es from the

time dependence of tl= couplin. constunt, 4in ouvious example
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of thie is chiczlesl erciionze cuch that st cne iastau:l,
8.ius 1 and O were on ihe s.iuc ..0lucuic and therefore coupled,
and at a later time they are on different molecules and
therel re not co.,.:d, The value of ti. courling cocast.nt
iz thus 4, =hen I and ! are coupled :a: 2:rc w.on they are
not =nd the soalar imtersction cu.: then be represented by a
tep function, An example oif tiis ig the case of the HF
molecule (1,17) in which the seslar coupling between the
nuclei is modul: ted by chemical exci.un . which 1is catalysed
by saall anmounis of water, The value of the scalar coupling
constant was found to be 615 - 50 ¢.0.8, i.is 19 sev:ral
orders of magnitude saaller than the dipolur coupling, and

the .c.lar ooupling is the domin.nt relaxation mec unism,
because of ite Treater efficlieney, rouw.iin, irom & more
favoursble correl.tion time ( 18) 'his illurtrates the point
that t e efficiency of = oouplin. &5 awlaxution i-chanism
decends aot only on its w gnitude but zlso upon 1%ts tiwe
dependence,

rxoerimernts on various fluorin.ted or.unic solvents

containin.; free radicals, carried out in t:iv laborutory «t
39300 and 12,500 suust, hauve indicated that scalar couplin:
exists between the unpaired electron on $ie iradiczl and the
fluorine nucle.:. timee N tiw. de,esdence for the modulation

of this scalar eouplin 1if it 1a o be : efgnificant
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relaxation weci:niem, is of the order of the inverse o». "6
electron Larmor irequency f.c., ~ 10"'0 gec, in ti.1s case,
+nd the relazation time of the electron soin is known in Dbe

~ 1070

gec,, then ¢1is 1 tter time Jopend nce will not be

of tue correct order of m:snitude to modulete the scular
couplinz. Thus scalar coupling of ithe second kind seeas
unlikely, snd 4t would a pear tiot soclar coupling of the
Jirst kiad 2.y be involwed in inte.reting ¢l resalts, It
i: chemically uniikely th t for the aystenr studied there is
sticking between s nucleus a.. & radicsl, Tr.us sn exshan;e
mechanism such wo for HF ecan be ruled out. The scalar
intersction, hovever, ic probebly short roage and reaches a
maximun on collision. lLubbard {(5) has eu- ested th.t thio
may be apsroxim.ted by & ste; funotion, 7Tl caleulution of
the scul:.r spectral dengity functiion is then simil r to trnut
for HY, Hubo: rd hes eveluasted the sscctr.]l density function
for this model, which is termed the uticking Model. An
alternstive model for the time dependence of the seslar -ousling
constant i8 & steep sxponential function and Hubb rd hue also
evalu.ted the cpectral density function for this case termed

the Diffusion Yodsl. These are discu:sed below.
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The uiffucion ¥odel.())

In tiis model the ascal:r interaction is avsun 4 to be a
very short range ianteruction of & guitude:

s

1 ;‘.’IP X - [T - Y EREEREER o i
A i '13) ' Xy [ Mi;j t,,:‘ (1. .2)

A

i3 %

viere b oand A are c.onstaats, ix tht distu~c? bitween “he

‘;ij
Auwel - us ;ad tie elactro., and d is the digtunce of closest
Lppraact, “ince the interaction im short range, it must
fallow taut A 4 » 1. ikhon tuie io 8o, the fuctor (d/ﬁij)

in the scalur inverscl.on hes little effect on its funcliine:d
dependence tut the presence o: this fiotur reutly increaseu
the eaze of cuicil tion of the zcaulsr voectr l density function
Jed). ke time dependence of Bij v ses btecauze nij

clinnges 8¢ Lim solecule and free racdical diffuse sbout in tae

11 fi;i.id.

_re ctigkin: T nlel. (5)

Thi> model hae been previocus.y used by  bragem (18).
ere, Li.j ie zero w .csn the wclecules ¢oatalning tihie slectron
zpd the nucleur ere stuck to-ether, in which casme P»i 3 ig oo
conatant . The time de-endence criser Lecruse the il i
rtic.dn . is asium 2 To e & ~mandod verisble, Howev.r,
in order to & i1y thi . mod .l o tht eecalor evu.lin  ~.iist
$rcssune digol o ocow, i Ly b diffusion uodel, it is sssuned

th .t tne time of £tickl: is short conm rad with i



Aiffi010..01 correl-4ion tine, for otherioe i e [inits
shiekin time vwould hore 4o he t ken 1150 &ccount in iR

culcuidntion of the diol r lecirad de oity tunstion.

Th. »dified .uic i .adel.

Valler uarcuth his postul .ted th.t a brtter tit te the
ex“er;'imemtal regulve alsht be obtained (19) it the stickiaxg
tim 1is iacercamed until it becoawss comp rubdle with the
diifusicm i correl t.ion time, It i hovev r, difficult to
enviss; ¢ a ciemicel mec waisw for tha st.ckin o ich 18
sufficisntly wisatile t0 Ccover every cuue, It i poseible
to ju Lify thz use of random «iffusion to trcet the dipol. r
couplin , 1t 14 is assuwed thet only o emall froction of
tie 1 ~.ins ere "stuck' to » free radical. The wmajority »f
1 8 19 wuld thea diffuse up to anl . w=y irow th: radical,
us’erg in- ¢sliieion but not stickin - (peric g beecnuse of
incorr ¢t oriemtetion’. sl¥erantively, if ther. is no
ciernicel sticking, it mast be Lh 4 an exteanded stsp iv.oction
io & c00d apuroxin tion to the ¥auricstion ofthe vealery ovupliag
cra@toant witt imters,;in disturce ia a collision, it tris
io the ¢ 3@ ¢t n 8cal. r eeeLrul dersity furetion will be
gimil r to that in o trae etickin- uodel, without, necen wrily
iaplyin: eny sticiing on ¥ is nodel, Tha the troatment of

the -ipolar coupling would ve siwll r in euzcu cas ,



_he Three fnin " ffect,

o exziadn the positiv: enhancemurnts (negutive £)
observed with fluoiis: nucliei in so.utions containin, free
redicel:, it his been . sumcd that secalaer coupllaoe 01 tic
electron to ¢he flucrine nucleus ccours, however, these
poeitive enh neerunts wi ht  r.se thivugh u taree apin
interaction with otisny nuciesr (e, . U; whi.h .ay be present
in th2 solulion, by asa.ciiag Lot . . datorsctions ere i ol-y,
Thus couplin: to the elcctrdns will prolu.w a nc, utive
rol rizition of the fluorine nuaciel, but the pelarizaticr of
the protons is asifo n. tive &nd, since thé syromoe inetic
retics of bydiro en and fluorinc nucleil e positive, the
flucvine nuclei vill tend to be pouldtively wol.rized by
couplin: to the protsns (equation (1.20) ). If %he proton
JCieris.tion zud Lue proton~fluoriae coupling sre of the
ecorrect mugaituvde, the poritiv tendency .roduced by the iLirece
gin inter:ction ucy outweli h the aegutive _olisiigation
prod.c:4d by 4ir.¢t fluo.i. »=-electron coupling,

Trise erfect can ve investi ated by etwmogly drridiatin-
the sample at tie proton frejuc.cy, widlat & nldtuneous.
ap i 4oy oicroweve power to éxcite the eiccetr n resonance
and ousceving $i3 fluorin: nuclici, if the poli srication of
ti3 fluwoxine mac.91 oceurs vio the prot: ., there should bo

& cuanre in the {luorine eniwncer at when tia protons are



irr-atead, The results of ¢rigic irrudi:.tion exp rivats
are degeribed in detsll elsewiere (70), and 1% h:s bLren

shown that for the system: liscussed in this .icois, the three
g;in effeet i+ aerally »aly 8igaliic.as 1o selutic s far
more dilute % wn heve been uzed In %o rezend investi ation.
turttersore, pogltive flusiine cohancruwcats L ve beea obeserved
in sy tene where no thuicd epdn is .resent (e, . -’Jb?u) and

some coupounds ivc perutive fluccine cah ncementa ot low
mugretio fields but poaitive‘enm nees- b8 ot alen fields,
"either observation ic explicsble in te:uc of a three spin

effect.

;- pplieutions o the Cverkauser Kffcct.

*he a plic.tione of the Uverl .er cffect {cll into two
main categorio o

{a) Informution about electron-nucle:r coupli:.

(b) The e lancemc.t of nuclecr reconsncer too weak to

pe detected by other means,

aAn exemple of (b) i3 the detection of 013 aucle: . r
resonznce s.ectra, ¢! ia only 1°/0 sbundant in n-tural
ooroon a2t ander normsl conditione its resonance 8l nl is
not esasily observoilse, wos ik in $ids loboratory (2u; e
demonstrated the .encivility of enhancing s13 +ignals and both

ocitive and ective e Wl acesents Lo boo observed,
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Ll cork preseuted 12 Uilr thesic is mainly co . med
i tegting guaatitorively the model:s poutue ated for tle

modulation i inter.cizcuire el ctron-aucl ar sesler codaplin.

. (3)

Inter-retation of Data for the Diffusion and Stick

The relative effcct of scalsr and dpolar iuteractions

way ve deaeribed by’::ﬁ;uhﬁf}ity
} - Ja (O)/’J\i{ﬂ) nvsana (1' 39)

vicre Je (O} - J2 (0) are the s:eci: 1 denoity fuactions
for scui.r Aand di:olar couplin s ub mers freguenecy. B % 4
3 = U, tir int roection ds iy dipol v, 1i I 1 the soal.r
inL re¢bion 1o Jdominant,

vhen dipolur ... sc:lar iateracilons wre izcortant A can
be calcula.o! wi & iuncdiosn o1 3 Ticunge O deyends also
on the spectral denvity near t.e¢ electron Liruor frequency,
P can be olotted s a funeticn of freucney for v rious
values 0f 3 In .roevice it prover Yo be convendent ()
to ;r:sent A a8 a iuaction of (wa‘te)"" where Te is the

diffuzion=l corprlstion btin. defined o

2
Te=d
¢ f (DI‘.' Da) ss e e e (‘.4\))

wiere d iz i Jistance o! cro:zest & ivouch of an electron

c2d 8 nucleus, DI tuilt U are the uelf diffusion oo 1 Tigcian:s

oi tue solvent uolicules and oi the -uilc.ls res ectively,



In order to obtai: ylots for f° it is nccevsary to
ocaloulute the ®.cotral density functions £ r e.ci nodel, and
values of the reducsd functions

jﬂ (Ws; = Jd (ma)/aﬂ (vu).

Jo (wg) = Je (w,)/3e (0)
are tabulauted by Hubbard as s funoction of ("”aTc)i . + he

é€xpression for /S 18 thoni-

o = 30 dalmery) - 334 (mgr)

T seesvae (304")
56 36(«81'6) + 24 4+ 3% Ju(ws?c)

Ylots of (marc}"‘ for lifferent valu-s of /0 are sghown in
figurea 1,3 uni 1,4, |

From measured vilues of /2 6% the two m-gnetie field
strengths 3, 300 gauss wund 12,500 zauss, the possible values
of (mére)"" and (wgto)" can be obtidincd as well as the
values of § . The single prims refers t0 wmessurements
at Jy J0C gauss and the double urime to those at 1:,500 gauss,

From the posaible values of (0,7, /™, the values of

Jaldg) wnd §o(w,) for the two models can be obtained,

Further, since

1-3 . n.mm[g% Jglogt) + 4+ 4% J,(wstaﬁ}.(haa)

1 *1,0
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wvhere s i the npunber o1 uepeired clectmn .3, c.c. o7

licuild, then tre r %10
9

-1 /- 1]
e 1Y

o bDe caleulated mand compeured witvts 6o
‘;;1', ¥ ,." and 7 ., 0, tor agreecmnent .etuces ¢ricus -ted and
sxverine mbel values will sup,ort the nodel chouea. in
coaceatrated ralical solution:, ‘1‘1 is vry short cowjared
with T‘!.o s ab 10 suiticient to mescure L.e ratio

SVASIVASVRRRD P
rurtiergore, 8l .o

G asared values of

Cie43)

Bd - 2 Z 2
- - !_ﬂix;‘:ﬁ e s S v PO
50 J400)

wherc i = —,“, (;‘V‘B + LI), V.lucer of o wia 03 wae dintonce of

De Qatzéi ne h:o

PR

sioseat & £or w4 O

Intornretation of Dets for ti. ¥editied ttic. ia, kouael,
"aller derauih usea 8 differcat notetion (1Y) icr tids
used by iubo.rd ror tue Liffuion

model, from ti.t reveouwl
In order to compare ex.srimntel dats,

and ic.iae odelr,
on 8l1 .cleig, it ic core convenl. v o sransscse uller
‘orTath's e uations into the nabbard motitin . L Lu P is

¥ o e

viven



P+ & g}.'rg‘ (1.44)

LK K BE BN S N

1_1 = n, TAHO)[ 28 j(ur,) + 4« 3‘0;5_ 1 )
*;1 e © [ 3 e ~§ A u:tu

LR K BE B BN AN AN J (104';3)

7

)4 - &“ bJJifﬁ)‘ﬁ

R rx Y' K

e 2o (1.40)

Te 1o the correlutioan time for tr . scalar iasteraction (i.e.
v tine of stichiag). ‘b ig tue crocmoildny bt b oae
nueleus is gt.ck to way slectron ab any tiuc,
. 18 the couplin eonstant dn o eieg, v,

Thus p can be plovind us o Lunction of (uﬁtc) for
verdious volucs of ¥ ad d R ag before, the mestuce] vulues

o! p ut 3,,00 geuss end 12,500 gouss yiold sossitis valuss

s N

(Tor 48 cddition to valwes o ¥ aas d .

]
01 \w S?'C} SREE
The calcul tion o1 tne relazation tiuos ratio, ?";/’41', d und D
can shen oo carried out in an analegous At 1) that used

for the 1. fasion nn'! ticxing Vode id,



Ihe Gverhe.ser sxerisent iavoalves .1 2ing o saaple
contiiniag wip ired eslectzroas «ad guitible nucliel 1ln a magnetic
fieid, irradi %i. at tae electron roscnw ¢a and oting way
eifect on tuo nuclear resounate, . he enh.ncezent Or the
cuclear reconsncy G e mess.fed s w function of the wppli:d
scrowave power u.sd to escite the oleotrr 1 s nuice, the
corcantretion ol ithe unp.ired e¢lectr i suins, and tte strongth
of btk aagaetic field, 1f 1. nuclear spin-isttice reiaxation
tii . &re also messwred, tliea all tke .reuaeters meationed at

the end of chapter ., way Lo ocalce.lted.

2 & = e o 3 . ’”‘
T he .;QE:utx.amwf:‘xfﬁﬁ

(3, ‘he =van? g cciromebtor

This hes w mognetde 1.::4 of 12,500 guues (e.cotron
frcquency 37,00 Yo o) end debtsile hove Leoen pul’ished (1),
lowsv.r, . 4.0, XenwortLy bLos mo ified tis .robe by reducin;
the disaeter ~f dud ucieer rezonwnce ¢ul to 3., and ,rovidiag
& mesn. vi .o Ccovsding bthe staple,

(11) iue a-buad specbrouzier.

1odin wwg o deenetic fivad of L, 700 seuss (eiectren

frenuaacy 9,200 . o/¢ saw detsd’s hoeve boien suablishad (22),
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To enable t- . temp-r tur- depeadence of the Cverb ..oor
effect *o be 2fulied st o9 0 guuss, v, 1.0, Kepworthy und
«To Tods 1add hove onnstructed . verisble teape r ture cavity.
12 o 36,

The i:cidert micr wove sewer ir iatreduct . 4 rough a co-aial

Tiis crvity is rectarsul-r and oserctas 1n the L

coupler and tuning is effected by weorn: of & plun - v, &
#l.88 Lubt pue:ic  tirougk thre regicn of mecdiwn uicrowsve
wgnstie fleld serves o Luppoct % .6 R.o, T, re coiving coll
in tie cuvity wud to centre the sam,.le i. t.o field. s he
totiom eud of . tube i counected Ly rewar slesved tublu:
ellher tc a scurce of hasted coapres ed 30y OXr to & sBuyp, Ly
0l 13wid dtrog .. whoue r.te of evi.orgtion i.to the eysten
ir eontrolled Ly sn eleciricel heater, Frr incul:tion, Lhe
major portlon of the wev . wlde ¢ wvity 4: {illed with pody -
styre e foaL.. iha cevity s inil 11, inenlated on th
outelie to prev at raditisn effecting the nole .iecges of the
r et, In t.ie wmy Ll texyeratire of thc smuole oan be

4
-

v.rield froc -20°, to 100%. zad mizatadrod witkin 1.¢° of &
peaticular tenp roture (i moring microv.we h2eting eiviety)
for ti dursti~ of au ox eriment. P L€ Qi teupers YL
is mesguwred ot t.: be famdn: :nd cad of cac experiment 0y
Lo BLagtitution ol o Gue. . Swinle Contheinst |, 14-uid prraffin

Sk o JuCtion ol 4 ooy, c=onamt. tin rigccuple,



(111) The low Field ,.,., Spectrometer.

In ordoer %0 weasure the goncentr:tion of radical

arlutions uced in the Overnhcus.t ex -eriments, = low fleld
e.s.r, spectron=ter wos built, T'.is hac & magnetiec field of
130 o ws (slectros frequeney 350 Wo/s). A full deceoription
of tiic ayparatus has been publicied (23).

car the ol of completion, tie publisked details of the

above o .zcirometerr are ircluded in the Appendix,

cau tovparation of B iical ~olutions,

The chedce of a rudicel for tue Ovei’hauner exyeriments
is gowvern:d by ¢. followin, ec.cidvoretione:-
(1) -use of proi?;efvrz.t;m: |
(1i) 3te.1lisy in Sk absercs of oxy en
(iii) The suin 1 ttics rolax:-tion i of thv. eleotrs.,
which should bve sufficiontly loanz to allo: un
a, reci ble cctur:tion oi tix cleet™y resonsncs -
usin: the power :vallobl.,

(1v) 1 . nitude of enhancements of tie various relonuices
which choul?d be lurge tna per.ittin: cocarute
moasurements on the systous studied.

(v) U-1ubiidt, in tie solvents to be Iinveutigsted,

wiieh 11 the jrescat work ~re non- oler.
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v he redeale commercislly sveiisble were 1,1~ DTiphs i)
-2=-"4orylhydrazyl, (.. .1.), whick could be c.taiaed from
Hoch lirht Laboratories "dmited, and -i-di~crt-lLutylege
(3,5,8i=tert~" 1t sl=tugmo=d,, cyclohesx:li.v-1- lidene)- -
tolylox, (Galvinoxyl), wi.ic: co*1d be obtoined frrm .1.irdch
~hrwleal Jempany. In «diition, ., Y -.is=di b u,lene-j5=-
(p=ico=prooi ivhenol) allyl, (B.".1.i.:.), was provii.d as a
~ift irom L, 8,1, Polor, und perc lcro-diphensl methune,
(Pol.%), waus & ift lrom Professr ¥, Bullest~r,

Ywiplee containiug tie sbove radiecal:, (which were 1l
solids) vere w d6 u;. uy «dding Uic rudicul to the lcoxyuenasted
go.vent undesr an twosphere of nitrozun. eoxyeenctios of
solvents wmy currded out cither by a "freeze-~-thaw .u
tacuizdi -us,y Or Ly purcing with niiro« -,

A radical whici oould or prop-ved ewsily it the isborstory
“n" was soluble in :on ol r solve:ts wae ~1-C tri-te:tiary

butyi phenc:y (T.T.E.V.). p A prap;ratica :f tiie was

-

b.86d on that 4.~ d oy lolier, Ley and ied 1.0 (2%), and
was carried out as decritcd below,

A mnc'n amount oi Z2=4={ tri-tert butyl :lLcnol was
dissolved in the sppropriate solvent, w..ich auct x lmmiscible
with water in this purticuler pre .r.fion. an alkoaiine
golution oi .~tassium ferricy.aide {w:ici h I previocusly been

boiled to re.ov. oxy . &' tlLen ~l.cxel to ¢onl under an
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at2osphere of nitrosen) wac thien added mand the ssmple

shuken uy walag an electric shaker, Tarin: tuis process, 8
poelitive presagure of nitrogen over tic soluticn wae muinteined
to exclude any oxygen, since the raiicci, when :ormed, reaets
with oxygen forming a peroxide (25). “he fsriicyanide
solution oxidizes the phenol to th: ~.dieal Lhe rcsence of
w.ich can be detected by a deep blue golour in the organie
leyer, wihich 18 then seprrated from the aqueous layer, ueing
an hypodermic 8y . e, znd pl-ced in a tube (viich huwd been
flushed out with nitrogzen) oonteaiing molecular cieve,

iinde Type 4., whioh rewoved any water, Thiv radical
solution was maintained under & positive jpreu.ure of nitrogen
and wae wtable for sewr:l weeks., Then required for an
expariment, the ¢orrect =nount could be cxtracted by usin: a
syringe and placged ia the sample tube wnd then gealed off.

The sample tube carricd s Dunsen valv: through which aitrogen
was pasassd, This method hes the advintage ti..t it can be
carried out im a sexries of test tubes, unlike that o1 which

it is based where coumplicated a parstus i: reguired, The
poroentage yield oi the radieal (b.sed on the precursor
¢oacentration) varies tetween 50 - 1@09/5, if the comgentratinne
of the radical as determined o5: the low 11:14 e@,v.r.

spegtrometer sre correct,
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If the solvent is miscible with water, some other
oxidizing agent such as lead dioxide is tuen used. In this
case the progsdure was to dissolve the presurseor in the solvent
' and oxidize, in situ, with exces: lead dioxide, wfter
several hour: the solution wi- centrifuscd and the supernutant
1iquid was trensferred to the sample tube, [io percent
coaversion to radical was extreaely small.,

in both theze pre; rutions & 1. ge excess of the
wnch:inged phenol in ti.. final solution nust be .veided, since
thie will ulter the viscoalty of ti: solution .al alifeet the
magnitude of the enhancewant. (see £ . uuter 5), In prictice,
solutions up to 0.2 in the phenol were used in Lhe above
preparatioas,

Qf all tihe radical: Conviisred, T.U.8.1. guve the largest
enhcncemsnt with fluorine snd proton nucled. 20 elegtron
resontoce of L,V 1. Feoie anl Po7Y,, unlike e other radicals
&a4 in particil..r contrast to Yes'eke.ag COwld e Very nesrly
saturated ot botu wugnetic lisido, idowever, Yot ,..¥.
anl Bol.le¥eds were o:rly Sadohtly coluclic i<:10‘%ﬁ) in
fluoriazated solvoate, vhile P i Y. was L0 very soluble in
edtner protciic or fluorimcied sclvents, deace 47,21, wase
found to be il moet sullu.le radic.. sor tic #reninl set of

experimente,



Sinoe it wes demirable to carry sut 2 com.lete caip ~f
uswsurescats for Ui s8ame sur le oa th. different spcotrometers,
speQial sawple tuvcs L& to ¢: mede siice tie dlameters of
the nueclear resorn.ace coile ut X und § cend are Suc and 3mm,
reapsctively. liis btube wus made by licatln. ual drawing
“down (to Jum) a portion of Sum t.ci.y and then L.utiag the
tube 50 tiut it Leat icvo a V-shape with scocr ery & different
dizacber,  The jmu ers ues then so:dod off sad tle solution

dantrolaceld vio o Tuason vadve on the othoy arm, o3 wonmtionsd

previgusiy.

(1) adlegstements %o tlo nucisar regoncnce detecti o oychem.
s bwesd e of the .ignpel.
ihe nuclear resonunce slgnal ic observed on the

oscilloseope eftor pusslia, throusl: the phase sinsitive
deteotor sad the r.f. phase ic .diucted to select Lhe
eusorution wode., The audio-pacse deteotor i tlun

oonneoted into the circult and the centre band phased
out Ly adjusting the sudio phuse. Thr fleld is then
adjusted to Lring tlc first siicbund to the ceatre of

tlhie acan,

nat tion ¢ueck for the reoonsanco,

The nuclear resoncnce signal is recorded and the intencity
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of tiie r.f, f£ield ut tue sampie i> altered by chra-~ng
the r.f, field zttenuator setting. T ie change ie then
compenzutcd for by :lterins the si-n=2l attenu.tor,

The auclewur resonunce £lgnal s culn roceorded and the
process repected for different scttin sof th: r.f. field
attenuator uatil the =in.l ie a weximuw..

(11) adje the menetie field to the ecentre of the
- ectm HE 8 RLI0E .

The enh.neement of the nuclcour regonince 18 observed
wad the £1-14d «Jjusted antil the enih.acsaeat 4s a
Gaxlawe, This 1s ocudeved Ly oving L1¢ nuglear
resonanee fraquency in oteps of 1 Zo/s aud altering the
field until the resonance up. cave,

sxperiments L ve boen yarformed i» woich the
magnetic fi:14 has deliberatsiy not batn 4t the centre
of the o snctic field amd vhe P value obtuisnzd from the
measuremeonts was ot X=bund within experimentsl error of
the A value obtalnsd when the above procedure was carricd
out., it "—=b. nd however, guite diiferent P values were
obtained.

Lo the mierowave cavity.

Both cavitiso oy erate in tue i»zm’ a node where
n=1at i-baund and about > at u-nand, ‘he cavities
have to be adjusted for minimum reflection of the mioro-

waves, Thise indiocates a maxinum of wicrowave ficlds
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within ile cavity for a p. .rilcul r mode, for the . .reer
are those fields the greater wiil be the saturation of
the electron resononce, Tids adjustement is car?ied
out ith maxioun microwave pover a.jplied to the sample aad
not uitered throughout an ex.eriments, “ince both
cavitie® can opervte in severul ifferent modes, the
moGe in winioh the largest crowncement of the nuclear
resonunge occurs, is Ulic one ocuosen Ior c(he experiment,

Cou.idersvle besting way occur «..n the microwave
power is wuyplied to trne sawple, p.rbicuicriy if the
sam1e i8 polal,. “his bBectiung wuy Le minimized as
foliowsi-

(1) The cooling eir i- allo.cd to ilow as f:.o%

a8 is practicsble,

(ii) The uwiorowcve power is applied for the

sacllest iaterval of time, before recording

the siznal. In practice thi. wes assumed to

be 5?1, where T, is the nuclear spin-lattice

relaxation time, Thus, in geaneral, concentr.ted

saaples with ’551 £ 0.1 sec, were u-ed ip all

experimenta,

(i11) The cavities are desi, =d to operate in

the r.odes, vith the sam ie¢s at the position

-:‘1,1'1
of th: minliaun electric wector. This ic the

veotor tnat cmuses the heatin: ,wmc‘n ean e



mdimdzed by using narrow o w le tubes, AT
=oandy vhere dcroweve teating was [ o.rticulurly
noticecble, very nirrow zurnic tub.s were uced
=30 oceusionally, with :ol' £ sumrl:s, thie Legomes
neccspary at ~Lond me well, Tio reduction in
slze of the sample improves iiv ~uility faetor of
the c:vity but has a drtrimentsl effect o. the
i aal-to~scioe ratio of $he nuclear resonance,
At =vuad, the quellty fuotor wos ul.o fount to
increase (even in w riow tubes) as the auount of
samgle in the ecavity decreased,
~laec hcating tends to ocour, 2 sufficient period
~f tim: betwien recdinge aust be allowel so %Lt the

ssmple . cool.,

(b) leasurenmcnt of %ue morowave oo -er dc_andence,

Tha nuclc: r eaxhencement .3 aeverai Jifferent cicrowave
peweTs wad zcrouwrced by aoting the kel U% of e eshinced and
wrenheaced oion 1o, It wog coouned tiand the wign.d .eisht
retios verc the s-mp ag 1L signedl sric rotics, Zhis jc
vilid as lons as the rea lution »f tho " net roiwsine conslant
throu hout wn ex »riment, A plot of the » civroeal enh:ince-

-1

ment footor, 1 ', ver-us the r cipreccsl icriwave power

a;nli:qQ, ?", wae Lhen ade, Yreom enquction (1.2%) this

wy

ought to te a strai-ht 'ine :lo4. Tigge 2.1 gho- a ty.ieal
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A"'/P"’ curve for T.T.B.P. in benzene at 3,300 and 12,700
gauss, If the plotes were not straight lines, then the
results had to be rejceoted, These deviutions mizht arise
from:
(i) Heatinmg of the sample by the mierowaves (see
‘Particulawly chapter 5, for ti: effect of temper ture
or. the enhuncsment), it sucl. different power the
heating effcet will be different.
(11) Chznges in the Klystron frequenoy during the
expericent, whick will result in the msgnetic fisld no
longer bein: at the centre of the elcctron resonance,
This is checked by comparing the enhancement of a
particular power at the beginning and end of an experiment,
(141) Changes in the height of the unenhanced eigaal,
(which is recorded at the beginning, and end of the ex-
periment). If tic difference i: more than % 10°%/o
the run has to be rejscted,

(¢) reasurement of the concentration devendence.

The above experiment was ocarried out for several

different concentrations (c¢) of the radical. A 7lot% of
A" (obtaincd fron the above neaeurements) versus c"" wan

made, Thic ic shown in fi-., 2.2 for solutions of 7,T, ..,
(rrencred by the two different methods) ir benzene at X-band
fig. 2.} shows a typical ;lot alro for 7.T.B.P./benzene
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solutions at Q-band,

The radical copcentreticns were estim.te’ by meusure-
ment of the srea of the e,c.», signcl, whic. naking zllowanoe
for the volume of the soluilon, could thon be ocompared with
- the area cof the e,s.r, signul from a stendard (potassium
nitrosyl chromicyanide) of known spin concentr.tion.

(4) Measurements of the puclear spin lattice i1elaxat nPe
These werc measured by adjustin the ficld to 'sit!

on top of the nuclear resonance s8i. .l and obsserving, on an
osellloscope or fast writing recorder, ti. rate of growth
or decay of this signel, when fhe siorowcve power wes turned
on or off respectively, lowever, the r.f, field zust be
sufficlently smsll not to cause saturation of the nuclear
resonesnce znd experiment has shown (20) that this must bLe
é.ttenmted by at least 30 o8 from the normal setting if a
true T: is to bec obtained,

If the decay (or build up) ocurves =ure longer than one
second, then they sre recorded on & pen regorder, and the
time axis is calibrated by rewinding the paper and ruaning
out the chart agein with a 1 c.p.8. Bquare were fed to the pen,

Faster 7,'s are photogrsphed on =n osoilloscope using a known

1
time base, Cn the *-banl machine tiere is & Z-zodulztion
facilil/ eénd thus the brilliance can be modul:.ted =t & known

frequency. The ao0dulstion iz provided by a Venner couanter



which sroduces & 100 c.p.s, or 10 o. .=&. gquare wave, " hus
the trace muy be mude to blip every hundrcdth or teath of
8 second,

From a knowledre ot T’ and T1 tie -ITuctor ia

4O
equation (1.20) can be computed for euc:. molutinn snd thus
the gradienmt ~f the !L;lx vi, ¢! ¢c.rve can be crledl ted,
zaowiayr 5-1. This has bLeea done o the benze e, .1U.B.P.
sclutions A;;x /¢ plote shown :n fi_ums 7.2 snd 7,3
when the culculsated an? *inoretieal lines were found to

ceineide,



CHAPTER I IT1

:11ald Dependence of the Uverhauser effect.(44)

Introduction,

In order to distinguish L:tween the three possible

models for modul .tion of the sealar couplin ., discussed

in Chapter I, measurements hive been c:.rried out for some
selegted synstems =t 3,300 and 1:,500 gauss, The results
have then been iitted to esch model in an .ttempt to find
out which model wae in best surcemsnt with these experiment.l
results, Cieurly to provide a uniruc £it, results ot
sever.l differcnt fielde are reguire?, zand where other data
zre avelladble 4iic has brern taken into acchunt. It is
poirzible to calculzte tlie theoreticol ratio of tie relaxation
times =t the it~ flelds and comparison with the exierimentally
determined ratio, ;rovides an extra oriterio. 1. fitting the
remlto o a model.

E;@rgm ntal.

Solutions of " ,i.J¢:e 41 the =z propriate solvent were
prepured as desoribed in tle previoue chopter il tioe
values at 3,300 gawss (2 ) and 12,000 ..o (A ) obtained,
The values quoted in Twu.le3l, ere tnc resulis of at least
twenty five dete.miz.tions ior sach sauple., 1The spin lattice

relaxation times of t..¢ solvent -wucicl and the redieal



concentrations of tho nolutions were :«l:o measured,
Concentrated rmdicsl solutions were used in all cases und
the measured spin luottice relaxation times of tha 1ucl«i
were ol the order of 0.1 secs. “ince in all ocases 211
the opis 1:ttice relaxation time of tiL: nuclei in ihe

absence of radiocal, is long comp:r=d to that measur~d in the
presence of radical, T?’ tie lrukoge fuotor, was very nearly
equal to unity, so $iint the limitinz enh:ncement A::, wag
equal to A;;x (equation 1.26 =en £ a 1) u..d could ue obtained

will. 0oaly one extrapolstion,

Table 3.1. shows the AL values ut 3,50 gauss (B, ) end
at 12,500 sauss (A ).

The results for the proton resonances »ith the posaible
except ion of those for Géjscﬁj aey ve fittel to Li: curve
caleoul -ted for pur dipolar coupling. Gn autbard's votation
this is when § = 0. Ihies curve is corwon to all models,
when scalar ocouplli: is absent, The parameters calculated
for the systems studied are shown in Tsble j.2, to- ether with
those calcoulated for other nuclel, using the "Uiffusion Nodel®,
(In the case of CoF5Cli;, the enhancements were extreuely swall
at 12,500 ;suse sad tl#s tle error in fa 48 % 50%o0.

This interpretation for protons in terms of pum dipolar
coupling, modulated by translutional diffusion of the molecules,



is in 700d ‘crcement w.ti the work of ¥uller W.r..:th el r:
(8) and Foindexter (27) vto have invecii autcd a l.r.c auwbor

of protoniec syst:mc &t low field:,

2, 3galar Coupling,

All the fluorin enhuncements are positive :t 12,500
gauss, Since, .» has been pointed out, thie is unlikely
to arise from s " 3-spin ef:t‘wt",e an attempt was mude to fit
the results to each model, “

The Stickin: Yodel.

The resalts ¢did not fié ut il seticfactorily to thuls
wodel even allowin: for sross errcrs in the cxperimental
values of P . FHovewer, ii & vir, = rozim-te fit was made
then the ocormelution times cuiculuted are of tiue order of
10"1233(:3.. which are an order of w.gnitude less than tue
values obt:ined fur bLensene - +ierve tue 'Yicking and Diffusion

F

T'odels were identicsal,

The Adffuciocn “.odedl.

Several fits for the exgeﬂ.mntal results are possible,
Table 3.7 shows the sarameter:s coloulet:d w:inyg the *ue st®
fits, and i~ the came:s of BGHSCFj, O F, end JI’*JCGLB, the low
field resul’: have been tzicn into account. irox the high
fie1d data ulono, a poosible fit for C I was oo 3 = 20,
with T = 3.9 % 10~ gecs,, uid tie calcul:led and
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TABLE 3,1
Solvent J' /o" ut J,m gauss ;* /’3 at 12,500 gauss |
cﬁag 0. 287 0,09
céﬁgaﬁ 3 0. 264 0.094
g P
' CglgOH y 0. 230 0,080
Cgliy 0. 281 0. 101
y g * :
ClyFa 0,056 0.027
* e
CgHg*GE I 0 250 0,057
»
°635°f , 0.037 0. 004
Cgl Ciy 0, 182 0.026
01'3061 3 0.066 0.023
-} )
i - -

¢ The error in the ,° * vulues is £10%%0
#% The error in the " walues is £15%/0
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experimental T, /T, ratio equal. Tiis curve predicts -t
the enhuncement 1s always positive, independent of field,
Such a fit, however, is inoconsictent with the low field data
of Fuller-Warauth (8) and PYoindexter (26) who observed a
negative enh-noement at low flelds, .coordingly, the fit
on § = 9, which is not & good fit at high fieids, has been
chosen taking &ll msults into account.

Syesteame ¢o.:taining both protoan and fiuorine nueclel
provide a good test of the theory, for two sets of ipndeypendent
measurement: can then be ocearrisd out, If tiic proton
enhancementsz wure interpreted i terms of pure dipolsar coupling
( §=0), then a diffusion coefficient can be ealcul:ted for
the protons, Thie can then be compure. wikk that obtaincd
from fitting the fluorine data to the approprisate curve,

The results should be identiecal as both nuclel are on the
seme moleeule, For tie systems studied, this agreement i:

good and probably within cxperimental error,

Because of the extra variable here, it is very laborious
to uttempt to fit the experimontel datc to this wodel,
particularly so, since sufficient low field data are not avail-
able, However, for C F., wF juﬁl 3 and cﬁﬁ,jcr 5 low field data
are svailable and the curves wuioh are the best fitse to the
experimental dats are shown, The values of K and & chosen
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for these fits were calculated by ucin: a computer prorTunme
to pot families of curves for theve different variables,

The parsmeters ealoulated using tiis model are showa in
Table 13, together, for ths sake of comparison, witi those
caloulated for the same systems usin: the Diffusion Model,
Again, as on the 1 tter model, the diffusion coefficients
caloulsted for bensotrifiuoride, from the proton and fluorine

date zre i, reasonable agreemm.

Compurison with experiment.,
The Bticking Wodel is uneatisfactory in explaininx the
experimenmtal results, On the other hand it ie difficult to

Jegide between the Yodified Sticking and iffusion Models,

From the parameters calculated in Tauble J. 5y 1t can be seen
that the agreement between theus two theories for the arcton
end bensotrifluoride is very good, On the other hsnd, the
Eoth

two theories do not yield the same parsmeters for cﬁifé.

the valuss of the correluation time and diffusion coefficlents
differ consideradly here,

One might expect ti.t the correi-tion time in solutions
of hexafluorobenzene would be greater thun th:t for benzene
(7T, = 1 x 10"'10 sec) becsuse of the incrsase in viscosity.
Cn this vasis the value of 5.1 x 10"‘0 s8¢, ealoulated on the
DAffusion Nodel ie more reasonable thenm 0.8 x 1070 seo.

obtained from the other., However, the relaxation time ratio
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i® 4a ;004 agreement with oxperiment for the Modifier
Sticking liodel and not for tle .iffusion lodel,

Songlusion.

“hile the Uiickin: ¥odel ies a poor fit to the ex erimental
resulte, it is difficult to deecide unacbizuously bLetween the
other two model:, Clearly, more results are required to test
the I'odified Stickin: lpdel for a wider ruzge of compounds,
This would ncoessitate more work &% low fie!ds,

1t may seem surprising th:t scslar coupling is obserwed
with fluorine nuclei and not protons, [Howewvsr all that
this sealar interaction implies is an overlap of the free
radical electronic wave funetion with the w.v: funetion of
the protons or fluorine atoms of the solwe.t at %L moment
of fmpact, The free radlcal eleotron :ust then reach the
nucleus poseibly through & polur.zatio: mechanism, by msans
of a contact iatcruction which will be wmuch greater for
fluorine than for u proton because of the increased value of
the ns wuve function at the nucleus, 7Thus scalar coupling
to protons might occur, but it may be too small to be observed,
Other indications of scalar goupling to fluorine nuclei have
been found from acasurements o. the ratio of the spia-lattice
and spin-spin releaxation lines of 5he fluorine reson.nces in

solutions of free radicals in fluorinated benzenes ( 32).



Furthernore, evidence for "through space® scalur coupl.r’,
betwee:: fluorine atoms, i.s been isin-d frow & study eof
solvent effeots on nuclear epin couplin’ constants (33,).
Thue, since scalar coupling of the elestron to the
fluorine astom does seem likely, & scalar shift of the fluerine
resonanoes in r.diocsl solutions would b: expected, If the
theoretical zhifts for the two theoriee are calculated and
compared with tic experimental ones, then this would provide
some additional infamtibn towards a oholce of models,
Thie i disocussed in the following c.apter..
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CEAPTER iV
3 ﬁ,ta.
Introduction.

The resulta of tls previous ohupter indicete tiu.t the
positive fluorine eah ncewents observed can be explained,
4f 4%t is ssgumed tii-t sealar coupling of the eleotron to
the fluorine ocours, If this is the case, a scslar shift
of the fluorine reconance in radical solutions would be
exsected, further, this shift should collapee when the
electron recon:uce is saturated. In tris chastor, this
ehift is caloulsted for hexmfluorabunzene for the Modified
stioking “odel and the Diffusionm Yodel und this 18 compered
with that observe] experimentall ;.

The sca.ar shift A%, of t1s nuclear frequency wy is

given by. (20)
ooy = - b1y <o ceoss(ts)
whore ‘Eu ie the average value of the coupling constint for
the 1th nuslsus and jth electron.
¢ 0> is the expsotation value of t.« total 7 wugnetisation
gt equilibrium which frem the Curie lLaw (3) may be writte.,



AT
\SOI = N .‘ "‘K . S 54 » Ho NN (‘oz)
8-S T%E"n

whe re Na is the number of umpasired electron =;ins h-nce:

(‘IHO) 00(40 3)

by = - DLy K -k(‘&)

L3

o' Ao . "

;_I_lﬂ "xij ieﬂ'ﬂ(&) %’ cocee (‘.4)
3

In order to evalu-te Mwy/wy, '1J must be kmown and the
calculation of thie dupends on th: model f-r Lhe time

dependence of the sealar interaction,

(4) ¥odified “ticiking lodel,
lat W, be the probability tivt a s.rtienlor rucleus is

interaeting with an electron at a&ay siven time, Then

Sii = w. 3 ssvssce (4e3)
S 4 fig be tic average aumbser of nucliel interwcting with gone
electron at wiy time and ﬁl be the total aumber of nuclei,
then assuming the time each slsetron ie unstuck is as-:i rible

then,

ﬂn . :w eeBso0e (406)
¥s ﬁ? 8

Thus equation (4.5) bvecommes

m = - 3‘2‘ . B‘ \(S st 'K S0 1) sece (‘.7)
R e




which 12 similur to the expreassion derivel Ly _lo-mberr~n (29).
By, the cou,iing const.nt which is finite wihen u radical and
molecule are "stuck" together and zero ot oruine is siven

by: (19)

‘ o
K,&%ﬁa 3 (L/KZ) sesne ‘408)
&"“a ok B
(B) Lif n Kode

The coupling of an electron to & nucleus is assumed to vary

aocording tc the egu~tion (5)

51 = 3. 4 e*l\(@-d) sesssl(1.9)

80 th-t B1J will be the :veruoe valune of Bij over all values
of Rij from d,

.*. Bij -4 / 51) (R) a’r
v

Ren
- % 4‘3 f dh Rzyij(ﬁ) s e s (.4‘0 10)
oA

where Tm is the maximum value of R soverned by the dimensions
of the sample, and V i» the total volume of th.e solutlon,
Integrating equation (4.10) by parts and assuming that

Ad » 1 then:

Big = 3 .h_&rcﬁ ceeeres (411)
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Thus from equation (4) :-

from the definition of 3 (5)

o §'§§%§' 'm(%d)z &

. %
-o l?.d!" 3% cesesneld.13)

Thus by substituting for B/AA iz equztionity Z)Awym can be
o 1

avaluated,

i xperimental,

The ehifte of the fluorine reson.ncez in several
solutione of the radieal T.T.0.7, iz hexafluorobsazens were
measurad using teira-methyl silane as an internal standard,
The experiments were perforazel on tihe 12,500 gauss spuctrometer,
vith this instrument it is possible to ¢han;c from proton to
fluorine resonances quickly and easily, unl .u.e resonance
fregusncies can be mecasured exactly using the SchomandalND5
and TOF 1 frequency synthesisers, .he proced.re involved
changing from the proton to the fluorinc resonun.e and vige
versa, several times for each solution. ihis enabled the

elsimination of errors in tix: shifts arising frou any arifs
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(wi:ich wes assumed to be linear) in the m.gnetic f£izl'. The

error in the shifts is £ 1 e.p.s.

nnnnn

Figure 4.1 shows the mecasured shifts plotted against
radical conéentmtion. The flwerine resonance shifts down
field and althougzh the shiftes 2re of tle sare order as the
line widths, there i’ no doubt sbout the sign,
coupling to the radical, the shift should collspee vwhen the
electron resonsnce is zaturaied, “Len wicrowave pow r wes
applied %o a 10"% eolution of ths radieal, the fluorine
resca.ce epifts soproximetely 1.9 c.p.s. u; field, but the
proton resonsnce shows & very small downfisld ®iirft, This
lotter shift probably resulis from the ehange in p-ramagnetic
susceptibility when the eh!et‘m‘a lres«anance ie saturated,
whereas the up field shift of the fluorine resonance is the
net result of ths partial coll pse of the downfield scaiar
shift ol the & sceptibility ebift, These shifte are shown
in ii:. 4.2, In order to caleulate the suifts for the
vodified Sticking Model it is neceassary to decide on a value
for n, in equation (6). i,e, it i: necessary to decide how
many nueclei are ocoupled to guoh electron at any ome tlme,
1f it ‘h assumed that som: form of chemioal =5 -ociation i
implied in the "etickin. ™ process, and if a 1:1 complex is






-5 =

produced, then ezc. electron will inter.ct with all sir
fluorine nuclei in the solvent molecule to which the radical
iz stuck, The caloul:zted s.ift for s 10"%1 solution of the
radiceal in EAQMIuoroﬁe.mane is tuen 0.78 c,u.we if each
radiczl moleoule "essoci:tes" withk two solvent wmoclecules
then n, = 12, «nd the caloulsted shift is doubled, Higher
values of n_ cuzn be ruled out Irom sterie comsiderations,
since npodlecul. r models indiocate thet it is Aifficult for
more than two ‘sclvent molecules to be ":.sgocizted" with one
radical wmolecule. Hwnwr, it hee x¢: sscumed thut the
amount of time tlat an eleetron is not coupled to the n,
nuelei, ie negiigivie but if this 1s not the case the
calculzted shift.s) will bve lué, zm& ¢he coupling oonstant
greater, |

The modulus of tliz couplin constant | Bl oun be evalu ted
directiy on the lodified .ticking 7 cdel, iU wukin: the same
agsunptions wo in the ocalcul.tion of the suifts, the corres-~
ponding value is C.5J Be/s (or nolf this)., The Diffusion
Kodel, yields only values oi |b/Ad! where A is e constant
such tuat Ad X 1. In a luter cha.ter, il iu shown that
Ad = 1000 is the minimum value of Ad 1f t.« approxim tions
wade by Hubbsrd in evaim...ting the -cular speotral densities
for 4his model are to be Va.lid. Thug in t.l. case only a
winioum velue for /.| caa v estim.ted by essuming Ad = 1000,
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Tie regults are cumu.rized Lelow for & 10 = solution ..,

the radical in hexail.crolunzZene.

R

q Bodified Stiecking S‘Liodel. Ceoorv:d mffusim ¥odel
Coupling Conztant B e.m 1ing Ehift st
,29“.0 3 Cotutept B B0 Yo/s
’ 41911065‘#/8 1.9 ¢/8

— 4

On the ¥odifiad i'tickin- Model B oaorresionds to the

0.53 x 10 ¥e/e

constant value of the couplinz constant betwean tis slrotron
tnd the nucleus when a radical and solvent molacule ure
"gtuck” togethier. On the iffusio. Yodel, 3, corresponds
to tia instante couw: walue of the coupling consteat at tie
distance of elosest arproach of the radical znd solwvent
wolecule,

It is difficult i koow what iructican of the electren
being transferred, the couplinmg oonsiu..8 eorrespond to.
Symons (30) Las caloulsted $iat for un electron in sn imol.ted
28 orvital of a 193‘ atom, the omunlin, conatant to ihe nuaci-us
is ap roxim tely 50,000 ¥e/s., Thue if & comparison 1is
possible a value of B of 410 %o/ corresponds to the transfer
of only a small percent.:e of the electron deasity to the
fluorine nuclieus.



The o‘baimd ghuift is in retiwy belter zzreement 4l
thut ealoulsted for the Diffusion " odel, but t:is may be
fortuitous ccasidering the poor fit of the £ valuse for
hexafluorobenzene tc § = 9. On tue other hand, dy teking
no= 12, on the “0dified Sticking lolel, sgreeme:t 1s sgaln
obtairad between ex ~riment und theory, Thuo either theory
could sxplain the obucrved suift, Yioally, «» the u.ift 48
to low field, tie coupling constant will b positive,

Coneluai on,

~any more assumptions have to be m.le ia the esloulation
of the sealar shifte for the hodified Stickin: ¥odel than for
tha Tiffuzio: Yodel, ii tie theoreticil and cxperimentally
obasrved Shifts are to w rue, Un ..ic basic it Iollows tuct
the Diffusion Yodel iv probably the more favourable of the
two., lowever, if the order of m.gnitude of tie coupling
constant predicited Ly the oiffusion lodel iv correet, then the
maxinum value of the couplin: constant Locomes compurable with
the Ho ficld, and when itoio is 80, 1t 1 not valid to treat
ths couplin: s s samall perturictiocun, In this event ths
g6 rrolly accepted relsxestion theory may not ve aoplicable,
partic.l«rliy at low fi lds, It may sren Lo nccessary to
for~ul: e tvo thecries for the o~calar intersctions ome (t hih
magnetie fielic where the sealar coupling is = small pertur-
bation of the Zesuan lewels and . furti:r one at lo» fields

where this i3 not the c¢ase,



Correlation Time Dependence of the Gv. rhuuser effect.!49,46)

introduction

in chepter 3, it was concluded th-t the results or the
redicul ieT...P. in venzene could be interpreted in terus of
pure dipol:r couplin: which is wodul tved by the translational
diffusion of tim molecules, If bovever, a solution of tie
radical in benzerne is yrepared by oxidstion of a saturuted
solution of tri-tert-vutyl phenol, tien the measured 2 values
were less than those nuoted in cuwpter 3,

4t 34300 gouss the fluorine resonunce svectra of methyl
pentafluorotoiuene consicts of a low field jeek, urislng
from the p~fluorine =zud an unresolved hi.-h field .ultiplet,
If & selution of this and the redical T,i.3.P, ia allowed to
warm up in the microwave oavity, then the initicl enhuncement
of the low field peak, whioch iz positive becomes ne utive,
1f then ¢nolin: air is applied to the sample, the enh.nce.ent
becomes once sg-in ocitive, Jhis is illustruted in i, 5.1.

The results of the above experimente cun be interpreted
if 1t ie ssouned trat & cbunge in the tranelation:i correlation
time 7, had occurred. Iin the firat case "I, was increaced
by increasin: the viscosity of the sample, with ths cxoess of

unchanged phenol in solution. Im the gsecond case Y, was



Figure 5.1 E
Repevtud cecan ot low 1ield peak c¢f Fluorine
spectrum of CuF5CH3' {

8 ==pOWer on. ‘J
b =--coolin :ir on. %
»!




decreased, by incresein: the temperature, which receulis in
& decrease i: viscosity, 1t wae tlcse experiments wihich
initiated the work deseribcd in tiie ch.oter.

For both tle Vodifiled “tickin ‘“.cdel ~u3 the Liffuczion
Yodel £ hes been cvilusted as a functics of wJT, (Chap. I)
( where w, 18 the eleotron ucjular resonance frequency).

ibe product w cen be altered either by working «t different

8lo
nsgnetic fields, or by émying T » Tude litler possibility
is scoomplished sither by chengin. tiLe temperature of the
sample or vy addition of some imrt, miscible solvent which
has a much higher (6:- lower) wviscozsity iban thut of the
materisl under test. This ¢henge 1 T. ut fixed L could
result in @ change ia si.n of the e¢nhcacewent 1f the L v:rsus
w0, T, Curve crosses ihe 2 = 0 axis,

ihe fluorine resorunces of solutivns of I,T,B,F. in
p—ﬁﬂmrobanwm. of monofluorobenzene, of arcton 115. and
benzsotrifluoride are megatively pol:rived at 3, 0O gauss and
positively polerised at 12,500 g uss, These results can be
fitted to the viffusion Yodel, and in the case of bengzotri-~
fluoride to the wodifled tickin: " odel as well, which for
partioulsr valuce of § or ¥ and §, predict & change in
Bign of p ae w 7, increases, If it io assumed that 3 , &
and J remain conetent, then tldiu resalt coul.s be checked oy

oha ging vy, at ixed Wge %hen T, 1 incresced by addition
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of liq.id peraffi. t.e.. the polurisation at ,,300 gouse
changes frocz ne~:tive to ponitive, in iacrcese in tewper.ture
can thca shorten 7. enough Lo ci.n .. the nucicar ;o:.risstion
back orce sgain, %o a negative value.

The results for hexafluorobenzene, .3y b fitted %o
curven on eithe: the “odified tiokin: or iffusion !odels,
both of wiic. . edist a chunge in the ci o of P & WeTq
decreases, Thus ii the v@acwaity of a solution of the
radical in hexafluorobengene is lower:?, by =ddition of
carbon disulphide, the polurisation wi.ch is positive at
3, 300 gauﬁé, begomes negative,

vimiler changes in th: eign of fiuorin. nuclesr polar~
isations have vecen deseribed -y lmbeud & Bertlet (1),
which occur when the temperature 1s chunged, or on dilution
with otler w terizls, In these c .zes the uthors have
suggested thet & three spin effect any bs responsible, but it
seems zore ;robable tii.t the chiage i 6osvel tion time is the
inportaoat fagtor. Ia say event tripie irradiation ex criments
(20) on the vystcu. wescribed above gave no indicuiion of =ny
three apin efieet,

In tids ocuapter, it bas been stieunptcd to determinﬁ
experiwentally the foru ol %tic £ Vrrus w T, curve, by
variation ¢f T, at fixed Wgs for two syatenms, hexafluorobenzene

and arcton 11Ji. Tho results huve thoen vuen oompared with



those predicted frowm the Yodifi 4 Sticidag and Diffucior
Todela,

Yxerimentel

Tho L vilues for solutvion. of T.I.:.P. in either the
areton or hexufluovrcbenzen: were meacures z: g function of
fenp - rture =t 3,300 gauss, by ueine ke weriasble temperature
cavity described in chipter II., The L valuce were also
mcasured as 8 funotion of .o viscouity at o, 300 gauss and
12,5900 gauss, in order to reduce the wiscosities of the
solutions uander gtudy, sbk: Jollowin; prccedure was adopted,
4 solution of the 7.T,J.%. radical in one oi the ilusrinuted
solventa wae urerncred as desoribod in ch.pter 1I, and &
golution of the radical ia cureon Usuwiphide wus asde up in a
similer a:oigoer,. Tae cuncentratisiz of the two solutions
were compared by examinis~ tlhcdr V,S,.. o,cotra and the most
cracentrated weo. dlluted with the o rocpriate Lolvent until
the concentrations was equal. Idxtures of tus two solutioas
were thon made up contudining verious wvolume porcentages of
carbon disulphide, In thies way the radical concentration
was kept constant, In order to increcze the visceositien of
the solutions, tho sasme procedure was followed but win; a
45%/0 enlorin .ted hydroearvon, Cereclor Si,, c,"-x.:‘g, inatead
of carbon disulphide. 4A® in chajter i1, the leakage Zactor
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was very nearly egual t> unity, so th.t the limitinz ashtnce-
went could ag.in dbe obtained with only one extrapolstion.

The viscosities of mixtures similsr to the sazples were
measured =t 25°C ueing sveveral Gstwald viscometers, It wase
aszumcd that the additionm of the radical tc the sample d4id
not affect the wviscoalty s:i‘__:,nifiee_,ntly.

ihe self diffusion coefficient of a nucleus » with radius
e in a wmedium of viscesity | ic . iven by i Stokes~Einstein

equations

Jw{ia f’.&. sevesson (501)

The uwsan diffusiorn cpefficient o, of two cow.onsntis I and 8

in solution i thus

"% ?ﬂ’(]:bé- z“‘) cevernnes (5.2)
7.8y 8

whers oy and &g are tre yadii of tie I wd O wmolecules,
ince the diffucional correlation tius T ie defined am

2
Ve = d
D
then
Y i
'tc - :I:;‘E ﬁ &I ‘01 esevnae ({)03)



thus 7, is direetly proportion:l to viscosityn . Tus
direct dependence ks buen found te be in . 00d agreement with
experivents in w - ny cases (34, 3%) -nud it will be uscumed for
this work even for the diffusion of & small molecule in a
solution made uore viscous by <ddition ¢! & lon: chain
hydrocarbon,

In order to i terpret thc effect of varyin the temper-
ature the assumition will be mzde that the temrpsrature

dependonce of 7 1ic siven by
as/
0) = "10.& RT YRR (50‘)

where 7, ic a conciant =ad AT is an activetion energy for

the ;rocesa, Thus frow equation (5.},
A ! .
't‘ = ’l’o a&, /iﬂ ssecsse (505)

where T, = 124° (s a,).n,
B: (aI ». 38)

In order to calculite the veristion of T, vdth tempcruture
it ie then necessary to decide on a vuiue for 4., For
mobile organic liquide it iino been found th:t 4 lies in the
rasge 1 - 3 k cal/mole {3y, 37).

For the iiffusion hodel, it h. ¢ been sLo:n thut P is a
funotion of WLT e Thus & ch nge im the electron resonance

frequeney vdll hi.ve an iderticul =ffect on A , t. &8 simllar
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ehange 11 T, Iliowever, for the "5ii-4 htickine *andel,

thic dcpendence upon w o M1l only be true if it is asrumed

8
thet d (= Te/Tc) re 4.e

the wilcoeoity i vaviced,

l}

cunnta t for oo -iven sclution us

(1)

The presults o: viupryin:g tie vieossiy; of s-iutiosas of
YeTeEeF, radloal in hoxafluorobenzene Ly addision of either
gereclor “4Y, or carbom disulphide nrs shiowa in Table 5.1.
The valwe s odtainsl at 3, 00 sausn .we plotted as A wersus
70/725 1a fi.ure O, 2, Ty 17 4he d1ffusional correlation
time for hexaflucrobensens st 25°C (4he magnet teryer.ture)
which ic used as a reference :oiat, Respltc obtuincd st
12,500 gauss are plotted om the saue 1ok Ly madtivlrying each
ordimete by the = tlio of thc two rogonunce fre-u-ncies,

(3.2 4n t-ic eaze), Thie gszumce £ .t Llicreusins the
resncapce fre~ucncy 9y 3.5 fimes is e ivelent to inoreasing
T, by Je3 times,

Te p vuovee for 3,300 jeuvs -~re wsusily the result of
only ove .easuresncit. It ig difficult %o «rtio te the
-rouable random error but tie ¥ 12%/c ohown in the figure
seent reasonsble by coup:rison witl ¢, outed measurcuente on
other syst-us, yeasurements at 1,560 ~uu2s are amore
difficult and tic results quotel for CGE'Q/U% uixtures are

o

averages of at least five deterulnatio s, The errors shown
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are ¥ 5%,

Decreasin: the wiscosity at 3,300 sauss caused the
positive eﬁhancemewt observed with vure hexafluorcbenzene
solutions to decrease and vecem. negative in solutions
containing more than 50°/o carbon disulphide. Increasing
the viscosity at 3,300 gauss or verying the viscosity either
way et 12,500 suups produced no strikin. chonge in the
pagnitude of the erh:ncepents, To serious Ciscontianuity
seems to result Irom the assumption that L iz & function of
the product ® Ty Comparison of tiw variable tempetature
results (Table 5, 7) with thé c.rbon diswiphile dilution
results enables o cuolce of a value for the sctivution energy
8. ¥ith & = 1.5 Keals/lole, then the two sets of results
zre found to lie on the same curve, (vdsure 942)e The
range cf temperature over which studies coulé be made was
limited by the freezing point of the solution on the one hand
and by decompoeition of the T.7,.3,F. radiccl ¢t approximately
100°C on the otler, If nowever, AL = 2,5 Kcal/¥ole then
the variable tempersture resulte fit precisely on.the curve
for the "olified aticking ‘‘cdel, but *i = enrrel tion with the
carbon disulphide dilution resulte is lost,

figure 5,1 elso shovs tuc best fits of tiec sxperimental
data to the Diffusion Nodel (3 =9 ) and Yo %tie lodified
3tie’inz vodel (I = 0.9 snd 4§ = 0.1). Neither theory gives



TEOLT 5,1
CeFe F’/o 0:’:32( VOL) ~ e P35 gauss) PL12550 gauss)
0 0.9 ﬁ: - 0,030 0.969
16,7 0.75 - 2,036 0,068
33.3 (e 60 - L’}.OOQ 0.(}64
20, G Ue D0 + Q.09 0.086
66,7 043 + 0,023 0.064
835 C. 40 + 0,034 0.110
p/oCemclor
54% (VYOL)
0 0.93 - 0.080 0,070
16.7 1.40 - 0,070 0.064
33.3 2.45 - 0,067 0,056
20.0 5.05 -.0.070 0.034
66,7 13.10 - (0.004 0,029
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TABLE 5,2
~9¢ p value at 3,300 SEUSB
Céi"é Li‘)():.uj
J + 0.110 -
10.5 + 0.092 -
25 F0.082 | + .o54
40.5 res057 -
48.5 - + 0,091
50 - 0,043 -
62 L 0.021 -
65.5 - + 0. 11
T4 - + 013
76 0.006 -
84 0.006 -
ST 0e017 -
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a1 cntirely sstisf-cliory deoverition of the results for
hexafluorobenze e, vuclitativel - the iffusion curve is the
better, The other predicts trzt the cign of / chould
chonge at le:szt twice whereas only one such chin,® has been
observed, The parsmeters caloulzt~d from euch theory are

given in chapter IIX,

(2) arcton 1134, (1,1,1,~trichlorc- 2,2, 2 trif: . oro-ethane)

Table 5. shows the results of simil . » ex;oriments on
soluticns of .rcton 113/, These are ploited as P versus
2},"1-25 in figure 5,4, The key ~xrlains whioh points refer
to 3,300 gaus: znd which to 12,500 gauss, The results of
veriable tempir-ture experiments =t 3,300 gauss, shown in
able H.3 =re 2lso piotted in fisure 5,3 vith AT = 5.5 Keal/
nole. They :re then in _on1 agreement with the vuriable
viscersity results,

The -ensral shape of the curve isg simil.r $o that
obteined for hexafluorobenzene soluticn:, but is shifted
upwards towards more positive O values. The 1it on the
viffusion Model to 3 = ), takes into amccount the low field
dats, ‘n the Vodified uticking Kodel geveral curves were
found which save conroxim te fits to the data, The beat is8
probebly K = 0.5 and d = 0,83 The curves for both these
models are slzo shown in figure 5.3. (The p rwu-ters
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celoul .ted for both models .re given in cic_ter III).
The K = 0.5 and d = 0,@3curve crosses the O = 0 axis on
three occasions, The enhancements seen wzt 12,500 zauss
with solutions of tihc arcton ade lege viscrus by addition
of car.on 3dis.l:;hide were too =2maell to extrapolate accurately
but were gll nositive, Thus ths corresyoniinglﬂ values vere
all negative and the P = 0 axic is an upper limit for -ll
measurements at 12,50 swucs plotted Lotween ?c/l’zs = 2,0
end 3,%  For the .recton/Cereclor C!° mixture of viscoaity
2,5 ev (T/ 2'25 = 3.2) & small negutive enhunceuernt p = +0.005
was seen at 3, 300 gauss, »t first si-bt “.is seems $0 COn~
fir: that the gurve crosses the axis at least three times,
However, 4f one of the crossing po.nts lies Lstween
"t’c/l’?_s = 3.8 and 3.2, increasin. the temper.ture of a ssmple
with Q/‘I23 = 5.8 will result in a decrcace inAd , and the
enhancement should change from positive to negetive, o
variable 4empe r.ture probe 1s avallable for th:2 12,500 gauss
spectyometer Lut when a sample of T,1.B.r. radical in the
pure arcton was examined for & prolonzed .erliod with no
cooling sir, tie cnh.ncement rewmaincd :ositive av:~ though
the microwsve power eventuxliy heate’ tlc sample to 1its
briling point,

“iace one point is plotted with a2 positive P 1n this
region it must mean thot eitiicr 2 12 not a function of the

produot @ Ty and it is not oaraissible to compure values ut



CF

CC1.

°/o 032('901) m ep. P(330 »cuse) | (12500 gauss)
- - . h
G Ve 19 + 0.4
34 0.49 + 0,051 Very small
5145 0.475 | + 0.090 enhancewsats,
53,0 4 44 v 00090 always - Ve,
62,5 0,425 + LG 0YD -
80.0 Ue 419 + 0.100
®/0 Cereclor
Y45
0 e + 0.u0d
16 1. 20 + 0,015 - Q.007
33.3 2. 50 + 0,005 - 0,006
50.0 34 60 - 0.004 - Qe1d
66,7 16. 30 - 0.007 - 0,004
Tabil 5.4

Arecton/CS gcluﬁigaﬁ.

o

1~?/0 QSZ v Lp(j,jﬁ;gﬁuas)
50 49,5% 14
50 69.5%C 14
0 73.0° .13




two different fislds, 458 h: s b.en done in the figures, or
there .re l-rzc errors in T‘/TZS‘ Tiig 1 tter possidility
would urise f the linear relationship vetween correl-tion
time and viscosity d1d not hold for th: visesus solutions,
It mi;h% b2 expected thot the ¢correintion timc for the small
fluorinated molecule is mueh :rorter thin toat predicted from
the nucrosc-pie viscosity of such selutions, 1f thias is the
case, the viluss obtained for the Cereclor 45 mixtures
necl to be ol.ifteld o 10;:-'(?:'.' values of Z/’i:‘25 eand the
inconsistoney in the P - rsus 72/'?23 curve would then be
remnoved, Since most of the L velues fror these solutions
lie on the horigontal portion of th: curvec, the correction
will make litilc difference to the shaoits of the experimental
plots, It would appear then that tix curwve crocses the
P = 0 axis once only in this region favouris: the theoretical
$= 3 curve of the Tiffusion Yodel,

On tre Jiffusion lodel “kc arcton resulte at high fields
elcone can be fitted coua’lly well to any of the ourves
£= 4t §= 9. Ihe results in Tsblc 5.4, siow thet heating
a sanple ol arcton and 50°/o c.rbon disulphide from 45,59
to 09.500 produces no chienge in the /’ value, further this
seme 'limiting' value was within exverimental error the same
a8 th.t obtained with tie Dore arcton at 73°", ¥oasurements
bt ldzher temperuturesz could not be cnrried out, =ince the

radical daaompgg@ﬂ. These res.lts %L{;ifﬁi»‘:t thot the lthing



- T0 -

L}

low field value of © = 0,14, should fit oo = o, Tuinm
18 in contrast t-~ thz low £i-18 walue of 2 = 2.4 (37).
Thus, it my -ell de, =8 suz-ested in tle previous chepter,
th:t the low field results should not te intersreted uoing

the seme relex-tion the~ry us st high fielde,

Conclusi Qn.

It would a:vear that neither ucdel is ecounpletely
sutisfactory in interpreting the experimental results although
qualit. tively, the Diffusion Wodel is vetter, However, for
the odified Sticking vodel, the asc.mition hue been mnade
that 0 remains constant as the viscosity varies. Tiis may
not be the case, but the introduction -1 & functional
dependence of T, in T wiil reswit in wun ;-.m«'»:ieidly and
complicated model, Ar zltern tiv~ furctior for tie time
depsndence of the sealar interaction seems t- be necessary.
This could be obtained usinr the experiment 1 reculis and
working backwards, but this would be tedious and the function
misht then, slthough mathematiocally a correet deacription of
the res:lts, . hysically he not wvery mesain ful,

igain, there 18 some evidenoe that the low field and high
field results slinuld perhans not be inter;rcied using the same

relaxation theory.
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CE ALY TER VI

Ihe I'ffeot of Varying A\d in the Scaler bpeetyal Deusity

el on oael.

Introduction.

From ti: results of the lust clu.ster it aspears that a

satisfaotory function for t.c time dependence of the scalar
interaction has yet to Lo postulated. In deriving the
expression lor the scular g eetral demsity Iunction Je(w),
for the Liffusioa Nodel, Hubbaxrd (%) .:de the azssumption
tiwt AC D 1, Accordingly, a simple znd cbvious wltersaiion
to thic funoction is to inveatigute the dependence of Je(w)

. , o~ 7
on Ad eni caloulase the corresponding ¢ versus (w T,)" curves,

Theory.
The equation for the soalar - «~otral density Je(w) is

given by Hubbard (5).

Telw) = 2r2<a? / u® - 2Adu + 20047
“u L + U

-u[édu&m ( agin u—-baﬁ w) + uf WP*M] ‘L

L(?\d) + 2du + u"}

cessea(6.1)

1
where u= (w3 '”c)"
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To £ind Je(o) " rd cocumes thet Addu with the s~ 3ult
that

Je(w) = ';'*..i‘;as’z" [t +e "% (vin - cos 23] L.(6.2)
ATDhu

from whioh it follows th:t

Je(o) = lim Je(w) = 2 ‘gdiﬂ
o j :Ef.z._ ..(6.3)

The reduced spectrsl demsity i defincd by

[
J&(m) = Jg¢{w
3%{0}

Thus if AS» u
Je(w) = 1 [1 + e % (sin u - cos u)) co(6.h)
Howevel no such suproxim=tions were u.uc in tbiv work and

L]
Je(w) was caloulsted for various vualues ol Ad, Farther since

the sxyrussion for p on this wodel is given by

p= 40 J 0 2. )=-3F jelw T ) . (6.5)
26 Ja(ms'tc)+24 + 333«?(@3‘?0}

then velues o!f p can be avaluated as & function of (m;tc)"'
for differeat valucs of § if je(w T.) is known,



Variation of je(w) with Ad

-7, -

Je(o) = Je(w) when.(m;te)“'a 1 x ‘l()-8
m% A = 1 %Ad =5 1ha=1ctvd - 53 |ad =100 |ra=1000
1(1&"& 1.0000 {1 1.0000 11,0000 1e GUUD 1., 0000 1. 0000
0,005 | 0.9932 {0.9907 {0,9972 |06.9972 ]0.4572 (0.9975
0.01 {0.9865 {u.5935 10,9943 {u.us40 10.9947 10,9950
0.02 | u.9732 |..95805 {5.9885 {0,995 (0.9090  ]C.9900
0.04 | 0.9466 |0,4739 [0.9770 |0.9792 0.9795 |0.9800
0,06 {0.9202 10.9608 }0.9655 |0.9¢%9 [0.veu3 10,9700
0,02 | o.ucac 10,9477 fu.9450 o098 10,9592 |0,9600
Ge10 | U.8681 |0.9547 by.g426 {0.9483 [u.9%1  {0.9500
0.20 | C.T441 0.8703 0.8857 10.3974 10.39% 10,9005
0.5 |0.6321 |0.8076 j0.8300 |0.8474 Jo.8496 10.8518
0.50 |0.4486 |0.6893 l0.7238 Jo.7514 (0.7548 (0.T582
0, 70 0. 3152 {0.5527 lL.6204 }J0O.0u08 0.6 U.06627
1400 0.1558 10.4473 1b.4993 |0.5437 ]0.5495 {0.5548
1.0 0.00ub |0.2841 ju. 3334 10,3886 J0.3954 (0.4016
2. VU 0.0337 {v.1829 r0.2520 e 2510 |1, 2578 0. 2941
3,00 10,0129 [0.007% K0.1232 [0.1037 [0.1098 10,1754
4,00 | U.0003 {0,528 o796 1u.1155 |o.1191 fo.1242
5.00 | 0e0050 |ue0suy 10,0581 |0,0888 (0.0938 0.0986
7.00 10,0017 19,0192 £.0350 }0,061% u.0B6s 15,0709
10,50 0.0005 10.0091 [.0190 (u.utou  (U.0450 15,0495
L:_ - . o

Table 6.1,
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Roag;o and Discussion
Table {1 shows the values of je(w) osloul-ted using the

various values of 4. It is interesting ¢o note thut

Ad = 1,000, before tha values of je(w) sgree with those
ealoulated by Hubdard (5) by putting Ad»u in equationlts)Fig. 6,1
shows Je(w) ploited as a funotion of (ws“cc)"” for various walues
of-\d, Figure 6,2 shows sevural typicul p versus ‘(na’t')""
ourves (with Ad = 1, 10, 20 caleulated using these different
valuss of je(w).

. The results of thie veriation of Ad in the seoslar
interaction funation;:are somevhaut disappointing, for the
agreemsnt with experiwent is worse than previously, However,
in the caloulution of seslar shifte in chapter 4 , it wes
necessary to u«spume & value for Ad, This work does show th&t
a minicum value of Ad = 1,000 i8 reguired, if tke approximations
made by Hubbard are to be wvalid,



¥essurements of the proton electron Overhausei"eﬁ*ect?
in solutions of free radicals in organic solvents can usually
be interpreted in terue of dipolar interaotions between the

proton and the eleotrons, The »roton polarization 18 inverted

and may be inoreased by two orders of nagnitude; Qu;ntitatiu
agrecuent with results galculuted from a model of iandolly
diffusing vphares i: wsuslly obtained us has beeu shown in
ochapters III and V, ’

On the other hand, fluorine nuclesar rescpancas of the
solvent molecules in solutions of free radicals are often
positively enh.nced, particularly at 12,500 gauss. One case
of a positive enhzncewent hse however been observed with
protons, If a solution of the T.T.%.7, radical is prepared
from an excess of the tri-bert-butyl phensl, then the proton
resonances of the excess phenol may be ouserved, With the
resolution obtained, three peaks are obtained, if these are
not masked by a solvent resonunce. The peak frow the arom=tic
'protons ocoure .t T= 3.3, that froa tho hydrexyl pibton at
T= 5.5, and that from the tertiary butyl groups at Ta 9. 3.
The different tertiary butyl groups ere noit resoived, dut
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under conditions of very high resolutior it is pocsidls *o
distinguish them, the sep.ration belng 0,17, the para heing
to higher field.

In every solvent so far investigeted the tert-butyl
reasonance is positively enhanced «t 3,300 and 12,500 gauss.
¥here the other two lines cen be observed the resonaaces are
dinverted in the normal way. 4 search has been made for
similaxr behaviour uesing different radicals and a variety of
compounds coantaining tert-butyl and methyl groups, 8o that
this unueual behaviour oould be invectigeted in more detail,

The double resonance experiments were cuarried out at
3, 300 gauses, Selutions of the various radicels wore prepared
as described in chapter II, The concentraticons of the
radical solutions were estim ted from the intensity of the
eleotron resonence at 350 Mo/s us sreviously,

The a,8.r, speotra for the aysterhs galvinoxyl/tri-te rt-
butyl phencl and for E.P.P.H./triwam-bawl pbsaol were

measured on a Varian V 4500 e.s.r. spectrometer,



1.33 gauss.

—
———

Scale 1 cm.,

Figure 7.41(a).

Scale 1 cm.= 8.8 gauss.

Figure 7.1(b).
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Beag'l.tn.

The slgn of the (verhaussr sffect wus observed for &
series of samples containing T.T.B,:. radieél‘and a variety
of compounds containing m‘chyl and tert-butyl groups. It
negessary, ocarvon tetrachzc;riae wus8 added &8 solveat, The
results are suumsrized im Table 7.1, It will be seen vhat
all the enhan\mments are pegoative excet for thet of the
tert-butyl protons of the tri-tort-uutyl phenol which is
poesitive, The signs of the enhanceuwvnts of the resoaances
o‘f‘ tri-tert-butyl phenol in solution in curbon tetrachloride
with 2sveral oticr radicales are shown in Table 7.2. The
positive eahzncement of the tert-butyl protons was again seen

with galvinoxyl and with D,P.P.H,

B, E;.S;Rg 3‘_@%:@..
Solutions of the tri-terv-outy’l phenol irn carbon

tetrachloride to which swall amounts of D,l.P.H. had been
udded gave o,s.r. spectre which were unsymauctrical (Fig. TJAb .
By ueing hizh concentrations (> 4¥) of the pixnol and low
concentrations ( <10'4'5§) of D.P.P.H., the 2,s.r., 8pectra were
partially resolved triplets, with a hyperfins splitting
consta:t of approximutely 1.7 gauss, This is the swme value

as the splitting comstant, srising from the coupling of the
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Sdgn of enhuncement at 3, 300 g. of tri-tert outyl

ghenol resonunces.

| " Radical CH | Aromatic
Phenoxide + -
Poisels - -
Galvinoxyl + -
D.P, 0., + =
B.D.I.P. A, - -
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metsa protons to the slsetron oa tie 7,.7.5.5, radical.

This is illustrated in ig, T.1le) Thie simultancous .rcsence
of the T.7.B,P, radic:l 1s in cgreesuwent with tiic work of
iyseough and Russell (33) who luve ptudied the equilibriumi-

:H »
BQP.I}.H. & o % B.F.f‘jﬁ. - H g ’@

Similerly solutions of the ﬁri--tart-—M&;;l phenol in carbon
tetrachloride to which smsll amounts of .ulvinoxyl had been
added gave €,8.r. coectra which wgaln were unsymmetrical and
consistent with tiie presence of a cecond radiecul,. Tuls 18
shown in Fig. 7.4(s). By analozy with the above behaviour
of D,P,F.Hey it was postulsted tih.t ) oxidation of the
puenol by vhe gulvinoxyl radical had nccurred forming the
TeTeB.F, radicsal. This wus ﬁvestiggmed by taking solutions
in carbon tetrachioride of the T.T.3.7., wund zzlvinoxyl radicals,
The two samples were placed side by side in the probe and the
speetrum reccrded, Equal smounts of each ssmple were then
mixed and the s ectrum again recerded. Tuis is illustrated
1n Fig. 7.2 (a)=(d). Since the iu«tter two o ectra were
quite esimiler it & peared that the two radicals could co-exiat
in the same solution without reaction between thea taking
plage. A further point was that trcse spectra had the same
general shape ae those produced by the tri-tert-butyl phenol
+ gelvinoxyl. This is 1llustrated in riz. 7.4 (&) snd &
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(a).Galvinoxyl. (b).T.T.B.P.

" Hh f
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(a).

(c).
Galvinoxyl and T.T.B.P. (c) placed side by side in probv:.

(d) mixed in same tube.

Figure 7.2



Figure 7.3. 350/50 pixture of Galvinoxyl and T.T.B.P.

‘ R
mv\w\ﬂ \/ #wﬁw\ X{le b
J‘\/\/ V il
| *s\i
\J |
;
Figure 7.4 (a). (p).

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 cosmarison
purpose in ¥ig. T.5. Fig, 7.4 (b) shows the svectrum
obteined from the seme eolution s used ia Fig. 7.4 (a) after
several doyasy the extra fine structure probaosly srising
from the coupling of the tertiary butyl groups of the
galvinoxyl to the eleetron,

4 study of the mechenisz leading to collapse of the
hyperfine structure in T.7,B.7. in concentrated solutions
was also nade, The concentrations at wiich She hyperfine
aplitiing arising from the two met. protons was Iirst resolved
&t room tenperature are shown in Table 7.3 for a variety of
solvents, The error for the results is = 15%/,

The collapse of the hyperfine structure wi.cht arise
from:-

(1) electron-eleotron exchunze,

(I1) eleotron-phenoxide exchanrs,

(II1) electron-phenol exchunge (iavolving preton transfer),

Jince the collapse is more or liess independent of the
coneent ration of unchansed tri-tert butyl phenol present, the
third mechailsm csn be ruled out. This is in accord with
the results of ¥rielick & 'icsmuann (38) who -uote a rate
constant, B, = 30C a”' 1 8~ for the slectroa-phenol exohange
in carbon tetrachloride. Tlkis would be too slow to account

for the collapse of the hyperfiae siructwe,
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TABLE 7,3
A —— ' mane ——
Concentration at which Solvent Viscosity
hyperfine splitting ' (Ceatipoises)
appe&ars,
4,0 x 10”9 Ethanol 1,20
3.0 x 1079 | Cerbon tetra-~
ohloride 0.97
3.0 x 10” M * ircton 113n 0.79
1.0 10"3&& Dengéns 0,65
1.0 x 16~ Yetianol 0. 60
& x 10”3 Ithanol + Eto~ 2,0
L -

* 1,1,1=tri chloro. 2-2-2 trifluoro-ethans,

The effeot of adding a concsidercble excesc of the
psrent phenol to any of these solutions resulted in a
slight increase in the oconcentration at which hyperfine
splitting appeared, This small effcot was attributed
to a small increuce in the visgosity of the solutien,
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The second mechanism oould be tested vy addition »?
ethoxide ions Yo & sclution of radical and t.¢ psrent phenol
in a suitable selvent, The ethoxide ions mdght v: expeoted
to favour the formztion of the phenoxide anion, resulting in
en increace in the rate Hr the exchanse, with tle conseguence
that the concentration at which hyperfine oplitting appears
would be lower than that observed in the absence of the phemol.
This 1is not found to be the casze,

Thus the wechanisen is presumably radical ~ radical
electron exchan. e, ant using the concentration ziven in
Table 7.3, the rcte constant for this process ie

£, = 1010 m "' 1e”! in carbon tetrachloride,

Discusgion,

“hen tri-tert-butyl methoxy benzene was exsmined in
soluticn in carbon tetrachloride with ©.7.1,P, radical, all
- the proton resonances were iaverted in the nomel wumner,
It would appear therefore thut the positive enhancement is
asgociated particularly with the tri~tert-butyl phenol,

When the radicals P,D.1, and B,FP.I.DiaA. were used with
tri-texrt-butyl rhenol, sll proton rescnances were inverted,
but with D.P,F.H, and galvinoxyl the tert-butyl proton
regonances were once again pogitively enhanced.  However,
the e.s.r. spectra of these last two solutions indicated

that some of the tri-tert-butyl phenol had been oxidised to
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T.7.,B,F, radical, so that =1l the solutions which showed
positive proton polarisation prousily contained this radical.
The positive enliincement therefore ceceuc to be particularly
associated with solutions which contzin both the tri-tert-
butyl phenol and corresponding tri-tert-butyl phenoxide
radical,

In such solutions, there is a proton exchange reaction

ROH » RO" & RO +» LR
for which Veissmann w«ad Kreilick (39) heve found a rate
constant k, = 300 m ' ="', In the radical, the protons
are subjected to a strong scelar coupling to the eiedtron,
vt the rate constant for tnis exchance i3 far too low to
modulnte the sc:-ler couplin: fast enou.h to sticul .te the
relaxation trunsitions reculred to produce a positive enhance-
ment of the nuclear resonance.

However, if there wus some mechanism by which the soalar
couplis could be sultably modulated at the tert-butyl protons
of the radical, but not of the sroum=tic protons, then there
could be built up a posvitive nuclear polzrisation at the
tert-butyl groups during the life of the radical and a
negative polarisation (through simple modwlated dipolar

couplinzg) at the aromatic protons.
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Since the rate constant for the build up of Overhauser
nuclear polarisation, is the nuclear spin il:titice relaxation
time, the .ositive _clarisation will only occur if the life-
tine of ths radicel Tp 1s longsr than the relaxatioa of the
tert-butyl protons on the radical molecule, T « i.e.

Tg)rk (1)

Then the melecule accepte a proton and becomes & “iamagnetie
tri-tert-butyl phencl molecule, the pesitive polirisation
will be transferred, but will start to decay to the negatlive
value expected for dipolar coupling, with the relaxation time
of the protons in the dismsgnetic molccule, T?. if, bowever,
the wolecule beocomes a radieal again before the negative
polarisation ies established, the averags pélariaation of

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

1f the lifetime of the phenol is ") , then the above
condition is

Iz » X, (2)

¥e do not have euough inforwm.tiom to know if conditions
(1) and (2) are fulfilled in a typical solutiocs. Ve do

Lknow thut from the relative conceatrations in solutions

T > T, (3)



and thus from (1) and (2) using (3),

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 sulitably 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 g-orbital on positione 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 - C axis is probably low enough for the group to
undergo randomly hindered rotation at frequencies of the
order of 10108-4. This would be a high enough frequency to
allow the scalar interactions to contribute significantly to

the proton relaxation.
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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 siudy 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
5in. 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 10* 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 10%. 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
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.

The helix.

Figure 1.

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 Hy,, 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

observed with this solvent is —130. With the same sample
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
~

(00

Screw thread

e,
/
/

g

)z

THoIe for cooling air

Figure 2. The double resonance cavity.

T \
power on ' |
|
o

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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Anparatus for nuc.enr c.ectron double resgaaince
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Apparatus is deseribed for measuring nuclear ¢f ‘ct10r1 double resonances wb magnetic nolds
of i2500 G, in the nucrowave radiation of abowe 35000 3e/s and abt nucicur e sonence

irequencics from 3 to GU Me/s. Theialerowave cireuis permits saturation of soluations ol enriain
orzanic freo racdicals iin soludion in non-polar solvents wien pl&ced in a microwave cavity
with a radio-ireguency coil mounted inside. T'ne resoiving power of the nusiear resonuace
byectxomo or is better than 1in 108, deeordings are presented to illustrate tho performance
of hic appuratus.

WWoiea the electron resonance In a so.ugi 1 of & naramagnetic solute is a‘rtia'{iy o
coinpievely saturated, strizing changes in the nucicar resonance specirum ars oite
brousht about (Overhauser 1953; Anderson 1gfo; Richards & W ‘i’e 1902, b,
1663); the nuclear rc.onance may be cahaiced or reversed or even snilted. The

nature of the effect can give detailed insizie into the mechanisms of the inter-

actions in the solution, and inn some cases the signal/noise of the nuclear resonance
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can be so gy ‘eatly increased as to make it possible to observe resciances too vwenkk
to be seon under normal conditions.

iSXperiments on these eflcets have so far been conducted at low magnetic felds
(3000 () and with low resolving nower. The instrument described here has Seen
constructed to explore the effects obtained at magnetic fields of 12500 G with sino
homogeneity normaily used for high resolution n.au.r. The layout of the whole
instrument is shown in the block diagram (figure 1).

.
2. TEToLlAGNET

4
S, {araoo e vt s rviralyr mcremxrrrlarl ey T Vend T 171,
N Lu;.’,\ Deriman ont Dla;r""let nas oeen SCLCrOUSsIYy TOVILlG OY ’\LL.MQ o Jta, Lae

ficld strengtiiis 12300 G in a gap G- in. by 1-585 in. Thae pole pieces are optically
polisliec and can be tilted siightly to optimize vhe ficid homogeneity, usinz &
design similar to that of the smaller inagnet descrived by vans & Richards (1939).
The yoke is provided with four mechanically coupled shunts which give a touwal
field slufn of +19%, from 12500 G. Additional removable shunts can be used o
reduce reversibly tiie fleld by a further 19, if recuired. The homogeneity of the
magnetic field is about I in 10% over a 5 mm sshere. A sct of nine Golay current
shims (Golay 1958) is fitted i the gap which permit o home zencivy of about 2 in i
to be achieved over a 5 mm diameter sample witihout spinning.

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

U‘z

3. THE MICROWAVE SPECTROMETER

The microwave source is an Elliott-Litton 8Iil1 klystron. To obtain the
necessa: ; 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 labtora-
tory. It provides electronically regulated supplies for the filament, the focus
electrode and the cathode of the kiystron. The cathode supply can be set between
1 and 4kV at & maximum cwrrent 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 speciro-
meter on the side of a very narrow electron resonance line. No fluctuations couid
be observed, which means that there were none of as much as 5 p.p.m. The
temperature coefficient of the frequency was found by allowing tae coohng wa
of the klystron to cool off very slowly while the nuclear resonance in a 1 11\,4 !
solution was constantly retraced. As the frequency of the klystron drifted into the
electron resonance line of the radical, the nuciear resonance became wealker, Wwas
inverted more and more strongly until vhe centre of the electron resonance was
reached. Some sections of this recordum are shown in figure 2. The temperatize
coefficient turned out to be 7 Mc s~ c.o30-1



7. Richards and J. W' VWhaite N

The power cuvput of the klystron is not always stablc; one valve sho owed o Ve r;:
low-ficqueney seriodic variation of power of 4s much & 1Y %, while cuocilic. ks
less wc.ouol cent fluctuations of higher frequencies. 3y acjustment of the o) wating
conditions of the valve and perhaps sacrificing some power, noise can ortoil be
minimized ; unless this can be achieved it i hard to ob\cz‘ve clectron resCaainees
in solutions of radicals with concentrations less than 0-012
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Ficure 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, L;, 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, L;, by means of the mazic tecs, T. A fraction of the micro-
wave power is taken via directional couplers to a wavemeter, 17, and to a bolo-
sactor, B. The power is monitored at B with a Hewlett-Packard model 430 C power
meser. The main power passes through the mat\,;;mo unib, 3/, to the cavity.



<77 Apparatus for muclear eleciron double resonance «i 12550 guuss

Refiected power can be monitored by the crystals, X. Electron resonance siznas
can be displayed on an oscillograph or recorded by using magnetic field moc iativan
and a phase-sensitive detector in the usual way.

load
temperaturo-
regulated I
klystron
reflexion b e
momtor ®——, 1
Dowerleiel :'\
cr'}ma W . o
for -
r‘; ! ST\ QdB.

PR, S

-

— direclicnai
e g ! coupler

i L ®_N \" / P
lB J l_.‘ signal R

crvstal 3
J I, S

Y
to the cavity

Figure 3. Microwave circuit.

4. THE NUCLEAR RESONANCE SPECTROMETER

The radio-frequency source is a Schomandl frequency syntheziser ND 35 and
NDE1 with the NB7 harmonic amplifier. The frequency synthesizer is locked to a
100 ke/s g.t. crystal oscillator in the laboratory. A variable speed synchroiious
drive has been added to the NDF 1 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 Ruadar Ltd
and consists of wide band preamplifiers and two 60 Xc/s i.f. amplifiers. Plug-in
crystal-controlled local oscillators (113-2 Me/s for the proton resonance at 53-2 %3¢/ s)
are used for diiferent frequencies. Therc 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 displaygd
directly on an oscillograph or a recorder.

When microwave power is applied to it, the sample is heated, and a small du.t
in the bridge balance occurs which can cause serious zero instability in recordings.
In normal use, therefore, the magnetic field is modulated at a suitable frequrncy
between 20 ¢/s and 5 ke/s (usually 1 kefs) anc the nuclear resonance is detected en
the first audio sidebands. The audio component of the signal is amplied, detected
with a phase detector and displayed. The zero is then independent of br.dige

b a‘w.u.\.aU
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The nuclear resonance may be scanned either by sweeping the frequency source
or the field. Vrequency scan is limited to a fow kilocycles per second by the band
width of tie 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. THZ PROBE
The proic consists of an aluminium 7'Z;,, microwave cavity with an r.f. coi
inside (figure 4). The waills of the cavity are very thi, to assist optimum magnetic
field homogeneity for the :iclear resonance measurements. Tuning is achieved

!

spinning turbine

r.f. cable to bridge

[~ n.m.r. coil

.
. “ﬂ',l_,

' }-—— tuning plunger

Ficure 4. The probe.

by a plunger which has been shaped to give maximurm 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
diskc of Teflon in the roof of the cavity and slides through t}ile 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 frce.y in the quariz 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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6. PERFORIANCE

The nuclear resonance spectrometer has tixc nerformance expected from a Allf-'n
resolution apparatus at this field strength, The fleld homogeneity is shown by the
rocortings of the quartet proton resonance of acctaldehyde in figure 5, (a) wishious
5pi1mm~ the sample and {¢) with spinning. This resolving power is adequate 1or most
double resonance work.

T2 i
Aem—

(@) (b)
©'16URE 5. CHO resonance of acetuldohyd 53-2 llc/s; (@) without sample
spinning, (b) witi: sa glo spanning.

@ ,,J\w o T I Y/

i

( b) m;dmﬁwwky—*‘

Ficure 6. (a) Shapeof nuclear resonance near zero nuclear polarization for different :xatching
between cavity and waveguide. (b) Nuclear resonance with correct matching.

The electron resonance spectrometer is extremely simple and has rather low
signal to ncise because the @ of the cavity with r.f. coil inside is only about 200.
Nevertheless, with a microwave power of about 1 W at the cavity, the clectron
resonance A, field, H, ,, is great enough partially to saturate the electron resonance
of free radicals such as semiquinones and phenoxy radicals. With powers of 11V,
we have found it possible to use only non-lossy samples; with lossy solvents such
as water or alcohols, the heating eficct of the microwaves is often great enough to
destroy the sample.

With Hj fields as homogeneous as obtained in this instrument, special care must
be talken to ensure adequate homogeneity o whe H; , field. If this field is inhomo-
geneous over the sample, some parts of the sumyp.e 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-lerf.-butyl phenoxy in benzene causes
the nucicar resonance to be inverted when microwave power is applied. The
repeated proton resonances in figure 6(a) corrcspond to microwave bowors
sufficient nearly to equalize Lire nuclear populations. At somc power settings purs
of the sample has its nuclear resoiiance inverted while the other part still Lus a
positive polarization. By cavcful adiustirent of the matching transformer, 3[,
tho shape of tic [ , field in the cavity can be slightly changed until it is wifonn
enough over the sample to give the recordings shown in figure 6(3).

0 |

o

i I

KL[? (t being tert-butyl) Ill i
il

}‘

Ficurs 7. Power dependence of the dynamic nuclear polarization of the protons in a behizene
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 rapi. 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 3ullard Ltd for most generously supplying the large permanent magnet.
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The advantages and disadvantages of using low magnetic fields when measuring concentratiqns
of free radicals by electron resonance spectroscopy are discussed and several ways of integrat!ng
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 . H,0, 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 Mc/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
ﬁelgl 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
. . . :
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phase-sens.ltlve gietector. When the field modulation amplitude is very much less
than the line w@th 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. (i) The area under
the absorption line is proportional to the first moment of the differentiated line.
Verdler,'prple and Schomaker,! have shown that this is true, even if the line is
modulatlor} 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 ?.utomatically give the first moment of a line. Such instruments are com-
mermally 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 ‘ e
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. 8
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. 1(a@). The line AC represents \
the drifting base-line. The reading on the second \ i
integrator will represent the whole area ABCD. Ny .
That is the area under the line plus the drift. If S S
the first integrator is now reset, and the line swept -
in the other direction, the signal will be inverted but (b)
the drift will stay in the same direction, and the g 1 _(4) and () Compensating for
output of the first integrator will follow the line a drifting baseline.

DEG in fig. 1(@). 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 (), and the integral recorded will be tv_vice the area under
the line, the drift having been eliminated. This will only be so if the erft is con-
stant and linear. Also any inherent drift in the seconc} integrator will cause an
error, but this may be eliminated by repeating the experiment w1th_ 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

I i duced with a pair of

gT.—The magnetic field of about 130 gauss 1s pro )
Hell;{n/;g;tz coils of ab%)ut 14 in. diam., each having '10,000 turns and a gemstance
of 600 ohms. A stabilized magnet power sqpply is used. It was designed by
Mr. D. Cook, and the output may be swept linearly from 250 mA to 400 mA by
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The advantages and disadvantages of using low magnetic fields when measuring cong:entratic_ms
of free radicals by electron resonance spectroscopy are discussed and several ways of mtegratgng
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 . H,O, 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 Mc/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 2 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-senS}tlve gietector. When the field modulation amplitude is very much less
than the line Wld'th a differential of the true absorption line is obtained. Several
mpthods_ are.avallable for obtaining the area under the absorption line. (i) The
differential line may be recorded and then integrated twice graphically. Satis-
factory resu%ts can be achieved but the calculations are tedious. (ii) The area under
the a..bsorpt'lon line is proportional to the first moment of the differentiated line.
Verdxer,'Wlpple and Schomaker,! have shown that this is true, even if the line is
modulatlog 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-
merc1ally 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

F
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. 0
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. 1(a). The line AC represents \
the drifting base-line. The reading on the second / \ -
integrator will represent the whole area ABCD. LT
That is the area under the line plus the drift. If I
the first integrator is now reset, and the line swept
in the other direction, the signal will be inverted but (v)
the drift will stay in the same direction, and ?he FiG. 1.—(a) and (b) Compensating for
output of the first integrator will follow the line a drifting baseline.
DEG in fig. 1(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 tvyice the area under
the line, the drift having been climinated. This will only be so if the glrlft is con-
stant and linear. Also any inherent drift in the secon(} integrator will cause an
error, but this may be eliminated by repeating the experiment w1th' 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

I i duced with a pair of

£T.—The magnetic field of about 130 gauss 1s pro '
Helhxzﬁl(j)l?tz coils of about 14 in. diam., each having .10,000 turns and a resistance
of 600 ohms. A stabilized magnet power supply is used. It was designed by
Mr. D. Cook, and the output may be swept linearly from 250 mA to 400 mA by
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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 osc111at.or
operating at 350 Mc/sec, which was purchased from Alpha Scientific Laboratopes
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 9. 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.

0075 |-

0-025

spin concentration, M (from e.s.r.)

80 o
original relative concentration

FI1G. 2.—Measured spin cqncentration against known relative concentration for samples of 2,5-
di-t-butyl semiquinone in dimethyl formamide.

Th.e accuracy of absolute concentration measurements depends upon the accuracy
to which the concentration of the standard is known. Some difficulty was experi-
enced i'n 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.

Experimer}t suggested that the purest solid radical available was a sample of
potassium nitrosyl disulphonate K,(SO;),NO prepared according to Palmer.3
Solutions of this salt are most stable if strongly alkaline but even then decompos.e
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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.

{Cilaizle was taken always to place the calcite crystal at the same orientation to the
eld.

II. ELECTRON EXCHANGE IN POTASSIUM PENTACYANO-
NITROSOCHROMATE SOLUTIONS

In dilute.solution the electron resonance spectrum of the pentacyanonitroso-
chromatf: anion [Cr(CN)s(NO)J3- 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

W, =1/t = 075 /39(AH— AHy), (1)

where W, is the exchange frequency, 7 the average time which a particular electron
spends between exchanges, y the gyromagnetic ratio of the electron, and AH and
AH, 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 = l/ke, (2)

where k is the second order rate constant and c is the radical concentration. From
eqn. (1) and (2),

ke = 0-75 \/3y(AH— AHy). 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 17 x 108 1. mole~1sec™! (water) and 5-4x1081. mole~1 sec™! (acetone+
water, 80/20). The other solvents give values, in units of 108 1. mole~1sec™1, as
follows : 1-8 (glycine in water), 19 (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 thlg 1ndlce}tes
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 1mp11e§ some extra brgadenmg
mechanism, as the value of AHo obtainc?d by extrapplaﬂon to zero radical con-
centration is greater in this case. A posmb}e explanation of cgf'\.latu;e may be that
in dilute aqueous solutions the exchange is retarded by the ice-like ™ structure
resulting from hydrogen bonding and only when the salt concentration bgcorges
sufficient to break down the structure does the exchange become a second-oraer
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effect. The linearity of the solutions in aqueous glycine may possﬂ;ly 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 expecteq, agd is observed ; but an-
hydrous dimethyl sulphoxide, in which hydrogen bonding is absent behaves as an
ideal solvent, and shows no curvature.

3o |

gauss

L ) FE—

.
0 0t 0-2 03 MR

mole/l.

F1G. 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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CCHPUTER PROGRANMES.

FORMULA 1, is for calculating values of jd(aw) as a function of

4
(wr)2 for different \d.

Je(w) is given by equation (6.1),
and
je(w) =Je(w) = dJel 1,)2.
Je(0 1im.Je(w)
w-o

1
FORMULA 2, is for calculating p as a function of (wr)?, usiug
the values of je(w) from FORMULA 1 ,for different £,

p is given by equation (6.5).

FORMULA 3, is for calculating p as a function of (wr) for the
Modified Sticking Model, for different K and. §.




TITLE
FARPAG  FCRMULA 1

CUARPTER o
L=zo0

=20
LO0=04000000012
AN1=0.005
L2=0.01

L ]
[ ]
[ J
A19=10C.0

’:0=1 e O

E19=1000
L=o{1)19
NEWLINE

MEWLINE

PRINT (BL) 3,3
V=BLGL

W=VV

T=9(1)19

A=XSIN(AT)
C=XCOS{AT)
C=XEXP(-AT)
D =V/ AT
Z=ATAT

T=Z+ 2V-2BLAT
F=aVi+ZZ
G=2V+2BLAT+Z
G=CG

H=A~5

i X=2V+2BLAT
X=HX

Y=A+D

-

-_—

H=2BLAT+Z
H=HY+X
L=DE/F+DCH/G
MP #0
Sghxi’T L v e v s Tale)
1YA=A/U N ielvﬂ
FNEWLINE
PRINT(AT) 3, 3
PRINT(A)2,4
CEPEAT -
CEPEAT
ZND
CLGSE
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TITLE
FAPAG FORMULA2
CHAPTERo

NEVLINE
NEWLINE
PRINT(CI)
NEWLINE
PRINT(Eo)
C=3CI
J=1(1)30
JUMP2,1#1
READ(EJ)
READ(AJ)
2)X=40BJ-CAJ
Y=56BJ+CAJ+34
1 2=X/Y

L/
Ve (WY

W=XLOG( «1666666666667)

NEWLINE
PRINT(EJ)3,3"
PRINT(Z;3.3‘
PRINT(W)3,3 -
FEPEAT
REPEAT

JUMP1

END

CLOSE

(27
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OUTPUT OF
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CHAPTERO
A=20
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CAPTIOMN
K=
PRINT(CK)3,1
CAPTICN
DELLTA=
PRINT(DL)3,1
F=sCKDL
I=0(1) 20
V=35A1
W=9A1+3

=1 +UDLDLEIBI
A=F/X

Y=V=X

Z=V+X
A=Y/Z
NEVWLINE
PRINT(BI)3,2
PRINT(A)1,3-
REPEAT
REPEAT
REPEAT
END
CLCSE
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