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BESR Absorption and Relamation Iﬁeehan:m
for p-Benvosenmdiquinone in the Zeemds Regmn

Je Vs Acrivos

fnorzanic Materials Research mmm of the
Lawrence Radiation Leboratory, University of Caldfornis
Berkeley, 3&1189:’131& :

Abptract ‘
The spin-lattice imemctian for a free ra&:leal un&af’@iag | .

rapid Bmwnian mti@m s in 'e'he abaence of el.ectmic exchange, m b@en
and theom‘km iaV‘estir

| @ation tadicstes tint the folloving relamation mechasioms are ol rocknt
in the case of the p-benznamﬂ.quimae ton in sodiun emmte-etnaml selu- :
tions: (a) the intremolecular anisotropic hmﬁim :lateractiam, (%))

spin-orbit-phonon, Raman type, ﬁ.ntemetienwm& {¢) thie mﬁulaﬁm of . the
isotropic hyperfine energy of mwmtm b;v ths aleatmn mwmm :m
the neighborhood of the free radfeal. ' |
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The ESR sbsorption of the p-benzsosemiquinone ion in scdium ethyla.ﬁea
ethanol has besn studied in the field range of 210 oe, in the temperature

 interval ta25° to -50°C, end st redio frequency energieh legsrithan the

corresponding zero field hyperfine splittings, for the purpose of investie
gating the dominont relsxetion mechsnisms of this free redical. In this
region, ell the Zeeman transitions, including the hyperfine gmmm,
which had not been obgerved to this date by direct elegtmtxci detection,
have baen mpl.etely raegolved and identified. ~

The relaxation mechaniems for the different epin eigenstetes of 'Y
paremagnetic fon undergoing repid Brownian motwﬁ@i‘_‘ in solution ic detexmined
by the transitions thet ere induced by any or all. o’f ths follow&ng.péasible
mechanisms: (a) the time dependent perturbation of inter and im;rmleeular
enigotropic hyperfine interactionsl’a’5 7, (v) the~.sp1n~orb$.t eoup}ing,%’mﬁ?
vhere the trensitions induced by the anisotropy of the electronic g—faétoru’ 6
andd the spin-orbit-phonon interactions are specisl cedes, and (e). the |
eiectrenice and chemical® exchange interactions vhere the latter iaﬁroduce 8
modulation of the isotropic hyperfine coupling mm, u‘by diasturding
the electron distribution in the neighborhood of the fires radicah

Fraenkel et a:l..h 12 investigated the relmtion mechanisme for the
p-benzosemiquinone in the Paschen<Back region and concluded that case (a) above
was the dominant process. However, in the ﬁeeman region it hss been t‘ound that .
all three cases mentioned sbove significantly affect t-.‘he Mifetine of the
Zeeman levels. More‘ove'i-, for fres redical concentrations of the order of
10-%!, the same line widths have been obeérved in hi@i,‘ls’ Lk ‘as‘ well as in
low fields, e fact which excludes the possibility of reldyation via the
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anisotropy of the g-factor since, for thie case, the line widths ghould
be propertioml to the square of the resonance freguoncy.
| EXPERDENTAL RESULTS
spectra
The mR}‘of <001 to .006H p-benzoquinone in L xaccans in CB,OR were
determined with a Varien 4200 wide line mctmmm, at the constant freguenciess
v o 16,4167 16.217; 13.590 and 9.916 Mo/sec. The lsboratory f£ield, B,
homogensous to .OL oo within the volume of the smple, was sinusoidally
modulated at a frequency vn-ﬂblé eps, with an anplitude of nn-.ce o6 and the
spectra were recorded et the rate of ﬂ & |- «01 524/s80s, in the Fange of
210 oe. Afmaheamplamwdroremhmnmathemm&m concen=
tration was found to be constant throughout the Fétording tims of a complete
spectrum, as evidenced by the reproducibiiity of the intensity about zerc’
field, ehovn in Figs 1. The spectra in Fig. 1 are identified se those of
t.he p-bensosemfquinorie jon, st Yoom %wemture. -The WWQWQW
studted in the interval t=05° to «50°C, wheve m tdnpamtm'em measmd
to 20.5°C by means of a coppereconstantay themmoccuple. The low temperature
Dewar has been described elsevheres’> In sdditicn to the proton hypertine
interaction at low temperntures, the ESR absorption ifidicatél the existence
of a hyperfine interaction with tvo sodtun fons. Thjs ESR absorption at
tw.49.5% is ehown in Pig. 2 for the central proton hyperfine component.
ARALYSIS OF THE RSR SPECTRA
The ESR absorption obeys the selection rulest
'M’c(}orl,é?‘azl, (1)
vhere at room temperaturs,

& 1
L=f+f H (5 =3 Jla'f":f»:’«
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The steady state spin eigenfunctions of FQ and ?2; tronsform within
the D, group, according to the symmetry operations of the molecule fon
where the irreducible mpresentation' 108

I A+"B ]3 + +a Ag . {2)
The. »Snperscrap't gives the total nuclenr spin angular momentum for the
symmetry species. "

The ESR spectra are mlyzed according to the apin Haxiltonians

% ““’e’s”’p bt Ii]na-Ag L*8¢f = n%%i'-‘!@d' (3)

iwl iw} i¢d
~ {n=ojm;p)
e g and 7 & 3}0 are the gyromagnetic ratios for the free electron and
the proton respectively, where IB ‘ end B, are the Bohr and nuclear Mﬂt‘fé’ﬁs 5
A snd & n? nao, m, p, are the isotropic electron«proton, and pmton«pro’&on
spﬂ.n .ceupnng constants for, respecuvely, orthv, méta and Wa pro@msa
e o temperatiiEiPate sptn ¢dgenfunctions m given in Table 1
sad the Breit-Rab1S energy levels axs ehown in Pigs 3. The muclesr hyperfine
enerw 1s not inciuded in the Brei.t-nn’bi levels, simae, m this cese, the
levels of. the epie symeetry ore shifted equauy W tha nuclaar interaction,
a.nd thersfore do not contribute to the ESR apectnun. Also, J gs 20 cpsl;‘xereas
Au6,6 Mofsec 2233 gt 10w temperatures the totel quantus’ mumberits given by

P
;f"n e 5:. Im and the steady state epin eigenfunctions are obteined from

the reduced direct proauct of t.he eigenfunctions in Table 1 vith thoge of the
two godium ions. 'I:ha iatter reduce in the ca symmetyy group according to:
T=2ae28sdn4%%

Table 2 gives the spin eigenfunctions for the TRrbyaten:
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The theorsticel ESR sbsorption spectra, shown ih Fig. 1, were calculated
according to the functional dependence of the:resonance field given in Table 3.
At t = <49.5°C the (m??")2 hyperfine splitting of the proton °A§ trandittons,,
ahm in ng. 2, m caloulated by mkmg use of ehe spin e&genfhnctiom and T
energies ghren in 'l‘able 2 sorrect to aecoma orﬂ.er in thé mdtum eoupung

conatant u*fglst;mex? to- the amaueﬂ i‘i%ld. The me&aureﬁ dm;

I

conatamﬁs

are: " , _
A (‘e - B’ = 6,631 £.00% Hs/sec.

A(e = HoZ2) » 034 £.05 Mefsec, *
The ESR absorption line widths between the points of meximms slope at 16.416 Mo/sec.
ars a) for 'f 298°K
v asa 25 kofsec, for A :\1/2,1/@» o> |1/2,-3/2 >

<oy > - 297 40 ke/sec, all others.
b) for T = QQB.E"K b . -

= 150 215 ke/gac, ... .
for the (Ra®%), proton nypermne components of the %A, transitions. The ine
widths were found to be independent of the initial concentration of ﬁh@
p-bengoguinone for concentrations beludx +005 ;tg. .

The hyperfine transitions which ere bbaer?ﬁ when ‘the rf energy 1§ legsr
then the zero fleld splitting, are of negative polarity with z@apace to the
electronic transitions, since A¥" 18 of opposite sign, as shown by the Breit-
Rebi energy levels in Fig. 3. This effect appears as & change in eign of the
slope of the absorption derivative in Pig. 1. Also, in zero field, when
hv = 2.5 | A| and 1.5 A], there will be theoretically no ESR ebsorption due to
the fact that two identically probsble tiunsitions of opposite polarity are
present. This is shown in Fig. b and S.
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TABIE 3: Spin Edgenfunctions.for the Systam Sie”S fn the ¢, Grow
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13,3>: 80 | ’ ey
13:2 > = 2°Y2(absva) s
13,1 >« 5‘1/2(3]/%%“% 8) "1‘ la > e M‘VE{%E“S”/B(?;’ “+b’a )]
|3:0 > aa'l/a[aa'm 'a+3(§‘b'¢'b "b)] 2. h_‘@ S m“va[s(aaaﬁ.a:)ﬁ(m,ﬂ,ab)]
3,1 > = 572 (7% b bl 30 (101> @ 20" Y22 3 (a bava"))
13,02 > = Eal/a(a‘b’m'a') ' CoL

E . iy . ? : :
3,3 > =a'a’ N ' | ,"

12,2 > = 2"%/2(ab-a) |
[2,0 > = e*llg(aﬁfsg'amb',h'b) | fﬂ@@) - 2"} m"“ag??b . 4‘?'1: }
2,2 > = 3337/2(5%’-@'@,') b *

Tew
L

The spin eigenfunctions are given with mp{;m to tke value fﬁg mﬁmmt
-3/2, mspe‘cﬁ;iwlw ' SR
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Tuble 2: Transition Plelds and Bncvgles for the Zeoman Spectram of the peBeniose
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(v) e tranattions bave been contgms assusing A i teghtive,
posttive, olthough the 1ins assigumests vou
of the epectrun remain unchanged.
{¢) 1In oréer to coTrect tor the g
Toplaced by g - 'r Ha . ,
(&) ‘e mmrﬁm mamom 38 high mm azvé of & mm;ve mwa -
| Qw-gzﬁg) “5(_2)2 o

0, « 3 (ﬁ—)\ +6 %’
05 = % G + 6 (;f)z




Tae fact thnt the ldnewidths observed dn lov &b well & $n high flelfe
ave of the some mgaitule excludes the popsibility of & relaxabion mechsaten
through the aniostrapy of the gefhctor which predicts that the Ligewidth
should be proportiomsl to the equave of the fre¢ slectron Lasuor pidesssioy
frequency. fence, at the dilubions used, ¥hs poseble relssatton ¢ Sy

-dnteractions, through the epﬁn—m‘bit mm&m;xs And tbmm t&aa tﬁm Qépene
dent variations of the mmic yperding coupling constant, ﬁm@ mﬂeases,
this determine the steady state papulaﬁiua mﬁ:@aﬁ% to the emﬁit&m

Rk,:g .gk ukzw = 0, (Rely 2 voen)

K %=0 | ~ )
wiere ¥ 45 the lattico ond redistion field infuded tremsiticn proby {1ty
metrix snd J§ 10 the population distribution vector, with somgoneits K, équal
%o the population of the state k. The room Wmm tmiﬁon mwamt,y

vaere the nomlﬁmtion sonfitions aret

ﬁ(km A)Hk "%

1 . )
‘ b 7 B o S
ﬁ (k in ﬁAg)ﬁk -E
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z u.w.m ﬁPM T N
Pl T Ty )% B

and
N=2
k mw 4 )
The saturation g«ﬁ..%?&amﬂéﬁ atate will thus depend on the
symmetry species: - L

“ 4 - Aﬂ - Mbm,u OPN@ u.wuku uﬁﬁﬁm.. uﬂ@ﬁv | | ‘Aﬂw

vhere mm end 8 are the respective populations of the state & @n:m Bolsmmm
ddstribution and in the presence of an rf £ield Which indices G¥ensitions de-
tween the otates § and k. ,
Avsolute seturation experiments cannot be performed et room temperature

gince the free radical %ﬁwggﬁg does not vemain constant for long periods
of time, However, the gﬁeﬁw seturation of the weusitions

°al1/ey 1/2 > <> |1f2) -1f2 > with reeyect fo the vest inficatés that the
£a r saturate ?.méﬁ. then the latter. Tuble b given the obssrved zelative

) ?@»aﬁa at yoom temperature, at v = 15,136 Mo, foc0.; and at two aiffere
pover levels. Those measurements vere cavried Gub by reducing the rf pover
progreseively until the relative aress undernsath the ebsorption curves were
in agreenent vith the theoretically predicted intensities for sli the transi-
tions. It was mot possible to saturate ,gﬁgw%&ﬁ oba, tranaitions amﬁ.
respect to the others as all the hyperfine sompoments were homog
broadénsd with incrensing rf power.

The differential saturation oan de explained ﬁ.ag to the mﬁuu.- »
theory of anisotropic hyperfine interactions tud the modulation of the isoe
tropic hyperfine interaction by the time dependent perturbation of the electyon
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m@am Ton stV mgm nc/m.

Y 'i e A,,,,.-.;‘”.- ,»,‘, e e
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mmam xmﬁ.ty éf *kke mﬁtﬁm

ésia;ls/*fa,. 3/%&- - 15/2 w5/2 > |

) Bpy Byt /012 > life,3/e> BT amk .es 55 2 405
N |

318’ Bé@t B " ]Véi““w > """"5/8’5/2 >

- «68 b g 85 .52 s 405
2, =|3/9a1/2 > I;/e,s/a > |

aw By B, :u/e.w >-ota/m fe> mw - | @75.2.*5‘5 . 462 F .05

mﬁm are the avetaged f

(a) m axpe:
(b). At this frequency theve 18 an ocoidental &)
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distribution in the neighborhood of the free radicaly” neither of which

mfiuences the lifetime of the states of ﬁA- Syrmetyy. ‘Rmae will be influenced
only by perturbetions 1ndepenaent of the pmt.on auclear spin q,vaatum nusber
sudh as the spina-cmbitfaphonon lntemeﬁi 7 Taah L ‘

In the genersl formulation, the lattice induced transition pm’oabm'bies

are obtainéd from the Master equational 119,20
2 1, | oo
0 ek 7odt ‘ - S iy
ik Z | z KMy (e > = (8)
' s * + m‘m cZ - :

where )‘(1 g(t) 15 the time dependent yerturbation which eauaes the lattidé to
exehangg energy with the gpin states; 7t o is the corz_'«elauc,n ei.me of the per<

turbation, and A i8 the er;ne'rw' separation between the eates J and ki BHence,

4]
the processes undaik investigation contribute %o Eqi 8 ds followst

~ {a) The intramolecular antgotropic hyperfine interaction with ;‘e@s}ct,_
to ,‘thewésia of quantization, in the direction of the applied field, _gi%}e&rise
fceflé random time dependent perturbation with & correlation time gj.Ven-"b? the
E'abyelial theory a0 that Tos "' 11 % loém secs When ‘the p-benz.oaemiquinofxe
ion is approm.mated by & sphere of- md.ius & 5.b A, ' in slcohod et room L
tempergture, with e viscosity § = 0.011 poisej at t ® 50°C, § = 0667 and

¥ ® 6. x 10°2° sec. Tme contritwution to Eq: 8 181

|<3})'§B(e)lk>lan1(1+1)§¢ |<F ,Z%'Fk’;",a (9)

wh <m
:f‘a Z R 2 m (Bﬂ),_ > |2
Ag;.,%, g g< 15"+ 17 6
A%i 1,..;3;8.. ( Ii s* + 1] 8%), A;% = (Aai
gi a:.fl_ I; 8) o 21 (Aai)*
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(r,e,ﬁ)1 are the spherical polar coordinates of the vector connecting the two
interacting g'pi.ns with reapect to a moleculsr axis, and Ya,ia are the associated
spherical harmonics of order 2. Using Sidmn'325 SGF % « MO's together with the
intégrals in _ evaluated by McConnell and Strathdee,’ak the céntributibps to
Eq. (8) at w » 16 Mc/sec. are: | |
‘2

P 4 to 24 % 10h~ IP(II;A» 1)4' I ngg {Z Agi ‘Fk?g_ > (10).

"’,;

n,i

vhere the limits correspond to ta-es" and -50°C, respectively- Il" is the total
nuclear spin guantum number for the symmetry species I' The matrix elements
of < l Agib for the apin eigenfunctions given in Table 1 are presented in

Teble 5. .
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(2) The proton<proton enisotropic hyperfine interaction has been
neglected with respect to the electron-proton terms.

{b) According to the spin eigenfunctions given in mze 1,
2 ‘ .
} b

.

0(1)83[ cos 8, = §-sixi81

¢ (1,3) o 3 { con G‘A cos 93 + sine oo 03 ‘J‘ sin 91 ein GJ]a
A (1) -b[ — 4 - 452
sin 20 cos a e
; vy 1.
Ae(;!.) w { g : . ]

cl(r) n E[ cos 9, ~ Wé- aﬁx Br]a
(¢) The elements given bel.ow the d!.agonal are the Mmitins values of

the transition probability in the Paschen-Back region m&g;&n gero field.

(a) Por brevity, s end o correspond to the ainé ani cosine functions.

{(e) The traneition probabilities arve obtained by wultiplying esch slement
by (%‘i-) sazﬁg --:':5- s where rm is the distance betwm the ;nterﬁct&ns

P
protona.

Hence, according to Table 5, the ctates Ag, 3’5 ’_'Beu, and “B,“ may
exchange energy with the lattice through intrmoleauw andsotropic electron.proton :: .+
and proton-proton spin hyperfine intexsctions. However, the intramoleculer

anisotropic hjfperfine operator induces transitions in the stote §'Ag only through

* ‘protoneproton spin interactions, which are less probsble thah the electron-

) proton transitions by the factor:

(7p < j--‘»*ﬁa[? <-—‘:;->~l‘2

P=p
This etfectleadstoamﬁmmbmden&ngeftheatataol ofac ﬂrwcpsls

which is negligihle. RS — C =



B3e

At the dilutions used, one free radicsd-ion/3. » 10°A°, the faternolecular
eladtyon-electron spin aniaatropie $nteraction é.x'e %k ordsrs of mm
smller than the intrmleculnr proton—electron spin ﬂ.nteraetx.m and. therefom
may be neglected with respect to the latter- Qhe 1ntexmlecuiar electrm- '

~ proton interactions with the soiv'en‘a mlem:les way also be neg;eeeed.h e

(b) The spineorbitephonon intemtims pravm & remuon mechantan>? 1418
Wch is independent of the mmlem’ spin Mntlim mmbax‘o Indae&, the departure
of the spectroscopic splitting mctor, g= 2. 00&8 15')'& frm the free electron
Vhlue, g = 2,003, indtestes that the spa.n-oﬂm interaction hag prevented
e complete quenching of the orbital angular momentum by the crystallim électric
fﬁ.ﬂlﬂoeﬁ This mechenism, thus, @must account for’ the nfetimé ef the .9. apin
states. , ’
The epin<orbit interactions, isto! | |

Nyl ep’ l-igmavpseag  eaavip]) ~ 1)
R i6 the Mﬁm momentun of the unpalred elaetron, of spin’ 8 o 5 which moves in
theGou]mbfieldefanthemcleimmefmeraﬂicalionplus&nthe
'surrounaang moletules and ionss V o-.z By/Bys Where 2 1o the effective change
of the k speeiea above, at & oy distance from tha unpaimd electmn‘ The

firet term in 15 gero for non sselectyons ‘in.‘aphari.eauy ‘smnetﬂe fields,

50 SR
but for aramstic hydrocarbons in solution, wheve V 16 of Ld!sr sytume twiaB,QQ,EO
| it vanishes when the second tetm w non geros  Heace, in this cage, for & '
field V of sny symmetyyd
' ' - ,
Yoo = Ngo ZZ Oeledy *&8 . (a2

= (w%ﬂ)
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’b A *Io“, 6‘&30

(bsﬁiﬂ) are the ayhezrim polar coordinates of the uage.lmé electron with
respect to the k™ specios mgmmmufmw
‘I‘he spin-orbit mm eontrﬂmtas to ths vaxm af t&m speat (oS sopice
splitting factor as follows: In pebenvoquinne, n ¢ees & singletotriplet and
stngletasinglet transstions fave been observed &t 2,3 and 2.7 ave) mspeamvmr”"
For the free redical, the vave functitns for the gre

70 6% &> o] 1T 0 22 4}

lwm,snpuf%{zr-e’%t (@ o snte’) wh s

md and e;;c.itea states aret

where {18 the mﬁi@mﬁﬂ%ﬁm operator andz mﬂ rspmm the dlosed
siema and pi electron mﬁmeiam. n and # #hs the msban&ms ui‘*bztais
iocaliwdateanhowgenatm, andx isthelamﬁowupp&eﬁwmmm
eleetmmmmmﬁmw. Alea, &wt@theb aymetrycra ﬁ.ntha

Dy, &toup up, em!.y‘ centribates to the spinﬁarhiﬁ immtaoaa Hence, fm’ “otti-
- the expression for tzm apeaﬁmeeopic spli%ing mm- in mhtmm |

ﬁg»gg“-g}: X Z <h§1.g’>i~\<.;'“3>m/(zifz)n’h)

d%,¥,2 K,m g'(9999ﬂ)k




wpe

vhers o*Biid 4. désighate the ground and excited states , scparated in onergy
by Ei-"'so, the contribution from the n, x mterautim ist

t‘ DO -

< {i5)

ﬁ
nyX &

vhere A, 18 the spin-orbit interction torm, which may be evalusted eccording
%o Bq: (12):

Mog® M yo28° [R“’f 2R o ap e f 2| A? ot dp) « lattice terms  (16)
o R o

A =152 end is the spin orbif my&iﬁa constant for the owgen atom, vwhereas
the asymmetric term, dus to the neighboring carbon atom &b & bond dlstsnce

R« 1.500%2 {a only -1 wd
justifies €he use of the spherically symmetric potential epproximation %o

evaluste the g-thotor?é The lattice terms are also nogug;:ébu- D:: is gﬁ

for s Slater 2p redlal weve function,, which

unpeired electron density et the oXyghn atam, Which can be evelusted from the ..o
splitting Mp‘ K between the singlet<triplet and a&nalatnningleﬁ‘?féfansiuom
for t;e neutral molscule vhers X is the exchange integrel betwesn orthogonsl
oxygen 2p etomic or"bitalg"; Tor K » 305 exv?3 p: ® (221, O is wqual to the
average of the aha@ né-> x trensitions; corrscted for the diffevence in two
center Coulomb integrals for the free radical etd neutrsl molecule. Thust

e 25 ey 4 <5, (0)) (1) > < w00 () (a7)

e 2.9 ev. . . ) ’ 12

The two canter mtegrals were evaluated aeking use of tha S6Y «» x ¥D'e cbiained
wsxm for pebenzoquinone. %&B 1eada to Qg%; a,am:s, and if one
assumes that the contribution from the ring sptn-ér'bﬂ mnmm,ona is the same , ... .
as for arcmatic hydrocarbon negative ions, whore < g > e 2300’27'% then the
celeulated g value is in agreement with the observed quantity, g « 2.0048%. ':ma."S 13,34
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' The spin-orbit-phonon coupling batween the states § snd k is,thus:
< Sty k> oL KE v‘(glpkvg 2 el {18)
vhere cemut tc thira orﬁm' &ppmtiom L e o

| 33 o 1 € ")‘01? L ‘&L";& %Kso”’m? 1
'“”uz E-E E

? * ! - i
_'1%' 0 _3“‘-"51; S

<Xm> <){m> ’ 4)6’? 1% +au e

i i . (E Eﬂ.}( *"

. The |< (81512 metrsx mm; ¥ e e

zmclaar apin quantum mm;bex' tana »Meré% ammm fz'da the i:orraapmﬁing $&g&n— |
functions in Table l. ’i‘ha eeeond or&er termg injb arrespond to Zeeman
imeractions vhich are ba)aneeﬁ by ﬁze emission or absomion of a phonon by
‘the lattice. These processss are, therefmre, mmrbiml to the aqum of
“the resemnce frequenacy and may be nealected acuer&ing ﬁo the experimeﬂtal
evmame. The third order ‘terma ave. of  importatice ‘bacauss, thay define the

: Rmn mchmimby vhich spin tz‘ana&tion et a freqmne? e) 18 m«m hy

the qﬂissioa of a photon and th@ abaorptm of amthex‘ a*ts tha mpee%ivwe _

fmqu&miﬁs ® e.nﬁ o, in auch 6 manney” that m,u,.% m m m m
*"}4.53}‘ M ot ‘depend

possiblo values o, £ 0§ 0 co tuat the trénsttion p:m
on the value of the resongm:e f‘mgtwmy. 8 is en upper cut off fmmzeney |
chamcterietic of the mvem. An’ onaer of nmﬁsuﬂe e‘“sﬁim’tze of tha contribution '
of the Raman promaeaj,to Eq. (8) 1a carried out. a8 ro:umm

A

‘<?fsé"’>~ (‘3‘ f*-w B, (w.m _‘

et



Table 63 Matrix Elements of the Spiﬁuofbit Interactions: f g l>F

o _ 3 7 ' ' — _ ) —
‘. LR b/2,5/2 > l5/2,5/2 > |B/2,1/2 > |[5/2,-1/2 > {|5/2,-3/2 > {b/2,-5/2 > ;342,5/2 >ip/2a/2 > p/a—,»al/a > P/a,-s/»
5/2,5/2 > | dooso, o 0 0 0 %.sin265 ) 0 0
o éa- R - A _ oy 4 N N _ ’ _ _
» . 25 88 B> w ; " 7 ¢
5/2,3/2 35§ N $e%o,e%, 0 0 0§ dsin’2ey |ia®o 8%, 0 0
| las B> 0,.05| s
| | S o | 2 2 o 2 2 .2
/212> 1 o g \ fs"e,c%e 0 0 3c%,e o %-smeael' ts%06% i o
— +- 5 _ e — = ,
5/2,-if2 >} o 0 «}:qsf"“e‘_lg:at(a\_5 0 0 b 1o, | deinee | 360 5%,
_ L 09 ~ F N f . " - -
: 0 \AJ' ’ | 2 - 2 2 ag4r20 |
5/2,-3f2 >_~;. 0 0 o . o8 \\ %sﬁ;;zé_ 8.3 0 . 0 fe &3¢ @ 31.; 10728 _5
. 0 ) '
%5/2;-5/2 >t o 0. 0. o
et 1
5/2,3/2 >{ - 0 0
. —te +20 - 16 404 = .
3/2,1/2 >} o 0 N B 0
l : +12 o 28 006
e \ V 6— 6 » : 025 )
B/2,-1/2>] o ) | | 9,879
SERGNS | 12| 2] R
| ‘ ) 0 -
3/2,-3/2>] 0 0 ° \_




» --‘5. ’ “

Table 6: (continu%d)
lBé»gM Vres/2 > | pre,s/e 5| ples/z > fore,-3/2 >| /2,02 >jz,-/2 >
L ) A 2 ’ V s ’ ) i,
302,302 > fcos 8] 0 0 #sine] ) |
(35 ' _
3/2 1/2 > o 5% c% . o Boin®26] [3s07e%’,
” oot SEa % """"-1-]J12 , )
’ © 4 a‘“ 2.0 .
[5/2,-1J2> 0 \ fetn®e’) | %07 %] dsin2e;
/9
_6- »
[3/2,-3/2 > 70 0 | ) fcos’e s
i ﬁ.d’t}-—«-’* : e - 11&2 il
1 2,1 2>t ' s“87 "]
ok 1/6 - 2/91 1/ 18 :
8] .25 B
/18§ 2/9 1/6 . 3/36
1 |1/2,-1/sz |3/2,1/2 >2 2,-1/2 > :
325 0 0
0 0
0 .25
0 .25
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emams. at: room tmxﬂturebﬁ Bnd Q~ 5 x mw

vE- x) ¢, (o !’ ?:

\ :;k ” g m(r PPLE R L WAL a’
and the etates in Eq. (13) are indicated by the subseiigts (8,7), (n,s,v)
and {r,e,g)i are, respectively, the spherical polsr coordinates of the axis of

% to tha uﬁ?amﬁ field, and of the

mmtmszthMethﬁmmtham!ﬁhatmsndthe

axis of synmatry. Yg D are the sasociated spharia&mbammes cf order 4, and

» Q& ére the normal cmr&imﬁes; in particular, the nimiﬁ.oam contributions
to <y > st arise frou the semases on the €0 imm!, 80 'Ehut the transition

probability between two apin states ;um

R
%2

: > (322 . <re%<’r ﬁ) .Q.|<J|§Jk >l (en)

7Af

172.8)°

(5 (B o2

where an isctropic distribution ef the t&enaity of»mﬁaa whs a.asmﬁ 20,35 and

W kab~

ﬁw»m,m > e visthevetoazﬁyefsm&n/m system of mass m,;
<r2>m@a¢r>pamthemaiﬂmtem formwgens%@emmogm

given symmetries and the non gero contribution is obtuimd. b;y w;mmung a8
%cﬁar&ater,cam'gmm’h mmmaw@gmgenm%wmmmbe

tatroduced by the bending of the CO bopds on colliefons Redee, the transition

e

prob&bilﬁty for thia ayatem ie, ‘ o A -
-3

6 .
) ~(d) et 2
whem. <«ra bg” EBOY S EH L F %;’& uﬁ’bi’fﬁ’fﬁ%&" Siater type orditals,

2446 a‘e(f - @16, va 1.24 x 105 em./aen. for the valnei‘ﬁy el wuna in
1

@)

:@r the charmw istic
frequency for the G0 symmetric stretching m?”
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’ Xnmmaafmmmm, the validity of this mechenis
Emm m&epeadmefbi‘mﬁmmdtha, in the
, cunstémq mgg :~ :
i .'eheum be shirrged out in ammc eoz.wma?e m the wﬁm*ﬁ&L ) |
| mtm&ma by the isntmpﬂ.c |  ith e ‘solvent; nolécule

a-._-tgevﬁed for t&a iy

Aty

set the 1im &15!! m m ” 2 1 Wﬁ Qt&zﬁéeﬁ
thel ;.’f, the' B8k sbeorptien Liae vidths for the Ag ﬁmmitma b7 s B98%%
Lw depsndan@e,

eaa it (“ﬁ’a hyperfine conponents &t T %3%5"‘ @B oty & m sve,

. (;g,) ficvﬁ( _ ﬂliogil : (@) é:;

Es

(e} In atlute solutions, Where the slectrantc exeh 1 negn@bie,
the m&m tdme depenaent perturbetion introduied %y the élea%m ﬂy
| Matrimmn in the netghborhood of the free raam Will influence the lifes
um.anhemm iyperfine levels ortheammtils :f"ﬁanaeem |
of ansnlar momsntus thyough the isutmntc By

et unpatired elaei‘.mn vve ﬁm&m &a P
]'”“’

intemnml 1

A

gé.{g;';iqu, ﬂgﬂk][l Bx;.o \wk,ﬂ >l

¢
Wwhepe ﬂo' is ﬂ;ai SCF wave function for the isolated frae'ra&q_&l; and the
Bohzgiﬂtgfafm}:mnalimuon ingures that the f’auli Pﬂncipliejié ;oiieye‘a. where the
-overlap integiel < g, g, > is Pm zero. { 2 } -.';';e the orthonormal set which
descrides the surrounding molecules and lonid. ’l‘ne ox.eﬁt.ron density, correct to -

.

second order in the overlap integral 18 thus:

[,p éopok<¢k'¢ >*kkf Prere” <¢k’¢ )<¢O’ﬂk' 3"][3- ‘éé <gk}g°%2]’:l(2

% P
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vhere! \"Bm ® Ot |¢ P 2 ' + Bence, for a system undergoing repid Brownian

i _‘r :'.::‘ ; e ) ” » |
- & f}: | ) i J m 8
motions, -the isotropic hyperfine energy of interaction with & nucleus of spin I
18 modulate& by t.he tine dependaence of the elactron denéity distribution as follows:

A+ A(t)] + 8 (25)
R, [ 18
‘vhere o
Aty | 0 s B (oger mdl< Bty > | .
. QEA(”.),..,& 'GP B;“ok "Wk’g > [ 1+ i<¢ W8, >' a’,; gﬁ %"'”ﬁs ajele,)
The céntribution to £q. (B) e thus: o
wd'k'cl@i?;‘*&. Ié(!r«r 1)< "35 ‘ I':: ¥ IZ X g_[pxp“? (26)
FJ- Fyotd; Aﬁé‘- 0
AEF>we3c 0 o 8o
[ -] A ! 'gkia < g g >'2 ‘;"" @;‘:ﬁi_‘ Tr‘?‘fffi-‘ n_‘\
Q 59 ‘ o! k ] \%5 B }: =% ',,;3' ‘)NQ“}
-4 Jat }:p | ‘

<y |k> _
N Zh i ("“W’ ﬁ—’a*ﬂgx‘um“m@:))

The eorrelation time 15 e function of “the dissad.ation of the cmplex formed

by the free reifcal a.nd the two sodium ions, Q(ﬁa)*
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where &t rocm temperétﬁ'ée the rate constent for the digsoeiation :eaction is-
resirithan the coupling constenty A 3.4 x 10% dec.™, Jor. e solution vith

{ Q) » .006 M, the BSR sbsorpiicn nnehwaamngmmmxme?& to 275K,
which fndicates that at room temﬁbraxggv ‘cé‘ Y &@‘9.séca@:whﬂga-anxﬂxwhsniu;
Law dependence 18 agsumed. for the rate constant. 8ince the Wﬁﬁe splitting
in sprotic’ and ionic, solutions are known for this free radical, <[’¥é\ > can
e evaluated semiempirieally, so that from EQW (25)-ena {as)a '

<1 EF >3 jage 08 - {e8)
vhere A_s ~2.519 ce? 16 the proton hyperfine eplitting in an sprotic solution
and 6A winl. ‘\Ao\o =051 0eq Hence,t

1’&cxl°51r(ltd'1) a

secs | {29)
< G @ o

is qf the ssme order of magnituae &8 the tmansztiun provobility given by the
other mechanisme considered shove. nauavar; accorazng to Bqgs (29), W, veniches
in gero fields, eethat{mxlymem:ma (a)mﬁ(h)mmﬁﬂmwm

line width of the Wﬂm tmsiﬁima

cmm

‘y.

The trensition probability between the Zeeman levels of the pebenzonemi-
qummmbeenrmtobeo:mmmérmm,w~m53w. ,
for the three mechanisms under study, bdut only the spineorbiteptiondh interactions
contribute to the lifetime of the pmon,?ag ny)
B A R ﬁgéggxuaf S

rfine ststes. Hence these

W
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transitions should, and indeed they do saturbte faster than the rest. However,
- the bredicte& line wi‘.dth_ variation betgeen the difmvrent hyperfme components, h
exospt for the oAg transitions wa's?:;; not detected within the experimental umcer-
tainty limits. -
ACKNUWLEDGMENT'S

The author wishes to thauE’ Professors K.S. Pitzer, L. Brewer and A. Acrivos
for encouragement and valusble eriticism. This work wae conducted under the auspices
of the U.S.Atomic Energy Comission. |



-33-

References

N. Bloembergen, E. M. Putcill and R. V. Pound, Phys. Rev. I3, 679 {1948).
o Kubo and K. Tonita, Jo Phiyss Soc. Jepen 9, 888 (3954). |
D. Kivelson, J. Chem. Fuys+ 27,416 42.95?); 22, lbslb (1960).

M. Gtephen snd G. K. Praeukel, ¢i chém. Pryss 32, myﬁ {1960)

Al m@m' Je mt Rads 20 _J 957 (1959)6 ‘
& Bo Mo McConnell, J. Chem. Phys. 25, 709 (1956); 34, 15 (1961). R

J. B. Van Vlieck, Phys. Rev. 57, ha9 (1959).

P. W. Anderson, and P. R. Weiss, Rev, of Mod. Phys. 25 269 (1955).

B. 8. Gutowsky, De Wo MoCall and C. P« Slichter, J. Chem. Fhys. 2%, 279 {1953).
H. M. McConnell and A. D. Melachlen, Jo Ghem. Phya. 3, 1 (1961).

- g Ve A(ﬂ'iVO@y a\ﬂ:mitted for publication to the J+ Chem. mﬂ'

J¢ W, B, 8chreus, G. E. Bl.cmgren and G. K. Fraenkel, J. Gham Phys: 32,
1861 (1960). | |

J. L. Vivo, PuD Thesis, University of Minnesote (1956). |

B. Venkatavamen, B. C. Segal end G. K. Praenkel, d« Chette Phys: 30, 1006 (1959),.
J. V. Acrives end K. 8. Piteor, J. Phys. cﬁ%zn. (m meée). T
G. Breit and C. I. aam, Phys. Rev. 38, 2082 (1951). '

ds As Pople, W. G. Schneider and He J+ Bernstein, "Hidh Resolution Nuolear
Nzgnetic Rescnance” MoOraw-HAl) (1959) p. 193.

J. P. Lioyd and G. E. Pake, Phys. Reve 9, 579 {1554},

Yo Ayaut, 3. Phys. et Rede 16, 412 (1955) |
A. Abrayam, "The Principles of Ruclesr Magnetism) Oxford, (1961) Ch. 8 end 9.
P. Debye, "Polar Molecules! Dover Publications, Iugs; Tew ‘?éxfk. 1945, Che Ve
He J. M. Bowen, J. Donohue, D. G. Jenkin, O. Kernerdl, P. a,;rmmy, and

D. H. Whiffen, "Interstomic Diataépaa;‘ London Chem. Bociety, 1958; Migh.



25:
24,
£%.

7.

Bostrang Co.; Inc. Hew York (3954)s p. 195. N

-34_

F AR smman, J. ‘Chem. Phys: 27, 429.(1957), fable XI.
H. M. McComnell and J. Strathdee, Ju Mols Phys. 2, 129 (1959).
J4 B. Rafo end E. Nelson, Phys. Rev. 75, 1194 (1949).

o, Bu M. MeConnell.end R. E. Robertson, J. Phys. Chem. 61, 1018 (3.957).
"Le L. Behiff, "Quantun Meehanigs, MoGrew-i11) Book Co., Rew York, 1955,

M. Mizushima and 8. Koide, F. Chem. Phys. 20, 765 (1952,

B. Clement{ and M. Rasha,:?a Mols Spectroscopy. 2, 997 €1958).
B. 8. nccmm, 3. Cheme Pm. ___, 682 (1952). .

Hy M. McConnell, J. Chem. Phys. 20, 'm (1952)

J. W. 8idnan, J. An. Chem. Soc. 1§, é%s (1956).

+ d. M. Parks and R, Parr, J. mem“rh:ia 32, 1657 (1960), Tadle X«

M. 8. Blois, Jr., H. W. Brown and J‘. B. Mmg, Bull. Ampere, 9® aanece,
fase. special, 2435, (1960).. | . ' ’
R. Es Peirls, “Quantun Theory of Solids; Glerendor Press, Oatrofd Press,
Qﬁﬁﬂi’ (1955).

."Ka.n&book of Ghmistry eand Physics) Chemicsl Rubber pubushing Co., Glmreland,

ohio (1959), p. 2500,

'@+ Berdberg, "Molecular Structure and Moleculay Bpectiﬂ': Wﬁl- I1., D. Van

[}

59+

As B. ki, $bid ;_6, 1964 (196@). "

T T EE YR e .
R Paysean g oy e w«u.r ot nhek. r,?.ﬁ_;?}_‘ o
"ﬁ‘

%
’F?\ { U 3 .

i‘t‘i .

B JJLPBG Smeoum'y and Fa J‘ Ab4rign, PhYG Rev. ——EZ’ 1180, @957).



List of Pigures

1. ESR sbsorption derivative of the p-bengosemiquinone s ion at (a) 16.21.7
Mc/sec, (b) 13.590 Mo/sec and 9.916 Mo/sec. The theoretical spectrum

s represented below the experimental one.

‘2. ESR ebsorption derivative for the A proton hyperfine component of

g .
the p-benzosimiquinone ion at t = ~39.5°c.¢me spectrum was ca1Cu;ated for Awms=6lmm
3. Breit-aa'_f)i dmgram for the p—henzo's?émiquinox’ie ion. Kote'bims ar® S.s‘ ‘
of opposite sign for the hyperfine énﬁ eleetgbn trangitions.
b, Zeeman .splitting as & function of applied field. |
5. Intensity of the BSR sbsorption lines, s & function of the epplied
field. The Gashed lines indicate sbsorption of opposite polarity to

the solid onesg.
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