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ABSTRACT

We report ‘measurements of the compléte angular-
dependence of the opticaily detected magnetic resonance
(ODMR) spectra of 4,4'—disubstitutedfbenzophenones
(4,4'-DXBP; X = H, F; Cl,<Br)'in'4,4'—dibromodiphenylethe;
(DDE) and X-traps in neat 4,4'-dichlorobenzophenone at
liguid helium temperatures; TﬁeAfesults are used to
calculate the prncipal values of the’g and g tensofs of
.the lowest triplet states. The tempefature dependence
of the ODMR sééctré indicate the ébsoluté zero—-field (ZF)
level 6rdering to be 7 > O > Y > k. Carbon-13 hyperfine,
fluorine hyperfine,'and bromine hyperfine and quadrupole
were observed and yield estimates of the = spin densities on
the carbonyl carboﬁ (pv® 0.2) and the 4,4' ring positions
of the benzene~rings (p" 0.1). Experimental studies of
level anticrossing and cross-relaxation effects on the
‘pﬁosphorescence and ODMR spectra of benzophenones in DDE
are described.and interpreﬁed. -A novel method Qf determining

the magnitude of the perturbation giving rise to the level
anticrossing is presented. |

From this investigation;iit is concluded ﬁhat'(l) the
orbital symmetry of the lowest triplet state of benzophenones
is A, (2) the ZF schemes are significantly perturbed by secoﬁd-'
order spin-orbit coupling with higher triplet states, (3)lring
conformations and substituents influence the ZF.;plittings,
and (4) a significant amount of electroh spin is delocalized

throughout the molecule.
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I. INTRODUCTION

A. The Triplet State

The mechanisms of the deactivatién'prbcesses which a
-mqlecule ﬁndérgoes following the formation of excited states
havé fascinated ;esearchers‘for.nearly a centﬁry. As early
as the 1880's, Déwarl and others? observed an intenée after-
glow from many organié molequlesvaffer‘exposure ﬁo ultraviolet
light. The suggéstion that the phosphorescence of photo-
excited aromatic molecules might be due to a}radiafive spin-
forbidden trangition from.a tfiplet'eléctroniq.state‘to the
singlet ground state originatéd w;th G. N. Lewis>'% and
subsequently the photo—induced paramagnetism associafed with

5,6 At the end

'the metgstablg emitting .state was measufed,
of the 1950's, the classic EPR experiments of Hutchison and
Maﬁgum7_on naphthalene in é.hosﬁ single crystal of durene
pro?ided the decisive prdof of the aséignment of the long-1lived
emissibn to a tfiplét.state._ Since then the number of studies
of triplets by EéR has.increased'enofmously énd'a wealth of
information concerning the properties of the triplet state has
been obtained.‘ There is not space here to dwell on the ramifi-
'Cations' of triplet state‘studies, but very detailed surveys

have been provided by the published proceedings of a conference

held in'Beirut,8‘recent books,9 and review articles.l
' 1



_ThevphotOphysicel processes inVolving the electronic
" states of a molecular system can be repgesehted.by‘the'common
phenomenologicai model.depicted in Fig. 1. B? tﬁe absorption
of light, the-molecule is broughtvfroh ics grcund singlet
state (s,) .into various excited singlet states (S,) where
rapid relaxation to the first excited singlet state (1)
occurs by the non;radiative internel ccnversion'(IC) process.
The rate of iC ie-eo fepid that radiative processes between
singlets-(fluoreécence) and non-radiative intereystem
crossihg (1sCc) to the tripiet manifold (Tnf are most prcbable

from S Once T, is populated by ISC, rapid IC occurs to the

l ’ . .

lowest excited triplec state (Tl). Excitation that finds its
way into T, can be deactivated by radiative (phosphorescence)
and non-radiative (ISC) means, -thereby re—populaticg the
grounq etate (So). As one can see, differenc.nomenclacu:e
 is used for distipguishing the Vinous radiative ana non-
redietive processes.‘ The differences, hcweyer, are more
than in ﬁeme'only, acd the distinctions can be made by examin-
ing the fundamentel properties of's;nglet and tripiet states.

If one considere a system with two electrons in two
different orbitals, a total'of four wavefunctions can be

generated corresponding to different combinations of electron

spin and orbital angular momenta.. -The two orbitals can be
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considered to form symmetric and antisymmetric spatial wave-
functions while the electron spin functions can be combined to

form one antisymmetric and three symmetric wavefunctions:

e Y (1a)

|0>==]/?2°hnﬁz+ﬁﬁh> {,ASymmetric ' (1b) -

e leey ) e
and ' - S

|0') = 1/V, |a162—f31(x2> ' Antisym:ﬁetric (2)-

The symmeﬁric and antisymmetric spin funétions are eigenvectors
of £he_totai spin angular homentuonperator (§2) with eigen-
values 1lh and_Oﬁ, and form the basis for states of triplét and
singlet hultiplicity, respectively. By combining the orbita;
and spin wavefunctions the state functions of the system are
obtained. Sincé'the electfons.are,spin'one—half particles,
théy must'obey Fermi statist;cé. Therefore, s£atés having
symﬁetfic spatial wavéfunctions must have antisymmetric spin
Qavefunctions (singlets), and states having antisymmetric
spafial wavefunctions must have symmetric_épin wavefunctions
(triplets’. The differences in‘the ﬁwo maﬁifolds_of electronic
states —'singlets (Sn) and triplets (?%) - and photo—physical
processes canfhow be characterizéd in terms of the difference
in multiplicity ASsqciatea with the difference in magnitude

of the total electron spin angular momentum. For example,

'



thé difference in energy betwéen a given singlet state and its
qorrespbnding-tfiplet state isAreadiiy explained. 'If one con-
siders thg;fouf staté functioné (spin + orbital) and a
Hamiitonian including'a one-electron term ana é two-electron
term(eleétron repulsion), the energies of the singlet and
triplet‘are4modified. The métrix elemen£ associated with the
two-electron .term is found to consist of a coulomb and én
exchange.integral. The ex¢hange integral leads to an increase
in energy of the singlet aéd a decrease in energy of the
triplet. Thus, triplet states lie lower in energy than the
éorresponding.singlet stafes; Anothef consequence of the
differénce in multiplicity between singlet and triplet states
is that the spiﬁ of one of the electrons must be altered or
'"flipped" ;f a trénsiﬁion occurs between a.stéte in the
singlet manifold and one in ﬁhe triplet manifold. Such
transitions are forbidden and serve td expléiﬁ the distinc¢-
tion between the varioué radiative énd non-radiative photo-
physical processes.

‘State multiplicities.are important since the nature
of the emission process depends on them. If the states iﬁ—
volved are of the same multiplicity, the emission is called
fluorescence and most commonly occurs between Sl and Sé.‘
Emission between states of different multiplicity is known

as phosphorescence and generally'occurs between Tl and



S

S,. Because the probability of transitions is much higher

when AS=0, phosphorescence lifetimes are longer~(lO_3»to 10

7 10

sec) than fluorescence 1ifetimes (10° " to 10™"" sec).
Similarly, the forbidden nature of'altering the spin of one
electron‘eXplains the low oscillator strengths of singlet;
tripiet absorétidn when compared to those for singlet;siﬁglet
absorption..

'In_additioh to the radiative processes, the distinc-
tion between the non—radiétive.processes até best explained
in terms of multiplicity. Ttese processes ére the result
of conversion of electronic eneréy into vibrational'enetgy and
can occur, once'again; bétweeh stétes of .the same or different
multiplicity. - When a non-radiative proceéé occurs between
states of the-éame multiplicity, it is réferred.to asiintérnal
'conversién (IC), while a non-radiative process‘between4states
ofvdifferent'huitiplicity is called intersystem crossing (ISC).
The approximate ratts,of thelvarious not-radiati&e protesses

alsb~reflect the multiplicity effects indicated previously for

the radiative processes:

) S B R ¥ ~1
1077-107" sec _ ‘
8, oA 5y (1C)
: qnd g7 -1 ‘
5, LA~ 5 (1IC)
108-1011 sec™? |
Sl TN T (I‘SC)
1 1
- 3 sec *
T '10 10° sec g (1sC)



where ~—~> represents a non4radiative path. Of course, the
fact that the spinfforbidden processes (radiative and non-
radiative) occur at all is dvue to the breakdown.. in the AS=0
selection rule by the effects of spiﬁ-orbit coupling. ~The
prbceediné discussion of the photophyéical.pr§Cesses4involved
“when excitation of a molecule'occups_is only quaiitative4in‘
nature and is intended to pr§vide a pheﬁomenolbgical
description of an,excited molecular.system., More tho;ough
accounté'of alljof‘the.processés can be found elsewﬁere.g'll

In the case of organic'molecules, the excited éinglets
and triplets involved in the aforementioned processes may be’
ciassified as (m,m*) or (n,n*) states depgndihg bn the nature
of the ground state orbital of the "promoted" electron. In a
molecule contaihing a heteroatém such as oxygen‘or nitrogen,
the highést filled orbitals in thé ground staté are'genérally
the non-bondiﬁg, essentially atomic n orbitalé; the lowest
“unfilled orbitals are y*. Hence the lowest excited states
(Sl énd Tl) of carbonyl compounds, simple N;hetefocycligs,
and quinones are gsualiy (n,n*) in charactér.12 EXamples'of
moledules.having @ vw*)-type lowest excitéd statés are
‘<naphthalene,,bénzene, and, in general, most unsubstituted
aromaticihydrocagbons.

Based on exteﬁsive experimehtal and theoretical

evidence, several generalizations about the properties of



o 10,13
these two classes of excited state can be made. For

exa@plé, (n,s*) states have-higﬁ_quantum yields of phosphorescence
and'do.hot‘flubfe§Ce significantly whereas (ﬁ,n*) states genér—
ally shéwlboth fluorescence and phoséhorescence. It has also
beeﬁ found that in most cases pﬁosphorescence lifétimes,'tp‘
(determ;ngd by thelcombined radiéfive and non-radiative rates
of depopulating the triplet state), areAshorter for 3(n,m*)
.than thoée,for the 3(x,n*) states of unsubstituted aromatié
hydrocarbons. Furthermore, the_bhosphorescence ffom 3(n,n*)
states is in—plane-polarizedjwhile-that from 3(w,v;) states

: ié predominantly out-of-plane polarized. As a result, these
criterié have been_used‘by optical spectfoscopisté to ascertain

the orbital nature of many triplet states.

B. Background
1. Applications of EPR to Triplet States

Since the triplet state is characterized by two unpaired
electrons and is paramagnetic; the total spin of the eiectrons
is uni£y (5=1) and the state consists of tﬁreeAdistinct
magnetic subleVels. If there were only exchangé and electro-
static interacinns between the dnpaired_eleétrohs, the three

sublevels of the triplet state would be degenerate in the



absence of a magnetic field. In the presence of a magnetic
field the spin Hamiltonian (KIS)-wquld consist of a single

term - the electron Zeeman.interaction'(3Cé):

K, = gBH-S - “ (3)

where_g ié(thelspéctroscdpic sélitting factor of the electron
(here assumed isotropic) and B is the Bohr magneton. The
three suble&els would then be dist;nguiéhed»by their spiﬁ'
ahgula;‘momentum s, about the field axis (z) with eigenvalueé
+1, O,.éhd -1 gRH, and the EPR spectrum would cbnsist‘of.a
single line at H = hv/ge.corréséonding to the two (degeneraté)
"8 mg = +1" transitions |-1) - |0) ana |0) » |+1). However,
tﬁe cléssic experimgnts of Hutchison and Mangum? showed that
the degeneracy of the three eléctron spin levels was lifted
even in the absénce of a magnetic field;  This so—célled_
. zero-field splitting is dﬁe to the combined effects of hon—
-cubic crystal fieids ana spin-orbit coupling in inorganic
' compouﬁds.14 Howeve?, in drganic molecules, it'is generally
believéd £hét'the origin}of the ZF splitting is the magnetic
:dipéle—dipdle interaction betwéen the unpaired ;electrons.15
AThe’Hamiltoniaﬁ for the dipolar interaction betweeh'two spins
. iSl6 .

S ands

71 2

(4)

: (S1°85 3(s)°r)(sy-x)
. KZF = g282 [ —_ . '

r3 _ o
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where r is the vector joining the two electrons. When the
dipolar interaction is éVeraged over all possible orient-
ations of the spins and expressed in terms of the total
spin S = s, * §2, it can be written in the form
Kyp = 808 (5
~where D is a symmetric'second—rank tensor having elements

(in Cartesian co-ordinates):

' 2 .2 ' ‘ :
: -3
D, = Tg¥({—= ) i=xy,2 (6a)
i1 2 5
_ , " . |
o 3] ~
D,. = 1 g282<-—'-—'-> o O (6b)
. ij 2 IS o .

In terms of the principal axes (x,v,2) which diégonalize D,

the'Hamiltdnian becomes

' 2 2 SZ ! . . (7)
Hogp = ~XSp - ¥Sy - TS, |

.where ~X{HY, and 2 are the principal values of D. These
parameters are simply the energies of the three sﬁblevels
inAthe absence of a magnetic field and can be calculated

,from the spatial wavefuﬁction of the triplet sfate using the

expressions

I (82)
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<
i
N

. 2.2 . . :
262 (|25 by ) (8b).

rof

Ca22 ' ,
g2p2 <"’T éz—z;-r—~ va> (8¢c)

However, D is traceless .(i.e., X + Y + 2 = 0), so !ﬁZF can be
expressed in terms of just two independent parameteré, D and

E:--
{ - 2'_ ;I'_ R ‘ 2_ 2
# . = D(S’ sz) + E(S) Sy) (9)

YAl 3

The new parameters D and E are given by

_ 3 2q2 -!2-1£3~ o

D 4 8 B <@T —5 [ 4 (10a)
3 200 [ |32 oxP > ' .

E=+ g% <U)T|,‘—5-r ]q;T (10Db)

and are related to X, Y,'and Z by the expressions

p = 1/2(X+Y) -2 =.-3/212 ' (l1a)

E o= -1/2(X - Y) (11b)

From fhe'form of the above expressions, it can be seen that
the ZF parametgrs are.ext;emely senéitive to the spatial
disgribution of the triplet electrons and reflect the
:stmeﬁry'and structure of the moleculg'in the triplet state.

Thus, triplets possessing spherical, axial, and orthorhombic
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~symmetries should have (D=E=O); (D#Q, E=0), and (D#E#0),
respectively.

Clearly the magnitude of the ZF splitting parameters
can also provide a great deal of information about the
triplet state. For example, a comparison of the measured D
values of the lowest triplet state of diphenylmethylene and

5 N 17 -1 7 e o
- naphthalene (0.41 and 0.10 cm 7, respectively) indicates
that in the former case, the unpaired electrons are essentially
"localized" on the methylene carbon. Similarly, the fact that the
E value of benzene was found to be non-zero for the lowest
| 18 o
triplet state” suggested that the structure is not a regular
_ hexagon although more recent experiments have shown that the
. _ L. . 19,
molecule may not be intrinsically distorted. Fur thermore,
the observed difference in ZF splitting parameters for different
molecules is a useful tool for the study of energy transfer
processes in molecular. crystals. Triplet energy transfer in
a biphenyl singlé crystal from guest phenanthrene to guest
' f o 20

naphthalene molecules was first observed using EPR techniques.

Over the past decade the literature has become replete with

similar studies on a wide variety of molecular triplet states.
2. Optical Detection of Magnetic Resonance {ODMR)

Despite the significant contributions EPR methods have

made toward a more complete understanding of the triplet state,
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experiments oOf thié type are severely limited-by signélFto—
noise considerations. -The sensitivity of £he aetectioﬁ method
iﬁ EPR depends;only onjthe amount of microwave powef absorbed
by the sample, which in turn depends oﬁ the numﬁer offmolecules.
in the triplet state. Molecules with triplet state lifetimes
‘shorter than 100 msec are virtually impossible to study by
. EPR méthods.bgpause of the low stéady—state concentration of
'triplets that exist éven under optimum conditions. Consequently,
‘entire ciasses of_iﬁportént molecules such as the carbonyls .

" and the (n,m*) azines weré not amenable for study. It there-
fore became necessary to develop modified EPR~t§chhiques for
>studyiﬁg species with,lifetimes of the order of-a nisec, and
‘one such technigue which found wide applicability in the last
few yeérs is that of optical detection éf magnetic resonance
* (ODMR) .

' 21 o
In 1949, Brossel and Kastler were the first to
pfopose that radiofrequency (rf) transitions in an excited
stéte could probably be observed by monitoring changes in the
intensity or poiérization of the optical emissibn proauced by
rf saturation. This idea wés first applied successfully by
observing a t;énSitiQn between the sublevels of the Py ‘
22

excited state of Hg in the gas phase by Brossel'and'Bitter.

Within six yeérs of the Brossel and Bitter experiment, the
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analogous expériment was executed in the solid state. Geschwind
. 23 P . Y . |
et al. succeeded in optically detecting magnetic resonance

3+

2. L o :
in the E excited state of Cr~ .in a single crystal of ruby

at 1.6°K. Meanwhile, Méclure24 and El—Sayedzs.had sﬁown that
both the populating and depopulating ﬁechanisms involving the
triplet state Of.aromatic molecules were spin—state selective,
and this mdtivéted~de Groot et al.26 to suggest that optical
detectioﬁ methods might also be used to observe transitions
between the-spin sublevels of.éxcited.triplet states. By
i967,>such an experiment was.carried out by Sharnoff,27 who
‘ obserye,a» the "Amg = 2" transition of naphthalene-d; in a
biphenyl host crystal by monitoring the intenéity of ﬁhe
phosphorescence'as the field waé swept through resénance in
phe présence'of microwaves. Both Kwiram28 and van derAWaals
ef al.,29 Working independently, succeeded shortly thereéfter
in dOing‘similar expefiﬁehts on aromatic molecules. It was
soon discovered that the.ODMR‘technique was well-suited for
the study of triplet states with very short lifetiﬁes.

The essential'fegtﬁfes of an ODMR experiment caﬁ be
repreéented by the sihple model showﬁ’in Fig. 2.' Cénsider
an excitéd state consisting of magnetic sublevels 1 and 2

which emitAoptical photons. at a rate kir(v), where i refers

to the spin sublevels and v designates the polarization or
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flee |
, 1

Y
r
k2 (v)

K] (v)

— - 0

Figure 2 - An elementary model for the
ODMR experiment

vibronic band of the dptical emission. The excited state is
populated:thrbpgh a mechanism.such as outlined in Section A
 of this chapter. The observed emission‘;ntensity, I(v), is
U.proportional to éhe number of photons emitted pér unit time
.such that |

'I(V)‘= Z‘ki(Q) Ny - kg(v)iN

+ kD) Ny (12)
i ' '

1

_where Ni is the population of level i. 1If rf power is used

to induce transitions between levels 1 and 2, the change



16

in emission intensity, 4I(v), is given by

: , r r. - r . r, . 3)-
_Ql(v? = kl(v)ANl_+ kz(v)ANz = [kl(v)-kzgv)]qN (}»)

fwhereAbJs=ANl-= :ANZ. Thus, changes in the emissionlintensity
-(or pblariZation)in the presenoe of resonant rf Wiil-occur
only if k (v) # k2 (v) and AN # 0.

It is reasonably easy to understand how the ODMR
technique leadsvto a sensitiv1ty enhancement{of(the EPR
51gnal of short lived trlplets. In”optioal detection, the
signal-to-noise ratio (S/N) is proportlonal to the number
of photons emitted from the excited state per unit'time.
For triplet states this would be‘of the order of N/rp; where
N is the steady-state concentration'of:triplets and v is the
phosphorescence lifetime. But under steady-state conditions.
N is proportionél to Tp»so that the S$/N using opticel detection
is, to'a-first epproximation, independent of T However,
the S/N enploying microwave detection in conventionel.EPR is
proportional to_N end, therefore, to Tp'- Of course, in order
to maximize the signal in either case it is advantageous to
maximize the-initial difference in the populstions of the
subleveis'by.cooling thedsample to liguid helium.temperatures.
An important consequence of carrying out experiments at these
" temperatures is’ that the'spinelattice.relaxation (SLR)

processes. which operate to maintain a Boltzmann équilibrium
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amongh~tﬁé spin.sublevels'becoﬁe slow compared td the phos-
phorescence decay érocésses.26 In fact, whenvSLR becomes
very.Slqw (;;gég Ty >> fp), the spin system is.said ﬁo be in‘
a staﬁe of spin polarizétion or spin:alighment and fhe steédy—
state.populéﬁions of.the‘individual sﬁblqvels depend only on
thgﬂcompetifion,between the separatelpopuléting‘and depopu-
lating.pfécésses.of each sublevel;

.-The ekperiments of.Sharnoff, Kwiram, and van der Waals
have stimulated a nﬁmber,of differen; groups_tblapply ODMR
~teqhniques to triplef statés, and a virtual_pletﬁofa of
publicatipns'in this area have aépeared,in the past five yeafé.
These ihvestigations have provided a wealth of iﬁfor@ation
ébout the hagnetic and'optical properties of tripleﬁAstates
and have been reviewed recently by El—Sayed30 and Kwiram.

Of particular importance were the findings of Schmidt énd van

33 that transifions betweeh the

der Waals32 and Tinﬁi et al.
eléétron spin éﬁblevels.of triplet states could be déteéted

in zero-field by optical detection methods. The advantage of

. this technique is that polycryétalline samples and even glasses
4cén be qsed to accurately measure the ZF parameters since the
spectrum is ffée of the'anisotropy introduced by the,présence‘
of a magneﬁic field." In addition, the ZF technique (called

phosphorescence-microwave double resonance (PMDR) spectroscopy .

by some) avoids the mixing of the electfon'spin states which
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is pfoddced by application of é magnetic field. As a result
PMDR is mére:suitablé,for dete;mining the radiative and non-
radiative decéyfconstants, relative ISC rate constants,

polarizations of ZF transitions, and coherent coupling of”..

hS
o/

excitons in pure crystals.

C. ODMR and Its Application to Aromatic Cafbonyls

The voracious hydrogen abstracting ability of photo-
‘excited‘molecules containing the carbonyl moiety has been
S ' . : . N ' . 34 _,
well known since Ciamician and Silber first reported the
photochemical reduction of ketones to pinacols or benzohydrols.

' ' 35,36 '
There is now substantial agreement that the first steps
in the photopinacol reaction involwe formation of the triplet
state of the ketone'which abstracts a proton from an alcohol:
to form a ketyl radical. Energy transfer from photo-excited
benzophenone triplets has been reported in solids and

38 | e .

solutions, and later found to be of utility in synthetic
methods.394 For example, irradiation of diazomethane in the

presence of cis~ and trans-2-butene results in stereospecific

addition to form l',2—dimethylc'yclopropanes.40
CHpN; + = - K/




19

However, the same reaction carried out in the presence of
benzophenone as a sensitizer results in non-stereospecific

additioh. From these few examples,

CHpN, ==\
1it is apparent_that the'triplet state of aromatic éarbonyls
plays a ﬁajor‘rOle in chemistfy and that studies of their
" properties are pertinent tp a greater unaérsténding of this

role,

Extensive obtical invgstigations of the properties
~of the lowest excited triplet state of benzophénone42_45
1éd to its assignment-as (n,7*). As a rule assignments of
the orbital symmetry of ﬁriplet states from poiarization
data are'difficuit apdrambiguous.~ Measurement of the
polarization of a tranéition leads only to the symmetry of
perturbing singlet, and the consequent deduction of £he
triplef state symmetry requires an érbitrary choice ofAspin—‘
state activity (;;g;,spin—orbital actiyity) as well as a -
specific spin-orbit interaction_mechanism. .waéver, a moét
definitive series of investigations WQS‘carried oﬁt by-

- Hochstrasser and co—workers46—48 én thé tfiplet state of

benzophenones. By applying the Zeeman and Stark effects to
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the polarized, high-resolution, singlet-triplet absorptién spectrum
of benzophenoné, these authors Showgd the triplet state to be
of C, symme#ry,“deduced the rédiativeAactivity of the triplet
spin subleyéls, and elucidéted the mechanism of spin-orbit
coupling ;n the~population and debopulatibn of the beﬁzophénone
‘triplet. In éddi;idﬁ, by optically resolving the.absorétion
into-each of the spin states of tﬁe triplet,'ﬁhe signs* and
magnitudég of the ZF splittings wé;e measured.

During the éeriod When’ﬁochstrasser's-group was
‘carrying ou£ thical measurements on benzophenope crystals,
OﬁMR.was being,applied to the triplet state of benzophenone.
Sharnoff invesEigated the nature éf triplet excitons in neaf
benzophenone crystals uﬁilizing the high field ODMR technique.
These studies provided measurements of the mégnitudes and
relative signs of the ZF splitting paraﬁeters of trapped49 and
nonlocalized50 triplet excitations as well as'yielding informa-
tion about the exciton trapping mechahismsl and de'a,cay.s'2

Kinetic data (relative radiétive rates, lifetimes, steady-state

populations, and populating rates) were obtained by ZF ODMR

ok The sign of E determined in this study was later shqwn to
be in error.*” ' ‘
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: 53
techniques. (microwave-induced delayed phosphorescence and

.'magnetic reSonancé fast passage54'55).  However, these measure-
_ ments were made'dnAtraés in neat benzophenone crystals and
only one ODMR study has been reportéd Ontessehtially isolated
‘benzophenqne‘moleculeé ih a well-defined crystal‘system.sé
'Thus, it is apparent that'furthér studies of iséiéted.bénzo—
phenones are required in order to obtéin a more complete
'understanding of.the 3(n,n*)‘state of arbmatiCncarbony;s.
Indeed,ﬁbgnzophenége is not the ohlylarométic carbonyl
to .come under the scrutiny of spectroscopists in the last few
. | 51,58,59 60,61 _
years. Extensive optical ~~ and ODMR studies of
benzaldehydes and aCetophenonés'have been carried out. These
investigations have-shown that the use of criteria such as
short 1ifetimés, cafbonyl progressions in the phosphorescence
spectra, in—plané polarization of phqsphoreécence,and the
absence of external}heavy<atom_effects for distinguishing
~ between 3(n,r*) and é(n,if) aromatic carbonyl molecules is
questionable. Similarly, arguments based on the signs and
magnitudes bf the ZF splitting parameters for determining the
orbital nature of the'tripletAstate'are equally“inadequate.
Models invokiné secondéorder spin-orbit coupling effects on

" the energies of the tripiet’spin sublevels have appeared in

- 62
the litet_:ature6 +63 i1 an effort to explain the ODMR data.
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These models appear to be potehtially fruitful, but require

experimental measurement of the'g'tensor in EPRAexperiments

~ ~

iﬁ ordex to-esﬁablish a correlation. This tyée of information
isvextremely scarce. .

This thesis is directed to.thé study of the high
field ODMR spectra of benzophenone and subst;tdted bénzophenones.
It is hoped that the data and:discussionsAconcerﬁiné ZF split;
“-tings, hyperfine structufe,‘and g-value anisotroby contained
'herein will help provide some of the additional.informainn
negeésary‘for ansWering thé‘numérous unsolved questiOns con=-

cerning the nature of thé triplet state . of aromatic carbonyls.



II. EXPERIMENTAL

A. Sample Preparation

4,4'—DiChlorbbénzophenone (4,4f—DCBP); 4,4'~dibromo-:
diphenylethef(DDEL and 4,4{—difluorobenzophenohe (4,4';DFBP)'
were'purifigd by ﬁultiple recrystallization from hexane and
ethanol, follerd by zone refiniﬁg-under an atmoéphere pf
' nitrogeﬁ fof 100 passes at 0.5 in/hr with continuous_sﬁirring
of the molténrzones. Princeton Organics PAR{Qrade'benzp—
phénone (12C—BP of BP) and Bio—ﬁad'carbonyl‘l3C4benzophenone
(l3¢—BP, assayed at 91.9 atom % l3C) were used foilowing
vacuum sublimation. 4,4'-Dibromobenzophenone (4,4'-DBBP) was
-purified‘by fivelrécrystallizations ffom hexane and ethénol
followéd.by two yacuumASublimations. Neat crysﬁals of 4,4'-.
DCBP and mixed crystals of guest in DDE (0.1-1 mole %) were
grown in vacuo’bY»thé Br;agman techniqué. .The cfystal grow;ng»
furhace’waé constructed by windiﬁg 24 gauge Nichrome wire |
' érouhd a Pyrex tubé and ihsulating with asbestos. The temper-
ature of the furnage was adjusted so that.the liquid-solid
interface was'at the‘léwer opening of the fu;nace. The crystal
growing'tube (8 mm ID), equipped with a capillary tip, waé
lowered through the furnace by a clock motor aﬁ'a rate of 0.75

in/day. After a crystal was grown, it was often annealed in

23
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a constant temperature environment (gg. 20° below the melting

PR

point) for one week.

B. Crystél Orientation

‘The molecular axes (x, y, and 5)‘of'DDE ahd,4,4';DCBP
(and Othef'benzophenones) can'be'defiﬁed in'terﬁs Qf the |
.locaL‘sz symmetry of the planaricl~0—ci * and Cl-C(O)—Cii
atoms,.réspectively. The.molééular z axis‘ié defined as
iying,in the plahé'of theseée étoms, passing~th;ough the oxygen
atbm and corresponds to the molecular twoffold axis;;z is
normal to the pléne of .the atoms, and y completeé the right-
hand coordinate system. The orientation of these axes in DDE
and'4,4‘—DCBP.c;ystals can be ébfainea by examining the
crys£al structure data.

Crystalé_of DDE are orthqrhombic having four molecdles
pép unit ceil64 and disélay_gg cieavage as determined by X-ray
'cryétallography, The Crystallographic data are listed in
 Table.I. Table II A gives the‘direction'éosines'of the molec-
ular axes (g, y, and z) with reépectAto the crystallographic
axes (a, b, and ¢).. The direction cosines indicate there are

" ‘two possiblé orientations of the molecules in the unit cell

* . .
C, and Ci refer to the carbons on the two phenyl rings which

are bonded to the oxygen atom in DDE (the carbonyl group in
benzophenones) . :
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'TABLE I: Crystal data for.4,4'—dichlorobenzophenone and

4,4'-dibromodiphénylether

/
{

64 o 65

DDE | ‘ 4,4'-DCBP
spa§e group cii kccc) . cgh (12/a)
‘av 90° . - 90°
B 9p§ ) S 9s%20
Y 90° | A | 90°
a 7.70 A 7;72 A
b 26.50 a 6.17 A
c 5.85 A 24.92 A
z 4 4
Cleavagé Plane {OiO} | {OOl}
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TABLE II: Direction cosines of molecular axes with

respect. to crystallographic axes

A, 4,4'-Dibromodiphenylether

a . b C

X +0.9996 £0.0291 0

v ¥0.0291  +£0.9996 .0

'z 0o 0 - 1
48

B. 4,4'-Dichlorobenzophenone

_a_ b _c_ c'?

X —0.986 0 —0.259 }—0.168
hY% | -0.168 0 +6.966 " +0.986
. .

TS
o
’—l
o

ag{ axis is ‘defined as ‘being perpendiculaf to the QQQ
cleavage plane ' '
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which are distinguishable in the ab plane. The molecular
two-fold axes (z) of béth orientations ;fe pafallel to the
crystallographié.g axis. .The xy molecular planes of botﬁ
orientations lie in the ab plane, such that z'aﬁd y make
angles of l°4d"with a and b, fespectively. The ¢ axis of .
the cfystal is a C, axis whicﬁ relates the distinguishable
molecular drientatipns in tﬁe ab plane. |
Crygtals éf 4,4'-DCBP are monoclinic having four

molecules per unit ce11°?

énd display a perfect ab cleavage.
The crystallographic data are presented in Table I. The
difection-cosines of theAmolecglar axes with respect to the
crystallographic axes are given in Téﬁle IT B. The directioﬁ
cosines indicate that the'g, X'éhd z axes of the four molecules
~in the unit cell are coincident. The carbonyl axes (z) are
.parailel to the cfystailographic b axis, and théizy moiecular
planes lie in the ac plane, such that x and y make angles of
9°36' with a and c¢' (nérmal to the ab plané), respéctively.'
The intefésting feéture of the two Crystal systems-iélthat
-thé planes of the two bénzene fings make an acute angle of

68,69 . ' : '
29°+ 2’77 with the plane defined by the C;-C(or 0)-C; atoms

in both crYstal sYstems. F'urthermore, the Cl—c—ci bond angle

in 4,4'-DCBP is nearly the same as the cl—o—ci bond angle in

DDE, 1270+ 1°.°°

o

, 69
and. 123°+ 1°, respectively.
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After removing the crystalAfrom the Bridgman tube, it
was cleayed with a sharp razor blade. 1In initial experiments
fhe crystalldgféphic axes which lie in'the cleavage'plang
were_ideﬁtified by X-ray crystallography for botﬁ érystai
gsysteﬁs.' 1n subsequent experiments it was fouﬁd thét the
carbonyl bond axes in the crystals were, in general;'parallel
to the-crystal growth axis. 'Thus, b?.examining'the.cleavage'
plane under a polarizing-microscope the b and ¢ crystallo-
"graphic axes of 4;4'—DCBP énd DDE crystals, respectivély; '
'were easily located; Once-the carbonyl axis was identified,
the C?ystal was mounted on a #hreeacircle optical goniometer
énd oriented so that the reflection pattern frqﬁ the cleavage
face was distinct and the.carbOnyl gxis was vertical. The
crystal was then reoriented for mounting on the Hysol post
(3 mm diam;) used as the axis 6f rotation in‘the ODMR experi-.
ments; In-general, two mounts were made corresponding'to a
cleavage piane rotation and a rotation about the carbonyl
bond axis (gg mo;écular plane rotation).. These were found to
be sufficient for determining the principal values of £he'fine4
- structure tensor; Other mounts corresponding to rOtétions
in the princ;pal éxis system of the ZF tensor weré made once
these axes were located with respect to the crystallographié

"axes in an ODMR experiment.
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" 'The accuracy of each mount was checked during ‘an ODMR
experiment in the following manner. The CrystalAwas rotated
to a‘poéi;ion'ih'the orientational dependence of the ODMR |
Spectrum Where AH/Ae‘is'a maxiﬁpm, and a spectrum was fecoraed.
' In such a region of the orientational deéendencef r .of
. rotation produced a SO;ZOO G'shift.ih line position, depend-
ing on'the type of mount;‘ The crystal was. then rotated 180°
and another spectrum.Was recorded. The deviatibn in line
pOsition‘was generally a factor of 10 less than that observed
for 1° of rbtétion, indicating thé mount was accurate to less

than 0.3°.

C. Phosphorescence Spectra

' Phosphoresgence spectra at liquid helium témpératures
were recorded with the crystals'mounted in the ODMR.apéaratus
pribr toACérrying out magnetic resonénce expefiments. A PEK
~ high preséure Hg arc was used as an exciting source, and the
light was'fi;te;ed through a 10 cm path length cell contain-
ing. an aquéoqé sdlupiqn of'eigpe: NiSO4,'CuSO4,9r CosO, and
'throughftﬁevappr;bfiétérgiégs4?ilter(§)%3'65 to yield pre-

‘ dominaﬁﬁly 3l3dhl3§éO;ortbqthj3l30 and 3660'A;Qavelgggth'~
.exgitgtibn,1r¢spectively. A quartz lens‘wés~dsed't0 focus
.thé'lighf onto the sample through_the_quartz Wa1lé of the. He

cryostat. The emission was collected at 90° with a quartz
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iight pipe (0.25" diam.x 3 iength) placed'gé.l cm from the
sanple andfterminating outside of tne'cryostat-at the‘entranee
Siit (100tp) ofva‘Jerrell—Asn 4 m‘monochromatot. ~ The mono-
.chromator wavelengthjselector was driven by.a variebte speed
: motef. Following.dispers;on, the emission was detected using
an EMI 62565 photemultiplier‘tube and a Keithle? 417 pico-
anmete: and displayed on egstrip—chart'recorder.’

A composite of the phoséhorescence speetta obtained
“in this manner for all the.systems studied in this research
iéﬂshown in Fig. 3.t One notices the prominent carbonyi
stretching progfession as well as some lower frequency
vibrational actiVity in each of the.phoséhorescence spectfa.
AThe.origin and.cerbenyl stretching frequencies,e%hibited by
each of the mbleeules are listed in Table III. One notices
that'the position of the (0,0)-band“is,.in general, unique

13C benzophenones which have a common

-except for the 12¢ and
‘origin (4238 A) within the resolutiqn of-tne~instrument,
_HoweVer,.tne ptesence of one or the other was readily dis-
tinguisheddby the magnitndes of the carbonyl stretching
frequency,whichvare in‘gOOd agreement with those calculated
. from reduced-mass ceneideratidns fot_the C=0 fragment

1

- ~ . 2
' ( \)1200/\)13(;0 N L u13(30/“.12(:0 ] )‘.



Figuré _3'. Phosphorescence spectfa of benzophenones at 1.6.°K.



Intensity

Phosphorescence

PHOSPHORESCENCE SPECTRA

'2._8pP in DDE

1.6 'K

'3¢-BP in DDE

°,

1.6 K

P T N T I S R S B Y §
4000 4400 4800

4,4’-DFBP in DDE

TN N SN SN N OV (RN (N N |
4100 4500 4900

"NEAT 4,4’-0DCBP

1.6 °K

1 i
4100 4500 43900

4,4’-DCBP in DDE

1.6 °k

- . 7
4200 4600 5000

- 4,4"- DBBP in DDE- "

©1.6.°K

| IS N I IS AN (AN S B |

4200 - - 4600, 5000

N(A)




32

TABLE III: Phosphorescence data of benzophenonés

Compound ~Host 4(O,O)Aband:(A) C=0 _stretch (cm_l)*
BP - DDE - 4238 . 1666
13, . : . |
““C-BP ~ DDE 4238 - , 1608
4 ,4"-DFBP DDE 4165 ' 1654
X-trap 4,;4'-DCBP  neat 4133 : 1667
4,4'-DCBP DDE 4252 ‘ 1660
4,4'-DBBP DDE 4250 1642

* ’ : .
Measured from (0,0)-(0,1l) spacing in phosphorescence spectrum.
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D. Optically-Detected Magnetic Resonance (ODMR) Spectra

| The ODMR spectrometer consists of five bésic parts -
- optical source;,cryostaf; electromagnet, microwave source, -
and detection éysﬁem., A block diagram of the spectfbmeter
is showﬁ in Fig. 4. The crystal and HysolApost (rotor) were
:mounted in a géar arrangement on the body of the TE. 5,
rectangular cavity allowing rotation of the‘chStal in the
cavity E;plane.' The drive mechanism for the gear was-coupled
to a mechanical couhting dévice»(lO digits correspénding to
6‘-of rotation) and was_foﬁnd to be reéroducible toAii“.
In additibn,;phe magnet could be rotated (reproduciblé to
ib.l°)'in a horizontal plane containing the axis of crystal
'rotation;-thus.prqviding.the.capability of aligning any
desired.axié within the crystal parallel to the magnétic
field axis. As a result, the ODMR~spec£ra could be studied
in'eéch of the principa1 magnetic planes of the emitting
tr;blet gtate.A A sectioﬁ of rectangular stainless waveguide
wasAuséd to connect the cavity to a Brukér X-band microwav¢
unit which is equipped with a variable 40dB attenuator.
Microwave frequency measurements were made using a HP 5246 L
electronic counter equipped wifh a HP 5257 A £ransfer.oscilla£or

operating in the APC mode and accurate to 1 part in 10 .



Figure 4. Block diagram of the spectrometer used for optical

. detection of magnetic resonance (ODMR).
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The cryostat was suspended between the pdle pieces -
of a lQ"ABruker electromagnet and consisted of a péir of
Acthentric Pyrex-dewars with quértz taii sectiéns. The outer
and inher dewars contained liquid nitroéen and liquid hElihm,
respectivé;y. Boﬁh déwafs were completely éilQeréd except
forla 1 ¢m'w;de, vertical stripe Whichrérovidéd an optical
path. The cavity énd_sample were immersed in ligquid helium
for expériments at or below 4.2“K., Temperaturgs above this
Awe;e cdnvenientiy obtained: by allowing‘thé»coéiapt level to
drop below the sample. The use of.a fixéd fréquency micro-
wave cavity prbvided-éufficient power during amplitude
"modulation (AM) (ave. peak power 100 mW) to saturate the
ODMR tfansitions at teméefatures.above 4.2°K without extreme
loéses in signal-to-noise ratio (s/N) . Allow;ng the coolant
.. level to drop inside the cavity élso provided a narrow range
of cavity frequencyvtunability in'experiments where different
hicrowaye frequencies were desired.

AM microwave power (modulation depth ~30dB) was
obtained qsing a HP 8535 A PIN diode insefted in the cavity
arm.of'thé microwave bridge ahd driven with a HP 8403 A
nodulator which‘élso provided a reference signal for the PAR
- Model HR-8 lock-in amplifier. The optical excitation and
collection componénts were identical to.ﬁhose described in

the preceding section except that during an ODMR experiment
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therutput of tne photomultipiier was coupled to'the iﬁbedance—
‘matched input channel of the lock-in amplifier; ODMR spectra
were deteeted By monitoring the intensity of either the (0,0)
or (0,1) band 6f the phospherescence. Meduiation of the
mierowave power a£V96,Hz.(optimum) was employed and as the‘
magnetic field'was swept through a microwave.resonance_the
AM cempdnent of the phosphorescence was detected at the lock-
in'emplifier and Aispiayed on an XY reeofde;.. The X axis of
tne recorder wes driven by'the output voltage of.a.Hall diode
“which aleo served‘to sweep the magnetic field. Magnetic
Afield strengthe were measured.With a Hall probe-attached

to one of the pole pieces of the'magneﬁ or taken directly
from a reeorder‘tracing ofwfhe sweep, both of which were

calibrated with a proton NMR probe. The measured fields are

. believed accurate to +5 G.

In experiments snch as recording hyperﬁine structure

in the ODMR‘spectra and level anticrossing spectra, sinusoidal
fie;d modulatien was employed. Modulation coils wére placed
en the pole pieces of the magnee and driven by anHP 3310-B
function generator whicn was used to reference the lock-in
amplifier. The remaining detection components were identical
to those used in the AM microwave experiment and the operation
is completely analogous to that just described. In hyperfine

. measurements the microwave power was no longer amplitude
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ﬁodulated, but wae'fixed so tﬁat a constant~low‘leyei of micro-
‘wave power'was incident on theAsample.' The enhanced.resolution
ewing to first:derivative presentatioﬁ of the spectra was
ektremely~valuable~for detecting small splittings. Level anti-
'Crossihg spectre were obtained in the same,Way except‘gg micre—
1jwaveepower was incident on the sénble. ‘A modulation frequency
ef l73,Hz'was found to be Opt;mal'in these experimente.
‘Microwave power and modulatioﬁ amplitude‘were adjusted for the

best compromise between S/N and resolution.

E. Other Microwave-Optical Experiments

Tﬁe versatility of the ODMR specerqheter4can be
demOnstfatedIby the. ability to perform other types of experi-
mentslempleying resonant microwaves (pdlsed or modulated).
ACt;on epectra‘(ODMR signal intensity vs.wavelength of emission)
were obtained by setting the magnetic field at the position
of‘an ODMR signal (with amplitdde modulation of microwaves)

'and scenning‘the phosphorescence spectrum with the monechromator.
Sech a spectrum shows only those emission bande-whese intensities
are affected by microwave saturation. As a result impurity
emissioﬁ can 5e eliminated, and phospherescence>bands'origin—
ating from diffeérent spin sublevels can often be identified.

This<type of experiment can be extremely valuable for obtaining



38

information about the various mechaniémé which couple the
triplet sﬁblevéls to the singlet manifold. 1In.the case of
benzophenones,:the action spectfa were identical to the
nofmal-phosphorescence spectra within experimental aécufacy.
This ihdicated that broad band emiséién céllection - Corning
CS 4-72 + CS 5=57 giéss filters'§§g§,mohééhromaﬁor - eould
Abe used in situations where S/N became a'préblem. ‘However,
in generél, 1 mﬁ slits on the ﬁonéchfomatbr weré sufficient.
.Migrowave—inducedAdelayed phosphorescence (MIDP):
experiments were carried out ﬁsing an eléctronié shuttér
plaéed'in the beam of the ekciting light and triggered
(together with the X axis of a Tektronix 547 oscilloséopej
by the HP function generator. ‘The function ggnerator also
served td-synchronize the microwave modulation components
which opéfatéd in the time—delayed pﬁlse mode. The photo-
'mulﬁiplier'output was displayed on the Y axis of the
oscilloscope, and the decay of, and micfowa&e—iﬁduced change
in thé‘phosphorescenCe were‘phbpographed using a Polaroid
~camera with manual trigger.” Fig. SA shows the results of
‘'such a . MIDP éxperiment on thé low field"AmS ='if{transit;on
of 4,4'-DCBP in DDE withA the field pa‘rallel to the z'axis of -
tﬁe fine-structure tensor. The horizontal scéle corresponds
to 5 msec/div. Application of thé microwave pulse is seen

to produce an increase in the phosphdérescence intensity.



Figuré.s. ?ulsed micrdwave experiments on the low-field
| <"Ams;il“ transition of 4,4'—DCBP in DDE in the
H||z' orientation. . (A) Microwave-induced
‘delayed ﬁhosphorescence (MIDP) with excitiﬁg
ligﬁthéhuttergd; (B) Microwave—induéed phos-
phorescence (MIE5 with steady-state illumination

of the sample.’
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This type of expe;iment can be aﬁélyzed to-obtain rate data
of - the twoxleQels involved in-ﬁhe'microwave transition as
described'in'the l;tefature;66'however, the:mixing of the
sublevels caused by the.preéEnce‘of a magheti&.field
complicétQSﬂ " ¢ the analysis soméwhat.‘ Of éourse, in the
absence of ﬁicrdwaves‘the tfiplet'state:lifetimes cén also
be détermined using this experimental arrangement byAmoni~
toring thg decay of'thé phosphoreSCence. In all systeﬁs
studied decay cu;vés were non-exponential at 1.6°K and
consisted of at‘leaét twq lifetimes (1-2 msec and 15-25 mééc,.
At 77°K the mixed crystal samples exhibited exponential
decay with lifetimes ranging from 3-5 msec. while the neat
4,4'-DCBP sample retained non—exponential behavior. |
A‘second type of pulséd expérimént called microwave-
induced phosphorescence (MIP) Qas also carried out using the
ODMR spegtroﬁeter. MIP is similar to MIDP except the exciting
light'is not shuﬁtered‘when £h¢ resonant mibro&avg pulse is
épplied and the HP modulator is used to trigger the oscillo-
scope. As a result, the pulse'samples the‘steady—state
populations of the two sublevels involved in the microwave
transition. Fig. 5B shows the result of MIP on the same
transitién diécussed in the preéediné paragraph. In this
case the hdrizbntél scale corresponds.to 2 msec/division.

The microwave pulse produces a decrease in the phosphoresence
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“intensity ‘indicating the transition occurs between a more
radiative,‘more populated level and a‘ less radiative; less
populated level. Such experiments have been analyzed in

: 58,59
zero-field -

for rate data. In this work MIP was.used
to determine whether saturating the ODMR transitions pro-

duced an .increase or decrease in the phosphorescence

intensity.



III. ORIENTATIONAL DEPENDENCE OF THE ODMR SPECTRA
AND THE DETERMINATION OF THE PRINCIPAL

AXES. OF THE FINE-STRUCTURE TENSOR . .

In £he seqtions which follow, we use the COOfdinates
x';, y!, 2' to denote the principal axes of the fine-structure
tensor (9’ Which is responsibie for'lifting the degeneracy of
the two "amg = +1" transitions'and for mixing the électron
spin states,l;lj and |-1) so that transitions of the type
"amg = ié" become observable. In this coordinate system, z'
islparallellfo the C=0 bbnd, x' is neafest'the normal to the
cérbonyl plane, and X; complétes the right—hand.coordinate
system. Theselages~may or may not be‘cﬁincident Qith'the
mo;eculér axes (x, y, 2z) defined préviously;_.However, if one
assumes‘thatAthe'guesf enters the'host substitutionally, then
the two coofdinate systems can be related using the crystal

structure data.

A. ODMR Spectra in DDE
ODMR spectra of-l3C¥BP/DDE were obtained by monitoring
thé (0,1) band of the phosphorescence, and in all cases the

observed signals correspond to increases in the intensity

of this bénd. The mégnetic orientation of each of the three

42
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triplet‘eiectrOnfspin sublevels (i.e., the assignment of the
principal axes of the fine-structure tensor) was determined
by studies of the orientational dependence of the ODMR

13

43pectrum_df‘tripletA C-BP. .Three studies of this type

were carried out.

In the first set of experiments, the 13VC—BP.'/ADDE
cfystél was'mounteaAso tha£ the a#is of the.pést (fotation)
“was normal to the cléavage plane of the crystal. This mount
permitted the study ofAthe:orientational dependence of the
'ODMR signals in théwgg crystalldgraphic plane. A plot of
the magﬁétic fields at which'resonances_were observed in
this plang is sthn in Fig. 6A. Only three tranéitions are
obsefved at any given orientation in this plane, and the
angular dependence exﬁiﬁits stationary behavior with the
field paréllel to the a éhd_g axes. Subsequent rotation of
the magnet at £ﬁeée two orientations indicated that only H|| ¢
is a true stationary field (i.e., an orieﬁtation‘in which the
field is parallel to one of the three principal axes of Q,
which - we denote by z'), However, magnet rétation awéy from
the'orientatiqn.ﬁllg produces a éplitting of e;ch transition
into a-pair ofilines, one moviné té higher field and the
second to lower field. ‘In contrast, no such splitting is
observed in the vicinity of H|| g, and the two "Amg = +1" lines

exhibit their maximum separation in this orientation.



Figure 6.

ObsérvedAangular'debendence~of‘the "Ams=il"
txaﬁsitions in the ODMR spectrum of'l3C;BP
in DDE at 1.6°K. (A) Rotation in the ac

crystallographic plane; arrows indicats the

positions of the "aAmg=+1" transitions in

the H||c ||z' orientation. (B) Rotation in

.the. ab qryStallographic plane; subscripts

1 and 2 refer to the two identical but

inequivalent fine-structure patterns,
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The field was also rota£ed in éhe bc crystallographic
plaﬁe~and similar resul£s were obtained. Thus, only a single
pair of "Amg = +1" lines is observed with H|| b, c, but
~ rotation of the magnet away froﬁ the orientation Hl|b producés
a splitting of the two transitions similqr to £hat observed
in the'vicinity of §||g, From these experimen£s,'it is
obvioug that there.gre two magnetically—inequivaleﬁt
oriehtatipns of the{fine structure tensor of triélet 13c-Bp
in DDE; and £hat these two-orientations are related by a
“rotation about £he c (g{) axis.

In order to determine the relationship between the
'two tensors, a third.set'OE experimehté was performed‘in
wﬁich the field was féﬁated in thg ab plane of the crystal.
Fié. 6B shows the results obtained in this study. It is
observed tﬂat the.two tfiplet l3C—BP moiecules'are magnetically-
‘equivalent with §||g,Q; but that tﬁe x' and y' axes of ‘their
ZF fensors are rétated by +20°+ 0.5° from the a and b axes,’
respectively. We denote these two sets of stationary orienta- -
tions by zi, gé and Xi‘-ié' respectively, and list in Table IVA
the values of the stationary fields in the thrée principal axis

orientations of both molecules.
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TABLE IV: Stationary fields and temperature dependence

of the ODMR spectrum O

£ 13

C-BP in DDE

A, Stationary Fields in Gauss

a

Orientation "Amg=2" LF(hAmS=il?)b hF("AﬁS=ii")b vo(GHz)c
H||x 1459 2026 4327 9.16470
Hily" = 1343 2549 3712 9.16328
H|| 2’ . 1625 1576 4918 9.16230
H||z’ 1712 1780 5118 9.72310

a
Field position of forbidden transition in Gauss.

Prield positions low field (LF). and high field (HF).

CMicrowave frequency.

B. Ratio of intensity of the LF transition (I;) to HF
transition (Ig) at T = 1.6°K and T > 4.2°K

'Orientation

I;/Iy (¥4.2°K)

I1/Ig (i.6°K)

N
5

~12
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Thé'temperature dependence of the relative intensities
.fof:the two'"AmS = +1" transitions was also studied with §|lg',
y', and z'. - Iﬁ'allzorientations, it was found thét the inten-
.éity of‘the léwjfield line (LL) incgeééed relative to that of
the high—field'ling (IH) as the'temperature increased from

1.69K tQ‘4.2’K and above. These results are summarized in

Table IV B.

2. 4,4'-DCBP
The orientational aependence of the ODMR spectrum

of 4,4'-DCBP in DDE was studied in three planes. MIP experi-
ments showed that all signals detected corresponded to decreases
in the intéﬁSity of all bands in the phosphorescenée Spectrum.
An approximate  ac plané'study §erified that the z' axis of

'the fine-structure tensor was in the ac plane parallel to the

c axis; 'éubsequent to this experiment,'two 'moré~carefully
oriented samples were studied in principal magnetic planes.

Fig. 7A shows the results for the x'y' fine-structure plane.
AlcomparisonAof Fig. 7A with Fig. 6B shows that the angular
de@endence of the ODMR spectrum of 4,4'—bCBP is similar to thaf
of 13C5BP'¢xcep£ that the. angle of rotation of x'(y') from

a (b) is slightly smaller in the former case A(ilBQi 0;5°).
Once this angle was detérmined, it was then possible tQ carry

_out a rotation about either x' or y' by suitable orientation



Figure 7.

Observed angular dependgnce of the "Ams=il“
transitions in tﬁe ODMR spectrum.of.4,4'—DCBP
in DDE at 1.6°K. (a) Rotation in the.gg plahe
éhéwing two (subscripts 1 ana 2) identical but
ineéuivaleﬁt sets of fine-structukre axes.

(B) Rotation in the x'z' fine-structure plane
of one.typé of molecular orientatipn in the
unit cell. The;pattéfn ihdicéted,by-* is due -
to the feéonanceé from the other molecular

orientation in the unit cell.
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of‘£hé crystal. Fig. 7B sHoWs the results of opé study of
this type. QﬁeAsét of curves illustrates the ‘angular depen-
dence in the 5{2' plaﬁeﬁéf one of the fine—étruéture pairs;
-the second set fmarked by asterisks) shoWs<the angular
dependence of the second paif.~ It is obsé;ved that the'two
magneﬁically;ineqqivalent species become equivalent és the
"crystal is rotated to th¢'§||gf (c) orientation, as expected.
The statiQhary fields observed ip these experiments are
_ listed in Table V A,. . |

The relative intensities of the high—field and low-
field "pamg = +1" £ransitionsAof 4,4'-DCBP were also studied
.'.as a function of ten@érature.. The resulté obtained for each-
canonical orientation are shown in Fig._é. At 1.6°K, the~
low-field transition is observed to be the most intense line
‘in‘each of the'three orientations;'h0wever, an increase in
temperature produces a dfamatic decrease in the relative
intensity of this transition in each'case. The vélues of

(IL/IH)'are listed in Table V B.

3. Y2c-pp, 4,4}—DFBP, and 4,4'-DBBP

" The orientational dependences of the ODMR spectra of
several other benzophenones in the DDE host were studied using

crystals mounted for ac and ab plane rotations. All showed

the same basic behavior during rotation as that illustrated
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TABLE V: Stationary fields and temperature dependence of.

the ODMR spectrum of 4,4'-DCBP in DDE

A. Stationary Fields in,Gauss

‘Orientation "Ams;2”‘ LF(“AmS:il“) HF("Amszil"). vo(GHz)

H||lx" 1494 2057 4335 9.16170
H||y' 1375 ' 2682 3612 9.16174
]|z 1612 1690 4804 9.16122

B. Ratio of intensity of the LF transition to HF transition
at T = 1.6°%K and T > 4.2°%K ‘

Oriemtation - Ip/Iy (1.6%K) 1 /14(>4.2°K)
H||x' 1.5 1 <0.2
Hlly’ 1.5 : - K0.1

H||z' 1.7 | 1.0



Figure-8d

Observed temperature dependence of the "am =t1"
ODMR transitions for .each principal axis '
orientation of 4,4'-DCBP in DDE. All transitions

correspond to decreases in phosphorescence intensit:
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in Fig. 6; however, the relative oriehtat;ons'of'the.two sets
. of fine-structure axes that are observed in the ab plane are
different for different molecules. The x'(y') fine-structure

12

axes of T2Cc-BP, 4,4'-DFBP, and 4,4'-DBBP were found at angles

of 20 + 0.5°, l9f i-0,$9, and 9° + 0.5° from the g(hj‘grystal
.axiéh reSpectively.f The field positions of the ODMﬁ signals
observéd‘in the canonical orientations'for gach’of'these
systéms are listed im Table VI. All transitions in 4,4'-DFBP
énd 12C—BP éo;responded'to,increases'in phosphoreécence
intensity, and no differenceé were observed in theArélative
intensities of the iow—field and -high-field "Amg = +1" transi--
tions at the two fémpefatures-stud;ed ( l.6°K'and 4.2°K ) in
either case. At 4.2°K, the ODMR transitions of 4,4'-DBBP in
the.canonical orientations were detectéd és decréases in |
phosphorescenée.intensity. Cdoling the sample to l.6°K pro;
ducés no change iﬁ tﬁe relative intensities of the'two

"Amg = il"‘transitions in the H|lz' and H||y' ofientations.
However, in the H||x' orientation of 4,4'~DBBP, cooling led
té.a complete reversal in phase of the ﬁigh—field "A mg =4il"
transition.so that at 1.6°K an increase in phoSphdrescence4

intensity was observed on microwave saturation.
\



TABLE VI: Stationary fields (in Gauss) in the ODMR Spectré

of -4,4'-DFBP, BP, and 4,4'-DBBP in DDE

Guest Orientation -''fAmg=2" :LF(”AmS?iﬂ") HF(”AmS=il") vo (GHZ)
4,4'~DFBP Hilx’ 1429 11929 4382 9.16166
H||Y 1303 2483 3744 9.16127
Hilz/ 1627 1466 5024 9.16851
BP H[jx’ 1456 2022 4327 . 9.16557

Hily 1341 2547 3715 9.16538

H||z’ 1709 1776 5121 9.72255
4,4'-DBBP  H||x’ 1535 2146 4287 9.16803
Hijy’ 1423 2810 3509 2.16713

H|z’ 2073 4836 9.7648

53
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B. ODMR Spectra in Néat 4,4'-DCBP

ODMR spectra of neat 4,4'—DCBP were‘obtained.by mon-
itoring the (b,O) band of the phosphorescence emission, and -
the study of the orientational dependence in two crysﬁallo~
gfaphic_élahes was sufficient to assign_the“oriéntation of
eaéh of the:three principal-axés Qf the'fine;structure tensor
to specific axes’ of the,4}4'—DCBP‘crystal.. Iﬁ orie set of
experimeﬁts, the cfystal was mounted for rotation ih the
cleaQage (ab) plane and-oriented in the cavityvso that the
b axis was paraiiel to the magnetic fiela. The‘ODMR spectrum
obtained in‘thisicrientation at l.6?K'is shown in Fig. 9.

‘ élight adjustments of the:origntation of>thevfield relative
to the crystal verified thié to be a canonical orientation
corresponding to an alignment of the field along the C=0 bond
(z"). Closer inspection of Fig. 9 showsithere are, in fact,
two pairs of transitions.thch1exhibit slightly'different ZF
.splitfings. ‘The more'ih£ense features in this orientation
are excitonic in origin whereas the weaker tfansitions, which
are just_ﬁesolved in the low—field.resonance and prodﬁce an,'

asymmetry.in the high-field resonance, are assigned as traps

in the neat‘4,4'—DCBP cyrstal (vide infra.).
' Figure 10 A illustrates the orientational dependence

of the exciton and trap transitions in the ab plane of 4,4'-DCBP.



Figﬁre 9. Obsef&ed "Amé¥il” transitions in theVQDMR spectrum
of neat 4,4'-DCBP at 1.6°K in the’qrientation_i
Hl|lb|lz'. All trénsitions correspond. to decreases
in phosphorescence ihtensipy._ The most prominent
'signals are excitonic in-origin, wﬁile X-trap
resonances are just resolvea in the low-field
region and produce a slight<asymmétry in the high-

field region.
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Figure 10.

Observed angular dependence of the “Ams=il”
transitions in the ODMR spectrum of neat 4,4'-DCBP
at 1.6°K.. (A) Rotation in the ab crystallographic

plane; x(:) indicates resonances due to excitons

(X~-traps). (B) Rotation in the x'y' fine-structure

plane of X-traps in neat 4,4'-DCBP. Arrows locate
the angular positions of the a and c¢' crystallo-

graphic axes. No exciton resonances were observed

“in this plane.
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Rotation of the crystal awqy_frbm the b axis (H||z') causes
"a continuous decrease in the intensity of exci;qn signals (x
in Fig.ALOA), and théy are'unobservab1e afﬁer 40° of rotation.
‘Both the low-field and high%field trap transiﬁions (f in
Fig. 10 A) are observed to inve%t and split into two pairS'
5of,lines as the cryétal.is rotated away from H||b. The four
"AmS.= il"4transi;ions, which néw correspond- to increases
ip the~pﬁoéphorescence intensity, again converge_into a single
pair of lines as H approaches the a axis. 4This behavior
suggests that, as in the case of the DDE crystal, there are
two magﬁeticall?—ineQuivalent orientations of the fine-~structure
tensor of the triplet traps in the ab plane of neat 4;4'—DCBP.
However, since the maximum splitting ofAeach of the "Ag = +1"
~ lines ih-only 86 G, the relative orientation of the two sités
cannot differ by more than 1°. Thus, at positioné where
stationary behavior was observed; the two sets of axes appear
to be eqpivalent'wiﬁhin'the resqution of our experiments.
This interpretatioh was confirméd 5y a second set qf
experiments which.were carried out in order to.determine’the
oriéntation of the éwo remaining fine—structure.aXes (5', v')
of the trap triélet state in the ac' plane. The results of
this study are shown in Fig. 10 B. Stationary behavior of
-the angular dependence is observed at anéles ofAlS°i 1° from

the a and c' axes, and these orientations aré assigned as
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|| x' and y', respectively, by examination of the 4,4'-DCBP

<l

crystal_structuré data. Although né splitting of the ODMR ‘
signais was obsér&ed in the ac' plane, considerable line
'broadening‘wéé eVidenttat oriéntations.iﬁtermediaﬁe to the
x' and y' stationary field poSitions,ignd is most likely due
to the‘sécond set of fine-structure axes.’ The stationary
' field positions observéd.fbr‘the.g', y', and é‘-principai
orientationslof the trap'triplet state are listed in Table
VII. No exciton transitiéns were observed in thelgg' plane.
‘The temperature dependence of the ODMR éignals in
prihcipal axis orientations wés studied as described.pre—
viously and the results are summarized in Fig. 11. 1In both
the H||x' and H||y' orientations, the low-field and high-field
transitions Qere obsefved as increases in phosphorescence.
intensity at 1.6°K. As the crystal was allowed to warm up,
‘the high-field transition decreases in intensity and was
observed t6 invert at the highest tehperatur¢4studied in each:
case. 1In thélgllg"orientation the as;mmetry observed in the
exciton transitions at 1.6°K caused by the overlapping trap
transitions was obsexrved to disappear at temperatures greater
ﬁhan 4.2°K. The exciton transitions were still observed as
decreases in phosphorescence intensity and maintain a 2:1

relative intensity ratio throughout the warmup experiment.
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TABLE VII: Stationary fields (in Gauss) .in the ODMR spectrum

of X~traps in neat 4,4'-DCBP

Orientation “Amg=2"" LF("smg=t1") HF("Amg=+1") v, (GHz)

H|lx’ 1493 . 2004 4368 9.164097
H|ly' 1355 2714 3544 9.16375
Hi|z' 159 1676(1695)  4771(4766) - 9115354

Field positions in parentheses are those observed for excitons.



:Figure<lir Obgerved temperature dépendencé of the-;AmSéil"
| | ODMR transitiéﬁs for each principal axis

orientation of X—tfaps and eXcitons in neat
4,4'ﬁDCBP.'~TheA§||§' and y' spéctra are X—trap
resonances. . The g]lg's@ectrum is predominantly
excitonic in or;gin withithe‘x—trap resonances
prdducing an asymmetfy in the line shape at
1.6°K. Signals deflecting towards the bottom of

thé‘figure correspond to-increases in phosphor-

escence intensity.
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SubSequently, the experiment was continued at a temperature
near 77°K by ‘putting liquid nitroéen into the cryostat. As
ganibe séen, £He phasing ahd relative intensities of the two
exciton trénéitidns.remaiﬁed thg same as those observed ét
much lower"temperatures. HbWever, the linewidth (full width.
.at“half maximum) of the éxCitén transitions was obsefved to

decrease from 9 G at 1.6°K to 4 G at 77°K.

C. Interpretation

1. The g and D Tensors
The total spin Hamiltonian which describes the relative
energies of the electroﬁ and nuclear spin levelsAQf the lowest

triplet state of a molecule is given by
?{‘s =7 zp t g+ é‘fQ + Hogp + g ‘ (14)

,where.iﬁzF repre;ents.the ZF spiitting.of the elecéron spin_
sublevels'due to magnetic dipolefdipole andvspin—orbit inter-
actions between the two'unpairedsélectrons [cf., Eq.'(7)],
Hy theAelectfon Zeeman interaction [cf., Eq. (3” . }CQ the
nuclear quadrupole.interaction (for I 1), jﬁHF:the electron-
nucleaf hyperfine interaction, and Jﬁé tﬁe nuclear Zeeman
interactioﬁ.j The ODMR results preéented thus far can be

analyzed almost entirely by conéidering only the first two
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terms of (14), thus we take

2° = # +; | : (15)
'whefelﬁﬁzp is given by Eg. (7)’anq

#g =8 B - - (16)

for the general case (i.e., anisotropic g tensor) , ‘where S
is the resultant electron spin of the triplet state (i.e.,

S=58,%ts

1 2)'

The choice of a basis set for the spin wavefunctions
is somewhat arbitrary. The |+l> 0, and |-1) basis set
[cf., Eqs. (l)] dlagonallzes i '1n the limit of infinite

magnetic field, while the basis set

1l ' 1 ' :
) = 75’}8182—-a1a2> ='—5 h—l) - l+1)> {l?a)
|Fy> = 7% |618, + 1“2> = j; H—l> + |+l>>‘ (17b)
ITZ> = 7!; [alﬁg + BI‘C12>' = |O> . (l7c)

diagonalizesJﬁZF and can be written-as linear combinations
of the'"highefield“ spin wavefunctioné. 'For‘an_éDMR experi-
ment in high field, neither basis éet diagonalizes‘ﬂg, but
both are equally sufficient for describing the experimental

results.
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Choosing the basis set lxx), lTy>’ and |Tz), the

resulting Hamiltonian matrix of }{g becomes

lrx>‘ . ‘ITy> ITZ>
i X -ig, BHn 1gyyBHm—
 £€; = igzéan Y "—igxxgHQ '. (18)
L;igyyﬁgm igxxéﬁﬁ 'Z —

» 9,, are the principal values of

e X, Y, Z and '
wh re n gxx gyy

the fine-structure tensé: (D) and the g tensor;‘i, m, and n
are theldi;ection coéines of the magnetic fieid axis w;th

. réspect tp the 5',Ax'; and z' axes, respectively. in this

form, the assumption is made that the principal axes of D

and g.aré coincident. Sincejﬁg is not diégonal and both the
diagorial and 6ff—diagonal terms are the same order of magnitude,
perturbation theory cannot -be applied and the Hamiltonian

must be.diagonalized for each orientation of the external

field. This‘calculat;on is‘Simpiified considérably'ih any.

one -of the‘three principal axis orientations. For example,

with H|lz' (¢ = m = 0), the Hamiltonian becomes
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X —1gzng O |

L, 0 ) ' '

-ﬂg, = |ig,,BH Y 0 | (19)
0 o . Z—

Thus, |rz> is‘an-eigenfunction of‘ﬂ; with eigenvalue W = Z
but It ). and |Ty>'are mixed by the off-diagonal elément
‘iigzng.. The remaining eigenvalué; and eigenfunctions can
then be obtéinedlby sblving the 2 x 2 secular determinant

LX-W -ig, ,BH . -
. = 0 - (20)
"AngZBH Y-W
which yields
W, o= 1/2(X+Y) % /2 - y (21a)
where
1 2 27 4
ay = 2[307 + (g,8m 7] (21D)
Since D is a traceless tensor, X + Y + Z = O, and the energy

levels and wavefunctions of the triplet electron spin states

with ﬂ}]g’may<be‘written as
Wy = -Z/2 + a,/2 ' | ‘ . (22a)

W. = 2 | (22Db)



W_ = -2/2 - a_/2 R © (22¢)
|+> = I.‘L Clll’[ X> +: C2|Ty>> . (238.).
lo) = 1) | - (23D)
l'> = |C2ITX> - i-Qllry>>'. ' (23¢)
where
c; = 1/72 [1 - -(—%—;}Q-] ’  (24a)
. zZ
15

c, = 1//2 [1 + izﬁgll , (24b) .

' z . )

In the absence of a magnetic field, C; = 0 and c, = 1,
.so.that the Staﬁes [+), 10), and 1-) go smoothly.into T T
and_ry; respectively. On the other hand, in the "high-field"
limit, |+> and 1-) approach fajasyand W152>r respectiQely;
i.e., the field decouples the electron spins completely from
'the molecular framework. Siﬁilar calculations with H|| %' and
y' lead fo-expressions analdgéus fo (22i énd (23).and are
:summarized in Table VIII. Note ‘that these expressions can be
obtained by simply permuting X, ¥, and Z; |

The enérgy of the three spin sublevels can be plotted

as a function of the magnetic field for each of the three

- . principal axis orientations using the energy expressionsAin
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Table VIII, and a schematic répresentétion is shown in Fig. 12
together with the possible microwave transitions. Labeling.
the states by tﬁeir "high—field" functions |+L>, l0), and
|—l>, the transitioné A and B are élassified'aé "AmS = il"'
transitions and C as a "bmg = 2" transition. The former are
allowed in both ZF and hiéh field, whereas the latter is
allowed inAéF but fofbiddeﬁ in the "high—field“ liﬁit (H>» ),
Since the ODMR experiments are carried out in a magnetic field
intérmediate td the two extremes, the "Ams = 2“ transitioh is’
‘not rigorously forbiddeﬁ'aﬁd can frequently be detected.
Referring to Fig; 12 and Egs.(21) and (22) for the

H||2z' case, the following are the resonance expressions for

the transitions A, B and C at constant microwave frequency

(V).

hv = Vig - W. = 32/2 +[1Q(Y—X)2‘+(gzzBHA)2] 2. (25a)
‘ - , 5

hv = VI, - W, = -32/2 + [%(Y-X)2+(9226HB)2]? (25b)

hv = W, - W. = 2[%(Y=3) 2+(g_ BH)?17" A(Z_SC)

where hv is the microwave energy and the ZF ordering scheme
Z >0 >Y > X is assumed. The magnetic fields at which

resonances are observed are easily found to be



Figure 12.- Triplet energy levels of benzopheriones.
Transitioné are shown for a frequency of
9.6 GHZ when the magnetic field is in the
x', y', and z' directions,'réspéctively.'

The ZF ordering scheme Z > O.> Y > X is

assumed.
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Hy, = (1/g__8) {(hv=32/2)2-[(¥-x)/212} 2 (26a)

Hy = (/9,0 {(wdz/2)7-1(-x) /2120 % (26D)
- 2 vy 21 B ‘ Ty

HC = (1/29,8) { (hv) f(Y-A)-} - (26¢)

The resonance figld positiOns for the other principal axis
orientations are listed in Table VIII. Note that if the
level ordering X > Y > O > Z had beenléssdmed, analégous;

buﬁ slightly different, éxpreséions for. the eigenvalues would
be obtained. Howeéver, by examining the expressions for the
resonance fieldé (tﬁe.experimentél observables),'one sees
that the transitions would be observed at the same field
positions'in both ordering-schemes. Thus,_a givep'set of
experimental'field_positions cah-only give the magnitude and
relative signs of the ZF parameters.

By combining. the éxpressibns for the "aAm = 41"

S

transitions [cf., Egs. (26a,b)] in each of the principal axis

orientations, expressions for each of the six magnetic para-

meters (X, Y, Z and g__, ) can be derived. For

Iy 9y,
"example, in the H||2z' orientation, one finds

1
2

(hv+3z/2)2+(hv~32/2)2~%(Y—x § (27a)

2)

2 2
B2 (M7 + H2

+
atH
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1
2

z = 1/3[{ (Y-X) .(gZZBHB)Z} {% (Y-X) 2+ (g, BH, } ] (27b)
Similar'éxpressions can be derived from the two remainihg
principal axis orienﬁations; henbe,-there.are a total of six
equations énd Six unknéwns. Self-consistent Values‘for the
principélAelements of;Q and g can be déterminéd by initially
estimating the values of the magnetic parameters aﬁd'iterating
the~six,e§uations ﬁntil convergence is achieved (see .
Abpend;x I). This method is éxactly analogoué.to‘that4
deécribed‘by'Hutchison and Ma‘nglim7 except that the qﬁadratic
‘terms are included e#piicitly and not‘expanded in térms of a
power series. Forjthe systems studied in this laboratory,
there'ﬁéé been no difficulty'in.achieving cOnvergence,'and
usualiy~no more than ten.iteréfions were reéuired to réach a
convergence tolerance of 1of6. As -a check for.a false con-
vergence liﬁit, the self—consistent magnetic péramete£s~wére
used to calculate the resonance fields of the “img = +1" and
"Ams'= 2" transitions in the principal axis orientations as
well aé the positions of level éntic;ossing signals (Chapter V).
The caléulated‘field positiohs were.found to be in excellent
agreement With.thOSe observed experimentally in all systems

studied. In cases where the resonance field positions along

one principal axis are in doubt (e.g., the X-trap high-field
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transition in the H||z' orientation of neat_4,4'—DCBP),Aone
can use the_conditioﬁ_

X+Y+2=0. . (25)
in the'iﬁefative process ' to . obtain the energy and g-value for
£hét prihcipal axis.

The principal Vaiues‘of'g'andvg obtained 'in this
manner for the systemé étudied'in this_work.ére suﬁmarized
in Table Ix; It is seen that X+ Y + Z = O within experi-
méntal error. Further, the agreement between our results
for the fine-structure tensor and those obtained in zero-
fiéld56 andvlevel'antiéroSsing67‘studies is excellent.
TableiiX_also{shows that the g tensors are anisotrppié with
gzzr>>gxx,'gyy, These pa?ameters cannot, of course, be
obtained<by ODMR spectroscopy in zero field.

| 'Tﬂe Qbserved oriéntatiohal depéndence of the ODMR
transitions can ‘be explained by employiﬁg a more explicit

form of the Hamiltonian for the electron Zeeman interaction

(c£., Eq. (16)1;

(ZH( mH, nH) Iex - gxy Iz SX
¥, . Fyx  Fyy  Iyz y
A9

Zx zy zz Tz



The assignment of the absolute sign of these parameters is based on arguments that follow.

TAELE.IX: Principal values‘ot thé.g and D tensors of the lowest triplet state of'b-enzophenonesa
stteh Z(cm_}) Y(tm_l) X(C@—l) |X+YfZI D(cm;;)b E(cm;?‘)b EE%A AAfzz_ §§§
12C—BP/DDE +0. 10447 ;0.03484 -0. 06962 0.00001 ;0.15670 -+0.01739 0106 ,0021 ;0009
l.?’C_—BP/DDE _-f0;10425‘ —6LQ347O ~0.06947 0.00008 40315638 +0.01738 . 0105 }0023: .9998
4,4'-DFBP/DDE +0.11122  =0.03733 -0.07375 0;00013 -0.16683 +0.0léZl ,0136 . 9999 ‘.00i9
4,4'-DCBP/DDE +0.09713  -0.02783 40.06917 0.00013 -0.14569  +0.02067 -,0102 .9996 ,é990
neatxf;i;;ECBP +0.09705 -0.02492 -0.07215 0.00007 -0.14558 | +0.02362 ‘.0267 .0094 .6075
4,4'—DBBP/DDE +0.08649  -0.02114  -0.06550 0.00015 -0.12982 +0.022i8 .0163 .0073 .6009'~
#A11 values attutate té +10 in the iast two digits.
bObtalned from the values of X, Y, and Z u51ng Eqs. (1la,b).

L
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Using this form of Jﬂz'in.the.spin Hamiltonian (15), one can
obtain the orientational dependence of the energy levels (and
thersfofe,fthe-£ransitions) in any plans. For examsle, |
assuming g aﬁdAQAare diagonal in the same coordinate system,
the Hamiltonisn for a 'r'otat'ion-ir}.theé'g“l plane is found to

be
o = (q & N6 o - 4S? ~yQ2 —pg?
4{5 BH(gX_XSx 51nQ + gzzsz cosb) ASX Ysy- ZSZA (30)

‘where 6 is the angle  the magnetic field makes with g'; In
the representation of the |r ), hy>, hz)'basis set, the
‘ ’ X : 4 ) .

matrix of this Hamiltonian is |

X - —1gZZBH coso O:
'igzzBH'cosﬁ - Y -ig,  BH sin® | ?fﬁg (31)
0 . igxxBH sin6 . Z |

The eigenvalues and eigenvectors can be found in exactly

the same manner as done for the principal axis orientations.

Thﬁs, given the principal elements. of g and D, the positions

of ODMR signals can be calculated as a function of ¢. Since
' ' ; Y A . .. . O

such calculations require che diagonalization ofé{s at each

value of 0, it is a time consuming process and necessitates

. A 68
the use of a computér. Once such calculation was carried out



for the x'y' plane of X-traps in neat 4,4'-DCBP using the -
values given in Table IX, and the results were found to be

in good agréement with experiment.

2. Temperature Dependence of the ODMR Spectra and the
Absolute Signs of the ZF Parameters

In the preceding section itlwas mentiohéd that the
two levgl oraering Schemes Z2>0)>Y >Xand X > Y > 0> Z
Aare,equaily sUfficient.for explaining the observed field
positions of the “aAmg = +1" transitions. However, it is
possiblé to'determine the correct scheme b? monitoring the
relative intensity of the low- and high-field lines aé a
function of temperature in a manner similar to that.employed
by Horpig and Hyde,69 except that in our experiments the
non-exponential phosphorescence decays observed at the lowest
tempe;at&resAciearly indicéte that the levels are not in
thermal equilibrium. Thus, it is clear that the absolute
ordering of the levels can be determined by alléwiﬁg the
system to thermalize by increasing the tempe;atufe to a point
Qhere.SLR becomgs faster than the decay rate of the triplet
sﬁblevels; Similar methods have been employed in this labor-
~a£ory to deterhine the absolute signs of ﬁhe ZF parameters. of
vg—tetrachlo;qbenzéne in dqrean?o

a) X-Traps in neat 4,4'-DCBP. Consider the H||y'

Orientatién”fonnx—traps in neat 4,4'-DCBP and the correspond-

ing energy level diagrams for each of the two possible
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ordering schemes shown in Fig. 13. The velative steady-state
populations of the levels in a‘magnetié field ni(i=+,0,—), in
the absence of microwaves and rapid SIR, arejdetermined by the
relative rates of intersystem crossing (Ki) and decay (ki)
. i 30,71 : A -

- processes, i1.€., ni ='Ki/ki‘ These rates may in turn be
'fcalculated from kinetic data obtained in zero field uéing
simple field—induced mixing consideratio‘nsj’2 " For example,‘

for the |+) level in Fig. 13 A,
K, = 1/2[1-—(Z—X)/ay]Kx+‘1/2[l+(Z—X)/ay]4Kz (32a)
k, = %01-(2-X)/a K +5[1+(2-X) /o Tk, . (32D)

where Kj and kj (j=x,y.,2) are the corresponding ZF rate con-
stants and the terms in brackets are the squares of the
coefficients of |Tj) in tﬁe "in-field" eigenvector (See
Table.VIII). . Similarly‘the_radiative rate constants for

each level in the presence*of a magnetic field can be deter-

mined from simple mixing considerations and is  found to be

Kf = %[1-(5-X) /e JKE4%[1-(2-X) /aylky . (320)

for theA|%>~leyel in'Fig, 13 A. 3Thqs, relative’ values of‘ni
and kipxganhbe;défermined-fOr‘ééch’reéohaﬁtgfield position -
and Qrientatioﬁ:frdm zero-field rateldata using this method.

Furthermore, theﬂrelative.ihtéhsity and phasing of the two



Figure'l3.l Energy levels for the th'QOSSiblé ZF schemes
of neat 4,4'-DCBP in DDE with the magnetic field
.parallel to the y' axis of the fine—strﬁcturé-
tensor. Solid’aerws.indicate the ”AmS=il¢
transitions and whether they are emissive (+)
or absorptive (t) in the absence‘of SLIR;
dashed arrows indiéate the séme in the presence
of rapid SIR. Arrowé designated by ki,_ refer
to thg dominant radiative levels‘A'(A) For the
ZF'scheme Z >0 7Y } X (D < O0). (B) For the

7F scheme X Y ¥ Y 0 ) Z (D > 0).
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transitions indicéted,in Fig.'lB éan'be calculated using

Egq. (13). . Unfortunately, these data are not available for

X~-traps in neat‘4,4'—DCBP; howevef, Dym'and Hochstrasser48

have shown that.the.radiative spin,acﬁivity for the 3(n,q*)+JAA

transition in neat 4,4'-DCBP isv6l% |Tz>, 32% lfx>, and 7%A

:Ifyé. Thése data alone are sufficient for analyziné the

temperature'dependenée of the ODMR spectra of.4,4”—DCBP.
Figure’il.shows that the two "Am, = +1" transitions

in the §|L¥' orientation of neat 4,4"-DCBP correspond to

'increases in phosphorescence intensity at 1.6°%. This

T

. . ‘ . - . r . r _
indicates that e;ther nO > n ., n and k+,k_ > ko’ or ng { n.,

+

r _r :
n_ and k+,ki‘< kg at both ‘resonant fields. Since

r.,r r ' £ ld48 . £ 3
K, Ky ) ky in zero-fie and the properties o lTx>'an

|Tz> are the only ones mixed in the presence of a magnetic

field, the former is true at both resonant fields. From

these considerations, the ODMR transitions at 1.6°K aie as
indicated by the solid lines in Fig. 13. In Scheme A, the
high-field transition is thereforelmicrowave'emissive while in
scheme B .the :low-field transition is microwave emissive. Although
the microwave transition probabilities for the‘two transitibns

‘ : . . 73 '
_in each scheme are slightly different, the ratio of these

. | . | 69 . | .

is the same for either scheme,: and thus a comparison of the
relative intensities of the two transitions at different

temperatures can be used to determine the correct ordering

scheme.
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Changes in thé relative intensity of the two

" Am,.

g = ild'transitiOns on warmup will depend primarily on

the effect bf SLR on the population differences‘of the ievels
being éaturated. As T, bécomes short'aﬁd Boltzmann equilib-
rium is established, n_ >-n; > n, obtains for both scheme A
and scheme B. Thus, Oné exéebts the'high—field tfansition

to decfeasenin intensity rélative to the lbw~field transition
ifAscheme A appiies; while the opposite should occur if scheme
‘B'applies. Experimentally, it is obsérved (Fig. 11) that the’
high-field transition decreases in relative intensity as the

. temperature incfeases and is observed to invert at the highest
temperature.étudied (consistent witﬁ microwave.emission at
1.6°K). Thus, scheme A (z > 0> Y >X; D<o, E > 0) appears
to be the correct level ordering for X-traps in 4,4'-DCBP.

A similar analysis for the H||x' orientation is consistent

with this result{ The exciton lines (yide infra) which dom-
inate the ODMR.spectrumlin the H|| z' orientatiqn precluded
such an anaiysis. |

Two effects might invalidate this determination of
the absolute level ordering. A field deperdence of Ti might
explain a more rapid decrease in the relative intensity of
the high—fiéld transition; Howgver, such an effe;t cannot acéount
fér the .inversion of the.ﬁighrfieldtransition as the temper-

: 74 . .
ature is increased. Hochstrasser and Michaluk, in their
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optical s#udies of neat 4,4'-DCBP crystals, found the origin
of singlet—triplet absorption at 4124.6 A while the crystal
phdsphOreScénce originated mainly from a triplét X-trap (a
4,4'-DCBP'molebule near a crystal imperfection or impurity)
with an'ofigin at 4135.4 a (in agreemept with £his work) .
Ffom the origins of-absprption and emiésion a trap depth of
:63 Cm_l.can be estimated. Ih such shallow tréps,'detrapping
effects might be expected to be spin-state selective and
highly~temperature dependent.?sthis could éffect the
relative steady-state popdlatiohs'Of the sublevels and result
iﬁ a change of the relative ODMR signal intensities with
témpe?a;hre. An analysis- of thé temperature dependence in

a deep trap system (i.e., 4,4'—DCBP in DDE) should eliminate

effects due to detrapping.

b).4,4'—DCBP in DDE. . The absorption épectrum of neat

DDE shows no bands above 2600 A indicating that excitation

with 3660 A light should‘exéite é guest ketone directly. Thus,
"the pobulations éf the guest triplet.sﬁblevels are governed
‘p;edomiﬁantly by mechanisms inherent to the guest molecule and
not by énérgy:transfer processes involving cryﬁtal éxéiton‘
states. Tﬁ;sf;é'ekémplified;byzﬁﬂe decreases in phoSphorescen;e
intehSiﬁy,bbSerQéd”anm;crgQQVe'SétﬁrationAof all transitions

in the principél axié oriehtations ofl4,4'jbCBP in DDE at 1.6°K.

' In contrast, it is.observed that the ODMR transitions in neat.
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4,4'—DCBP in the H||x' and y' orientatiohé correspond to
increases ih the phosphbrescence intensity, .Thus, the popu-
lating mechaniséms in- the two systems are substantially
-different.

Considering the H||y' orientation of 4,4'-DCBP in
fDDE, the analysis éf the tempefature dependence Qf_the
ODMR spectrum»can be made in the sahe manner .as -just dis-
‘cussed for.neat 4,4;-DCBP. Fig. 13 can be used with a few

r
]

minor, but nonetheless important, changes. Since kZ'kx )} ky

the observed decreases in phbéphorescenc? intensity at 1.6°K
indicate ny,n_ ) ng obtains for this Qrientation éf 4;4'—DCBP
in DDE.. Thus, the solid arrows of Fig. 13 should be reversed
in direction, so that the loW—field_(high—field) transition
in scheme A (B) is microwave emissive; The daéﬁed arrows
which indicate the directioﬁ of transitions (iﬁ a microwave
sense) at Boltzmann.equilibrium remain the saﬁe.: If.scheme A.
is correct the low-field transition should decrease in relative
intensity more rapidly than the high-field transition as SLR
becomes effective. This is what is observed experimentally
(Fig.{8Aénd Téﬁ;élv B)?;,Si@iiaf,analysésvin the other two
princi?éifb:ieﬁtaﬁioagiéfe4c§h$i§t¢nt.with this result since
Irz>.is bredominantly fadiative.Aar A field dépéndénce'of

Tl might invalidate these results; however, SLR'should be
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more rapid for the high—field transition and.thus decrease

the relative intensity of this line during warmup. Clearly
this is not obsérved experimentally, and it is qéncluded that
. the correct ZF ordering of states in_the,lowest,triplet state
of 4,4';DCBP'is Z >0 >Y >X . (D O, E » 0). Since the |
analysis of the doped and neat 4,4'-DCBP teﬁparéture dépendences
‘leaa to similar conclusions, it appears that tempefature
dependent detrapping gffeéts in the neat 4,4'-DCBP crystal

‘do not become significant before SIR becomes rapid. Although
this méy be true for neat‘4,4'—DCBP, it is prébably th true
in general and caution should be exercised in ﬁhe interpreta-
tion of the‘temperaturé dependence of ODMR spéctra‘in'shallow—

trap systems.

.c) Other Benzophenones. The temperature dependence

12 13

of the ODMR spectra of C-BP and C-BP in DDE (Table IV B)

was analyzed in a similar manner. Assuming |fz> is the

-

dominantvradiative level, the-experimental results‘in
all-fhreé‘principal axis orientations are reédily explained
- by the séme absolute level ordering; i.e., 2 > O > Y > X.
-The ODMR spectrum of 4,4'-DBBP in the H||x' orien-
tation shbWed.that at 1.6°K the. two ”Ams = ila transitions

ére of opposite phase. In addition, the high-field transition

was observed to be microwave emissive since. it inverts when
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the temperature is raised froﬁ 1.6°K to 4.2°K. Thus, if |TZ>
is the dominant radiative level, the abSélute.level ordering

Z ) O.> Y > X is obtainedAusing the.aforementioned analysié.

. On the oﬁherlhand,:if |TX> is the principal radiative4levelf
one obtainé the opposite level oéderihg; iégL, X-i Y >0 > 2.
However, ;n bbth cases the analysis suggests that both

"Amé = +1" traﬁsitionsAshOuld be microwave emissive at 1.6 °K.
In neither level ofdering scheme ' can the assignment'bé made

in terms of a single microwave emissive transition. Attempts
‘to experimentally verify the emissive nature of the low-field
transition at temperatures avae'4.2°K were precluded by the;
‘severe overlap of these transitions with resonances due to the.
other molecules in the unit éell. The fact that the high—fie;d
transition inverts at a lower.temperature than the low-field
transitioﬁ, even though both are believed to be emiésive at
l.6°K, could very well be due to a field dependence of T, -
On the basis of the smooth decrease in D values observed in
this and other benzéphepones, it is tentativeiy céncluded

that the level ordering in 4,4'-DBBP reﬁains Z> 0 >Y > X.
This implies that the radiative character of |f%> still
dominates after bromination, which was found4to be true in
3,3'—dibromobegzophenone.48 The determination of the relétive
radiative rate constants‘in ZF would definiﬁely lend support

to one of the two argumehts. The absolute signs of all of
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the benzophenones given in Table IX were determined from the

observed temperature dependence and are consistent with the
A - . 47

high field Zeeman results of Hochstrasser and Lin on benzo-

phenone itself.

3; Exciténs and X-Traps in Neat 4,4'-DCBP

Thus far, the interpretation of the ODMR resultg in
neat.4,4}¥DCBB has résﬁed on the unproven assignment of
X~trap:and exciton transitions. The two pairs of ODMR
transitions observed with-the magnetic field parallel to the
Q'(g') axis could also be explained by multiple sites or
inclusion of some impurity. The fact that the action spectra
of the two.featﬁres.in the-low—field region are identical to
thé normél phosphorescence spectrum, as weli as the extensive
purification of the material, suggests that impurities afe
not responsible. The difference in linewidths of the two
lower field transitions suggésts'that multiple'sites are
also not present. . The more intense feature has a linewidth
(full width at halfnmaximum) of 9 G wﬁereas the linewidth of
the less intense feature is Y20 G. Comparison of these

54,55

results with those of Sharnoff et al. on neat BP indicatés

that the more prominent features observed in this orientation
are excitonic in origin, while the less intense transitions -

= just résolved in the low-field region and producing a slight

asymnetry invthe high field regionA-a are due to an X—trap‘in.
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‘ ~ o ‘ -1 74
the neat 4,4'-DCBP crystal. With a trap depth of 63 cm ., it

is not supprisihg that both traps and excitons are obéerved
in the ODMR sbéctrum.

’Atteﬁpts were made toAcharacterize.thélexbiton and
trap. transitions by varying‘microwave power,‘médulation
ifrquency, and temperature. The efféct-of_microwave power
‘'on the peak signal intensities of the low~field trép and
exciton transitions is sﬁown in Fig. 14. The nearly linear
dependence (with slope 1/2) of the 1dg—1bg plot exhibited
by the trap signal is indicative of:an inhomogeneously
broadened line (E;ngby hyperfine interactipns) of a ldcélized

54 ' : .
excitation. The nonlinear behavior observed for the exciton
transition is indicative of hom§geneou$ broédening. Homo-
géneouS-broadening is generélly caused by exposing a spin
system to local magnetic fieldslwhich fluctuate severely.
Since a nonlocalized exéitation, such as a triplet exciton,
éxperiences local fields‘whose fluctuations are larger and
- more rapid than thbse due to ﬁolgcular reorientation at.lL6°K,
it is probable that the most prominent featureé in the H||z'
ODMR spectrum.of neat 4,4'-DCBP are excitonic in origin.

'Wﬁén the modulation frequency was increased from
93 Hé (uéed to obtain the spectrabin Fig. 9) to 1 kHz, the
;trap transitioﬁ decreases in'intensity relative to the exciton

transition. This suggests that the lifetime of the exciton



Figure'l4.' Microwave power'dependence of the low-field
A"Ams=il“ ODMR'transitiOns of neat 4,4'-DCBP
in the orientation Hl|z'. The peék signal
intensities of the exciton (x) and X—trap ()
resonanceé are plotted_aé a function of
microwave power attenuation; 0dB corresponds

to a maximum of ~100 mW.
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is considerably shorter than‘that of the trap. MIé,eXperiments
carried out on both-transitions support this :esult; Thus,
applicatipn of'a microwave puléé to the trap transition pro-
;duces alsmall but détectable decrease in'the steady;state
phosphorescence -intensity, while no effect could be de£ected
by pu;sing the exciton trans;tion'eQen though it is the'moét
intensé feature in the ODMR specﬁrum in this orientation.:
The fact that application of a microwave pulse‘produce; no
detectable chéngeS'indicated that the exciton lifetime is
considerably shorter than the pulse width (10 usec). It also.
' suggesﬁs that theAexciton ODMR signal is‘observed by directly
monitoring triplét exciton emission. If the population changes
inithe exciton levels were being ménitored by'the changeé iﬁ
trap population caused by energy transfer, the MIP behavior
should be qualitatively the same as'tﬁat observéd for the trap.
The-temperatqre dependénée of the H||z' resonances is
shown in the center portion of Fig. ll.‘ One noticesithe
asymmetry observed in the signals at 1.6°K, which are mani-
festations~of the‘X—tfap, disappears as the saﬁple is al;owed
to warm above 452°k, and no change in relativé‘intensity of
the exciton signals is observed. Repeating the experiment
with liquid ﬁitrogen in the cryostat allowed observation of

‘the exciton signals at a temperature near 77°K. As caﬁ be
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seen, the ratio of the intensitieé of the high -field to low—
field "Ams:= ii" gxéitéh transitions (2:1) is nearly the:

‘same as-that obééfved at 1.6°, and both transi£ions'stiil
cofrespdnd to decreases ;ﬁ phosphoréscehcé inﬁensiﬁy, The
obsef&ed_temperéture dependence again confirms the exciton

and trap.assiénments. ~The inability to-detect the trap

ODMR signals at tempéra;ures conéiderably greater than 4.2°K
can.be explained.in two ways,-either by}ﬁhe onset of rapid
'SLR and/or thermally-induced detrapping. At 1.6°K, SLR is,
sléw éompared'toAthé'lifetime Qf the trap apd some degree of
spin learization develops in the triplet sublevels of ﬁhe
ﬁrap. As ‘the temperéture is<raised, SLR bgcomes rapid

: the populations of the sublevélsltgnd to equalize and the trap
signalS'disappear; The obéervations at ‘77°K can be explained
:equally weil by noﬁing that kT is comparable to the trap depth.
.fhus, ény‘nonlbcélizéq excitatidn in the crystal never really
“seeé“ the tréé and no tfap signals quld be observablé; |

The exciton signélslobserved at 77°K are also seen to bé'sharper
than'those obse;véd at l.6°K;.thé linewidtﬁs being 4 G and 9'G;
' reséectively. This is consistent witﬁ tﬁé increased rate of
propagation of_thé nonlocéliZed exCitétions in‘the cryétal as
temperature.increases. The lo¢al fields experienced by the
exciton4spin SYStem are fiuctuating even more rapidly and thé

line becomes sharper. .
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'4Since the exciton transitions are no£‘qbservable in
the othe; pripcipal orientations of the crystal, little can
be said'about £heir mégnetic properties; However, - by com-
paring the results for the Hilz' érientation in neat 4,4'-
DCBP with those obtained by Sharnoff and Iturbe > for thé
- same orientation in ngat BP, some ;nformation.can be obtained
about the'énergyAtransfer processes in this system; Bétﬁ
exci£onblines'in neat ‘4,4'-DCBP showed the same phasing
(i.e., both were detected-as decreases. in phosphorescence'
iﬁtensity), while opposite phasing was observed in neat BP.
This suggests that SLR is rapid for excitons in BP; saturation
stgdies indicate Tl'to be of the ordér of 10~7 sec at 4.2 °K.
Since |t,) is the dominant radiative level in 4,4'-DCBP (as
~in BP itself), the same phasing of the exciton transitions'
and the observed non—exponential‘decay at 77°K indicates that
the exciton stafés.in 4,4'-DCBP are spiﬁ polafized even at
77°K. This implies tﬁat the cor;élation tiﬁe (rc) for exciton
mig;ation,;n the ﬁeat 4,4'-DCBP crystal is'several orders of

magnitude less than Tl for the exciton at all temperatures

studied in this work. If one assumes that én'exchange‘inter-

. . ' . : - 70
action is responsible for energy transfer,

then the trapping
mechanism is spin conservative. When this is the case, the

relativé populationsiof the spin sublevels of the trap will be
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similar tobthe'relative popﬁiatiops of the corresponding
exciton levels. Indeed, both trap resonances observed at
1.6°K 'in the ﬂi[gf orientation correspond to decreages in
‘intensity even though |Tz>possésseé most of the radiative
aétiv;ty. Thus, the exchange model appears to qualitatively

‘describe’ the energy transfer from éxciton to traps. .

" D. Discussion

1. Effect of Spin-Orbit Coupling on the Principal Values.

of g and D.

It is well known that the first-order effect of spin-
orbit (SO)coupling leads to a breakdown in theAAS=O selection
rule but produces no shift in the energies of an orbitally

" ‘ .77 . .
non-degenerate state. Hameka was. the first to examine
theoretically the second-order effects of the SO interaction
on the ZF parameters of triplet aromatic hydfocarbons. In
a now classic paper ohn benzene,78 he showed that the SO

: . , ~ UL IS o
contribution to D was of the order of 10 cm T, a value
which is clearly negligible compared to. the observed D value
 (0.158 cm"l). "However, he was careful to state that this
concluéibn was not necessarily valid for all moleculés,

expecially those containing atoms with large So'éoupling

constants and/or spin densities. Indeed, Hameka -has recently



90

shown that the SO contributions to the ZF parameters of CH279

and NH80

are 11 and 25%4 respeétively, of the observed D values.
Similarly, calulations on triplet formaldehyde indicate that
up to 30% of the observed D value may be caused'by SO inter-

: 81 : s .
actions. Thus, there is ample precedent for considering the
effect of second-order SO coupling on the g and D tensors of
triplet benzophenones.

. 42 . . . '
Using the McClure central field approximation, the
SO Hamiltonian may be written as
. N n aV(r.,)
1 -1 ik’ .

Mo = 7maar L. L Ty 57 (Ly Sy L, S, +L, S, )(33)
SO 2mfe® g oy g2y R A(ryy ) TRy YUYy TETE T
where N is' the number of nuclei and n is the number of elec—

trons. The operators for the x components of the orbital

and spin angular ‘momenta of the ith electron arée denoted by

L and S, ., respectively. Defining
X5 X4 ]

N AV (r..,)
1 -1 1k

A . = ——— . —— .
S T1 2m2c¢? kzl ik 3 (r. ) (34)
: ik

we have, for two electrons

(35)

Eq. (35) may be separated into sums whose orbital and spin
factors are separately symnetric or antisymmetric‘with

respect to electron interchange:
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Heg =% 1 [(A1L1p + ApLap) (S1,+S5p)
. p=XIYIZ .
+ (AjLy, = AgLyy) (81, = Spp)] - (36)

Using perturbation theory, the contributions of'}{so to the

~

energies of the spin subleVels l1,)are given by

2 <3¢1r Sol weru>

< w1,1u|jﬂso| T ,o>< 7 ,o|j{so| wl,T >

u,j E(lnp;ﬁ -~ E(3y))

. O— ., C g

-y <3W1rTu|%sol3¢§'Tv><éW£'TvLHso|3*?"u> (37)
u,v,k ECGy) - ECy)

3 ) .
Here, | wf ' Tu>are the zeroth-order wavefunctions of the
lowest triplet state sublevels;llyf ,0> are the zeroth-

order singlet state wavefunctions, and|3%: '

'%>are the
seroth-order wavefunctions of the sublevels |¢,) of higher
triplet states. Thus, the three terms in Eq. (37) répresent
the effect of first-order SO coupling in the:tfiplet manifold,
" the effect of second-order SO coupling of the lowest triplet
state with excited singlet statés, and the effect of second-
- order SO cdupliﬁg'of‘thé“leest triplet state with higher
trlglet states,.respect1§ely. |

It can be shown that j{so may be transformed to yield
,ﬁhe saﬁe_form as Eq. (7), i.e.

}&SQ = (ASX‘+ ¥S, + 28 ) - S (33).
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Hence, it is clear that when second-order SOAcoupling contri-
butions are important, there is no change in the appearance
of the ODMR spectrum. Thus, }EZF Eq. (7)]is really of the
form

Hagp = Hgg v Hgo - (39)

where }ﬂss and jﬁsd are the contributiéns to the ZF splittings
frqm thg maghetic dipole-dipole and spin-orbit interactions
bétween the two elecﬁfons{.respectively. This does-nbt alter
the interpretation of the preceding'sections; but the para-
meters X, Y,>and A (br D and E) obtéined inclﬁde the net
effect of both interactioﬁs.

Two models have been'developed which rely on different
experimental observables in order to quantify the effects of
the SO interactions on £he energies of the triplet sublevels.
The fi;st,‘proposed independently by Jones et él.82 and
Hayashi aﬁd'Nagakura,6?'requires knowledge of the ZF splitﬁings
and energy~diff¢rences between the two lowest excited triplets
in_order to.determine the Solcontributioﬁ to the Z2F splitting.
The Batley and Bramley model62':equires knowledge of the ZF
’splittings‘and‘g tensor to determine this contribution. Since
thé ODMR studies of this work éive the principal values of
the fine;structure and g tensors, tﬁe Batley and Bramley-

model seemed more appropriate, and a brief description of

their approach follows.
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W

The second-order contributions of SO coupling to the
energies of the spin substates of a 3(n, ) state, such as
the lowest triplet state of benzophenone, are given by

. | _)é<n,’ﬂ*;'[‘ulvj{solp>»<pl.j{so|n,'ﬂ‘*;'[u>

0
Ep Eu

‘ . : o ’
in accord with Eg. (37). Here, E is the zeroth-order energy
, ' u , R

SO (40)

AEu

éf the‘lowest triplet sublevel In,n*;ju>‘and P refers td

"~ the sipglets and triplets to which this state is coupled}
Of the possible interactipg,stateé, |p>, only lw,w*> will‘
give one-center .terms'and only the z component of #go will
be effective.- It may ﬁe showﬁ.using group theory that

(1) Hgolz) mixes the ITX> sublevel of the lowest
triplet state with the [T, ) sublevel of higher
LERAY triplet states,

(2) 4(80(5) m;xeé the I1y> sublevel of tﬁe lowest
triplet state with the -1, sublevel of higher
brea®) triple£ stétéé, and | |

'(3)13{80(5) mixes.the-ITé) sublevel of'the-lowést
ﬁtriélet state with excited |m, ™) states iﬁ the

singlet manifold.

: A 5
Since the energy denominators (Ep - Eu ) will be larger for
the singlet-triplet interactions than for the triplet-triplet

interactions, we can neglect, to a first approximation'the
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shift in the energy of |TZ>. With this assumption, any change
in the value of Z due to second-order SO coupling is a result
' ' ‘ SO

Of changes in the energies of |1X> and |fy>. Since AE, is

=2/3 of the shift in the absolute energies of ITX> and |Ty>

' : so _. .50 ‘
(assuming AE[~ = AEY ), then
2 1 - ' N h '
. so _ 3 Z’3n’"*|}d€soi.(z‘) |31r,'u*> <3n,ﬂ,7f|§:j‘esoi(g? 13n,1r*>
By = — — - ' 141)
E(3g,4*%) = E(3n,4%*)
. o
Also note that, since D = —3/2 7,
-3 3r1,1r*|>ij—{ (2) [311','fr*><31r,1r*l - (2)13n,n*
SO { A T § 504 () 17 )

sp°0 = — (42)
- S E(3“I'""\-) - E(gnl"*)

The Zeeman Hamiltonian [gi; Eq. (16)], which was
written previously in terms of spin operators only, can also

be expressed as

HZ = B H - (L + 25) (43)

in order to account for the fact that the drbitél angular
momentgm is no longer Zero. This agaiﬂ,creates no difficulty
in the previous interpretation, since the.g‘values detérmined
earlier'include the effects of both spiﬁ and orbital angular
momenﬁa(, thaﬁ is

Seer = L+ 28 | SCEY
énd

(9ij)ers =~ Je T 29ij (45)
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where ge is the free electron value (2.00235 and Agii'
frep;esentg the contribuﬁion to the priﬁcipal g—values,gii,

from orbital aﬁgular momentum introduced by'the SO interaction.
For j{so(g), Batlgy and Bramley show

Agzz = 9zz f[ge

o] Ly k) (e
- 'i 1 .

4Xf600,(§)|3n;n*>
s T

, (46)
E(3n,n*) = E(3n,n*)
By taking a simple ratio of Egs. (42) and (46) one finds
SO <31‘1,1T,*|‘>:6’~_€SO_(_Z_)|31r,1r*>
.AD = - . 1 1 : (47)
89,2 <3n,n*|2 LZ_|3w,u*> »
i 1 ‘

If one assumes that for carbonyl compounds, one-center terms

on the oxygen -atom dominatej{ then

S0

ap°° = —(CO/4)Ag%é - (48)

- where ¢ is'the'SO‘cogpl;hg cdﬁStaht for oxygen (152 cm_l)..
Eq. (48) can be‘used direétly'to calculate the SO contribu- .
tion to D.

An examination of Table IX Shows that, for ~“C-BP
and l3C—BP,‘ 9, deviaﬁes frbm the free spin valu¢ (2.0023)
to a far greater exteﬁt than = and:gyy. This‘indicates
that the 3impo£tant component of the SO Hamiltonian is}ﬁso(g)
and that it does’mix thel%x)andl%yfspin'sublevéls of the
lowest triplet stafe with those of higher triplet states,

principally (w, v*) in character. Moreover, it is also clear
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from the magnitude of Agzz that second-order SO coupling does
contribute significantly to the observed ZF parameters of

3(h,n*) benzophenone. Thus from Eg. (48) and the data. in

= -0.315 cm 1. for '2c-BP in DDE.

_ : Ss ‘ - 80’
‘The dipolar contribution to D is therefore D = D - D

Table IX, we,calculate.,ADSO

= +0.158 cm™ L, and in the absence of SO'coupling'éffects,
the ZF level ordering would be Z2 & X < Y (i.e., D >0, E< 0).
This is inAqualitative accord'with the 4F scheme expected on

_ _ .84 ! ' ,
the basis of dipolar arguments. However, it should also be

. . SS . .

. noted that the magnitude .of D is considerably less than
expected if all of the triplet excitation were localized
| | o 81 ‘
on the carbonyl group. :

On the basis of the above results, it can be concluded

v A _ 3 _
that the magnetic resonance parameters of ~(n,n*) benzophenone
are affected by second-order SO coupling and that the Batley~
Bramley model accounts for these effects in at least a
qualitative way. However, there are some difficulties. For
example, the D value of triplet 4,4'-DCBP is essentially the
same in DDE and the neat crystal, but gzz'differs considerably
in the ‘two hosts. This suggests:that'interactiOns with the
host can.also effect the g-values. Furthermore, 4,4'~DBBP
exhibits theismaliest_b'value-of all benzophenones studied
and yet shows a significantly larger value of,gzz,»'Sincé the

mbdel'fo:'the SO contributions to D is based on the simple
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. picture of spin density localized on the carbonyl group, the.
.‘discrepancies indiCaﬁe there is some deldcaliZation of the
uﬁpaired spinsAbnto the phenylArings;. Althbugh thesé'dis_
crepancies are .small compaﬁed to the SO contributionsAf;om 

. one-center terms on oxygen, their characterization should
-enable a more complete'underétanding'of the 3(n,n*) state of

carbonyl molecules.
2. Substituent and Ring Effects on the Principal Values of D

If‘thé triplet excitation were-truly'loéalized on the
carbonyl group, hélogen substitution in the 4 and 4' pqsitions
§f the two rings shouid.produce little; if any,‘efféct on the
iZF splittihgs of benzophenéne.' Howevér, the.orientational
dependences of the dihalobenZophenones.in DDE.show that the
g' and y' axeé of D are rotated by an amount which depends on
ﬁhe'substifuent. Furthermore, the ZF parameters obtained
'fgom the.Qrienﬁationalfdépendence show that D décreases.in the
order F > H cL Y Er whi le E decreaseé in the o;der Br.> Ci

YF Y H (Fig; 15A). Moreover, thesé4effects_are not small,
wi'tﬁ.the overall c'hénges in D and E being 22 an.d' 28%, respec-
tively. Thus,'wé are led to conclude that thé triplet4excita—

tion in 3(n,n*) benzophenone is not confined to the carbonYl-

group.



Figure 15. Comparison of the ZF level ordering schemes of
benzophenones in DDE. '~ (A) Plot of data given
in Table IX. (B) The enerqgy of the lty)

sublevel is used as a reference.
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Shown in Fig. 15'B is a comparison of the ZF schemes
‘of the benzophenones studied in ﬁhis work. Fig. 15 B is the
same as Fig. lS'A.but~plotted in a slightly different way for
illustrative purposes. It is clear from this élpt'that the 
|TZ> and ]Tx> éublevels are increasingly stapilizea'with
respect to yfy> as heavier atoms are attached to the 4,4
positions. We believe that this effect can also beiexplained
by seéond—order SO coupling, but in this case the coupling
occurs because of a finite .spin density at carbons 4 and 4'
‘rather than the oxygen atom. -In support oflthis, it is noted
that the halogen substituents lie closést to the y' axis of
the ZF tensdr, and that coupling With higher excited s£ates
‘detived'mainly from the phenyl fings (e.g., (m,n*)) via
Hsoly) will depresslrx)anlez)with réspect to hy). Similar
effects have;also been ébserved in the 3(1n1¢) states of
halogenated benzenes énd naphthalenes Studiea by Kothandaraman
et al. in this labératofy.BS

'In the preceding discussion, little has been said
about the structure of 5enzophenohes in the lowest triﬁlet
stéte. The orientation of the phenyl rihgs in'ﬁhe crystal
were described: in Chap£er II whére it was noted that they
were tilted by 29° with respect to the carbonyl plane.
Hoffmanninﬁ.Swenson86 QSed extended Huckel and CNDO/2

methods to determine the equilibrium geometries of benzophenone
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1 .
(Fig. 16) in the ground and (n, ) excited states. Their

Figure 16. Equilibrium geometry of bénzophenone.

(o)

In the ground state, o = g = 38 .

. 86
In the 1(n,"*)-rstate, o = B = 32°.8

results indicate that in both states the phenyl rings were

twisted out of plane in a conrotatory fashion to a c,

geometry by 38° and 32°, respectively.  Thus, excitation
leads to a more nearly.planar férm of benzopheﬂone. Although
these calqulétions were carried out in the excited singlet
‘state;'the ODMR ‘results on triplet state suggest similar
conclusions. If the phenyl rings were coplanar with the
carbonyl'gréup (C2V molecular symmetry),fthe principal axes
of theAfinejétfucture tensor (x', y', and z') would be
colinear with the x, y, and z axes defined earlier for the
-carbdnyl‘groupfitself.>»Similarly, a disrotatory twisting of
the phenyl riﬁgsjbgftﬁe séme'amougt shbﬁld;élso lead to-both
sets of axes remaining colinéar. Recaliing that in the

crystal the x (X)'axes defined for the two orientations of
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the carbonyl group make an angle‘of +1°40" and -1°40°",
reépectiyely, with the a (Q)‘axis of the crystal, one would’
_expect to see fwo sets of fine;struéture patterné in ﬁhe ab
plane orientational dependence of the ODMR spectra. For the
.the two geqmétries just mentioned, the two patte%ns wéﬁld

-be identical, 5ut'displaced'from each other by only 3°20°".
The experimental Qrientational dependences in thig plane
show é displacement of the patterns by anélés considerably
greater than 3°20'. The x' and y' principal axes of the
4'fine—structure tensor are rotated away from the X and y axes
defined for the carbonyl groﬁp by an angle which depends on
thé substitueht in the 4 and.4' ring positions. This rota-
tion of the fine-structure axes in the ab élane is evidence
of the conrotatory twisting of the phenyl rings in the 3(n,n*)
staté of benzophenones, and indicétgs the molecdlar sywmmetry
to be C2 in thé{3(n,n?) étate. Thus,.the orbital symnetry of
. the triple£ staté of benzophenoﬁe is 3A, and the total

symmetries (spin + orbital) of the triplet sublevels ITX>,

3 3

|ry> and WTZ> are 2B, °B,and 3a, respectively.

| The angle by which the ZF tenéor-is rotéﬁed varies
with substituéﬁt. This implies that the.angle of conrotatory
twist of the phenyl rings is also varying; This efféét is

also evidenced by the observed trend in the E values shown
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in ‘Table X. The value of E is seen to increase as the angle
by which the spin- tensor is rotated:decféases. This suggests
that in the limit of C,, molecular syﬁmetry for the tfiplet
state an E Qalue of approximately +0.025 o+ éhould‘be |
obSerQéd.. Although this interpretation is only tentati&e,
‘;theoreticai calculations of this effect wouid seem tobbe
~warranted. - The effectS‘6f rimng twisting and the similarities
between the halpnaphthalenes and benzophenones.are convincing:
'enough to suégest that the simple picture of a logaliéed

carbonyl triplet state should be modified.
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TABLE X: Correlation between angle of spin tensor

rotation and E value

System ‘ . 0%(deq) " E(em T
 neat‘4,4'—DCBP N 6°ii° ~ ~ +0.02362
4,4'—DBBE/DDE - .~_9?12°b +0.02218
4,4'—DCBP/DDE : ‘ D184 P +0,02067
4,4'-DFBP/DDE 190420 | | +0.01821
lZC;BP/DDE_ A o o 20°i2‘°'b ' ‘ +0.01739

a ' .
9 is defined as the angle between the y' axis of the ZF
tensor and the plane of the carbonyl group.6 = 0 corresponds
to coplanarity of the phenyl,rings and the carbonyl group.

S/

¥ < C1t—c(0)—c;
bThe pdssible error of +2° results from the inability to :
distinguish.the carbonyl y axis (+ or - 1°40') corresponding

to the ZF tensor y' axis whose angle was measured.



IV. HYPERFINE AND QUADRUPOLE INTERACTIONS IN THE
ODMR SPECTRA OF BENZOPHENONES

a. ‘3copp in DDE

At low microwave power (O.lS‘mW), the electron spin

: (
transitions in the ODMR spectra of l3C—BP eXﬁibit,a doublet
structure for most orientations of the crystal in the mag-
netic field. .For example, Fig. 17 shows some first-derivative
spectra taken in the three principal axis orientations of
the D tensor using field modulation techniques. ‘Similar

12

structure was observed in C-BP; however, it differed from

the l3C-,BP observations in two respects. F%rst,an approx-

imately 1:2:1 triplet structure - . was~obserVedA;n L2 pp
cdrrésponding to a 10-12 G splitting which remained fairly
constant as a function of crystal orientation. Seédnd,
this str;cture was:only observedlﬁsing maximum microwave
péwer (~150 mW) .. As the power waé ae;réased, the two wing
linés of the l:2:i papternzrapidly lost intensity.relatiye
to the centér“line, ana only,alsingle'line was observed aﬁ

power levels comparable  to those used to obtain the spectra

in Fig. 17. In addition, at intermediate power levels

Gv5—lO mW), a second triplet structure was observed in the

12C—BP ODMR lines with a splitting of 5-6 G. The wing

104



Figure 17.

X

Observed 13C—BP hyperfine:splittihgs in

the principal axis orientations of the

fine-structure tensor. In the ﬂlli' and

" orientations the observed l3C‘coupling-
constants are 14.5 and 6.4 G, respectively.
In the H{|z' orientation, a l3C‘coupling

constant of 6.0 G was estimated from the

linewidth.



SPSPRR,

s

256

Hily”-

'>C-BP in DDE-HFS

Low - field "Amg = +1" Transitions

HITx

256

50T



106
lines of this pattern also disappeared rapidly as the micro-
wave power was. reduced.

The power sensitivity of the additional structure ‘in’
12
the C-BP ODMR spectra suggests that it is due to forbidden
transitions involving simultaneous electron and nuclear (e.g.,

proton) spin flips. In contrasﬁ, the 13

C-BP doublet pattern.
was insensitive to power (although better resolution was
obtained at low power) and the magnitude of the splitting

was highly sensitive to orientation. Thus, it was concluded

13

that the additional structure in the ~~“C-BP ODMR spectra is

due to allowed transitions of the type ”Ams = +1, AmI = 0"

which are split by an electron-nuclear hyperfine interaction

involving the 13¢ (I=%) nuéieus.

The épectra for‘the Hppx! and'i' orientations shown
iﬁ Fig. 17 were computer simulated using coupling'conStants
of l4.5 + 0.4‘(AX,) and 6.4 + 0.2 G (Ay,), respectively.
From the single line observed in.the‘ﬂllg' orientation, a
13¢ coupling constant of 6.0 + 1 G (A;,) was estimated using
| 12

the linewidth observed in C-BP at the same orientation

and microwave power  level. These valucs may then be used

to obtain estimates of the principal values of the l3C

. ' c
hyperfine tensor (A") in C~BP.
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It would seem reasonable to assume that the principal

axes oOf ﬁF (x", y", 2z"), are directed along the Py« py,'and

'pz orbitals of Ehe carbonyl carbon as defined'at the top of

Fig. 17. With this assumption, these axes should be nearly

b, and ¢ crystal axes of DDE,

coincident (+2 ) with the a,

13

respectively, if the C-BP enters the host substitutionally.

Thus, the'13

C coupling constant observed with Hijz' (6 G)
correspbnds to the Az“z” principal element of éc; however,

the coupling constants Ax' and Ay' are not principal values

C : '
of A since the principal axes x' and y' of D.do not lie

along a and b.
Figure 18 shows the angular dependence of the 13¢
hyperfine splitting in the low-field "Ams = +1" transition

of one of the two magnetically-inequivalent molecules in

the ab plane. The closed circles represent coupling con=

- stants which were obtained by computer simulation of observed

spectra showing resolved splittings and are accurate to better
than 1.0 G. The coupling constants indicated by open circles

were - -obtained by coﬁputer simudation using the linewidths

12

observed for C-BP in the same orientations and are signifi—'
cantly less accuraté (+2 G); The major source of error is

the inability to accurately account for-the additional width

due to thé'forbidden transitions mentioned previously since



" 'Figure 18.

for C-BP and

Observed orientational dependence of the

l3C hyperfine splitting for the lowest |

3copp in the ab

triplet state of
crystallographic plane. The data plotted
are -for the low¥field'"Amé = +1" ODMR

transition. Solid circles represent

coupling constants obtained by computer

simulation of the experimental spectrum.
Open circles represent estimates based

on the diffefence in line-widths observed

13 12C—BP inﬁidentical

orientations.:
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they do tend to distort.the,lineshaﬁes even at low power.
However, Fig. 18 indicates that the extrema in the observed
hypeffine splittings (eiS and»v4‘G> occur near the a and b
.ctystal axes, respectively;,.This is in -agreement with axis
system définéd at the top of Fig. 17 and the crystal structure
data4(£§., fable I1IA) and verifies the éssumptioﬁ that theA
_benzophenones are incorpbrated substitutionally.in the DDE
crystal.' Fﬁrthermore, it confirms that rotatioﬁ of the D
tensor observed in the ab plane is intrinsié to the mblecule
"and not due to a rotation of ﬁhe moleéule as a whole.

| In order to account for the observed structure in

: . 13 - _
the ODMR spectra of C-BP, we consider the somewhat more

general spin Hamiltonian

Ry = Hyp + H, + Hyp + Hy (49)

which takes_into accoﬁnt the effects'df the nuclear hyperfine
interaction (JKHF)-and the nuclear. Zeeman interaction (iﬁé)
in addition to those terms previously discussed. }fé is small
in comparison to spectral resolution and 1is not considered -

: 1
further. The nuclear hyperfine Hamiltonian is of the form

Hyp = 5 +B-1 | (50)
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. . . ) *
which becomes, when referred to its principal axes,

Hup = PSxIx + ByySyly * AzpS;I, (51)

where Ay, Ayy' and Aéé are the principal vaiues of A and

contain contributiéns from both fermi contact (isotropiﬁ)

and dipole—aipole,(anisotrobic) interactions. |
Since the hyperfine splittings'obsefved in the

ODMR spectra of 13

C-BP along principal axes of D are more
~accurate than those observed for‘other oriéntations{ theée
v;lues were used to determine the prihcipal vaiues-of gc.
It is also noted that in these érientatiqns the effects of
Hop on the magnitude of the ﬁyperfine interaction are
simplified. Recalling thét_sincé j{ZF énd-?ﬁs are compar-
able in magnitude, the electron spins are not completely
decoupled from thé mélecular framewOrk. Thus, the electroﬁ
spin states are not the high—field spin states [+1), o),

and |-1) but rather are (cf., Egq. (23))

*Since the principal axes of the 13¢c hyperfine interaction
(x", y", z") are observed to be coincident with those of
the carbonyl group (x, ¥, 2z), the double-primed notation
has been discarded. ‘



) -
o)
1>

" cos 4 . Hl>-sin¢|—l>
lo)

sind |+l> + coé¢ |—l> (52)

N

- with, fér example, tan 24 =~(Y4X)/2gzer for the orientation
H|lz'. Thus, the average value of ms/in the states |+l> and
|—l> is reduced.from_il to cos 2¢6 and the obsérved hyperj
fine.paiaméters-ére shaller by a factér of cos 2¢. Using

13

the data in Tables 1V and IX one finds the true C hyperfine

coupling constants to be

Byr = 15.4 G,
A, = 6.8 G,
LY
and
Az] = AZ z = 6.0 Q.

It was'cpnsideredAdesirabie to carry ogt,an'exact
diagonalization of'the Hamiltonian given by Eq. (49);
.'however, some apptoximatiohs were méde to simplify the
.calcuIationa Since }fZF,}fZ §>>j{HF,j£HF was treated as

a perturbation of the eigenvalues of
O 4— <,

and hyperfine terms which give rise to off-diagonal elements

between the electron spin states were neglected. Since the
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observed 13

C coupling constants were corrected for the actual
expectation vaiue of ms,4the electrpn spin states were assumed
to be the'strong—field states |+i), oY), aﬁd |-1) to sihplify'
calculation of the matrix elements. 'Furthermore; only those
elements of the Hamiltonian which were diagonal inASZ‘were'
 considered. These>appr6ximations allow one té “avoid“ thé
‘fact that the prineipal axes of }{g and'}fHF aré different.
Since :we are particﬁlarly interestéd.in fhe angular
dependence in the xy hyperfine plane (x'y' plane of D),
transformétion of JﬂHF'from itslprincipél‘axis1system by

rotation about the z (=z') axis.gives

HF

#H

= AyySpIz cos?0 + (Axx—Ayy)Szlx $in® cos @ + AyyS,I,sin%o
| (54)

where 0 is the angle the field makes with the x axis of the
.hyperfine tensor. Diagonalization of }[éF gives the effective
hyperfine splitting

o~ 2 2 2 C 2 ' _ '
A ~ Agf, COS?6 + Ayy sin ‘0 (55)

for the xv plaﬁe of QC. More rigérous cglculations ;re
planned in order to tréat’the.effeéts of‘the ZF'splitting on
the'hyperfine interaction for orientations in thé Xy plane. -
‘However,. using this simplified éxpression, the principal .

values Axx and Ayy can be -estimated.
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The observed orientational dependence of the L3¢

hyperfine splitting fixes the value 0 for which Ay and Ay'

were observed. Applying Eg. (55) for the two corresponding

orientations, the Axy and Ayy principal elements of the L3¢
hyperfine tensor were easily ca;culated;' Thus, the
diagonal form of éc is given by
v :
0 : I T .
Bux 16.3 ]
AL = - 6
A = Ayy = 4.1 | (56)
) A 6.0
— ZZ__ L.

'where the signs of the elements are assumed to be positive.

c L :
Recalling that A includes both isotropic and anisotropic

contributions, it is of the form

c C ' ,
A = a * 1+ Ic 4 (57)

C ‘ c ‘
where a is the isotropic component and T~ is the dipolar

tensor of the hyperfine interaction. Since EC is traceless,

aC readily reduces to

~

tx : 7.5

A” = a~-1 + t = 8.8+ |- -4.7 (58)
~ ~ vy , .

If unit spin density were present in the ﬂ(px)

orbital on-the carbonyl carbon, one would expect the isotropic.
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~component to be' the order ofi39 G.87 - The obéerved an8.8 G
suggests that the 7 spin densiﬁy (pg) on the carbonyl carbon
is of the ofder.of.0.23;- However, this value also reflects
contributions from spin density on'neighboring-atoms which
can dnly bé.determined if the signs and magnitudes:of these
spin densities are known. Thus, we turn to‘the'anisotropic
part ofiéC in ordeér to obtain a second estimate of pg..
As cén be seen in Eg. (58), the exbgrimehtally

13

observed C‘dipolar tensor deviates somewhat from axial

symmetry. Again, this reflects the presence of unpaired
electron spin density on neighboring atoms-and involves
déelocalization and o-5 polarization within the /C=O

: ' , . : C ' ‘
fragment, Thus, the experimental tensor (T ) can be con-
sidered as a sum of dipolar contributions of the form

T, T i T
C ‘ X X Y Y L nn
T = EC OC + BC Pc + B 0P+ EOFO

« o s 1
T B, + Bco'co * 2Bcrfcr (59)

Here, the first two terms are one-center interactions from
electron spin density in the p, and py orbitals of the
carbonyl carbon. The remaining térms‘are two-center terms

that take into account spin density on atomic centers which

are adjacent to the carbonyl group. ngg and Biip

represent contributions to EC from spin density in p, orbitals

of the oxygen and~C1,Ci carbons of the phenyl»rihgs, respec-—

nn : o
tively. Bgpg represents contributions. from electron spin
~



deﬁsity’in the n(py) orbital on oxygen, and Egoogo includes.
the effect of o-u polarization of the C=0 ¢ bond.
'Considerihg first the one-center contfibutions to
gc; we note that spin denéity in the P, and'éylogbitals
should give rise to axiallj symmetric tensors of the form

. - ) ‘ 'ilx '”x
(2B,-B,-B) and (-B',2B',-B'), respectively. B, P,  most

: ’ . c .
assuredly gives rise to the dominant element of T as.can
be seen by examination of Eq. (58). Attempting to explain

C :
the deviation of I from axial symmetry on the basis of the

. W . ,
other one*center term, gcy”cy' is clearly inadequate. One

notes in Eg. (58) that Wtyy|>|tzz Any significant~gon—
tribution from the term Béypgy éhduld lead to the opposite
relative magnitudéé (iLg;, |tyylzltzz{). Hence, we conclude
_that p;y~0.

;Wé next eXamine the effects of the tWo—center teims
in ﬁq. (59) . It would be a formidable task to.determine

Tx Tx . . . .

EC OC even ¥f the hyperfine tensors of.all neighboring at@ms-
wére known. However,.it;is'believed that the méin source of
the deViation»of Ec from axial symmetry'iS»tﬁe spin density
on the oxygen atom. If ohe assumes that the excitation is
locélized on the_carbonyl group, then the spin density for
the 3(n,Tr*) state will be in the u* orbital cqhsisting of

both carbon and oxygeh atomic orbitals, and in the n orbital

localizédfon'oxygen. As will be shown later, a significant
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amount of n—eiectron spih density is delocalized onto the
rings. Furthermore, since thg ionization po£ential of
AoXygeh is greater than carbén, simple MO theory predicts
that the 7* orbital will-be-méinly carbon inAcharacter.
'Indeed, calculations by_Dixon8l on the 3(n,n*) state of
formaldehyde indieate that 67% of tﬁe r—orbital spin |
densiﬁy is céntergd on carbon. Hence, we neglect the
contribution from spin denSit§ in.the px orbital on oxygen

(%gpg) and consider only the effect of the additional term

n_n

Bgpo in Eq. (59).

Since the dipolar interaction exhibits a
3t . - L :
(3 cos?2g-1)/r behavior, one can qualitatively predict
neighboring atom contributions to g? by estimating the signs

88

of this term in different regions of space. One notes that

the n orbital of oxygen is in a region where

(3 cos?6-1) < 0 when 2ilx",

and ' (3 cos?2p-1) > O when Hllz".

When H||y", the n orbital extends almost'equally over positive
and hegative regions of (3'c0520—l) and can be neglected for
simplicity. - Thus, considering only the additional term

2

B2pN |, the experimental -dipolar tensor can be approximated as

T 9 is the angle between the magnetic ficld and a lince joining
the two dipoles which are scparatad Ly a distance r.

\

!
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N X n n
" IT R Bc v Bolo
7.5 2B —BZ
-4.7 o~ -B + 0 " (60a)
-2.8 ~-B Bo
which yields the l3C anisotropic hyperfine tensor
2B . 9.4 : :
-B ~ : -4.7 ‘ (60Db)
-B -A.7
A similar analysis of terms of the'form'B;D; (i=0,

1 . V . : '
Cl'cl) shows that each can contribute to the observed

deviation of IF from axial symmetry. To a first approximation,
these contributions only affect the elements t o, t and are

zZ
of the form (0, -B™,B™), As a result, the 2B element of
Eq. (60b) can be used to reliably estimate the spin density
in the Py orbital of the carbonyl carbon. .The principal

‘ ﬂx.ﬂ 4 '
elements of Bn Az~ for a carbon atom bearing unit spin density
89 :
are (65 G, -32.5 G, =-32.5 G). Comparing the 2B elements of
the ékperimental aﬁd theoretical tensors, a value of Og ~0.14
is obtained for the carbonyl carbon.
From the isotropic and anisotropic components of éc,

~we estimate the n-orbital spin density on the carbonyl carbon

to be of the order of 0.2, which is considerably smaller than



expected for an excitation localized on the C=0 group.
However, this result does support the éoﬁclusions 6f Chapter
III. As can be seen, thé»analyéis of the hyperfine inter-
action is‘serverely complicated by neighboring atom effects.
The analysis of l7O hyperfihe interactions shouid be éome—
what éimplified éince.only one neighboring atom negd be

l7O‘hype‘rfine structure

considered. Attempts to observe
"in enriched éémples have thus far been unsuccessful. The
nature of the spin density distribution in the C=0 group

requires this information as well as an experimental

determination of the spin densities on C, and Ci.,

B. 4,4'-DFBP in DDE

Hypérfine inter;ctions'involving ring atoms were-
also observed in the bDMR spectra of triplet benzophenbnes;
For example, Fig. 19 shows some represénﬁative‘spectré
taken in two (ZF) -principal axis.orientations of 4,4'-DI'BP
using field modulation techniQues and low micro&ave power.
In the H||z' orientation, a 1:2:1 pattern is‘observed with
a splitting of 9 G which is consistent with a<hyperfine
interaction involving two equivaient fluorine nuclei.

'The relative intensities of the two lines in the spectrum

denoted by an asterisks were found to be power dependent.



Figure l9;A Observed 1°F hyperfine‘splittings iﬁ the
| ldwest triplet state of 4,4'-DFBP. A
splitting of 9 G is-observed for thé
.hiéh;field "Ams = +1" ODMR‘transitionfin
'the'g||g' orientation while an 18G-
splitting ié observed for tﬁe low~-field
. transition in the H||x"' orientation;l
The asterisks indicate forbidden tfansitions

corresponding to simultaneous electron-

nuclear spin flips.
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Thus, these lines are,probably forbidden transitions involving
A simultaneous electron and nuclear spin’fliés. Transitions
of_this type have been observed previouslyviﬁ the EPR spectra
of triplet.qﬁiﬁéxaline and an analysis of the intensities

provided an estimate of spin densities even though first-order

splittings were unreso_lved.90 .Iﬁ the H| |x" orientaﬁion of:
4,4'-DFBP, the low-field ”Aﬁs = +1" tranSitidn exhibits a
l:2:; pattern Qith a spligting of 18 G. Although a completei
orientational study of the hypéffinevsplittinés'would be
necessar?_to acgurately determine the spin densities in the
4 and 4' ring positions, approximate.values‘Can’be ob%ained
from the splitting observed in thelgllﬁ' ODMR spectrum.

l?’C—BP, a nuclear hyperfine term

As in the case of
(gi., Eg. (51)) must be iricluded in ﬁhe spin Hamiltonian
which is diégonal in the x", y!', z" coordinate system shown
at the top of Figure 19. If one assumes that in the H| |x"
orientation the fiéld is also parallel to the z" ‘axis of the
hyberfine tensor, then the observed spiitting of 18 G is
approximately Az"z”- Applying the cos 2¢ cofrection (cf.
leLUfOf the average value of mg in the states |+1) and
:T—l>'at.a magnetic'field‘of 1929 G, the true hyperfine

~

coupling constant is Az"z" ~ 19.5 G.



In EPR ‘studies of triplet fluoronaphthalenes, Mispelter
N

91 :
et al. derived the fluorine hyperfine tensor for a ”Q—F
fragment bearing unit spin density. These were shown to be.

related to”the‘ 7 -spin density on the corresponding carbon

atom in terms of an effective coupling tensor

F F i

Aji = Berr Pc (61)

where.the principal values of geff are

-24 G along the C-F bond (i=y"),
+193 G normal to. fragment plane (i=z"),

-11 G normal to the other two directions (i=x"),

. P
and the B

Berf values include both the isotropic and anisotropic

components of the hyperfine spl.itting.9l lA simple ratio of
Aju,n 2 19.5 G.for 4,4'-DFBP and Bsz = +193 G gives_ |
.pg.~'0.l for the 4.and 4' carbon atoms of the phenyl rings.
Further, it is c;ear-from the signs and magnitudes of the
principél vélues of ggff that pg.~'0.l repfesénts'a.lower
limit to-the spin density in these positiqnsf Thus, tﬁis
résult confirms the conclusion that the triplet excitation
'is not localized on the cafbonyl group 1in benzépheﬁones and

' suggesfs that pefhaps half of the g—orbital spin density is

located on the phenyl rings.



C. 4,4'-DBBP in DDE

A striking power dependence was observed in the ODMR
spectra of'4,4'—DBBP in'all orientations. At low microwave
power, iny the‘e}ectron spin transitions are obeerved; how-
ever at high microweve pewer'each of theee ﬁines iS»flanked
by a‘bair of satellites which are split symmetrically from
the main.peak. Fiéure 20A}shows a representative ecan of
the low field "amg = +1" transrtion in the orientation H]||z"'
using maximum microwave power (OdB "V 13Q'mW). :In this'case,
as in other orientations, the field separetion between the
satellites.is 190 G.. Additional structure correspending to
10 G separatiohs is observed on both sateliites when field
modulation is employed. This is shown in the extreme left
and right portions of Fig. 20B. At low.power,IWhee the
satellites are unobservable, the electron spin tranSttion
(center, Fig. 20B) is observed to consist of three equally-
spaced components separated by iO anith appreximate relative
.intensities 1;2:1. Comparison’of the etructure of the lower
field sateliite with  that of the eleetron spin transition
inaicates each satellite is in fect composed of two transitiens
whrch exhibit similar structure to that observed in the main

line.



'Figure 20; Quadrupole and hyperf;ne structure observed
4 in the low-field ODMR transition Qf 4,4"'~-DBBP
iﬁ the §||3; orientation. (A)’Electron spin
transition and qﬁadrupole éatellites obtained,
by amplitude modulation of microwave power
' (0dB). (B) Higher resolution tréce of (A)
obtained by'field‘modulation'showing a 10 G
793? . 8l

~ bromine ( r) hyperfine splitting.

The dashed linés indicate the centers of’the
79 81 _ - ' . .
Br and Br quadrupole satellites which

are separated from the main line by 97 and

A ~ 82 G, respectiyély.
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It is apparent that the spin Hamiltonian (Eg. (49))

13c_Bp ana

used. in ‘the analysis of the ODMR spectrum of
4,4'—DFBP is insufficient to accbunt'for these observations.

Thus} we must consider the more general spin Hamiltonian
j&s = erF t My v H g+ H et Ho (14)

for the additional features. First, one notes that each of -
. ] -

the terms }EQ"}KHF' and iﬁz; representing the nuclear .

quadrupole interaction, the nuclear hyperfine interaction,

and the nuclear Zeeman interaction,'respectively;<depend on

the nuclear gquantum number m_ and the magnitude at the

I
respective interaction constants. Both bromine isotopes

(79Br and 81Br) have 1;3/2 and possess large nuclear magnetic

moménts'(2.099l and 2.2626 eh/ZMpc, respectively) '‘and

: : s : -24 2 .
duadrupole, moments (0.34 x and 0.28 x 10 cm”, respectively).
In addition, both isotopes are present in approximately equal
natural abundance. Hence, it seems reasonable that both JfQ
and }EHF might contribute to the spectrum of 4,4'-DBBP. }ﬂé
would be small relative to the spectral resolution and thus
was not considered further.

The Hamiltonian jﬁQ has the general form2?

Hy = L -E -1 : | (62a)
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and when referred to its principal axes it becomes

_ 2 2 2
Hoo= Pyt + PyLS 4 P T .. (62b)

which is similar in: form to that of the D tensor (cf., Eq.

(7)) . Thus, by analogous reasoning, we can set P .+ =0,

P _+P
YY zz
so that there are only two independent parameters. Then, one

can transform Eq. (62Db) into an expression analogous to Eq. -

(9) :

f ' 1 2, |
Ho = Pll{ 122 f,§-1(I+1) + % fI(IX2 - Iy‘)} (62c)
where
_ 3Pzz: _ ;i@i%g__ : |
Py = 2 T 41(21-1) (624)
noo= (Pyx —.Pyy)/Pzz (62e)

and where Q is the.quadrupolé,moment. For I = 3/é; Pll =
equ/4; and diagénalizatioﬁ of the matrix form of the
Hahiltonian J{Q obtained using an appropriate nuclear spin
basis Set;yields the eigenvalues .

2

e go . 2 ?é
W = AL + n /3)
+3/2
L / 4 . (63)
: eqo 7N |
_ ) Sy
Wil/Z = 2 (1 + n®/3)

Thus, ‘each electron spin sublevél is split into two degenerate

‘pairs, one pair with m; = +3/2 and the second with m, = +.

Each of the "Amg = +1" transitions is therefore split into

7
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four iines by the guadrupole inﬁeraCtibn, ‘Two are
“allowed" transitions of the type "Om ; O“.which are degén—_
erate in first order and are notvaffected by the quadrﬁpole
interactioh. ’TwO are‘"forbidden” wiﬁh ”AmI #.O”.bu£ are not
degenerate ahd in first order are symmetricaliy displaced
from the allowed transition by iequ/z.

The field positions indicated by the dashed lines'on
the lower field sateliite in Fig. (20B) were assigned ag
“amp # 0" transitions of the two bromine isotopes; The
separations of these lines from the allowed transitions are

8lBr

97 G for 79Br and 82 G for . Thus, assuming n = 0, the

values of the nuclear quadrupolé coupling constants (equ/kD
of 79BrAa'nd 8lér'in the lowesfitriplet state of 4,4'-DBBP
are estimated té be.544 and 460 MHz, respectively. The
ratio of the two is 1.182, in excellent agreehent with the
ratio of the respective quadfuéole.moments.

Next, we consider hyperfine interactions with the
two bromines of 4,4'-DBBP as a-possible source for the
additional structure in the méin‘line and its satellites.
In the orientation Hilz', the field is in an arbitrary,- but
‘equivalent, poéition with respect to the principal:axes of
the hyperfine tenéor'defined at the top o£ Fig. 20B when

one considers the conrotatory displacement of the phenyl
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”

rings. HoWever) recalliné that tﬁe ZF tensor axes of 4,4'-DBBP
are rotéted from the a and Q crysﬁallbgraphic axes by only 90,
the approximation that the rings are coplanar with the carbonyl
" group should pro§ide'§ reasonable simplification for eétimating
the magnitude of the hyperfine .interaction. Using this‘
approximation in the orientation H||z', the field lies in the
X"y é;ahe and makes an angle of ~60° with each of the two
C-Br fragments which are magnetically equivalent with a total
‘spih'of three. Hence, one éfedicts that av7—line hyperfine
pattern should be observed. Hb&ever, only three are observed
experimentally.

To'see why this is the case, one must diagonalize
the spin ﬁamiltonian consisting of,i@Q and %éHF. In a
recent stuay of bromine hyperfine ipteractiohs in §Xm—tetra4

93,94 such calculations were

bromobenzene (TBB) in durene,
carried out for various orientations of the magnetic field

in the é"z”vplane. It was found that, at an-aﬁgle of 60?
with respéqt to the C-Br bond, the four hyperfine components
of-a single C-Br fragment collapse into two nearly'degenerate
" pairs. Thﬁs{"the alldWed transition of triplet 4,4‘—DBBP;
with two C-Br fragments, sﬁould exhibit two overlapping
doublegs with neariy equal spacing, yielding a 1:2:1 ﬁyper—

fine pattern. This is consistent with the spectrum shown in

Figure. 20B.



The éalculation§94 also”shéw that the "forbidden"
satellites should exhibit a two-1line hyperfine'péttern"
in all orientations of the.C—ér fragment in this plane.
Thus, both the ’°Br and S1Br satellites of triplet 4,4'-
DBBP should consist of a 1:2:1 éattern, Since the

" difference in field positions of the satellites of ’°Br.

and 8lBr (15 G) is some&hat larger than the observed
hyperfine'splittingu(lo G), the center components are
broadened and not well resolved. This effect is more
prominent in the satellites.on the high field side of the
allowed transition since the magnitdde of the hyperfine
interaction is somewhat largér for theseAsatellites thénl
that for the satellites appeafing’on the-low field side,
The fact that‘the'hyperfine structure appearing in the main
line and satellités of 4,4'-DBBP are in good qualitative
agreement with the TBB analysis indicates that spin densities
~detérmined usinglthis orientational approximétion should be
reasonable estimates of the 7 spin density in the 4 and 4'
ring positions. The agreement -supports the conclusion that

the rotation of the axes of the ZF tensor in the ab plane is

accompanied by a change in conformation of the phenyl rings.
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Estimates of the spin densities in the 4 and 4' ring

‘positions of 4,4'-DBBP can also be determined from direct

cémparison with the results in triplet TBB. In TBB a 27 G*

hyperfine splitting was observed for this orientation at a

4field of 2500 G corresponding to a spin density of 0;25 in

the 1, 2, 4, and 5 ring positions. The 10 Gc* splitting

observed in 4,4'-DBBP at 2146 G thereforé indicates p' %0.1
in the 4 and 4' ring positions.  These are in good agreement
with'rhese estimated from the hyperfine splittings'obseryed
in 4,4'-DFBP, |

| Considering the amount of spin density of the 4 and
4' ring positions, it is not surprising that heavy-atom
snbstituents prodnce second—order SO contributions to‘the
energies of the spin.subleveis in the iowest triplet state
of benzophenones. It is clear that the 3(n,“*)'state cannot

be considered in terms of a localized excitation. However,

‘it is not yet clear whether such delocalization is an

intrinsic property of anf"n,n*“ state, or whether,sucn states
ere better described by a linear combination of molecular
orbitals which includes the group orbitals of the phenyl
rings. The experimental ODMR results indicate that this
class of excited state must be scrutinizedfmore closely by

theoreticians and experimentalists.

*qurected for the average value of mg in weak fields.
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V. LEVEL ANTICROSSING AND CROSS-RELAXATION EFFECTS.

A. Principles of Level Crossing, Level Antiéréssing)

and. Cross-Relaxation ' : -

1. Level Cro%sing
’When ﬁwo or more enérgy-levels of'én atomic or
molecular systeh,éross_as a function of an-ekternél'para—
meﬁer;'the'phygical properties of the system may change in
the crossing région. ‘'Wood and Elletgsaﬁd l-lanle96 observed‘
that the polariiatién and intensity of the rgsbnance
‘fluoregcence of Hg‘vapor'changed significantly'when.a_
magnetic field of 2:G Was appiied; AThis was.explained'in.
terms'éf'a'ZF level crbséing (LC) (Hanle effect) of the~
. . . ;

Py state.. The quantum

threQ-Zeéman comp@neﬁtsséf‘ﬁhe Hg
mechanical explénation of the Haﬁle effect was_Later"ér05
vided by Brgitp7 who shbwed these_bhanées weré‘the result-
of coherent coupling of'the Zeemén pgmpopenté by the ﬁime_
dependent field of the exciting radiation. Since then iC.
effeétS'have been observed inAthe presence of aA@agnetic
f;eld és well and have proved to 5@ an imbortant'technique
¢

for studying the energies and lifetimes of atomic™ and

molecular?? systems in thelgés phase.
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~ In the triplet state of benZophenone, a Lc.efféct
might be expected with the magnetic field align:ed parallel
the x' ahd_g' axes of the.fine-strﬁcture tensor (gﬁ, Fig.
12). However{;two complicatioﬁs‘arise that make.thig.
improbéble. First, the von Neuﬁann and Wigner non—cgossing
rulelo9.states that two levels with the same symmeétry are
forbidden ffom crossing aélé functioﬁ of a single extérné;
parameter since a perturbation élways exists which will
lead to a mutual repulsion of the ﬁwo Stétes. If the
mqleculéf Symmétry of triplet BP were accuratelyrczv, then
one would expec£ level crossings to océur éince the two
crossing levels (10) and |-1) with Hy|x', I+1) and 10)
with Hijz") belong to different,representatiéns.éf the

symmetry grOup; i.e.

CHix'
[+1) C By; [0) C By: |-1) C B,

1+1) C a,; 10> C ay; |-1) < A,

. However, it has been shown previously that the molecular

symmetry of triplet BP is C,; hence, the two crossing



levels transform identically: -

Hjlx'

|+1>C B; ‘|0> C B; |-1>C B

Hllz"

+1)ca; lo)C ai-l-1)c a

Thus, because of the non-crossing rule, the level
crossings in the x' and z' orientations become level

anticrossings.

Even if the moleculé in the crystal had C,,

symmetry, the crossing of the triplet sublevels would
be very urilikely in an actual experiment since a small
‘deviation in orientation will introduce a-matrix element

between the states which are involved in the crossing.

For a crossing to occur, the energy differences between

the two states must be comparable to or smaller than the

v

average width of the states caused by radiative and

- non-radiative decay. ' Since the lifetimes of the triplet

sublevels of benzophenone are of the order of msec,53—55

the off—diagonal matrix elements introduced by misalign-

ment must be less than 1073 Hz. Such a situation would

- 132



occur only when the -angle between the magnetic field and

a principal axis is smaller than.lO—Sdegrees. Thus,' it

is highly unlikely that the interference effects associated
with a level crossing could be observed in the phosphoxr-

escence from an organic crystal.

2. Level Anticrossing'

When two states that afe expected to cross are
coupled by a perturbation, an anticrossing situation arises
which may also lead to changes.in_the physicai properties

of the system in the level anticrossing (LAC)'regidn.

‘Nowhere is this more appareht than in LAC spectroscopy of

o 101,102 . . , :
gas phase systems,.OI' - where the signals observed are

.presumed to be the result of (incoherent) stéte‘mixing-in

an avoided crossing region. LAC effects. have also been
observed in the'phosphorescence of triplets in organic

. 67,103-6
crystals. ‘ :

Why this. is so can be seen by considering two
states’d)a and ¢b Which'would cross as a function of magnetic~
field if the static pérturbation;@ab that mlxes them were

absent. Application of perturbation theory including

the static perturbation with matrix element
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FIGURE 21. Energy level diagram for two states
~ involved in an avoided crossing.
Dashed lines indicate the case of

a level crossing

oo ltglyy e
gives the eigenvalues Ea;,.Eb. (see Fig. 21):

. I - 1
B = h(Egrny) x ks [l2v? + 2]F 0 (6sa)
Whefe:

.(65Db)

‘With proper normalization,éne finds the eigenfunctions of

_the perturbed levels to be

+ bed B (66a)

o = Dy = af, | (66b)

B T T I TUP,



and kb, and radiative rates kg.and kr
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where - .

[(12vi® + 62) - 6%

_ (66cC)
a = : ' 25
~ “27(12v] 2 + 62)7
and . L
N ((ovi2 + 62)% 4+ §] 2 ,
= L 6d
2 (l2vl % + 82)% (66d)
‘For 6= O one obtains
‘ - E. . = - - (67)
- 'Ea. Eyvo = 2V - (67)
‘and a = b = 1/vV2, that is, the perturbed states are 50:50

mixtures of the unperturbed states at the avoided crossing

point. - If § > |2v], b approaches 1 while a approaches O,

that is, ¢a' *‘¢b ;n@.ﬁb. >,
We now consider the effect of this perturbation

on the populating rates K, and,Kb,ldepopulating rates kg,

b of the unperturbed

D%

'states ¢5- and ¢ . When there is no couplinglbetween the

states ‘¢ and~‘1’b (6 >>12V|L the steady-state populations
are

a

N+ = Ny = K /kg. Npv o2 N o= K /k (68)

*Note that in practice these rates are the magnetic field
dependent linear combinations of the corrc;pondlng ZF _
rates and can be calculated if the magnitude and direction.
of the magnetic field relative to the Llne-structure axes
are known [cf., Egs. (32)]. : -
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P

The emission intensity is therefore
r r r r
I =N ky + Npky = (Ky/ka)lka + (Kp/kp) kg . (69)

However, 'in the region of the LAC (& = 0) , where the statioh—.

ary states are equal mixtures of {_ and .4 the steady state
y a Y st

bl
populations of the perturbed states are
Na, = Nbl = (Ka + Kb)/(ka + kb) ' (70)
~and the emission intensity becomes
Ky + Ky . . ~
1 - T————————— oo .
I' = (Ka + kp) (ka + kb) | (71)

Comparison of Eq.'(69).and (71) shows that I # i'.' Thexefore,
a change in the intensity of the emission will be observed
at the LAC point.

| Assumiﬁg that one cOuld‘resolve thé-emission from
the individual states; dramatic effects would occur in‘the

region of the LAC due to the mixing of states. For example,

.if the intensity of emission from the unperturbed state ¢

was more intense than that from ¢b, one_would expéct tg'seg
a.grqaual decrease in the intensity ol gmiésiqn from 5 and‘
a gradual increasévin the'intensity‘from +£ as the LAC region
is apprdached,' Furthermore, the ﬁwo bands wouid_move'closer

and closer to each other until at the LAC they would be
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separatea by l2vl. .At this point § ='O'and'the two transitions
exhibit egual intensitiés.. Affer passing~through.thé LAC.
region; the two transitions would grad;allY.feturn to their
Qriéinél relative ihtensities. Unfortﬁnétely; thére are-no
optical‘metﬁods of sufficient resolutionvtq cgfry out "such

an experiment; however,’as will be shoWn‘léteF, the ODMR
technigque provides a uhique oppoftuﬂify fof observing'guch

effects.

3. Cross-Relaxation
~ Thus far, LC and LAC effects have been discussed
in terms of properties of the individual spin states of the

individual moleculeé, In actuality, the magnetic-interactions

between the spins are very important and the syétem must be

described as an ensemple in whidh each spin feels a local
field due to the combined effects of every other spin. The

most important effect of these additional interactions is

‘that an additional‘broadening (beyond that due to the

excited state lifetime) of the energy levels will be

obscrved.

Consider a system composed of two identical spins.
The precession of one spin about_ﬂo prdduces an oscillating

field perpendicular to gé which can reorient the other spin.
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‘This shortens the lifetime of the spins and therefore broadens

the individual states owing to the Heisenberg uncertainty
principle.  This effect is called homogeneous broadenihg and

in the case of the spin-spin interaction can be related to a

i

'spih—spin relaxation time T,. Although spin-lattice relaxation

also produces homogenedus width, the results presented earlier
indicate T, to be longer than the excited state lifetimes

(msec) . T2, on the other hand, is probably as-éhort as microF

. 8 . . .' . . i ‘
,seaandslo in the systems studied in this work. Thus, the

width (vMHz) of the states is dominated by the spin-spin

interaction. Again, level crossing effects should be absent

!

~since T, is considerably less than the phosphorescence life-

times - spin diffusion occurs more rapidly than photon
emission and deStroYs the phase coherence necessary for a

level croésing effect. ILAC effects, however, might still be

‘observed since the width due to the spih—spih interaction

‘can easily be less than the minimum separation of the two

anticrossing states ( |2Vl]).

The weakly interacting ensemble of identical
spins can be described in a thermddynamic way. Torx example,
two spins can exchange Zeeinan energy through.a flipfflopl
process in whieh one spin ¢ is ¢onverted to B wnile,
simultangbusly,.the sécond spin B becomes o in an energy-

conserved process. In an ensemble of identical spins, the



flip-flop processes tend to bring the spin system into
internal equilibrium in a time T2. At equilibrium a spin

temperature, TS* can be defined by the relationlo7

o '
No/Ng = exp )T | (72)

rd

Where'Na and Ny are the populations, and E, and E, the

energies of thé‘a and.B spin states, respectively. This-
'rélation only holdé When‘Tz << Ty OtﬁerWisé Ehe‘spin 
syétem will come into thermal equiiibriuh with the
- lattice. |

| "Whenva system éonsisﬁs of spins with S) L,
more thaﬁ two states ?esult, énd a spin temperatﬁre can
be'similarly defiﬁed fo;‘éaCh'pair oﬁ‘states. ‘Consider
‘two such pairs'Which at some exterhal;fieldAare'separated
by differeﬁt eneréies., The tWQ Separate spin systeﬁshcén
éach be-in intérnal equilibrium (separatély) with tWo
different spin temperatures, TSl and TSZ' SinC? there is
no energy éonserving process iead;nﬁ £o direct'QOntéct

between them. However, at some other magnetic field the

energy separation of the two pairs may become equal within

the widths of the states,lahd flip-flop procesées can
bring the two spin systéms into equilibrium with each

other at a common spin temperature. This process 1is

139
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éalléd cross—rélaxationlogAand ié,responsible for the obéer—
vation of steady—state'élecﬁron—nuclear double resonance
(EﬁDOR) transitions.
It is easily seen that cross—relaxation effects
can change the steady-state populations of the spin com-
ponents of a phosphorescent triplet aﬁd thereby affect the = ' i
'stéady—state emission iﬁtensity.‘ The elegant -experiments

~ ‘ _
67,105, owed that cross-relaxation

of Veeman and van der Waals
leads to a change in the phosphorescenéé intensity at
magnetic fields where thé.traﬁsition‘frequencies.between

the stétes o) f>|+]) and [+1)— |- Dare degenefate. Similar
effects were also hoted when the separafion between £riplet
spin states was the same as thé hydrbgen-atomA(shown to be

present in their crystals) nuclear,spin state as well as

typical.frée radical electron spin state separations. : ' !

B. LAC Spectra - Results and Interpretation

LAC spectra were obtained in the absence ‘of micro-.

-wave using field modulation after the Hlz' and H||x'

orientations were located by extremum bchavior in ODMR

experiments. The phosphorescence intensity of 2c_gp in !

DDE crystal as a function of magnetic field at 1.6°K is shown

in Fig. 22 in the orientation H|!z' (¢=0). The ¢=0 spectrum



Figufe 22.-

Angular dependence of the H||z' LAC

spectrum of 12C—BP in DDE at 1.6°K.

¢ 1is the angle'between'the z' éxis

- and the magnetic field axis.
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was dbtained by making fine adjustmehts of the crystal

. orientation so that fhe peak—to—péak width of the center

line in the spectrum was minimized. One notices that small

‘misorientations lead to a considerable increase in the

width and ﬁhat the center line broadens more rapidly than
the‘satelliﬁes which flank it. This was true for all
other LAC spectra'excépt 4,4'~DBBP in bDﬁ. The difference
in orientationa} behavior of thé CenterAaﬁé saté;liteA
lines indicatesAthat two different processes are respon—

sible for the observed changes in phosph?rescence intensity.

o

The orientational sensitivity of the LAC spectra increased

the accuracy- of determining two of the'three canpnical
orientations - HIix' and Hllz'. Of course, in thecﬁllx'
orientation no ILAC effect is expected (cf. Fig. 12) .and
none was observéd. The LAC spectra for the H||z' and'g||§'
caﬁonical orientations.of all the:systems7studied are shown
in. Figs. 23 and 24 ,.respectivély.

Coﬁéider‘the LAC spéct;a of Y20 pp in DDE. The
positions of the center LAC lines in the two oriéntations:
were found té‘be'at magnetic fields where two electron spin
sﬁbieveis of- the triplet_étate.”cross“.. These fiela
positions are easily calculated.from the eigenvalue

expressions given in Table VIII and the ZF parémeters



Figure 23, E| |_z_' LAC spec'tra of - benzophenonés—_

in DDE at 1l.6°K.
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Figure -24. H| |§" LAC spéctra of benzophenones ir

DDE at 1.6°K.
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(cf. Table IX)'determined from the ODMR experihents{‘ for.
example, in the Hllz' orientation tﬁo levels are expected
to cross}When’Wo=W+ aad the field pOSLtlon for thlS Cross-
ing is found to be
e B |

B = —  [z-x) (z-0)]" | (73)
where X;‘Y, aﬁé Z are in cﬁ_l and H, in Gauss. 'Similarly,
~in the H||x' erientation,’

X ‘he : Y _
H = X=Y) (X-2 .
C T Tt [(x=¥) (x-2) ] N (74)

The agreement between the crossing fields HC calculated

from the ZF parameters and the observed positions of the

LAC liaes for.lZC—BP and ether molecules is excellent (see
4Table XI). Because of this agreement, it aépears reasoné
'able that the center -lines are‘iﬁdeed LAC in ndture; however,
a more dramatic proof is found ia the ODMR experiments to
be dlscussed later. The Wldth of the LAC signals can be used
to determine the magnltude (|2v]) of the perturbatlon'leadlng_
to the LAC, provided.the radiative and total decay rate
constants are known.lo.l HoweVer, the ODMR experihents to

-be discussed later provide a direct method for obtaining

| 2v| which reguires no khoWledge of.the decay'properties.



" TABLE XI:

System

" neat 4,4'-DCBP .

4,4'=DCBP/DDE
13C—BP/DDE

12c—BP/DDE

4,4'~DFBP/DDE

4,4'-DBBP/DDE

- LAC Line field positions and widths in Gauss

Expt'l Caiéa Expt'l Calc?
Hilz' Width Hilz' gll;"‘ Width Hilx'
1523 | 43 1523 — — 954
1535 . 44 1537 887 - _47 888
1657 34 1656 832 39 832

'1662 30. V1659 835 28 833
i767_ 40 1764 874 50 . 877
1357 47 1358, (887) 53

aCalculated from Eq. 73.

bCaIculéted from Eq. . 74. &

880
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:The.satellites which exhibit a doublet structure
and flank,the.;ZC—BP LAC line symmetrically in both H||z'
and H||x' orientations are  more difficult tozinﬁerpret.
The center—to—centef:separations of the satellites are;found”
to be 178 G with Hllz" ané-242 G with HJ|x' and these.are
much too large to be cauged by LAC of hyperfine components,
Nearly the'same‘separations were foundAin the éo;responding
orientatidns for the otﬁer systems studied, bﬁt additional
structure is observed in these satglliteé aéAshpwn in
Figs. 23 “and 24 . Considéring the lchﬁP LAC spectru54
in the Hilz" orientation; the observed field positions of
£hé satellites including the doubliﬁgs were fouﬁd to be
1562,'1575,.l742,}andAl762 G. Using ﬁhe eigen&alue exéressions
of Table‘VIIIIand fhe ZF parameters‘of Table IX, the separa-.
tion between the - |+1)and |0) spin levels at these fields were
calculated to be 271, 235, 232 and 274 MHz,” respectively.
Thus, these signals correspbnd,to cross—relaxation between
fhe triplet state electrqn spin system and two other spin
systems with'frequency,Separatiqns of about 273 MHz and 233

MH;. The nuclear quadrupole coupling constants (equ) of

*Since the error in field measurements is +3 G, the frequency
separations calculated for this and other systcms are probably -
accurate to +15 MHz.
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" Br in the DDE ground state were found to be 556 MHz (79Bf)

81 110 ‘
-and 464 MHz ( Br) by Hooper and Bray which correspond

to NQR transitions at 278 MHz and 232 MHz, respectively.
Thus, the cross—relaxation‘process résponsible for the
sateilites in'the LAC spectrum appears to be between spin

sYstems of the guest and host. In the E]Lg' orientation

~12

of ““C-BP, even though the separation of the satellites is

larger, the same type of analysis supports this interpretation.
The difference in energy of the |0 ) and l—l>statés with 5115'
at the fields where the satellite lines are observed match

81

798y and Br of the host, -as can be

the values of %eZqQ for
. - - ' ' 13

seen in Table. XITI . . Similar .analyses of C-BP, 4,4'-DFBP,

and 4,4'-DCBP in DDE based on the center position of the

satellites were also in good agreement with the average value

of:%equ for the two bromine isotopes.' These values are also

" listed in Table XII.

The fact that the triplet electron spin system is
we;kly‘codpled tQ‘the‘bromine nuclear spin system of thejhost
was aléo évidenced in tﬂe ODMR spectra of benzophenones .
which contain né nuclei with I > 1. On several occasions,
weak power—dépendent satellites were 6bserved on the high field
and low field sides of the ODMR signal. Thesé weré separated

from the ODMR line by approximately 95 °'G and were roughly a
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TABLE XII: LAC Satellite Positions and Energy Separation of Electron tevels

H||z' Satellite

H||x' satellite

Involved in the Anticrossing

488,479

Molecule Position(Gauss) lwo-W+I(MHZ) .Position(Gauss) IWO_W—|(MHZ)
126 _pp 1562,1762 271,274 693,960 280,275
1575,1742 235,232 718,943 230,234
L3epp 1564,1744 256,247 707,949 251,252
4,4'-DFBP  , 1668,1855 253,254 750,997 255,256
4,4'-DFBP 1446,1627 252,252 771,992 254,238
4,4'-DBBP 1271,144¢4 241,240 775,979 - 241,236
' 1182,1530 663,1071

486,460 °

Assignmentb

79Br (DDE)
81Br (DDE)

3798 (DDE)+81Br(DDE) | -
%[ 79Br (DDE)+8!Bx (DDE) |
[79Br(DDé)+81Bf(DDE)]V

. . ¢
two-spin cross-relaxation

. ) . ¢
three-spin crcss~relaxation

aCalculafed from the eigenvalug expressions in Table VIII and ZF parameters-in Table IX.

b81B'r(DDE)
79Br (DDE)

c .
See test,

Le2qQ = 232 MHz
Le2qQ = 278 MHz

.. 160.

110
110

O
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factor.of 70 less intense than the allowed signal, By -
comparison with observationg‘made in the 4,4'-DBBP/DDE
system (Chapter IV), it i$ clear that a quadrupolé"inter-
-action involving the bromine‘nuéléi of the DDE host~is
ﬁeceSSary to explain these satellites. Simiiér guest-host
.interactions-have»beeh-obserVéd in high—fiéldlj‘l and ZF112
_ODMR studies of other friplep state systeﬁs. Thus, it is
éonglddéd that the ODMR and LAQ satellites ébserved in the
benéophenohes are the result'of'a transferred hyperfine
interaction which results from the‘overlap of the triplet
wavéfuﬁction of excited benzophenones with Ehé ground state
wavefunction of adjacent DDE molecules .

" Thus far, ﬁhe majorlcross—relaxation and LAC
effects have béen feadily_expléined in térms éf the triplet
electron spins only; However, as'was shown in Chapter 1V,
guest moiecule hyperfine and quadrugole interactioné are
present which split the électron spin sublevels of the .
triplet. ,It is therefore quite:?easonabléAthat these inter-
aetions contriﬁute to the additional structure observed in
the crossA;élaxation lines which appear as‘satelliteé of
the LAC lines. The knowledge oﬁ the magnitude‘oflhyperfine
splittingé detérmined in the ODMR experiment can be uséd to

show that this is probably the case. For example, consider
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S - - 13
the cross-relaxation lines in the H|Ix' LAC spectrum of C-BP

ih DDE‘shown in Fig. 24 . It is.seen that theee lines -have

a triplet structure when compared to the LAC spectrum of‘lzc—BP
in the same orientation. The major difference betweeﬁ the{

‘two molecules is the presence of an I— -huclear spin in. l3C—BP.
The hyperfine interaction resulting f;om this I=% nueleus
.produces no splittinglof the lO)_electron spin state; however, .
it deee,split the I—i) sublevel into two compenents‘differing
in energy by the magnitude of the hype;fine ceupling constant.
In the.gllﬁ' orientation, this Was measured to be 14.5 G
(4l.MHz) in the ODMR spectrum, -éorreCting thie coupling
constant for the‘fact_that the electron spins are not quan-
tized along the field axis at the position in field where .
‘£he'3atel;ites are‘observed, one obtains a coupling constant

of ~37 MHz.* One would expect cross-relaxation between each

79 a 81

of these states and the Br an Br nuclear dquadrupole

states of the DDE host. As a result, the cross-relaxation
9

signals due to 7_Br and lBr will each be split into two

chponehts and one would expect to see a doublet of doublets.

*This correction 1nvolvcs the ratio of cos2 ¢ for the fleld
at—Wthh the ODMR hfs was measured and the field at which the
LAC satelllte is observed. Cos2¢ is defined by the relation-

shlp- oy

tan 20 = 5 TH.

where all variables have been previously defined.



o e o

152
. ,*\\ . ‘ o

However, the difference between the resonance frequencies of
the 798¢ and 81Br quadrupqle transition§ is about 46 MHz;
that‘ié, slightly larger than the hyperfihé splitting. Thus,
one observes three lines in the LAC satellites. These are
not in the inténsityvratio of 1:2:1 because of the slight
difference pet@een tﬁe'hyperfine coupling’ constant and the
difference between the two quadrupole resdnancé frequencies.

The field positions and assignments of these lines are given-

in TableXIIIA,and a schematic representation of the cross-

relaxation is shown in Fig. 25A., The solid (dasﬁed) Arrows .
represent values of IWO—W_IIthat are resonant with the 79py
(81Br),quadrupole resonance frequency of the DDE host. The

Hllz' LAC spectrum of l3C—BP (Fig. 23 ) shows no additional

structure on the cross-relaxation satellites since the

'mégnitﬁde of the hyperfine'splitting in this orientation is .

very smallf

A similar analysis of the H|lx' LAC spectrum of
4,4'-DFBP (Fig. 24 ) supports the‘aiggment that'hyperfine
interaction is responsible for the addiﬁional structure ob~
served in the cross-relaxation lines. In this case,- the
’hyperfine interaction of the two fluorines (I=%) split the
|—l>electfdﬁ 5pin staté into thfee electron—nucléarfcompénents

with a coupling constant of 45 MHz (corfected for the field

positién of the .satellites). The hyperfine splittihg is now
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.Table XIII:

Assignment of structure appearing on 1AC

Satellites in the Crientation H||x’

Satellite

Position (Gauss)r

C-BP

678
707
734
921
946
973

'B. 4,4'-DFBP

718
739
762
784
963
981

- 1003
1023

'C.. 4,4'-DCBP

742
758
782

804
967

- 986
1004
1019

W -W_ | (Mz)?

306
251
198
190
245
© 305

316
276
232
18%
181
222
268
312

314
281
230
183
180
224
266
301

Calculated from the eigenvalue expre551ons
parameters -in Table IX.

35¢1 ;

: b81Br(DDE) = 1 eZqQ = 232 MHz
79Br(DDE) = k% e qQ = 278 MHz

ac

4F

% e2qQ " 35- 40 MHz (typical value

¢

4 Aésignmentb

79Br (DDE) + ag

- 79Br(DDE)-a_, 81Br (DDE)+a

81Br(DDE) - a
81Br (DDE) + a

C.
c
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c

81Br(DDE)—aC,79Br(‘DDE)+aC

79Br (DDE) + a.

79Br(DDE) + a
79Br (DDE) , 8! Br (DDE)
818r (DDE) , 7°Br (DDE)

81py (DDE) - ag

81pr(DDE) + ap
81pr (DDE), 79Br (DDE)
79Br (DDE) , 8! Br (DDE)

79Br (DDE) - ap

79Br (DDE) + 35c1

81Br (DDE), 79Br (DDE) -
81pr (DDE) - 35C1
8lpr(DDE) + 35C1

P

79Br (DDE) , 8!Br (DDE)+35C1

35¢1

813r (DDE), 79Br (DDE)+35C1

79Br (DDE) , 81Br (DDE) -
79Br (DDE)-35C1

in Table VIII and the ZF

from ref. 110).

35¢1

37 MHz (see text p- 151)
45 MHz (see test p. 152)



Figure 25,

st arei e T s bt e o o

with 795y '_.(

Crdss—relaxation interpretation of the

l3C—BP and

LAC satellites observed in
4,4;-DFEP. Solid (dashedj arrows

indicate field positiohs-ofAcoincidences
SlBr) quadrupole resonance

frequencies of DDE.
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€ssentially equal to the difference between ‘the 79_Br and Br

quadrupole resonance frequencies, and the schematic repre-

sentation shown in Fig. 25B indicates that each cross-relax-

ation line.should exhibit a 1:3:3:1 patterp. Indeed, this is
found to be the case experimentally, and the.assignménfs are
listed in Téble XIIIB. 'HoWéver,‘problems do arise in fhe’
interpfetation of the;ﬂllg' and H||x' LAC spectra of 4,4‘—ﬁCBP
in DDE. Using.the'above analysis, one finds thaﬁ a 30-40 MHz
interaction is~responsible for the édditiohal structure, and
ﬁo evidence of this interactibﬁ waé observed ;n the ODMR

37
C

experiments. Since 30-40 MHz is typical of 35C1, 1

quadrubole frequepcies in aromatic molecules, }0 it séems
probabl§3that this intéractioﬁ is a dominant factor in the
observed structure in'the croés;relaxation lines. ‘The
aSsignments listéd in Table XIIIC are based on the effect

of a 35Cl quadrupole interactibn on the electron spin sub-
levéls. The situation is much more complex than'the assign—‘

ments given since . how the 10), I1+1) and |-1)electron

spin states are split by the quadrupole interaction. 1In

- addition, the effects of chlorine hyperfine have been totally

néglected and are probably important. Nonetheless, there
appears to be ample evidence: to suggest that the satellites
in the LAC spectra are due to cross-relaxation and that the

additional structure is introduced by nuclear perturbations

of the triplet electron states. -
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Before discussing the LAC spectra of 4,4‘5DBBP in .
DDE, which are in some respects different from those just
analyzed, some remarks mnst.be-méde about the appearance‘of

the LAC spectra. First, the cross-relaxation lines exhibit

the effects of hyperfine interaction while no such effects

were observed in the LAC lines.. One might expect that in -a
LACbsituetion additional structure should be preéent due to
the anticrossing-of individual hypcrfine components. Some

of the LAC lines did show‘Shoulders but no structure was
resolvable. There are two possible reasons'for this. If

the interaction cqupling the two electron spin states (|Vl)

is larger than the hyperfine or'quedrupole epiittings, the
additional structure will be washed ont. Also, as the states

mix at the expected crossing, the 10) spin state will no longer’

_have a'spin expectation value of zero. The |0) state will

iteelf be'eplit by the hyperfine interaction. In addition,
asrthe senaration between the electron spin states approaches
the magnitude of the hyperfine interaction, cross-relaxation
between the electron and nuclear spins is likely to occur. -

All of these effects combined will tend to increase the width

of a given component and decrease the probability of resolving

additional structure.
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By comparing Figs. 23 "and 24 , one notes that
the EJ]X' cross—-relaxation lines are considerably better re-

solved than those observed in the Hl|lz orientation. Of

‘course, different magnitddes of the hyperfine interaction,

'such as iﬁ l3C-BP,'do affect the resolution. 'However, in

C-BP where hyperfine 'is not important, the resolution of
the 79Br and 8lBr cross—relaxation signals is'donsiderably
better in the'ﬂllg'_orientation; The reasons for this dlso

explain why the sateilite separations in the two orientations

differ, even though the energy separation bctween electron

spin states is the same atnﬁhese.fie;ds. First, Table IX- 
shows that.g,. < 9,, and the s lope oﬁ the'énerqy iévei per-
turbed by the presence of a magﬁetic‘field is'léss iﬁ the
Hjl x' 6rientation.' Secondly, the H||x' LAC océurs at lower
fields thaﬁ the Hl|lz' LAc;‘ Thus, in the H|| x* orienéation
the Zeeman effect-has not decoupied théAelectron spih from
thé'mdlecuiar framework to the same extent as 'in the H||z'
orientation. AAs a result, the effective g-Qalues'at‘the
lower fields are:considerably less than those given in

Table IX. Therefore, the change in energy of the Zeeman

levels per unit increment of magnetic field is also less in

the HIlx' orientation. This leads to better frequency

resolution in a cross-relaxation sense in ‘this orientation

and the satellites are displaced from the LAC line by a

greater amount.



‘ The'LAC spectra of triple£ 4,4'—DBBP are unique in
several respects and cén béAinterpreted equally'ﬁell'in terms
of a LAC or1cross;requatioh'picture. Consider‘the results
with Hl|z'. ‘The LAC spectrum.consiSts of five main lines

.'at 1182, 1271, 1357, 1444, and 1530 G, with the éutside pair
'j'showing some evidence of additional struéture; In the LAC
picture, we. consider what interactions .could lead to a
‘splitﬁing of;the.electrén épin sublevels. fhe ODMR spectra
of tfiplet.4,4f—ﬁBBP exhibit quadrupole satellites which can

be fit with values of e2qQ/2:of 272 and 230 MHz for 'ZBr and

?lBr,»reSpectively. Hence, each of the electron spin states
is split by the quadrupéle interaction with four st;tés;haviné
my values |i3/2,i3/2),' '|i3/2:il/2> , Iil/Z,i3/2>,'and' I_tl/é;il/2>
for théftwo nuclei. »To a'reaspnable approximation, the

states 113/2,il/2> and |+1/2,+3/2) ~can be considered
degenerate. Figure 26A sﬁows the resulting ene:gy level
diagram in the viciﬁity of the LAC with H||z'. At the
maghetic field Hg, antiCroséings occur bétwéen ele&tron spin
sfates with the same nuclear'spin functions. . Thé.other
c;ossings are between electron spin states with“different
nuclear spin functions which become anticrossings due to the
effect of -hyperfine interactions. By.coﬁsidering the number
of states\involved at each LAC field;~one predictsba five—

line spectrum with relative intensities of 1:4:6:4:1.



Figure 26.

Possible interpretations of LAC satellites
of 4,4'-DBBP in DDE. (A) LAC picture
showing anticrossings of 4,4'-DBBP nuclear

states split by the quadrupoleAinteraction.

(B) ‘Cross-relaxation picture: arrows

indicate coincidences between electron
spin and nuclear spin state energy
separations. Both possibilities probably

contribute to the-obéerved spectrum.
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Experimentélly, five—lihes are observed but their relativel
intensities are mqreAnearly 1:2;2:211.

Since the.quédrupo;e'coupling constants of 4,4'-DBBP
determiﬁed in Chapter IV are‘the'sameAas those of DDE (within
experimental errof),:if not surprising that cross—relaXation
occurs at the same fields as the Br and 2 Br LAC linés shown
in Fig. 26B .- At the magnetic fiélds where these liﬁes
occur, the splitting between ﬁhe |C> ,and‘|¥1> tripletgsublevéls
is equél to the splittingrof the two nuclear spin states of
a single Br‘or a Br pair. Thus,.thé_lines labeled Br and
2Br gain additiénal intensity from two~-spin cross-relaxation
and three—spinicross—relaxation-processes,'respéctively.

The two—spin cross-relaxation involves an electron spin of

the triélet andAa 8lBr (or 79Bf) spin of the DDE host. The
fhree—spin'cross—relaxation iﬁvoiyes, for exémple, the electron

| | 8lp, (79 .

spin and | Br) nuclear spin of the triplet along with

a 8JTBr(79

Br) nﬁcleaflspinAof the‘host. This can‘bé seen by
studying‘Fig. 26A. Cross-relaxation cén provide additional
intensity to the 2 Br and Br.LAC.lines and the,l;2:2:2:l
patterh.observed experimentally is not surprisiﬁg.-.The'

assignments based on cross-relaxation are presented in

Table XII.
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In the HIlx' orientation, the results are more com;
plicated and not completely understood. "The spectrum sﬁowh
in Fig. 24 was obtained by orienting the cfystal in an
ObMR experiment; Since the two molecules in the unit cell
are inequiQalent by.only 18° in the ab plane, a quadrupole
satellite of the molecule not in ﬁhe canonical orientatioﬁ
is. strongly 6verlapped with fhe allowed ODMR transition of
tﬁe,molécule in ﬂjlﬁ'Acanqﬁicai.orientation. The LAC
spectrum withnﬂ!Lg' éFig. 24 ) showsvfive‘main lines;
however, the highffield components have very. diminishéd
intensity. VRotation of thé crystal‘away frém the  a axis
of the crystal caused the'who;e LAC spectrum to disappear.
ﬁotatién_toward the a axi§ produced shifts.in the positions
of the.IAC lines, and the high-field components gained
iﬁtensity whilé the low-field Cdmponeﬁts diminished in
intensity. This céuld.be ;aused by-somé_long—range coupling
beﬁWeen £hé tfipiet4sta£eé'of the two molecules since their
ODMR §pectfa become overlapped_significaﬁtly during such a
rotation. The field, position marked by an "X” in the gflg'
LAC;spectrum was chosen as tﬁe'origin of‘the LAC,;pectrum
baéed on the position calculated from the ZF pafametérs. The

assignments presented in Table XIJ were made in accord with

this choice.
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The results and interpretations have been presented

here in rather qualitative but, nonetheless, convincing

' manner. More detailed accounts can be found in the elegant

treatise by.\)eeman.67 In summary, these épectra caﬁ be
used to obtain valuable iﬁformstion‘éoncerning the magnetic
properties of the phosphorescent tripleﬁ stéte. The ZF
parameters can be obtained from the knéwn LAC fields using
qu;'(73) apd(74) along with the X + Y + z2=0 condition.

In addition, the cross-relaxation signals in favorable cases

" can be used as a ppobé for ‘the hyperfine splittings in

triplet state systems.

-

‘C. .Level AnticroSSing'Effects in ODMR Spectroscopy

In the experiments just described, the detailed

behavior of the two anticrossing levels and their wavefunctions

in the fegion of close approach is not exposed, and measure-

ments of the interaction coﬁpling the two states are limited

to indirect estimates based on the observed LAC linewidths.
13

The orientation dependence of the ODMR spectrum of . C-BP

(Fig. 6 ) indicated that LAC effects could be observed in the

.";ms = il "

resonances in the orientational dependence were not observed

ODMR spectra. The curves due to the "/mg = 2" and
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.to cross in the low field region; however, the final assign-

ment indicated that the' "lmg = 2" and LF "omg = +1" transitions
had switched identities at the H||z' orientation. It is also

noted that at the operating frequency of this experiment the

. two ODMR transitions in questiog_occur at fields bhelow the

LAC field. Stimulated by these observations, an investigation
of -the ODMR properties of triplet states in the vicinity of

such avoided'crossings was begun. The results have shown that

it is possible, -using ODMR methods, to directly (a) observe

the mixing and mutual repuision of a pair of Zeeman energy

levels of a phosphorescent triplet state as the magnetic field.

is tuned through an avoided crossing regibn and (b) measure

the magnitude of the interaction coupling the two states.,

The Zeeman energy level diagram calculated from the

. : 1
ODMR data (Table IX) on triplet 3C—BP for fields up to 3kG

along the z' axis is shown in Fig. 27. The states are
labeled by their high-field quantum numbers [mg ) = |+1), lo),

and [-1). On the basis of these calculations, it is predicted

that the [+1) and |0) spin sublevels will cross at a field.of

.Hs = 1657 G, where the separation between the two degenerate -

Cc

sublevels and the |-1) sublevel is ¥’ = 9.388 GHz. Conse-

quently, if the ODMR experiment is carried out at a microwave

frequency (v,) different from vé, two transitions will be



Figure 27. .

Calculated Zeemahvenergy level diagram

13,_

of the lowest triplet state of BP

in the orientation H||Z'. Transitions
indicated by A and F refer to the’
"Ams = +1" and "Ams = 2" transitions

at different microwave frequencies,

respectively. vZ ébrresponds to the

C

frequency where both are expected to be

degenerate.
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_observed in the vicinity of Hc. If Vg < vs,'then theA”allowed”

‘transition of the type "Amg = +1", labeled A in Fig. 27 will

occur on the low-field side of the "forbidden", "am, + +2",

S
‘transition (F in Fig. 27 ) and both lines will be observed at

. - Z : .
fields below H_. TIf v, > vo, the field positions of the two

lines (A' and F') will be reversed and both transitibns will

z

lie at fields above H-. 'On the other hand, if v, = Vg,

Fig.Q?'predicts tha£ the two transitions will collapse into
| ' zZ * ‘
; single lige, centered at HC%

Figure 28 jillustrates the results of several ODMR
experiments on triplet 13C—_BP in the prientatioh Hljz2'. At
frequéncies below \é'(sgg;; v, = 9;162 GHz) , both microwéve
transitions occur at .fields ‘below H;’ and the less intense
forbidden line (F) appears on the high-field side of the |
more inteﬁée allowed one (A). At ffeqﬁencies above Vz (e.g..,
Vo = 9.723 GHz), thh transifions occur above HE and the weak
.forbidden line (Ff) is on the low-field side of the allowed
one (A').- These observétions are in_éomplete accord with the

o o

predictions of Fig. .27. . However, at v_ = C (i.e., v_ =

9.388 GHz); two lines are observed in the ODMR spectrum rather

*We neglect, of coarséi the high-field ”Ams = +1" transition

which is observed at fields greater than 3 kG in all cases.



‘Figure 28.

13

ODMR Spectra of triplet ~“C-BP in DDE in

the vicinity of the level anticrossing

VA

C) at different microwave frequencies.

The magnetic field (H||z') increases

from left to right.
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than the expécted"one, and thesé are split symmetrically

about Bi'with a separaﬁion of 19 G; Moféqyer, it is aiso

found thaﬁ the intensity of the forbidden line increases

relative to that bf the allowed 6ne as v, approaches vg:
Z

and that the two lines are equally intense at v, = Vc'

These observations are clearly not in agreement with the

predictions of Fig. 27.
The explénétibn for the above béhaviortis, of

course, that the |+1) and |0) sublevels are'prevented from.

croSSing at Hé by-the'presenbe of a small static interaction

which couples the two states. To demonstrate this explicitly,

a plot summarizing the results of ODMR experiments on

triplet l3C-BP at frequencies below, at, and ébove v§ is
shown in Fig. 29. The points arebthe observed relati;e
positions of the two microwave transitidns in the viciﬁiﬁy

of Hz. Since bothitransitibns originate in the |-1) sub-
level, these points also.establish éxperimehtally the relative
energies (in éauss) of the two upper sublevels. These are
cOmparea with the'p;ediéted relative energies of the upper..

sublevels in the absence of a perturbing interaction which

are shown as dashed lines in Fig. 29. Immediately apparent

from this plot is the increasing deviation of the ”|+l>" and'

,T|O>" sublevels from their predicted positions*as'vO approaches



Figure 29.

Relative.positions.of the (low-field).
"Ams'= +1" and "Amsu=.2" tran;itigns

of triplgt 13C-BP as‘a function of
microwave frequency. The solid circles
afe eXperimentél liné positions; the

solid curves and dashed linés are the

calculated positipns in the'ppesence

‘and absence of a perturbing interaction,

respectively. V is the matrix element

" of this interéction.
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vg, and their mufual repulsion where the two unperturbed

leyels cross. Furthermore, since the two tranéitions

interchange their identities at Vg = vg, it is also clear
that the wavefﬁnctions of'the perturbed levels are equal
mixtures of the staﬁes I+l> and |0> at the avéided Cross-—

’

ing point. Thus, the variable frequency ODMR;data provide

a rather unique experimental example of the effect of a
Static‘pertufbation'on‘the-energigs and wavefunctigné of
a pair‘of cdupled enérgy‘leveis._

Two methods may be used to determine the magnitude
of the interaction which i§ responsible for the observed
13c_BP. 1n the first, which
is indirect; the spin Hamiltonian was modified to inclﬁde
a>small variéble off—diagonal element V between the states
| +1) anad |0) , and diagonalized. The eigenvectors which
diagonalize‘j{ZF'+.}£Z were chosen aé thé basis set to
simplify the calculation and V was treated as a static
perturbatién.:'The final eigenvalueslapd eigenvectors were
similar in‘fbrm to Egs. 65 and 66. The eigenvalue expres-

sions wereAthenlused to calculate the field positions of

the two microwave transitions (see Appendix II). The mag-

nitude of the static perturbation was adjusted in these

calculations until a fit between the observed and calculated

i
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field positions in the'viéinity of Hz was obtained. This
yielded a value 9f'|V| = 38 MHé, where |2V | = 76 MHz is the
sepatation of the upper sublevels a£ the avoided c;ossing
point. The resulting calculated positions of thé two
transitions as a‘futhion,of microwave fréquency‘in'thé
pfesencerf the perturbation_are shown as solid curves in
Fig. .29 . The agreement between theory and eﬁperiment is
seen to be_eXCellénﬁ.

‘The magﬂifgde of V may also be measured directly
using the variable frequency ODMR technique. In this ﬁase,
allowing the coolant~lévél to drop provided sufficient
tunability of cavityAf;eqﬁéncy aithough variable frééuency
cavities are generally preferred. The method is illustrated
in Fig. .28 . At vy = 9.337 GHz the forbidden transition
. (F) ,» which originates in the |—l> sublevel and terminates
in the lower sublevei of the perturbed gair, is pbservea
at 1657 G (i.e., at HZ). At v, = 9.418 GHz, the forbidden
transition’(F')‘again is observed at Hz and originates in
the [-1) sublevel)~but‘now termiﬁateé in the ugéer-sublevél
of the pertﬁrbed»pair. Since the fo:bidden transition is
dbéerved at the same field-strength in both experiments,,
the absoiute energy of the |-1) sublevel is the same in

both cases. Hence, the separation of the perturbed sublevels
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at the anided cross;ng poiﬁt is simply the difference in
the microwave frequénciés of the.two.experiments, or
2]v| = 81 MHz; Thus, (v = 40.5 MHz, which is in good
agreemenﬁ with;the'yalue obtained by thé more. indirect -
ﬁéﬁhod; An entirely‘equivalent method for determining
2|V1 directly is-to measure thé separation of the two
transitions‘in a swept frequency/fixed field experiment
\ at HZ. It should also be noted that small'shiftsAin the
| energy of the‘|—1> sublevel, Which might occur at Hi,
will not affect the measured value. of 2 lv] in either
method.
It is known froh the ODMR experiments that the
symmetry of triplet 13CjBP'in the DDE crystal is C2.A As
a result, the |+1) and |0) states in the orientation Hilz'
bélong to the same . irreducible fepresentations of the
symmetry group of the molecule plus field, and £heré—
foré are forbidden‘tq cross because of the "ﬁon—
cr§ssing" r.ule.100 '_However; as noted previously, it is
unlikely that'ﬁhe two - -states would cross cven in highly
,“symmetricai" systems since they are likelyito be.coupled
in some order of perfurbation and thﬁs posseés common
symnetry properties. In solid state systéms, pr;mary
eméhasis has been placed on the. role of off-diagonal elements
of'the ZeemanAinteraétion which occur due to slight misalign-

- B oo 67,105
ments of the crystal relative to the applied field. ’

¢ et e cprepe e o ek e e -
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Indeed, we find that tﬁe magnitude of.v is strongly dependent’
on crystal orientation, increasiné to ~70 MHz when the field
is rotated by 1° away'fromlgilg'. However, we élsé find that
there exists in tripie£'i3C—BP a minimum valué of |Vl (30
MHz) , and that this vaiue is different for different molecu;es

12¢_Bp in DDE, |V | € 23

in the same hgst. For éxample; for
- MHz With,ﬂll&’o'JThUS: it is possible that other interactions
(e.q., off-diagonal hyperfine and crystal'fieldxterms) are
fesponsible for the ébserved anticrossing in_l;C—BP, and that
the minimum value of the ipteraction parameter is a charac-
ﬁeristic_property of the system (guest + host).

Since the étatic perturbation mixes the two upper
states in the wvicinity of Hg, their radiative and radiationf
" less properties aiso become mixed. As mentioned previously,
tﬁis allows the direct observation of LAC spectra as changes
in phosphorescénce:in the vicinity of ﬁz and H?. This mixing
efﬁéqt.is also'apparent in fhe relative intensities of the
two ODMR transitions in‘the vicinity of H§ shown in Fig. .28
Oné notés thaﬁ, at Vo = z, the two transitioﬁs are equally
intense indicating that the |+1) ana [0) statés, as well as
their photophysical properties,'are équal.mixtures of each

other. This is in agreement with the thebretical.predictions

outlined previously. The direct observation of-such mixing

.
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in these experiments confirmswﬁe intérpretation that the LAC
' - - . 67,105 '

spectra arise from avoided crossings, - - and shows that

these LAC éffects must arise frdm'doppling through-a static

‘perturbation raﬁher thah the time;dependent‘field of a level

crossing experiment.
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~ APPENDIX I

‘ Computerférogram for obtaining méghetic parameters
of the lowestAtriplét state from'observed positions of

"bmg = +1" ODMR transitions.



TMPP,F4  Q9mDEC=73 ,
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXYXXXXXXXXXXXXXXXXXXXXXXXX

TRIPLET MAGNETIC PARANETERS PROGRAM
APPLIES TO LEVEL ORDERINGI
T>0>M>B

1)JCALCULATES ZF=PARAMETERS AMD GeVALUES FROM "Gz2"
STATIONARY FIELD POSITIONS WHEN NO MAGNETIC PARm
AMETERS ARE KNOwN USING AN ITERATIVE PROCESS,
"2)CALCULATES G=VALUES FROM KNCWN ZF= PARAMETERS AND
nG=2" STATIONARY FIELD POSITIONS,
3)CALCULATES "G=2" AND "G=4" STLATIONARY FItLD POS=
C ITIONS WHFM 2F=PARAMETERS AND G=VALUES ARE KNOWN,
CXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
CaaxaxwHAT JS KNOWN? ' : '

c
c
C
c
c
- C
C
c
c
c
c
c
C

9 . FORMAT(/ ' ARE .ZF«PARAMETERS KNOWN? YES(M31),NO(M=0)',8)
WRITE(6,9)

10 L FORMAT (1)
' READ(S,10)M
IF(M,ER,0)G0 TO 1125
11 FORMAT(/ ! ARE G=VALUES KNOWN? YES(N 1),NO(N=0)"',8)
WRITEC(6,11)
READ(S,10)N
CIF(N,EG,0)GO TO 110 '
C****ZF PARAMETERS AND G=VALUES ARE BOTH KNOWN

12 FORMATC(/ ' INPUT T,M,B IN CM=11/)
WRITE(6,12)

13 FORMAT (F)
READ(S,13)T,aM,8

14 'FORMAT(/ ' INPUT GT, GM,GB'/)

WRITE(6,14)
READ(S,13)GT,GM, GB
15 FORMAT(/ ' INPUT FREOUENCI&S HVT,HVM,HVB IN GHZ'/)
WRITE (6, 15)
READ(S, 13)HVT,HVM,HVB
H=3,33586%0,01
HVTESHVT&AH
HYHMSHVMaH
HVB=HVBaH ,
BB=U,6688240,01
GO. 70 200 -
CaxaxGmVALUES UNKNOWN,ZF= ~PARAMETERS AND "G=2" FIELDS KNOWN
C. INPUT FOR CALCULATING G=VALUES
{10 WRITE(6,12)
111 FURMAT(F) .
READ(S,111)T,AM,DB :
112 FORMAT( ' INPUT FIELD POSITION,KG,AND FREQUENCY,GHZ,!')
1125 WRITE(6,112)
113 FORMAT(/ ' FIELD ALONG T=AXIS!)
: WRITE(6,113) .
144 - FORMAT(/ ' 6=4 LINE,LOWFIELD,HIGHFIELD,FREQUENCY'/)
WRITE(6,114) :
READ(S,111)HIT,HLT ,HHT,HVT
119 FORMAT(/ ' FIELD ALUNG M=AX]S!')
WRITE(6,115)
WRITE(6,114) .
READ(S,111)HIM, HLM, HBM,HVM
116 FORMAT(/ ' FIELD ALONG ReAXIS!)
WRITE(6,116)



WRITE(6,114)
READ(S,111)H3B,HLB,HRB,HVD
c CALCULATION OF G=VALUES
' H=3,33586%0,01
HVISHVTaH
HVMSHVM%xH
T HVB=HVBwh
. BB= 4,66882%x0,01

[F(M,EG,0)60 TO 168
GTIS((2,2HVT*22,+4, SﬁT*T)-(AM-B)**a /2,)
GT2=GT1/(HRABBa (HLT*%2, +HHT**2 ))

- GT=SORT(GT2)

TMB= (T=B)*%2,

GM1=(2,*xHVYM*HVM+U, StAMtAM) TMB/2,
GM2s= GMI/(HH*dBt(HHM**Z +HLM*x2 )
GM=SQRT(GM2) .

S TMMS(TeAM) A2,

© GB1=(2,*HVBAHVB+4, SaBwB)=TMM/2,

- Be= GBl/(BB*BB*(HLBatE +HHBRx2,))

: GB=SART(GHR2) _
117 FORMAT(/ 1X,Fl12,6,!' GTY,F12,6,"' GMI,F12,6,!' GB!)

ARITE(O,417)6GT,GM,GB

: GO T0 200 ' ‘
Crxxxx JTERATION OF KMUWMN STATIONARY FIELDS FOR MAGNETIC PARAMETER&
C C INITIAL ESTIMATES OF PARAMETERS,CONVERGENCE TOLERANCE
168 1TMAX=100
T=0,1
AMZe0,0
B:-O.l
GT=2,0023
GM=2,0023
GB=2,0023
TOL=0,0000001
IT=1
c’ BEGIN TTERATION
169 "GMMsGM
' AMM=AM

-~ GBB=GHB
BEB=8B
TT=7
GTT=GT.

TMBs (T=B)ar2,
GM1= (2, #HVMaHVM4 U ,SaAMeAM)=TMB/2,

GM2= GMl/(BB*BB*(HHMtta 0HLM*a2 ))
GM=SQART(GM2)

AM{=SQURT(TMB/4, +(GM*HBtHLM)tf2 )
AM2=SGRT(TMB/U,+ (GMaBBaHHM) #%2,)
AM= (AMi=AM2) /3, ‘
TMMS (T AM) a2,
GB1=(2,aHVBAHVB+4 ,SaBrB)=TMM/2,
N GBe GBl/(BHtRBt(HLHttZ +HHBii2 ))
=SQkT(GB2)

-Bl SQRT(TM*/U,+(bRthtHLB)**8.)
B2=SQRT(TMM/4, +(GH#UHAHHB)**2 )
B=(B1=82)/3,

GT13((2,2HVTA22, 44, SaTaT)-(AM-B)t*Z /2,)

GTes= GTl/(HHa&Bw(HLT-tZ +HHT a2 )) ‘
GTSSNRT(GT?2)

TISSQRT((AM=H)an2, /u +(GT2BHAHHT ) 422, )
T23SURT((AUmbB) %22, /4,4 (GTaBBaHLT)w42,)



T=(Ti=T2)/3,

CH. Toe (AM+B)
C4 Mz=w (T+8)
Ch Bzw(AM+T)

TRET+AM+B

DGM=ZABS (GM=GMM)
DAM=ABS (AM=AMM)
DGB=ABS(GB=GBB)
DB=ABS(B=BB8B)
DT=ABS(T=TT)
DGT=ABS(GT=GTT)
IT=IT+1
IF(IT,GE,ITMAX)GO TO 170
IF(DGM,GT,TOL)GO TO 169
IF(OAM,GT,TOLIGO TO 169
IF(DGB,GT,TOL)IGO TO 169
IF(DB,GT,TOL)GO 70 169
IF(DT,,GT,TOL)IGO TO 169
IF(DGT,GT,TOL)GO TO0 169
170 WRITE (6, 171)IT
171 FORMAT(/ ' NUMBER CF ITERATIONS ISt I4)
172 FORMAT(/ ' T,M,B,TRACE IN CM=1 UNITS'/)
WRITE(6,172) . . .
173  FORMAT(/ 1X,F12,6,"' T',Fl1246,!' M1, F12,6,! B,
+F12,6,' TRACE!')
WRITE(b6,173)T,AM,B,TR
WRITE(6,117)GT,6M,08B
CanaxCALCULATION OF RESONANT F1ELDS
200 THI=SURT((HVT=3 , xT/2,)2%22,=((AMaB)/2, )**2 )
' CTH1ISTHL/Z(GTxRB)
TH2=SQART((HVT+3,xT/2, )**85-((AM-B)/2 Yhd,)
TH2=TH2/ (GTxBRB)
TH3=SART((HVT/2,)#%2,= ((AM= B)/z Yxx2,)
TH3=TH3/(GT*BB)
_ . WRITE(6,113) ,
201 - FORMAT(/xx.th,e,' G4 FIELD!',1X,F12,6," LOWFIELD?,
+1X,F12,6,!' HIGH=FIELD'Y)
wRITE(b 201)TH3,THL, THZ
. FHISSORT((HVHe3, tAM/Z YAR2 = (T=B)an2,/4,)
FH1sFH1/(GMaBB)
FH2=SART((HVM=3 , xAM/2, )t*Z.-(T a)*-a /74,)
" FHR=FH2/ (GMxBH)
FH3I=SART((riVM/2,)xx2,=((T=B)/2, )**e )
FH3I=FH3/(GMxHB)
WRITE(6,115)
WRITE(6,201)FH3, FHl,FH2
BHISSART((HVH+3 ,2aB/2,)#%2 = (TmAM)x#2,/4,)
BR1=BH1/(GYxBB)
BH2=SQRT((HVB=3,28/2, )a*e.-(T =AM)r%x2,/U,)
BH2=BH2/ (GB»HH)
BH3=SQRT((HVB/2, )**2.-(7 AM)&k2,/4,)
BH3=HH3/ (GB«xBB)
WRITE(b,116)
WRITE(6,201)BH3,BHL,BHZ
CALL EXIT
END
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 APPENDIX II

Cqﬁputer'program_for caicuiating separation of
."Aﬁs = +1" (lbwéfield) and "Amg = 2" ODMR transitions for
thé‘gllg' orientation as a function of miérowévé frequency -
and magnitude of the perturbation betweeﬁ the state |+1>A

and '0) .



c

LACP,FU4 T7eJUNE=TU

REAL NU,NV '

DIMENSION HORZ(400),VERT1(400),VERT2(400)
COMMON/HL/XSYM, XLABEL(10),YSYM,YLABEL(10)
COMMON/H2/XL, XU, X1, XSPAN
COMMON/MH3/YL,YU,YI,YSPAN

COMMON/HU4/XORIG, XMARG, XLONG, YORIG, YMARG, YLONG
COMMON/HS/SLOFE ,CEPT

DATA XSYM/,16/,YSYM/,16/,SYM/,08/

DATA XURIG/ 2/,YURIG/ 42/ XLONG/T 4/, YLONB/& /

- DATA XMARb/Z /,YMARG/& /

INP=2 ‘

FORMAT (/ ' INPUT T,M,B8-IN CM=1 AND GT1/)
NRITEC6,1) :

FORMAT (SF) . '

CALL IFILECINP, JAY?Y,VINPY)

‘READ(INP,2)T,AM,H,06T

FORMAT(/ ' INPUT INTtRACTION ENERGY 2V, IN MHZ21/)
WRITE(6,3)

READ(S,2)V

© FORMAT(/ ' INPUT INIYIAL,FINAL_FREOUENCIES AND INCREMENT.GHZ'/)

WRITE(6,4)

READ (INP,2)NU,NV, vrwc

FORMAT(/ ' INPUT LAC»FIELD IN GAUSS!/)
WRITE(6,5) '

 READ(INP,2)HLAC

HY=HLAC .
HMSHLAC
VMIN=1,E+20
NN=0 '
HMIN= VMIN
VMAX==VMIN
HMAX=wHMIN
VEV/29979,3
H=3,33586%20,01
HV=SNU=aH
- BH=4,66882E~Y
"ITMAX=100
ToL=0,0001
17=1
THYT=SHT
HMMSHM : '
BT=SQRT((AMeB) A2, /U ¢ (GTHBBART)#*%x2,)
BMESQRT((AMeB) a2, /U, ¢+ (CT#BBaHM)x%2,)
DT=1,S#T=HT -
DM=1.5*T.B.M
PTLISSART(Vxx2 +¢DTxx2,)
PT=PT1/3,
PMIZSQRT(Van2, +DM2rx2,)
PM=PM1/3, ’
RE2,#HV/3,=T/2,
RT=(RePT)xa2,
RM= (Re¢PMYar2,
CHT1SSURT(RT=(AM=B)ax2,/4,)
HT=HT1/(6T«B8)
HM]=SQRT(RM=(AM=B) 222, /4,)
HM=HM1/ (GT«BH)
- DTTSAHS(HT=HTT)
DTMZABS (HM=HMM)
I1=1T+}



IF¢(IT,GE,ITMAX)GO TO 8
IF(OTT,GT,TOL)IGO 10 7 -
CIF(DTM,GT,TOL)IGG TO 7 :
GO TO 10 .
WRITE(22,9)1T
FORMAT(/ ' ITERATION LIMIT EXCEEDED NO, OF IT,=' 14)
10 Hi=HT=(HT+HM) /2,

H2=hM= (HT+HM) /2,

AXZ9x(R=BT)ax2,

AYSOu(KmBM)ax2,

VVXSSQRT(AX=OTxa2,)

VVYSSORT(AYwDMaRr2 )

VVISVVX%29979,3

VV2=VVY*29379,3 . -
i1 FORMAT(/ 1X,F12,6,' NU,GHZ!',F12,3,"' 2V(T),MHZ!,

*FIZ 3,V 2V(M),MHZ1) :

O @

A WRITE(22,11)NU,VVY, vva o :
12 =~ FORMAT(/ 1X,Ft2,2,' LF,GAUSS!,1X,F12,2,' G4,GAUSS!)

WRITE(22,)12)HT,HM

13 FORMAT(/ 1X,Fl12.2,! LFe(LF+G4)/2',1X,F12,2,! Gde(LF+GU)/2")
WRITE(22,13)H1,H2
NN=NN+1

HORZ (NN)=NU
VERT1 (NN)=H{
VERT2(NN)=H2
VMINZAMINL(VMIN,H],H2)
VMAXSAMAX] (VMAX,H],H2)
HMINZAMINI(HMIN,NU)
HMAXSAMAX] (HMAX,NU)
NUSNU+VINC
IF(NULLENVIGO TO 6
C~«~CALCOMP PLOTY
XPAGE=1,+2, tx%ARG+XLO~G
YPAGE=1?2,
PLOTN=0, '
CALL PCHECK(PLOTN 6,XPAGE,YPAGE) -
CALL CORNER(XORIG, YORIG XPAGE,YPAGE,3,) . -
YL==60, . - -
YUS+60, : ~
Yi=10,
- XL=8,8
xuy=10,0
XI=,2
1p=3 ' )
XSPAN=XU=XL . ' : ‘
YSPAN=YU=YL '
- XM= XMARG+XOR1G
YM=YMARG+YORIG
D0 200 I=1,NN
XX= XM#XLONG*(HORZ(I) XL)/XSPAN
YY= YM+YLONGt(V£RT1(I) =YL)/YSPAN
CALL PLOT(XX,YY,IP)
200 IP=2 :
1P=3
00 210 I=1, NN
XX2XMeXLONGA(HORZ(I)=XL)/XSPAN
YYSYM+YLONGA(VERT2(1)=YL)/YSPAN
CALL PLnT(xx YY,I1P)
210 [P=2 }
Cm=READ - ALTUAL DATA ANO PLOT



- 1000
1001

230
240

CALL IFILEC1,'JAY!,1ACTI)

READ(1,1000)xLABEL, YLABEL
FORMAT(1X,10A5)
NNZ0

.00 230 I=1,99

READ(1,1001)HORZ (1), VtRTl(I) VERT2 (1)
FORMAT(3F)

IF(HURZ(I)LE,O, )GU T0O 240

NN=NN+1

CALL HPLOT(HORZ,VERT1,NN,1, 1,3,S5YM)

"CALL HPLOT(HORZ, VERT2 NNy1sp1,1,SYM)
PLOTN==PLOTN .

CALL PCHECK(PLOTN,s, XPAGh YPAGE)
CALL EXIT

"END

-r
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