
Lawrence Berkeley National Laboratory
Recent Work

Title
ESR ABSORPTION AND RELAXATION MECHANISM FOR p-BENZOSE-MIQUINONE IN THE 
ZEEMAN REGION

Permalink
https://escholarship.org/uc/item/9gc631fg

Author
Acrivos, J. V.

Publication Date
1962-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9gc631fg
https://escholarship.org
http://www.cdlib.org/


UCRL-10133 

University of California 

Ernest 0. 
Radiation 

lawrence 
Laboratory 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
Califomia. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



f 

' 

· Sub9iitted for publication in Journal of Chemical 
Physics 

UNIVERSITY OF CALIFORNIA 

L:;p;. ~ e~K.e Radi,; tion Laboratory 
Berkele~r, California 

Co"1tr:1ct No. W -·i405-eng-48 

.. 

UCRL-10133 

ESR ABSORPTION AND RELAXATION MECHANISM 
FOR p--BENZOSEMIQUINONE IN THE ZEEMAN REGION 

.J. V. Ac r i.vos 
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Esa Absorpt1oD and Bel.amtion *~sm 

to:o p~$E!JU~m 1n ·the· .~ Reale 

3 •. v. Acrivos 

tao~c Matenals ~~ »tml<m of ·the 
LaVl"eelee RadiatiOn te.borato17., Utd.vel'Bi't-V. ot c~ 

»e~ley, CalJJ'omu · · 

Abetmat 

The aptn-lattioe ·1iteractton f#" ~e mti•i'·tmAersolnS , ,, 
rapid Bl"I.'Miian iDDtiorll!., in·~ absence of eitM.:~1c exchule1 ~ ~· . 

. ···~ i· 

s~ in the ZeeDaA :teQiOn. '.£he .. ~ ~ tbiaoretlcel. -~v-esti·' 

.sat1on 1Dtioates that t11e to~ Nla=ati0tl.mecbani$JDS.·&re ·aU ·Jre~~~ 

.~ !:: 1n ~ aa9e of the p.bellZOSE!lliqUiu(me lOJt in ~wa ethrlat.e•e•]. .~~1.\1• . 
• . • • ·" ,.. ,· -·. J 

' ' 
tioDS> (a) the tntrsa:;leeular Ofliao~p1c ~~ llltemct'iOn~ (ti)···th$· 

spiD•or'bS.t-pbonon, Ralar1 tJ»e• ln~o»;y~ ~(c) tbe mcdulat1on of.~· 

1aotrop1c kqpertiZW enercr of ln'temct.iOn b:~ ~ electmn di.S~'Wm. !~ 

the Dl!ighborhood of the free . 2."ed,oal. 



·:/:,;:· 

... 

! • ....... · .• 

i"tle 1!SR absorption of the p•benzosemtq;unone ion 1n setium eth¥l.ate­

etha.nol bas been studied in the field range of :UO oe 1 in the tempetature 

interval to25° to ... 50•c, e.nd e.t radio frequency ene$ei' le4s.!~ .• ~ tb.e· 

oorrespondins zero fiel4 ~rtine spl1ttift861 for th&· Pul-POs~ ·of .in~estl• 
gatlllS the dominant rel.ue.tion mechanisms of this tree re41cal.. In thia 

region, e.U the Zeeman transitions, tnelu41ng the ~rfine t~1t.Ums, 

which had not been observed to tb.i$ date. b}' direct ek~~tk detection, 

have been completely resolved and 1dentU"1e4. 

'1'he ~laxation mechaDisms for the different spi,n eisenstates of a 

parmnagnetic ion unders<)ing rapid Drown1an mat1oii4 th solution 1s . detemined 
.,. 

-' 

by the tnms1 tions that are induciad ·by any or all ot ·the toll~- pQSs1ble 
. . . ~- . ' . 

mechan1mnsa (a) the time dependent perturbation ot ~ter BA4 inttamoi.eaular 

anisotropic byperfine inte~tto~1'2'''1J ·, (b) tii~:ep1n-orbit co~ng1 4•'•6• 7 
' ' t ' 4 6 

where the transitions induced bJ the anisotropy of the elect:tonic ~-factor ' 

a.ndd the spin-orbit-phonOn. interactions are special ceses, awl (e). the 

electronic 8 
and chem1cal9 exchazlse interactions Vhere the latter introduce ,a 

modulation ot the isotropic ~rfine coupUne; cons~, lO,~ 41sturbins . 

the electron diatri'bl.ltion in the neishborhOod of the free ~e_al· 

haenk.el et e.l. 4 ,1.2 investigated the relaxation mec;hanisms tor the 

p-benzosemiquinone 1n the Paschen•Dack region and cone~ that case (a) above 
1\::'_·· 

was the dominant process. Bovever, in the·~ region it has been toun4 that 

all three cases mentioned· above significant]¥ a.tfect ~e lif~time ot the 

Zeeman levals. )t)reover, tor free racU.cBJ. ooncentrattons ot .the order Of 

10-'rc, the same line Widths have been observed 1n high,l),l.4 'u well as in 

low fields, e. fact Vhich excludes the possibU1ty of ~tlon via the 



~ 

<' 

.,. 

_,_ 

an1aotro:w ~the s•taA:tor since, tor W.e caae, the 11M W14tho eho\114 

be proportional. to the square of the rcs~ce trequenc1• 

~aESULT& 

spectra . _, 
'mle ~-"' ot .oo1 to .oo6M p-benzoqutatme 1n .OJ.M 'ieJXJ/-s 1n c~ were 

4etel'ldne4 with a 'lartsn 4200 .Vide lJ.ne ~, at the conatant treqwanc1esa 

" • 16.41.6; t6.217J ~·590 and 9.916 Me/sec. 'tile '~tor;r field, s, 
' . 

homogeneous to .01 oe V1ti1Ui 'the volume ot the sismple, waa aS.Uuao14all.¥ 

modulated at a tnquenq ~,r412 opa, vi~ an empl.i~ude ot u.r•oa oe ·ad the 

spwtra were recor4e4 at t&e ~te ot ~ ~ l • .ol_ :OIJ./aec., S.n the .~ ot 
~· - I ,._ t 

*10 oe. A fresh eamp1e ·\Jas ;prGpa.re4 tor each Nil 8nd the tree 1"&41ca1 c:o~-

tration vas toun4 to lH! conataat .tbrouahout the ~r4ina t:tte td a· ccm.plete 
' ~ 

spectl'utn, aa tm.dence4 by the ~c1b111ty of the ~tenuity t\bcn&t aero· 
. . 

t1el4, ahoVn 1D PiS• 1. ae .spectra 1D fS.a• 1 &l'e Uentitiecl aa those of 
. . ~ ·~ 

tbe p.beUosem1qn1D«me s.on, at 2i'OOm ~rat~~h -'l!be J!lSR ·~+¥# ve.D 

stwUea. 1n the interval.~· to -so·•c, ._l"e the teO.Peratuwt ·vas m.et.aured 

to so.s•c by llfb&129 ot a copper-c<metantM the~. ·fbe lov temj.erature 

Dewar baa been 4escnbe4 elseWhere~·lS In a441t1on ~the protem ¥Pert1De 
. '"' .... -..... 

1ntere.et1on at low temperatures 1 the 1!l8R abBOX',ption ~c:ate~: the existence 

of a~ 1ntere.ct.ton vtth two sodtumtons. •• JiSR •sorption f!ot 

t--49.)-c ls shoWn 1n na. a tor the ceJltral ·protem~ ecapottent. 

fbe mm 1.\baorptton o'beya the selection rules l 

IAV I = o or 1, tile • U 1 

Where at J'OCin temperature, · 
4' . 1 1 

t • ~ • f t\ (s .. t• 'a • a> • 
·ri 1•1 

(1) 
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fhe ·ste&d7 St$te spin ~lgent\mcttons Of r and ,e, transform Vi thin 

the D2h group, acaorting to ·the e~tey operat~ons ot the mo1ecu1e ton 

vhere the irreducible represen-tat1on iel 

(2) 

~ ... 

symmetr;t species. 
' 

fhe I!SR spectra are~ accordinS to the spin Bara1ltonian: 
. . 4 . 

t\.1 
8 

• [11 Jsz. 7. t x: ] B + A.£ 1 • f.+ .E. £. 1"\~· I • • (') 
rw e P 1•1 1•1 ti i"J 11.4 ~ 

(n-oim.fp) 

1 e• gil an4 ~p"' 8./o are the g.yromagnetic ratios tOr the tree electron end. 
. (' 

the proton respect1vel.71 Were :fllJ and ~0 are. the Bohr e.n4 ilUOJ.ear ~1:PJ1~ .. ~·. 
~ •· i 

A and In' n.taO, m, p, are the 1$otropic electron•proton, and ~·proton .. ,. 
• t .·..... • • . . .~. • • 

~p1n .(lOupl.ihs cons1;ante tor, respective~, or't:lm, .meta, and ~ ,rotom ~ 
..... .. .-);• . . 

..... ~7~fti.~te spin eigentunati(ms .~ g1ven 1A fe.bl.e.1 

and the· Breit-llab116 ·~ l.evele.·are ebown in PiS• ·~~ the nuob.r ~rn.ne 
energy is not 1ncludec1 1n the Brett..Ra.b1. levels, ;s1nce1 .~ this caea, the 

.. 

l.ev'$is of. t.he Silile synaetey are shU'ted equ,a.JJ.v * 1ths naolaar interaction; 
~ . ~-r :... ..,·· 

and therefore ao not oontribute to the I$t apect~. Also~ .1
11 

·~. 10 cps~erea.s 
Aa6.6 MC/eec.12•1-' at l.oV ter.Apera~s ... the total. qutm.tum·· number~la g1ven by . 

. 2 . . 
f• .J!, + t L€. and the stea<li &tate spin eigeni'\mctlona &;'$ obtained from 

. . . .. 1•1 'Qmi . . . . 

the redu.ce4 direct product of the e1genfunot1oi1S 1n Table 1 With those of the 

.two sodium 1ons.. the latter reduce in tM c2 a-.etry group according to: 

Table 2 gives the sJjln eigenfunctions for the .~'tlJyfitl!tn~ ·2 Na
2

' • 
r ...... ,~•':.':-· • • .,~ ,".;, • 

,. 
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fb.e theoretical mR absorption spectra, ehovn 1il Pig. 11 were cale\ll.ate4 

accordins to the ftmat1on&l d.epende~e ot thiFtesonancie fleW\ 81ven ta. Mle , • .. 
Q . . . ' . 

At t • ,..49•5-c the (Ba )2 ~l"fiM .aplJ.tt1ug ~f the.})~ 0Ai t~~~~<l~:~ ,._ 

shown 1n :n&:· e, vas' calculated b1 JDB.ittqa use ot the spirl e1ge4tuncuon$ and 
. - :i z ... j. ~·.. ~ - -#f • : • • • ~., • ........ • • ~ 

energies Si ven: in fi.bl.e .2 COI'reC't to eeCod order 1~ tbe Soai"Ufll· coupl1ng 
;,.: 

®natant \rl~ys:rt to·ttie .~.,4 ~~lA· ~ .meuure4 ~~pl.~~ conet""*~• 
-1': I o • • 

ann 
A (e ... B"' • 6.6)1 t.OO)' Jfl:/see. 
A~.(e ; 'lfa2'> • o.J}. t:~o; .Mc/aec, .. 

The B8Jl absorption llne w14ths betveen the pointe ot JIJ81UJlNII slope at 1&.4lo Me/sec. 

a) forT • 298-c 
~ 

Avme • 258 :t5 kc/aee, ~or 0A8 c\ 1/211/'l> ~ 'l/2,-l./2 > 
·' 

< AY > • 297 :tJtO kc/sec I au oth~nh 
ms . . . 

b) for T • 22'·5"1 

tw me • 150 &1' kc/ sec. -.:.. . · ~.· 

tcr the (ifa.2')2 proton ~~tf1ne'eompbnente of the. 0 A
8 

'trane1t10DB• 'the Une 
~ ' 

v1dtbs were found to be 1114epen4ent. of the 1D1t1~ concenttattcn t:~t the 

p-benzoqU1none tor concentrattcna 'beloW¥- .005 tf• 
The h1Perf1ne trematticma vhiah are obaeratea. ~'the rt tmerQ ·s.o lelfs~ 

iJ -

than the zero t1el4 spl.ittins, are ot negative polaritJ With respect to the 

electronS.a transitions, since ~ is ot oppoe;1te algn, aa ~Shown b7 ·the i:re1t­

Rab1 enerQ levela 1n Pig. '· 'l!hie effect 8pJIUa"4 u a ebanp tn' sign ot the 

slope of the absorption derivative in J1g. 1. Also, 1n uro t1e141 vhen 

hv • a.s I Af and 1.~ Af 1 there W1U be tbeoreticaUr no BSB absorption 4ue to 

the fact that two 1denticallr prcllable ti!lansitions of opposlte polarity eze 

present. This is shown in fig. 4 and ~. 

. ~,.. 
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~le 1. ... ~ PGacttoae ot t4le r-~se~· Scm· 
SD t11a •a ~ .J, 

.. -·­
--- .. -

,,1 J r8 l•er,) a+ :A • .I 1 

,. ~ 'P;j • t A •·t·.~ + c3 
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~ ~ .· ·' 

' 
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' .~ 

~ ••• ' • ••••• < • •• •• •• " < a,l;·.:i l/at· 1/e>·,o·-t (el) .• 
· ........ . 

' < < 

•· t 3ft,-yft;> >. t. tr><!01 

a ·tr) 0 

$ .(1')1 

,·"· 

.. (!1., .. , < ; • < < < ' • 

~·: ~ ~-·~lone ·~ e.-nea ~Oti)~ltie ·tc> ~· .ci&~ -~ ~.»a.. 

~~ '-:tdl~· ~ Dre· -~ted, ·-tllut)~ . ' . 
• .. .- 't '· 

. r.· < • • ' 1 r. '~·-. 

' .. ,:.· -~ .. · ·':'~·Tt·;,~~;-;·:/<·_.··· J • • ·(~lm a .i £ X (fl·l J'~,- .)··, 
. .' •. ·::'.·. ;· ,· :··>.' ;'- .. ,, ·' .. ' I '·' ~ < .. P < .. ·: ,. < 

'~ . 4 ' 

. ' . . ~ : ~ . ··~: 
,, 

WheN P ~&o.ts GU the -· =etley o,ea~~ ot ·tb.·. 11'0~ .: .. or ~~a 
• --~ ...... - < • ~ •• < • ' • ·;_· ; ! .. •' <' .- ••••••• 

. · : 8 ~a, -$114[(rl .~· tae -~~ ~~R to,.~-., .... ·,.· «;~~ ~ · 
.·._·~:.-~.~-· ..• ~ .• ~.i:·:.:~~ .. ~ .. ·.·.:' .. ; .. ~;·_·',·;:·.··... . < .,,.__ -.. ...... ~ .. ~ .......... ,,. .... - r· ~~' Jt!Jii ........ ,., a .. ! : < :·· ' '·;;, < • ,' • • _ .. -.. ·- _ •.. -are··~ ---.v~ e~~~.;:~ o · s-1 .-u· W: ...... ~"' ijS I • o, 

~ -~ D(i> ~ the ~per ·tw.o 4Sa&•t®al ~~ *zta~=-· · · · .. '.~ 
r··:r • . . · . . ·· 

a (~j ~ /com" ,_,Ia~ .. '_'".') ·. ·' 
·t&in\_ COl~ 

. ·- ···~ ' .. ·, .... :.; . 

~ 

'· ..... "'" 

.:· ,·' .. ·. 

. ~. ;· . :.·". ·. .~ ~ . 
• : . :: t•" 

'•.' 
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4 ta~ ~au•1s3\i e.R .aep:»~w, ~ tor ·tile 1\Uelefir SJIA ·~~.·~rsv; 
tb.wn 

. . 
' ... ;_, . .:" ·~-~ -. ·.,~ '"- --

~- _.--- ' : -

.\ 

.. 
:.:: ' 

... 
' . ~· . 

' . . . ·. . ~ 

.. 
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TABLE '; SpiD :&a.gentuncUons, tor the ~ tpta23 b the c2 o:roup 

8 S91D ~n: ll,:t1 > 

3A : 

1. 

a. 

3. 

4. 

5· 

6. 

1· 

·~ : 

1. 

2 .• 

3~ 

4 • 

5· 

a 

13,3 > i:;i Q e. 

13,2' > D 2""l/2(ab+ba) 

13,1 > c 5'"'1/2(31/~te.b "+b 'a) .1. 

13,0 > 1:1 20'"'1/2[aa'+a'a+S(bb'+b~b)) e. 
l3,n > Q s·l/2 [31/~"b"~'b+ba'l s. 
13, .. 2 > c 2 .. lj2(a 'b "+b 'a") 

13,-3 > r::~ a'a' 

12,2 > cs 2-1/2(ab..-ba) 

12,1 > = a·l/2(ab'·•'t)'a) 

12,o > = 2·1/acu·-a'•+b'b" ·b'b) 

la,:i~ > = a·l,/~(a 'b~ba" )" · 

12,-2 > • 2~V.a(~"b'•b"e.'' 

. · . 

. ·-~--
. .. 

•fl,l. > • lO·l/2t2bb•ll/at~b-+b 'a)] 

11.0 > • ao·l./2£:t(aa-.... ~ .. l-(bb"+b"b)l 

)1~·1 > a 10'"'1/2[2ti'b, •.slfe(ait*")} 
. 

' .· ... ,. 

0,. : ·.· .' \ . 
. . ~ . 

' .-· 

.; . 

. . . . . 

fa.OQ >Ill 2-~ ... -e"e.'!"bb~~·;b) 
' . ;· ;; .; : .' \' :' 

0 
I, :; I •'l 

. ~ ·.- -~ 

·'.; -. ~ "-~· ~ _--., --_ij_~- ... ~; . 

The spm e~atioria ue stvea ·wf.tb ~ to tleftl&le ~~ ~-·-·:~raent 
• .tL-. ... : , • • 

ot ~ li.Dia!atum. left a, b 1 'b", ei" ~to 1:,. e .'1/21:·.~~: •l/21 
. . . . • : ~ - ' ~ . t'. : . 
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·distribution in the neighborhood of the freE! radioa1fl neither_ of 'Which 
influences the lite'time ot the states of l)Ag s~ry" Thea~ 11111 ~ 1ntl.t.tenced 

onl.r :by perturbations inde~t. of the· proton nual.ea.r spin qUantum a.umber 

sttdh e.s the spin~orbit-pb.onon 1ntemcte!~l -l:..~ ,~-h. 

In the· aenersi tomulation; the· lattice ·1ndu.ded transition prC'balW.ities 

w~lt " L a "cl , 2 < !tiJ<lJ(tll k > I! (81 

, 1 + mJk'e.e 

where ){ lt ( t) 1a the time dependent ~rtur'ba~i.On ~{Jb cause~. the latt1d~ to 

ex~ energ v1 tb the spin a:tatea; '\' o.t is the correl.stl~ -~~ ot the per-' 

tur'bation, an4 ii m Jk. is the energ separation betwe(m · tlw ~tates .j and lU Renee , 

the processes un4er investigation Contribute to gq,· 8 as .foU.ows• 

(-) The ·intramolecular e.nieowopie b¥Perf1ne inter&ction With reep9Ct .. 
~"' tl· . 

to . the axie of C~ua.tltization,· in the 41rect1on Of the appU~d f'ie14, gife.a · rise 
/. . . .· .· . 

t01 a rimdom time depenc1cmt pertur'bat1on Vi th a ~tiOh tslne g1 ven ·'by the 
l , 21 . '-'* -10 . . ' 

Debye ' theor:r so that -r aa ~ l~·l. x 10 ~ec. When_ the p-benzoaemiqU1no~ 

ion is a~ b)' a epbere of-~ua • ·,.4 A,22 1n aJ.cobol at ro0rn 
· .. 

tamper~dre, Wit~ a vi'ecosity' Cil o.ou pof.aej at t • so•c, 'l cil ~0687 and 

1ca "'6, K l0~1.0 eec.4 The contribution to &ai. 8 181 

.. ~ .. • .. 
·2 1 + + 
A~-~~~~.··. I 1 S, ..... ·~6 .. 

.·v 
..... ~ ' f· 
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(r,e,~) 1 are the spherical polar coordinates of the v~ctor connecting the two 

interacting spins with respect to a molecular axis, and Y2 are the associated . ,m 
spherical harmonics of order 2. Using Sidman •s2' SCF u .. MO's together with the 

. . 4 24 
intesrals in evaluated by McConnell and Strathdee;' the contributions to a . . 
Eq. {8) at w = 16 Me/sec. are: 

(10). 

. . 0 0 . 
where the limits correspond to to25 and -50 C, respectively. 1r is the total 

nuciear spin quantum number for the lll;ymmetry species r. The ma.trix elements 

of< 1~11> for the ~pi~ eigenfunctions given in Table 1 are presented in 

Table 5· 
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(a) The proton-proton e.n1aotz'op1c lqpertl.ne tnte~tioD baG· been 

neclected with respect to the electron-proton tel'IIS. 

(b) Accor4tng to the epln e~ti.Ol'ls s!t!'en ln ·fflble l, 
( ) e ( . . 1 . 1a . 

Cl 1 • 'J COB a1 • J ~~~. ~i . ~i · . . 
t • l . - . 

c2(1,J) •f { aoa e1 c~ e3 + s'-n&1 COG·_ :>ei .. f sin e1 a1n &J)a 
a1n ae

1 
· ooa· ae

1 2 ~(1) • [ . + . . . . l 

a ' au ae1 .. ~~ a _e,] ;l, 
Aa(:i.) • ( 6 .J"6 

c1(r) 11 f [ cos e1 • .[f a~ e1 )2 

(c) The elements -&1 ven below the dUgonal. are tl'le· lJJ!nUns value& ot 

~ transition probt&bWt;v in the Puchen•kck regt(m aut .. tn uro tt.eld. 
- ft! ~ 

(4) for b:eVS.ty, s and c ecrrespon4 to thee~ and cos~ne ~t-tou • 
• 

(e) !he traneitton pro'babill ties a:re obt&!n.,.. by bault1plft.ng each element 

by: (~_ ) ~ ~02 1 . Vhere r . 1a the 41etan«e betveen the 1nterict1ns 
i) -n -o-• ~ . . r . -~' pp 

protons. 

Hence, accoriU.na tO 'table '' the states 
2
Asi la18, laehl, ati4 ~ ~ 

exchange enera:r With the lattice through 1n~lec~ ,anisotropic electrcm .. proton ·;~ .r_ 

and protoD-;proton spin ~rfine :ln~t!~· ~, the .intramolecular 

anisotropic ~rfs.ne operator tnduees t~,.ticns u·the state ~As cnl.v ~ 
proton-proton &pin interactions, which are lee a prolaable tha1l the electron• 

proton traa.eit:f.ona 1»7 the te.etort 

,, .t 7P < 7 >· )~ [ t e < J ~ l...a 
P-'P l 

This etteet lea4s to a maximum ~~ ot the state ~~ ot 2C
0 

at 10 cps;s 
wblch is negl1e;4:ble. 



H 0 ,·· • 

A~ the 4ilut1oa uS-eel, one tree ra&aQ.:~i.'OD/J• ·x. llb5A'1 the intemolecular 

electrem~ctron spin ·t~eA~~teract:ton Are # ol"ders of ~tlntb 
~ ~ . ·, ' . ~ . . 

smaller than tb$· intramolecula.r ~-electJ;OD. spin interactions IWl tb.eretore 
f • .~ • 

i ., 

I'At!ll' be neglected with respect ~ tb,e latter. !be intex'molecul.ar ele<itron-
, 4 ' 

proton' intemetions wttli the solVent moleotil~s - ~ be Mstecte4. · : ·· ' · 

(b} ·The spin-orbit•phonon s.ii~~-·~ a<~~ton mecbanism5,7,~ 
' . 

Which is 1~t ot the nuclear apin qu&ntUJn· maaber• ln4ee4., ~ 4eparture . .. . ~ 

of the spectroscopic $pUtting .actor';· s • a~·bot.a,lJ,14'"·rran the tree electron 
" ' . . . ' ~ 

v-Mue, g
8 

• 2.ooa,; 25 1n41catea that the spi~~rbit 1n~ion .hiis ~nted 
e. complete quenobing of the ·orbital. Sngul.ar ~nwm by the cqatall 1 a E!l.eatrtc 

field. 
26 

this mechanism, th\lS, must -acCO\IDt foi'the_ Ufet!m6 ~t :the 0A
8 

spin 

states. 

IJ.'he apin•orbit 1nteraction6, 1se27 

·)\,b *">-b • rt2 [ .. 1 g1'a4 v•l +at • S1"84·V ~ t.l (Ul 

1{. ls the :U.h~ mclll$llt\ml of the un)&ired eie~ront ot spin. s ~ i Which moves in 
. ' 

the -C~ field of all ~ nuc~i · 1n the tree rtld1ca1 ton Jl,us ·aU the· 

surrounding mo1..ules and ions• 'I o4 llt /D.; ·vb.fte z.. 1s tbe etteottve cbaage . k ""k' -a .. & . 

ot the kth species -abOVe, at a pk distance trom ~ ~re4·~~ctron~ The · 

tlrst term 1n SO .is zero 'tor non s-oelec:t~ .in ~:ti.cabi -~tnc ft.el.ds, 

but tor arQD&.tic ~'bons .in solution, \thel"e V .1& ot ~-- $~t17,26,29,30 
. . ~ 

it vanisbes When the seaond t~ ts§non ze:t•(,. · ltet.tae; .in this case, tor & 

tieid V of aD¥ s~t?·t 

xso • -x:o • I I . <~ ~ ,~ • rt 
k t• (!),~;~)k 

(l.a) 

.. "-.' 
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(p,.8j9)k are the ~«&1-pol&r ~riiaete& of the'-~- election wtth · --- ':" .. "''· .,.., 

~ct to the kth .species ·and· t -~culait ·i!IX18 or ~· .' 
',rhe spin-orbit~ ccmtr1~s to ·ttte ~--ot.·tbe apect~o 

spht~iDG tac~r as tol.liNst In ~ne; n ~· • --~~pi,~ .ana 

.a~t.osinsi.e"t ~1t1ona •w; been ~· $t 2lfi_im4 ."? ev., ~1~1~~ 
• • ••• • 0 • .' 

' ' 

-.loto.the tree ft41~, the WN'e iuncttona tw the:~.~ $s.tea. ,,_1)es Al:"e: 

''o' s"'• i > -kn: IT Cnla {n•ls •} , . . . 

___ __.:.. 

,,q:t, !4A• f >~{LIT ~2~:._~ (a)2 n4/. tn(n~)a] .(,~2] (UJ 
'' ' ' .. " . ' • .1;,1·· . : . . ' ' ' 

tme~Ats the uua~rteat~~ ~tor and L .. ~ 1}·~&0P the .~ 
etsoa aad cpi ·electron ~ttor$,. n end fi.~·~. W. .• bcm44ng tJi'bitals 

ioceJJ.Ied e.t eaCh ~ atm1 ·rm4 • .18 the lcOIIO' ·iao ~e4 b7 the unPatre4 
~ - ' . f· ..... ,. ' . . . . ' .. ' '. ' . ' 

electron 1n :tb$ ~-4 state. AJ..GO~ ~ to the b . -~ilif~~Mit- ot si ·~n ~ 
' • 0"' ... - , ' 28 ""'#:--' ... il ' 

D m-~~ QDl.:v i ccntriblttes to the atmin-orbit ~£OJ),· Hence. tram· ah 'O""'.""'f'l i1 .ft• - ' - -&' • . . ' - .. '~.' : ·: - # 
' .Jjr; • • . ,., ~. . ~ ~ •. • : ~ 

thG expressto.n tfir ~ epectl!oacopic apllttiDS' hot.or tn eol.u~t 

i • : ·~.r. 4 
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. ·, . . ,, \ 

where:·~'~8ndt.1. di!i$igtle.te the g1'0\Uld and excited states ; aeparated 1n energ 

b;Y 11- --~0, ·f.htt ~ontr1but1on from the n, • 1nt~t10n 1at 

(U) 

wtt.ere ~co 1a tbe sp1n-otb1 t 1nteraattcm torm, Which 'ma7 l;te eval.uaW eceot"41na 

to Bq, • (1.2 h 
R . . • 

'-'co· )..0 ... 
2 ur·'f zj!R.l 2 pa dp. J zJ&42 p-l <tp) • lattice terms (16) 

o a · 
'A.0 • •U2. em ·1. is the sptn o.-bt ~ .. ~plJ.ng ®Datut tor the _cs:1~n atom, Whereas 

the M)11iDets1.c term;, ·clue to the' ·ne18hbori.rls carbon atca at. a .bond Uatance 

B \• l.!SQA~· 1a ODl¥ -1 am'"'1 f'or a Slater _ap ¥-e41a1 aWl funet10n1~, Which 

3UGtiflfla t.;- use of the aJillel;'ical.l.t s~ric poteDt.icfJ. ~tion to 
., . 26 - . . . 

eYalu&te the s-tactor. 0 The. 1att1ce te11218 ~ elao ~~- rlo' le ~- .. 
. t:·· 'l' 

.. 

unpe.lretl elec~ron 4eli~tty at the~ ataa1 Vhtctr can ,btf ~uated ~the ·!:) . -
epl.J.tt~ ·,&w~ap* K betweo the aS.nslet•trtplet anA aln&let ... o~·":t:taaitiona 

for the neutt'al molecule where It 1e the exctumge 1nte8WtJ. ~ orthof:Vm&J, 

QSWen .2p e.tcB.Uc o~tal.ti• Jbr K • •90S ev:' p• • •221• A ia - to the . . . . 0 

&Verage ot the above n~ .a tJ."ad1ttone1 correete<t tor the 41~e ln two 

centel" Coulanb 1~ tor the £tee rati.cal U4 neutral. molecule. ~bust 

~ 11.5 ev + < ~~· <•i! <•i1 j - <; ~1.11' '(•3l ("2)'> (17) 

• 2·9 ev. · 

'l'he two center 1ntegnl.s were evaluated llftlrina \lA ot ~- SOJ' ••• ., •• obOa1ne4 

by 81~~~ ~ p•bensoquinone. -~ ~~ to < ~ ,.~t~ :·, r. ~~,, ml. ~ OfJe 

/"''" 

assumea that the contribution f~ the riag sptn•orblt ln~1ons is ·the.su. .• .• -·-....:. 

as tor araDatic ~rbon negative ions, ~ft < a > .• 2.0027~ ~ the 

calculated a value 1a 1n asrc;ement with. the obMrve4 quantity, a • 2~00~.oool~'a,,ai 
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<-~:;_ 

. ~ .. . -~· ' . 

· •••• J 

. ; -,~ .. ···. 

•.•• :).~ J. • • " 

intez:ac~tons Which are ~ee4 'bJ' the emieaiQl1 Oi' .~~ion. U a ph'onon ·by' 

the lattice. These proQeaaQS ·are; ~fore; ~~·.to the~· of'·· 

, ~ ·~~~e freqttency ~- rrav be zlesl.ecte4 &CCI~~-- \0 ~he. exper:lmental, . 
' ~. / ·. ' . ...... . ~ .· .. . · .. 

evidence. Tl:£e thi~ oriler terms are of ~e be.,. the, 4eftne· ·tr~ ·~ 
. .... . . : . . . . ~ . . 

aama.n me~t~by Vbich a ·:spin. ~#.Uon at a -~W (o
0 

is ~· ~ ·. 
• • • '. • ,I 

the «U~q~9n · ot a photon ·and· til$ absorpt10n ~t ·~ ··~ ,the ~peettve . 

trequen~ies w .and a>", 1n ·~ a maue&- tb&t .. .' · '. · · .. ;~.~ ~-·~ .l3;1·:~ 
·. . ,• . : ,·. ~-·.' .:·,·; .... 

poastble valuee ·~.it ro ·' a sQ that 'tihe':·· t-ltio~: pmbf\M:;i:iw -~· apt· 4e~ 
0 ·: . : : \ ··; 1 : i .. 

on the value of the r~·-~Y• a·is ~·~~cut ott :frequimcy 
::._· --~ . ·-~·. ··-:. . .. ; . . ... . . ' ~ 

~terist~o of th~ sye,.. An ~order ~ -tuAe eti\~te or the· ·aontributt:on 
-~ : '. ·{~ . . ~ . . ~·~- . . . . . - . - . 

of the ~ p~Gea}ito Eq. (a) 1:8. cah-te4 ~ ·- tolisttat. 

<tt;o~, : • ( t ~~\ ~ . ~1 m(a·ll. <~~*ll . . , ,, < , ·· -
·O.J'll- , . ..;o J / ·· . / I · )'. ' ' · ·<' '· 

,' ' 

' . " . . . .. : . . . : ''·;~,j~~$;t~ 
Ht"' ' :.... .. • ~ .-: 

< 11--ot. l"t,i, tt ~ ~ .;J • QA >til' ·~ hiabeir. Order ~~ (1,1"' • o '"·•"+) ( 19 l 
J . . '. ,·, 
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Table 6: Matrix Elements of the Sp1n-oi-bi t Interactions-: f ll>-f 
-. 

~ . ...:.--

{p/2,;5/2 > 
' OA 

,. 

15/2,}/2 >. 15/2,1/2 > }5/2,-l/2 > 'lJ/2,-,/2 > p!2,-5/2 :> pta,}/2 > p/2,1/2 > p;a,~l/2 > 1}/2,-}/'2> g 
. .; 

' ~ ' ( 
f 

-~ :-5/~,5/2 > • kcos2~ 0 0 0 0 l;s1n
2

a} 0 0 0 
d.iiiT ••• _' 

\5/2,}/2 ~-. >25asB-+w~ is2e e?·e -ks±n2ae, i's2e,s2al 0 0 0 0 0 

,aa· B-i> o •• o51 . ' l 

~?/2.,1/2 > .... 0 0 ~ ts2 2 0 0 
. 2:-• 2 tsin22e1 is2e1a2e 0 ~ e_l tc -:el.c e .08 . '.'1 ' ·1 

{5/2,~112 > . 0 

~ 2 2 
te26-le261 ts1n~e ... 1 

is2e s2e () 0 ts e.l~ ~-3 0 0 
·09 -1 -; 

.. . 0 ......... 

~ lisj' 2 ic2e c
2e lstn~e_3 -~/2,-}/2 > .. 0 0 0 ~~-e ... , 0 0 

.,08 
_, -. 

. \~. 0 ' 
~ 

':· .. .. 
l l eos2e ... , '{J/2,-5/2 > . 0 Q.,., o. 0 0 0 0 

.05 

~/2,}/2 
.;o 0 ·25 . ~ 

~ ie2 2 > 0 0 0 e-1" a1 0 0 
·20 ·16' ~04 

l3/2,1/2 
.. 0 0 .2; 0 

~ 
_.a 2 

>' 0 0 0 te e 1s e., 0 
·12 ~24 • o6 , .o, - ..... 

"-:\.'· -

~t2,-l/2 >. 
0 10 ·~ 10 

I~ ~2 2 0 0 0 0 ~ !ls ~, 
.12. .24 .12 .01\ 

0 0 -·25 0 
., 
~~ ~,2,-}/2> 0 0 0 0 0 

.04 .16 .2() .0} - . 



Table 6: (contin~d) 

0 0 

0 0 

0 ~ .25 

0 .25 

.1..-
1 

~L#.,. 1 _2
9

, 2
6

, 
~· n~ul t;S ls -1 

.. 

t~?e' c
2e' tsin~e' . ·l 1 -l· 

. ., ~ ... 
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Where 

' . . .. 
.. ~._-:;:· .. \ '.· .. 
.'· 

v \~ .. \ ~ l: \ §~ ( ~ ,.~ '" ·m(e,-)1 i; =(t';:,)ld.·'· c~~ ~!) . :14. ik .L 1W I. . .J!.. . ,. ,A ~r,m 

an4 t)$ «tatea ~ ~q. (~) ~ lndlc:ated b;v the ,su.bscii.pti (iJ,f), (a~"'')ld 

t.l.nd (r;tf9$)1 are, respecti~, tbe SJherlcal ~ ~tea ·O'f the uta of 
·, . 

Q~~~netry ~ to the co bond nth re~. to ttie _.llet field, and ot tbe .. 
potnt -·ebarg$· ~ $ltd t-~ el.ectron vlth ~8~ to ~-- &~ atae and the 

. . .·:~· .•· :~ }.: . 

axis -ot s--tl?f. t., Pft ue the aaaoQiate4 spheii~_~e- ot order A, w 
.ISi.f- ' . •. . . . . 

<a3 ·are -~ noDB1 coor411te.tes. .tn partl~, ~ -~~S ~tri~tlons 
. ·. . .~ .,.. , ~r. 

,. ·to <ltot >must arise t:rcm- the stresaes on 'the QO -~~ ilJO ~ the tnms1tton 
. - ;,,~ 

~Wt¥ be~ tWo &pin etate& ietl' -.. 

. ( £)2 ( 1· ( P" ~ : ~a ( . < ./A > : < r :> \2 - e 
W.tkj·b~l~~~b uS • ~) • .. :oi~/ '+' \.~--'· ~nr • ,.< ,_ ,.:;z!) ·•rtl·•I<Jifllk >l (eo) 

lihere 811-ieOt~c ~~tribu1it~ ~~ ~e ~~-;; w;;:- $.· ..;~~~·'' an4 .. . 

tA ~' kl' » UJtfD' >> '~» • v is the vel.oci. ty ot .sounA ·t:n~-. . o~~ ot mass m; 0 . . ·~ ' . . . ' - . 

< r2 >a ·~-«t r >p~ are the~ integrals tor an-~pn ~ e1eetron ~the 
gtwn e~riea and tbe non ero cp¢r1bution is ~ W At~buting a 

1d __ .cter, 4 • i.o'""J to 'lo~,: to t.be ~ ~-:~w '~cb-mrq be 
~~ ~ ~~ 

: :J.ntl'Qduced \,..... the ~.C ¥!W Gf the co btm4s CJn CQUlsion.f I'J\_....:.tA the transition WJ _,.._....... ~~~ . .. -

.. ~ . - . -
~t;y tor tbi~ system 18; · 

- 2 · a · 
i Jk;t'~ '"' ( $ ) . r:;t "1-ltk ~ K. ~6 ractl . . (21) 

.- ... ~,... .r· .. ;;,··,:.· ..... fe.-,·~"f·~ .. ~ .. .:.-· ... -- &'" ........ .,~: .. ~'. ·~1 ;I.. ~ ._11· t<".·t: l "-,_~ .. :~.)·. ·._.~_. \. '~·· ·_ -~ .. ~ • _·_ 

· :l~x~:;c:;~r:"l;>~:·~~t~,o"iilttii 1<··-~.:~i)l;~\i,./y;7eg~r~~ SlAter tr»e orbital$, 

R ~ 2.46 a;··i:;~·'--~.1.24 it 105 Crt../aeo. tor the ve1oclti1 of.GO\In4 in 

·etlitmol at· roem tetQttr&ture1' ana n"" 5 K 'JDU .see.:-'1 · .,.X> the c~tatic 
frequeneyo tor the co s~e atretchins ~rr 
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· .. 
.. , ,ln··~,~e of c$~·c&l·~, the \f&U.Uv ,of thi.$·~• .can .. 

' - ' . . 

':. t$ste:4"~or tht -~~~ture ~ law ~~:;W::~· Un~ -.idtbs, .ttl t11e· 

-/·-." ~ ~ .th~J ether pat~~ reah ·colUJ~t+- ~~;,~J'i·t$1. ~·· . 
·fJhOUid be· o~ett"out tn ~c ilol'rimta~ Where . .-t!W ~~-\~:*~~;$~ . · 

• •• • • • • • • ' 0 • • •• !· 0 '\' >: ,' .. --~.; . ·.. . " .. 

.. -~~db)' the 1.' ott'Op!· ~-in~.o\ti.th tb8. '.tvent·.:~ 
D - . -~ ·. . . . S ,. . C • . . , 0 ' ''"' >, 0 •• '~ • •• ,-;.,_ 0 .. , :. :.. • •• • • :·. •• 0 • • ••• 

CW\-.:tdija, aori':not ~the llne tia.th& SA~ ~--~~0 iltutltei•' 

~~; the'·B&"l\~;~.abs~ iA.ne vt4V.$ tor-.. tu·,~~t-"t~t~ at.:!r~ .. ·~ex· 
; .· 0 . . ,0> 8 . . . . 
arid '~• (MU)2 bnJeri'tne comgonbta at' • aa,.,~,:.,:.,o~-£~.-~ ~a.n~,- ~ 
were . . . . . . . >: ·.· o •• 

. t-r' \Q 0'· ~ 'ltmij (~ ~ 
,;-J ! ~; . 01 I * l.o * .1. 

0 ; •• •• ..:: .. ( ) ••• 

!;'' 

le) lA 411ute aJ01~, Wel'e the -~~rcmte ~, :ia neJU~ble, 
tb& ~om~ ~t··~\ton·mt~iae4-\1i, ~ t4e-'aen&tty:. 

0 • 

.,_I .-~ ' • 

41~tri~1on 1Jl -·~ aetsb~- of the· .tree ~ Vtu f.nt.l.ueuee tile uie• · 
.o • . . • . ··A· - - -. . - . 

t~ of thf3.~ -~ ~la ot the a.me· ~ .-~~--~-·total .. 
. ~ o~ Aft$l')ar ~mua tlu'ougb.the ~sotropic·~·-~1!1~~10nt~;U 
fhe:~~~rt.~ .~ ·elec•~ ~-~~ 'lv.t'·'iG'o. 

.... • • • ~ < 

. "". ( ,0 ·Jo < I\• ".?'"'] [ 1 •J, I<~· II.;; 12 
]
41

,1! • . (2}) 

Vbere ~ 
0 

.a the SCP vave tunctS.on tor the iaol.atei free rei.4.lQat,i et.n4 the 

Sohlid4t1~;:?orlhogonallmat1on insures tmat the hu.t1 b'Jnclple te :obqe4 -where the 

... overlAp Lnt&gt$1. < {6
0

, ~ > '-~ .,b4n zero. { iYk} · <;~~ the .oi'th~rllbl set Vhleh 

descrtbes· the ·&un-oun41DS moleeulea ·ana. tons.·. The ;
0

61Rtren 4erut1ty1 corteet to · 

.second order in ·the overlAp 1nteaml 18 thus: 

,··., 

. poo[ ~00 ~ ~ol< < srk.flo >,. k,~·" of1rk.• < lf~c•*o > < lfo·~· >\j'[ l ·JJ < llk'"o ~ 2]:1(2 

' .. t· 
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.. , 
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\ \~ . ~ 

·,, ~:-:-~~:)-· 
~ ...• _· . . .f . ' ,_;t·:.--. ~~r-> ,; , .. _ ." -~mJ ; Jr.w~ ¢m l-· lence, tor a BJSterli wi~sotas ra»ld Brotmian 

.motiQn&, -the i~ropic ~J#na enersY ot interact ton vt~b a nucle~ of spin IP 

1$ .iuodu.late4 _by the time dependoJ;lce- of. the eleoti'OD. Clena1t)' 41at·H.butlon ra& tollo\fea 

f\ • rAo+ A(t)] 1 ~ i (25); 
bte . 

··whe!-e · 

~o'11 &~ [ P;,., + J.. (poo+ 1\kl\< _k;;,o >f ] at r . .. . .. 
zs.rv Np 

• ;,~~-~~ ~ ..&~ i~"ok < l\t•fl o > ( 1 + l( < - o'flk >1$ j!~ .0 ~ 11 ~~lf0) 
The cqntnbution to Eq. (8) is tbwu 

r. . _ L 

w.-~-~-·~~a_ .. • X~(L+ 1)•< 11c ~~·I·< r.tl'!\_\ t • 11.1 f . .-,.~: ta6l 
",.,.,_~ l-tGl -~ .... -· 1'! -r . 1 " ~ IL q _ r _ ~-_..,., e.~: 1 . 

. . -- \there . t 
·< 't· ~k.sl.J ~-~ 0 

<l~f > '3!f I~ "o~t r:F ~~k.-o ~~alt .f.t. 
• A ~~\a It~ f 2- \ < ¢ -,, .... >I·;~··' ( h . ~-~~~.11:~ ~~~f-_.J··: . , o LJ p 1tt o a. , Ill. _,. r,\1 , . ~ 

t - - at r · • -,_: . . . "'P ,- . 
r-

~ .... 

'l!tae correla.ti.on time ia -e\ tunctton of ·tbe 4iesocn:at.ton_ Of the ~om:pl~ t~ 

by the free_ ra41cal. ~ the two a941um ions, Q(Ba}l''"'· 

' , .. 
~-- -~ .. 



;· 

"'' . )+ '1. .. .. ..-.Jia e ~ v .·. !> Q + ala 
-1 

Where at room temp&rat~e the rate conflte.nt' for ·ttJ.e -~8$C•ttoa. ~tion te · 

81:8&~ ihe eotapltag conetAnt, A~,..." x 10'·:~~ ~1•· hr.& aoluttOD vltb . 1 . 

( Q l ,. "006 M, the BS1t abaor)lt1011 11ue broatlen'na ... 'at ·' • fr(0° to ~., 

vhiob lbd.icates tha~ at J'OC1II ~a•t+ ft00' 1. 7 ·x a.o•9 aec-~~~ ... ..,.~.an A.n:iienlu.a 

Law depelldence ia ass~ ... f'Or the rate ~.. Since the ~floe apU tting 

1n aprot.toJ9 am\ i.ODJ.c, eol\.ttiona are known .tor th1e _tree ta<U.cel; <Jll,\ 2 ·> cap 

be evaiuatea semlempirlcal.171 eo that trom Bq. (asl·'d (-26)1· 

(28) 

where A
0

• -2.419 oJ61o the proton bv)erft.M Qlitt1DS 1A an ap~l,c W.Ut1on 

and DA • \l \ .. \A
0

\ • ••05J! oe. Rence,s 

1.4 c: B 10
5 Xrt!r! ~) 

(t~J~e:(~ 
(29) 

1s ot the same cmter of 121afPd,tu~ u the tftWlltiOJl p.oo'babU1"7 given tJ)r the . . 
. .·. ·.; ·"ti-;:~~:·r,:'. . 1 ~ • 

other mechlmieae c:onai4ored, al.ove. ~; ac~ to Bq. · (29)t tl 
0 

Yan1ehes 

~ sero ttel.da, so that~ mecheaic (a) am'l (b) qan co:atribute to tJie 
' I 

ltne V14th of the ~ tl'&Ji&it1ons• 
••· \;.J,l'•.,J.' 

• tnostttcm pz'Oballil1tl betveen the·~ levelt ot _the p-betmoeeai• 

quiDOne ion bas been tOWld· to be of ..;b. - ~ Of map! tude, 1J .~ W BetS• •l, 
; . .. 

tor the ~ ~raed'lim1ams un4er etuat 1 · kt ·OD17 the Qln-orbit-Jt$n6n tntenwtl.ozw 

contrlb.lte to the lifetime of .. t!lfJ :~~:~A8 ~~ states. Renee 'theSe 

• .;.. l ~.l - . ..... ~ ... ' - -t 
•,~;' - - . . . ' ' ~ 
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transitions should,' and indeed they do sat~te faster than the rest. Bowevcr, 

the preclieted line vidth variation 'between the different ~rtille eolQPOnents, 
. ~·~' : 

except for the 0 Ag transitions :was·; not detected within the experimental uoeer­

taillty ·limits~ 

The author wishes to ~·· Professors K.s. PitZE!r, L. Brewer end A. Acrivas 

for encouragemnt and val.uable criticism. This work was conducted under the auspices 

of the U.S.Atomic Ener&t~Com1ss1on. 
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·List of Figures 

1. ESR absorption derivative of the p•benzoaemiquinone~ ion at (a.) 16.217 

Mc/sec1 (b) 1,.590 Me/sec and 9·916 Me/sec. 'fhe theoretical spectrum 
:::.·(.':, ·:· . .~. ,· 

is represented below the experiDiental one. 

·2 •. ESB e.bsorpti~n derivati-ve tor the 0Ag proton byperf1ne component of 
0 . 

the p..:benzosimiqu1none ion at t • -49· 5 c. The spectrwn was calculated for tw :::6J..no . . . ms 

,5. Brei t-Rab1 diagram tor th$ p-benzos~quinone ion~ Note · the.t /:lfz is 
l . 

of opposite sign for the b.yperttne e.nd eleat~n transi tiona. 

4. Zeeman splitting as a t\met1on of applied :tifil.d. · 

5· Intensity of the ESR o.bsorption linea, as a function of the &ppUeR: 

field. 'i'he dashed lines indicate absocytion of opposite pol.arity to 

the solld ones • 
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