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ABSTRACT

0

We report·measurements of the complete angular

dependence of the optically detected magnetic resonance

(ODMR) spectra of 4,4'-disubstituted-benzophenones

(4,4'-DXBP; X = H, F, Cl, Br) in 4,4'-dibromodiphenylether

(DDE) and X-traps in neat 4,4'-dichlorobenzophenone at

liquid .helium temperatures. The tesults are used to

calculate the pirincipal values of the D and y, tensors of '
r'

the lowest triplet states. The temperature dependence

of·the ODMR spectra indicate the absolute zero-field (ZF)

level ordering to be Z>0>Y>X. Carbon-13 hyperfine,

fluorine hyperfine, and bromine hyperfine and quadrupole

were observed and yield estimates of the TI Spin densities on

the carbonyl carbon (97   0.2) and the 4,4' ring positions

of the benzene rings (,71-0 0.1) . Experimental studies of

level anticrossing and cross-relaxation effects on the

phos4horescence and ODMR spectra of benzophenones in DDE

are described and interpreted.  A novel method of determining

the magnitude of the perturbation giving rise to the level

anticrossing is presented.

From this investigation; it is concluded that (1) the

orbital symmetry of the lowest triplet state of bonzophenones

is A, (2) the ZF schemes are significantly perturbed by second-

order spin-orbit coupling with higher triplet states, (3) ring

conformations and substituents influence the ZF splittings,

and (4) a significant amount of electron spin is delocalized

,.,         throughout the molecule.
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I.  INTRODUCTION

A.  The Triplet State

The  mechanism s  o f the deactivation processes which  a

molecule undergoes following the formation of excited states

have fascinated researchers ·for nearly a century. As early

12
as the 1880's, Dewar  and others  observed an intense after-

glow from many organic molecules after exposure to ultraviolet

light. The   suggestion    tha t·   the phos phorescence of photo-

excited aromatic molecules might be due to a radiative spin-

forbidden transition from a triplet electronic state to the

34
singlet ground state originated with G. N. Lewis ' and

subsequently the photo-induced paramagnetism associated with

56the metastable emitting state was measured. '   At the end

of the 1950's, the classic EPR experiments of Hutchison and

7
Mangum  on naphthalene in a host single crystal of durene

provided the decisive proof of the assignment of the long-lived

emission to a triplet state. Since then the number of studies

of triplets by EPR has increased 'enormously and 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 trlplet state studies, but very detailed surveys

have been provided by the published proceedings of a conference

8               9                      10
held in Beirut, recent books, and review articles.

1
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The photophysical processes involving the electronic

states of a molecular system can be represented by the common

phenomenological model depicted in Fig. 1. By the absorption

of light, the molecule is brought from its ground singlet

state (S ) into various excited singlet states (Sn) where

rapid relaxation to the first excited singlet state (Sl)

occurs  by the non-radiative internal conversion (IC) process.

The rate of IC is so rapid that radiative processes between

singlets (fluorescence) and non-radiative intersystem

crossing (ISC) to the triplet manifold (Tn) are most probable

from Sl.  Once Tn is populated by ISC, rapid IC occurs to the

lowest excited triplet state (Tl).  Excitation that finds its

way into Tl can be deactivated by radiative (phosphorescence)

and non-radiative (ISC) means, thereby re-populating the

ground state (S ).  As one can see, different.nomenclature

is used for distinguishing the Various radiative and non-

radiative processes. The differences, however, are more

than in name only, and the distinctions can be made by examin-

ing the fundamental properties of singlet and triplet states.

If one considers 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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Figure 1.  Primary photophysical processes in polyatomic
9

molecules. Allowed (forbidden) radiative

processes are indicated by solid (dashed)

straight lines, non-radiative processes by

wavy lines.
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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:

1*33 |a1 ,2>        3           (la)

10  = 1/42 ·la18218102>
       Symmetric                      ( lb)

1-> - IB1Bz> (lc)

and

109 = 1142 I 0 1 B 2 - B 1 a 2   Antisymmetric  (2)

The symmetric and antisymmetric spin functions are eigenvectors

2
of the total spin angular momentum operator (9 ) with eigen-

values lh and Ob, and form the basis for states of triplet and

singlet multiplicity, respectively. By combining the orbital

and spin wavefunctionsthe state functions of the system are

obtained. Since the electrons are spin one-half particles,

they must obey Fermi statistics. Therefore, states having

symmetric spatial wavefunctions must have antisymmetric spin
-

wavefunctions (singlets), and states having antisymmetric

spatial wavefunctions must have symmetric spin wavefunctions

(triplets).  The differences in the two manifolds of electronic

states - singlets (Sn) and triplets (Tn) - and.photo-physical

processes can 'now be characterized in terms of the difference

in multiplicity associated with the difference in magnitude

of the total electron spin angular momentum. For example,
.
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the difference in energy between a given singlet state and its

corresponding triplet state is . readily explained. If one con-

siders the four state functions (spin + orbital) and a

Hamiltonian including·a one-electron term and a two-electron

term(electron repulsion), the energies of the singlet and

triplet are modified. The matrix element associated with the

two-electron term is found to consist of a couIomb and an

exchange integral. The exchange integral leads to an increase

in energy of the singlet and a decrease in energy of the

triplet.  Thus, triplet states lie lower in energy than the

corresponding singlet states. Another consequence of the

difference in multiplicity between singlet and triplet states

is that the spin of one of the electrons must be altered or

"flipped" if a transition occurs between a state in the

singlet manifold and one in the triplet manifold.  Such

transitions are forbidden and serve to explain the distine-

tion between the various radiative and non-radiative photo-

physical processes.

State multiplicities are important since the nature

of the emission process depends on them. If the states in-

volved are of the same multiplicity, the emission is called

fluorescence and most commonly occurs between Sl and Sj.

Emission between states of different multiplicity is known

as phosphorescence and generally occurs between T and
1
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S .  Because the probability of transitions is much higher

when AS=O, phosphorescence lifetimes are longer · (10-3. to 10
-7       10

sec) than fluorescence lifetimes (10 ' to 10-   sec).

Similarly, the forbidden nature of altering the spin of one

electron explains the low oscillator strengths of singlet-

triplet absorption  when compared to those for singlet-singlet

absorption.

In addition to the radiative processes, the distinc-

tion between the non-radiative processes are best explained

in terms of multiplicity. These processes are the result

of conversion of electronic energy into vibrational energy and

can  occur, once again, between states  of.Ithe  same or different

multiplicity. When a non-radiative process occurs between

states of the same multiplicity, it is referred to as internal

conversion (IC), while a non-radiative process between states

of different multiplicity is called intersystem crossing (ISC).

The approximate rates of the various non-radiative processes

also reflect the multiplicity effects indicated previously for

the radiative processes:

11   14    -110 -10- secSn - Sl (IC)

5   7   -1

Sl -10 -10.-sts    * so (IC)

108-1011 sec-1

S-T (Isc)1                                           n
-1

Tl -11.2..1813SS-,--. so (ISC)
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where -- represents a non-radiative path. Of course, the

fact that the spin-forbidden processes (radiative and non-

radiative) occur at all is due to the breakdown... in the AS=O

selection rule by the effects of spin-orbit coupling. The

proceeding discussion of the photophysical processes involved

when excitation of a molecule occurs is only qualitative in

nature and is intended·to provide a phenomenological

description of an.excited molecular system. More thorough

9,11
accounts of all of the processes can be found elsewhere.

In the case of organic molecules, the excited singlets

and triplets involved in the aforementioned processes may be

classified  as  (1,1 *)  or  (n,Tr *) states depending  on the nature

of the ground state orbital of the "promoted" electron. In a

molecule containing a heteroatom such as oxygen or nitrogen,

the highest filled.orbitals in the ground state are generally

the non-bonding, essentially atomic n orbitals; the lowest

unfilled orbitals are 1*. Hence the lowest excited states

(Sl and Tl) of ·carbonyl compounds, simple N-heterocyclics,

12
and quinones are usually (n, *) in character. Examples of

molecules having  & , *) -type lowest excited states  are

naphthalene, benzene, an4, in general, most unsubstituted

aromatic hydrocarbons.

Based on extensive experimental and theoretical

evidence, several generalizations about the properties of



8

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

example, (n,9 *) states have high quantum yields of phosphorescence

and  do not fluoresce significantly whereas   (w,A *) states gener-

ally show both fluorescence and phosphorescence.  It has also

been  found  that  in most cases phosphorescence lifetimes,  'i  

(determined by the combined radiative and non-radiative rates

of depopulating the triplet state), are shorter for 3(n,#*)

than those for the 3 (w,11*) states of unsubstituted aromatic

hydrocarbons.  Furthermore, the phosphorescence from 3(n,1*)

states is in-plane polarized while that from 3( ,w*) states

is predominantly out-of-plane polarized.  As a result,these

criteria have been used by optical spectroscopists to ascertain

the orbital nature of many triplet states.

B.  Background

1.  Applications 6f EPR to Triplet States

Since the triplet state is characterized by two unpaired

electrons and is paramagnetic, the total spin of the electrons

is unity (S=1) and the state consists of three distinct

magnetic sublevels. If there were only exchange and electro-

static interactions between the unpaired electrons, the three

sublevels of the triplet state would be degenerate in the



9

absence of a magnetic field. In the presence of a magnetic

field the spin Hamiltonian (K s) would consist of a single

term - the electron Zeeman interaction (Kz) :

A                .g   B   H·S                                                                                       (3)
Z                                -         -

where g is the spectroscopic splitting factor of the electron

(here assumed isotropic) and B is the Bohr magneton.  The

three sublevels would then be distinguished by their spin

angular momentum Sz about the field axis (&) with eigenvalues

+1, 0, .and -1 gBH, and the EPR spectrum would consist of a

single line at H = hv /9 B corresponding  to  the two (degenerate)

"A m    =  +1"  transitions   |-1>  +  |0>  and   |0>   + |+1>. However,
S -

7
the classic experiments of Hutchison and Mangum  showed that

the degeneracy of the three electron spin levels was lifted

even in the absence of a magnetic field.  This so-called

zero-field splitting is due to the combined effects of non-

cublc crystal fields and spin-orbit coupling in inorganic

14
compounds. However, in organic molecules, it is generally

believed that the origin of the· ZF splitting is the magnetic

dipole-dipole interaction between the unpaired electrons.
15

The Hamiltonian for the dipolar interaction between two spins

16
.sl  and s 2  is

KZF    g2 B2  r3  -      r5fil'.M-2             3 (9.1.I)  (22 'I)                                                  (4)
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where  I  is the vector j oining  the two electrons.     When  ·the

dipolar interaction is averaged over all possible orient-

ations of the spins and expressed in terms of the total

16
spin S = sl + s2' it can be written in the form

K S·D·S (5)
ZF           -               -

where D is a symmetric second-rank tensor having elements

(in Cartesian co-ordinates):

2     2

Dii
= 21 g,82 <r -3i

i = x, y, z (6a)

   rS

-3 ij  t
6    - 1 8282<  5 / itj (6b)
ij

r

In terms of the principal axes (E,y,-z) which diagonalize D,

the Hamiltonian becomes

2   '

jt  Z F    =     -XS      -    YS      -     Z S z                                                                                   (7)

where · ·X, Y, and Z  are the principal values of D.  These-

parameters are simply the energies of the three sublevels

in the absence of a magnetic field and can be calculated

from the spatial wavefunction of the triplet state using the

expressions

1  2.7 /. 13x2-r21   

X  = 2 8 Is- VTf-7--1,#T/ (8 a)
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Y  ,  i  '2,2 4'13':5'21'T> (8b)

Z =   g202   i, | 3z 2-r21.1. \ (8c)
p            \'T  I   ·        r s             14' T   /

However, 2 i s traceless.(i. e., X+Y+ .Z= 0), s'o A   can beZF

expressed in terms of just two independent parameters, D and

E:

2 1 1 2   2

R Z17 = D (Sz- -3- S) + E(Sx-SY)                         (9)

The new parameters D and E are given by

11             =      -3      ,·,  282       V,             r 2-  3z  2   1.'1' 1'  (loa)
4° j TI   r°

3         2.2   /0.   |y 2   -x21 \ (1 Ob)E=T E D VTI' rs  '*T/

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

D  =  1/2(X +Y) -Z  =  -3/2 Z (lia)

E  =  -1/2(X - Y) (llb)

From the'form of the above expressions, it can be seen that

-     the ZF parameters are extremely sensitive to the spatial

distribution of the triplet electrons and reflect the

symmetry and structure of the molecule in the triplet state.

Thus, triplets possessing spherical, axial, and orthorhombic
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symmetries should have (D=E=O),  (D/O, E=O), and (D/E/O),

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

17 -1 7naphthalene (0.41 and 0.10 cm     respectively) indicates

that in the f6rmer 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
triplet state suggested that the structure ls not a regular

hexagon although more recent experiments have shown that the

19.
molecule may not be intrinsically distorted. Furthermore,

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 single crystal from guest phenanthrene to guest
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 of this type are severely limited by signal-to-

noise considerations. ·The sensitivity of the detection method

in EPR depends only on the amount of microwave power absorbed

by the sample, which in turn depends on the number of molecules

in the triplet state. Molecules with triplet state lifetimes

shorter than 100 msec are virtually impossible to study by

EPR methods because of the low steady-state concentration of

triplets that exist even under optimum conditions. Consequently,

entire classes of important molecules such as the carbonyls

and the (n,  *) azines were not amenable for study.  It there-

fore became necessary to develop modified EPR·techniques for

studying species with lifetimes of the order of a msec, and

one such .technique which found wide applicability in the last

few years is that of optical detection of magnetic resonance

(ODMR).
21

In 1949, Brossel and Kastler were the first to

propose that radiofrequency (rf) transitions in an excited

state could probably be observed by monitoring changes in the

intensity or polarization of the optical emission produced by

rf saturation.  This idea was first applied successfully by
3

observing a transition between the sublevels of the  Pl
22

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

Within six years of the Brossel and Bitter experiment, the
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analogous experiment was executed in the solid state. Geschwind

23
et al. succeeded in optically detecting magnetic resonance

2                      3+in the  E excited state of Cr in a single crystal of ruby

24 25
at 1.6'K.  Meanwhile, McClure   and El-Sayed   had shown that

both the populating and depopulating mechanisms. involving the

triplet state of aromatic molecules were spin-state selective,

26
and this motivated. de Groot et al. to suggest that optical

detection methods might also be used to observe transitions

between the spin sublevels of excited triplet states.  By

27
1967, such an experiment was carried out by Sharnoff,   who

observe.d the "A m  = 12 " transition of naphthalene-  in a

biphenyl host crystal by monitoring the intensity of the

phosphorescence as the field was swept through resonance in

28
the presence of microwaves. Both Kwiram and van der Waals

29
et al.,   working independently, succeeded shortly thereafter

in doing similar experiments on aromatic molecules. It was

soon discovered that the ODMR technique was well-suited for

the study of triplet states with very short lifetimes.

The essential features of an. ODMR experiment can be

represented by the simple model shown'in Fig. 2.  Consider

an excited state consisting of magnetic sublevels 1 and 2

which emit optical photons. at  a  rate  kir (v), wliere i refers

to the spin sublevels and v designates the polarization or
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A

2

11 rf 1
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k 2(v)
r

kl(V)

0

Figure 2 - An elementary model for the
ODMR experiment

vibronic band of the optical emission. The excited state is

populated through a mechanism such as outlined in Section A

of this chapter. The observed emission· intensity, I(v) , is

proportional to the number of photons emitted per unit time

such that

I(v) = I ki(v) Ni = ki(v) Nl + k2(v) N2 (12)

i

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

to induce transitions between levels 1 and 2, the change
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in emission intensity,  AI (v), is given by

r r

Ai (v) = kl(v) AN1 + k (v)AN2 = Ikl(v)-k (v)]AN    (13)

where d N = A Nl = - AN2. Thus, changes in the emission intensity

(or polarization)in the presence of resonant rf will occur

only if klr(v) 0 k2r (v) and AN 0 0.
It is reasonably easy to understand how the ODMR

technique leads to a sensitivity enhancement of the EPR

signal of short-lived triplets.  In optical detection,the

signal-to-noise ratio (S/N) is proportional to the number

of photons emitted from the excited state per unit time.

For triplet states this would be of the order of N/r , where

N  is the steady-state concentration of triplets  and r    is  the
phosphorescence lifetime. But under steady-state conditions

N is proportional to T  so that the S/N using optical detection

is, to a ·first approximation, independent of ·r .  However,

the S/N employing microwave detection in conventional EPR is
30

proportional to N and, therefore, to T . Of course, in order
P

to maximize the signal in either case it is advantageous to

maximi·ze the· initial difference in the populations of the

sublevels by cooling the sample to liquid helium temperatures.

An important consequence of carrying out experiments at these

temperatures is that the spin-lattice relaxation (SLR)

processes which operate to maintain a Boltzmann equilibrium
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among  the spin sublevels become slow compared to the phos-
26

phorescence decay processes. In fact, when SLR becomes

very slow  (i.e.,  Tl .>>  T ),  the spin system is said to be in

a state of spin polarization or spin alignment and the steady-

state populations of the individual subleyels depend only on

the .competition between the separate populating and depopu-

lating processes of each sublevel.

The experiments of Sharnoff, Kwiram, and van der Waals

have stimulated a number of different groups to apply ODMR

techniques to triplet states, and a virtual plethora of

publications in this.area.have appeared in the past'five years.

These investigations have provided a wealth of information

about the magnetic and optical properties of triplet states

30 31
and have been reviewed recently by El-Sayed and Kwiram.

Of particular importance were the findings of Schmidt and van
32 33der Waals and Tinti et al. that transitions between the

electron spin sublevels of triplet states could be detected

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

this technique is that polycrystalline samples and even glasses

can be used to accurately measure the ZF parameters since the

spectrum is free of the anisotropy introduced by the presence ·

of a magnetic field. In addition, the ZF technique (called

phosphorescence-microwave double resonance (PMDR) spectroscopy

by some) avoids the mixing of the electron spin states which
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is produced by application of a magnetic field. As a result

PMDR is more·suitable,for determining the radiative and non-

radiative decay constants, relative ISC rate constants,

polarizations of ZF transitions, and coherent coupling of

excitons in pure crystals.

C.  ODMR and Its Application to Aromatic Carbonyls

The voracious hydrogen abstracting ability of photo-

excited molecules containing the carbonyl moiety has been

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 involve 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
37

benzophenone triplets has been reported in solids and

38
solutions, and later found to be of utility in synthetic

39
methods. For example, irradiation of diazomethane in the

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

40
addition to form 1,2-dimethylcyclopropanes.

CH2N2    +     /      /        h v           ,      1 71

CH2N2 +   \ h v           )           -1
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However, the same reaction carried out in the presence of

benzophenone as a sensitizer results in non-stereospecific
41

addition. From these few examples,

CH2N2  + /
.    1

hv

} ,p   ,   4.   9
CH2N2 /   \

it is apparent that the triplet state of aromatic carbonyls

plays a major role in chemistry and that studies of their

properties are pertinent to a greater understanding of this

role.

Extensive optical investigations of the properties

42-45
of the lowest excited triplet state of benzophenone

led to its assignment as (n, *).  As a rule assignments of

the orbital symmetry of triplet states from polarization

data are difficult and ambiguous. Measurement of the

polarization of a transition leads only to the symmetry of

perturbing singlet, and the consequent deduction of the

triplet state symmetry requires an arbitrary choice of spin-

state activity (i.e.., spin-orbital activity)  as well as  a

specific spin-orbit interaction mechanism.  However, a most

definitive series of investigations was carried out by

46-48 *
Hochstrasser and co-workers on the triplet state of

benzophehones. By applying' the Zeeman and Stark effects  to
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the polarized, high-resolution, singlet-triplet absorption spectrum

of benzophenone, these authors showed the triplet state to be

of (2 symmetry, deduced the radiative activity of .the triplet

spin sublevels, and elucidated the mechanism of spin-orbit

coupling in the population and depopulation of the benzophenone

triplet. In addition, by optically resolving the absorption

*
into each of the spin states of the triplet, the signs and

magnitudes of the ZF splittings were measured.

During the period when Hochstrasser's group was

carrying out optical measurements on benzophenone crystals,

ODMR was being applied to the triplet state of benzophenone.

Sharnoff investigated the nature of triplet excitons in neat

benzophenone crystals utilizing the high field ODMR technique.

These studies provided measurements of the magnitudes and
49

relative signs of the ZF splitting parameters of trapped and

50
nonlocalized triplet excitations as well as yielding informa-

51            52
tion about the exciton trapping mechanism and decay.

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

populations, and populating rates) were obtained by ZF ODMR

* The sign of E determined in this study was later shown to49be in error.
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53
techniques. (microwave-induced delayed phosphorescence   and

-,

54,55
magnetic resonance fast passage ).  However, these measure-

ments were made on traps in neat benzophenone crystals and

only one ODMR study has been reported on essentially isolated
56

benzophenone molecules in a well-defined crystal system.

Thus, it is apparent that further studies of isolated benzo-

phenones are required in order to obtain a more complete

understanding  of  the   3 (n, 4.) state of aromatic carbonyls.

Indeed, benzophenone is not the only aromatic 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 acetophenones have been carried out. These

investigations have shown that the use of criteria such as

short lifetimes, carbonyl progressions in the phosphorescence

spectra, in-plane polarization of phosphorescence, and the

absence of external heavy·atom effects for distinguishing

between 3(n,#*) and 3( ,1*) aromatic carbonyl molecules is

questionable.  Similarly, arguments based on the signs and

magnitudes of the ZF splitting parameters for determining the

orbital nature of the triplet state are equally inadequate.

Models invoking second-order spin-orbit coupling effects on

the energies of the triplet spin sublevels have appeared in

62,63the literature in an effort to explain the ODMR data.
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These models appear to be potentially fruitful, but require

experimental measurement of the g tensor in EPR experiments
N                                               --

in order to establish a correlation. This type of information

is extremely scarce.

This thesis is directed to the study of the high

field ODMR spectra of benzophenone and substituted benzophenones.

It is hoped that the data and discussions concerning ZF split-

tings, hyperfine structure, and g-value anisotropy contained

herein will help provide some of the additional information

necessary for answering the numerous unsolved questions con-

cerning the nature of the triplet state of aromatic carbonyls.

\



II. EXPERIMENTAL
--

A.  Sample Preparation

4,4'-Dichlorobenzophenone (4,4'-DCBP), 4,4'-dibromo-

diphenylether (DDE), and 4,4'-difluorobenzophenone (4,4'-DFBP)

were purified by multiple recrystallizati.on from·hexane and

ethanol, followed by zone refining under an atmosphere of

nitrogen for 100 passes at 0.5 in/hr with continuous stirring

of the molten zones. Princeton Organics PAR grade benzo-

12                                     13
phenone (  C-BP or BP) and Bio-Rad carbonyl· C-benzophenone

13                                13
(  C-BP, assayed at 91.9 atom % C) were used following

vacuum sublimation. 4,4'-Dibromobenzophenone (4,4'-DBBP) was

purified by five recrystallizations from hexane and ethanol

followed by two vacuum sublimations. Neat crystals of 4,4'-

DCBP and mixed crystals of guest in DDE (0.1-1 mole %) were

grown in vacuo by the Bridgman technique.  The crystal growing

furnace was constructed by winding 24 gauge Nichrome wire

around a Pyrex tube and insulating with asbestos.  The temper-

ature of the furnace was adjusted so that the liquid-solid

interface was at the lower opening of the furnace. The crystal

growing tube (8 mm ID), equipped with a capillary tip, was

lowered through the furnace by a clock motor at a rate of 0.75

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

23
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a constant temperature environment (ca. 20' below the melting

point) for one week. =.

B.  Crystal Orientation

The molecular axes (x, X, and z) of DDE and 4,4'-DCBP

(and other benzophenones) can be'defined in terms of the
*local C2v symmetry  of the planar Cl-0-Ci      and Cl-C (0)-CI

atoms,.respectively.  The molecular z axis is defined as

lying in the plane of these atoms, passing through the oxygen

atom and corresponds to the molecular two-fold axis; x is

normal to the plane of the atoms, and 2 completes the right-

hand coordinate system.  The orientation of these axes in DDE

and 4,4'-DCBP crystals can be obtained by examining the

crystal structure data.

Crystals of DDE are orthorhombic having four molecules

64
per unit cell and display ac cleavage as determined by X-ray

crystallography.  The crystallographic data are listed in

Table I. Table II A gives the direction cosines of the molec-

ular axes (x, M, and z) with respect to the crystallographic

axes  (a, 12, and c) . The direction cosines indicate there are

two possible orientations of the molecules in the unit cell

*
Cl 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'-dibromodiphenylether

64 65
DDE 4,4'-DCBP

13                     6
Space Group C2v (Ccc) C   (I 2/a)2h

900 900

900 95020'

7 900 900

n 0

a                     7.70 A 7.72 A

0                                 0
b                   26.50 A 6.17 A

0 0

c                    5.85 A 24.92 A

Z                             4                           4

Cleavage Plane {010} {001}

.
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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
-                                                           -                                                                                                                      -

y +0.0291 +0.9996         0

z            0                0                1

48
B.  4,4'-Dichlorobenzophenone

sa
a               b               c             c

x      -0.986         0 -0.259 -0.168

2       -0..168         0 +0.966 +0.986

z                   0                          1                            0                     0

ac' axis is defined as being perpendicular to the ab-
cleavage plane
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which are distinguishable in the ab plane.  The molecular

two-fold axes (z) of both orientations are parallel to the

crystallographic & axis. The xy molecular planes of both

orientations lie in the a-b plane, such that z and Z make

angles  of  1'40'  with a  and b, respectively.    The  c  axis  of

the crystal is a C2 axis which relates the distinguishable

molecular orientations in the ab plane.

Crystals of 4,4'-DCBP are monoclinic having four

65
molecules per unit cell and display a perfect ab cleavage.

The crystallographic data are presented in Table I. The

direction cosines of the molecular axes with respect to the

crystallographic axes are given in Table II B. The direction

cosines indicate that the 3, 2 and 2 axes of the four molecules

in the unit cell are coincident. The carbonyl axes (z) are

parallel to the crystallographic j axis, and the xy molecular

planes lie in the ac plane, such that A and X make angles of

9036'  with a and c' (normal  to  the ab plane), respectively.

The interesting feature of the two crystal systems is that

the planes of the two benzene rings make an acute angle of

2901 Z with the plane defined by the Cl-C(or 0)-Cl atoms68,69

in both crystal systems. Furthermore,   the  C -C-C bond angle1      1

in 4,4'-DCBP is nearly the same as the Cl-0-Cl bond angle in

a 68 69
DbE, 127°1 r and. 12301 10, respectively.
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After removing the crystal from the Bridgman tube, it

was cleaved with a sharp razor blade. In initial experiments

the crystallographic axes which lie in the cleavage plane

were identified by X-ray crystallography for both crystal

systems. In subsequent experiments it was found that the

carbonyl bond axes in the crystals were, in general, parallel

to the crystal growth .axis. Thus, by examining the cleavage

plane under a polarizing microscope the b and g crystallo-

graphic axes of 4,4'-DCBP and DDE crystals, respectively,

were easily located.  Once the carbonyl axis was identified,

the crystal was mounted on a three-circle optical goniometer

and oriented so that the reflection pattern from the cleavage

face was distinct and the carbonyl axis was vertical. The

crystal was then reoriented for mounting on the Hysol post

(3  mm  diam.)   used  as  the  axis of rotation  in  the ODMR experi-

ments. In·general, two mounts were made corresponding to a

cleavage plane rotation and a rotation about the carbonyl

bond axis (Ey molecular plane rotation). These were found to

be sufficient for determining the principal values of the fine-

structure tensor. Other mounts corresponding to rotations

in the principal axis system of the ZF tensor were made once

these axes were located with respect to the crystallographic

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 crystal was rotated

to a position in the orientational dependence of the ODMR

spectrum where AH/40 is a maximum, and a spectrum was recorded.

In such a region of the orientational dependence, r of

rotation produced a 50-200 G shift.in line position, depend-

ing on the type of 'mount. The crystal was. then rotated 180'

and another spectrum was recorded. The deviation in line

position was generally a factor of 10 less than that observed

for l' of rotation, indicating the mount was accurate to less

than 0.3°.

C.  Phosphorescence Spectra

Phosphorescence spectra at liquid helium temperatures

were recorded with the crystals mounted in the ODMR apparatus

prior to carrying out magnetic resonance experiments. A PEK

high pressure Hg arc was used as an exciting source, and the

light was filtered through a 10 cm path length cell contain-

ing an aqueous solution of either NiS04,  CuSO4'or  CoS04  and
13,65

through .the appropriate: glass filter(s) to yield pre-
0

dominantly 3130, 3660,or:both.3130 and 3660 A ·wavelength

excitation, respectively. A quartz lens was· used to focus

the light onto the sample through the quartz walls of the He

cryostat.  The emission was collected at 90° with a quartz
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light pipe (0.25" diam. x 3' length) placed ca. 1 cm from the

.

sample and terminating outside of the cryostat at the entrance

slit (100 11) of a Jarrell-Ash 4 m monochromator.  The mono-

chromator wavelength selector was driven by a variable speed

motor.  Following dispersion, the emission was detected using

an EMI 6256S photomultiplier tube and a Keithley 417 pico-

ammeter and displayed on a strip-chart recorder.

A composite of the phosphorescence spectra obtained

in this manner for all the.systems studied in this research

is shown in Fig. 3. One notices the prominent carbonyl

stretching progression as well as some lower frequency

vibrational activity in each of the phosphorescence spectra.

The origin and carbonyl stretching frequencies exhibited by

each of the molecules are listed in Table III.  One notices

that the position of the (0,0)-band is, in general, unique

12      13
except for the C and C benzophenones which have a common

0

origin (4238 A) within the resolution of the·instrument.

However, the presence of one or the other was readily dis-

tinguished by the magnitudes of the carbonyl stretching

frequency which are in good agreement with those calculated

from reduced-mass considerations for the C=0 fragment
J.···

(  12co/013co % I '113co/'112co ] 2) .



Figure 3. Phosphorescence spectra of benzophenones at 1.6,°Ki
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TABLE III: Phosphorescence data of benzophenones

-1   *
Compound Host (0,0) band (A) C=0 stretch (cm  )

BP DDE 4238 1666

13C-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)-(0,1) spacing in phosphorescence spectrum.



33

D.  Optically-Detected Magnetic Resonance (ODMR) Spectra

The ODMR spectrometer consists of five basic parts -

- optical source, .cryostat, electromagnet, .microwave source,

and detection system.  A block diagram of the spectrometer

is shown in Fig. 4.  The crystal and Hysol post (rotor) were

mounted in a gear arrangement on the body of the TE 102

rectangular cavity allowing rotation of the crystal in the

cavity E-plane.  The drive mechanism for the gear was coupled

to a mechanical counting device (10 digits corresponding to

6°  of rotation)  and was found to be reproducible to 110.

In addition, the magnet could be rotated (reproducible to

to.lo) in a horizontal plane containing the axis of crystal

rotation, thus providing the capability of aligning any

desired .axis within the crystal parallel to the magnetic

field axi·s.  As a result, the ODMR ·spectra could be studied

in each of the principal magnetic planes of the emitting

triplet state.  A section of rectangular stainless waveguide

was used to connect the cavity to a Bruker X-band microwave

unit which is equipped with a variable 40dB attenuator.

Microwave frequency measurements were made using a HP 5246 L

electronic counter equipped with a HP 5257 A transfer oscillator
6

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 pole pieces

of a 10" Bruker electromagnet and consisted of a pair of

concentric Pyrex dewars with quartz tail sectlons. The outer

and inher dewars contained liquid nitrogen and liquid helium,

respectively. Both dewars were completely silvered except

for a 1 cm wide, vertical stripe which provided an optical

path.  The cavity and sample wcre immersed in liquid helium

for  experiments   at or below  4.2 0·K. Temperatures above  this

were conveniently obtained.by allowing the coolant level to

drop below the sample. The use of a fixed frequency micro-

wave cavity provided sufficient power during amplitude

modulation (AM) (ave. peak power 100 mW) to saturate the

ODMR transitions at temperatures above 4.2 oK without extreme

losses in signal-to-noise ratio (S/N).  Allowing the coolant

level to drop inside the cavity also provided a narrow range

of cavity frequency tunability in experiments where different

microwave frequencies were desired.

AM microwave power (modulation depth -30dB) was

obtained using a HP 8735 A PIN diode inserted in the cavity

arm.of the microwave bridge and driven with a HP 8403 A

modulator which also provided a reference signal for the PAR

Model   HR-8    loc k-in amplifier. The optical excitation and

collection components were identical to those described in

the preceding section except that during an ODMR experiment
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the output of the photomultiplier was coupled to the impedance-

matched input channel  of   the   loc k-in amplifier. ODMR spectra

were detected by monitoring the intensity of either the (0,0)

or (0,1) band of the phosphorescence. Modulation of the

microwave power at 96 Hz. (optimum) was employed and as the

magnetic field was swept through a microwave resonance the

AM component of the phosphorescence was detected at the lock-

in amplifier and displayed on an XY recorder.  The X axis of

the recorder was driven by the output voltage of a Hall diode

which also served to sweep the magnetic field.  Magnetic

field strengths were measured with a Hall probe attached

to one of the pole pieces of the magnet or taken directly

from a recorder tracing of the sweep, both of which were

calibrated with a proton NMR probe. The measured fields are

believed.accurate to 15 G.

In experiments such as recording hyperfine structure

in the ODMR spectra and level anticrossing spectra, sinusoidal

field modulation was employed.  Modulation coils were placed

on the pole pieces of the magnet and driven by a HP 3310·B

function generator which 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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modulated, but was fixed so that a constant·low level of micro-

wave power 'was incident on the sample. The enhanced resolution

owing to first'derivative presentation of the spectra was

extremely· valuable·for detecting small splittings. Level anti-

crossing spectra were obtained in the same way except no micro-

wave power was incident on the sample. A modulation frequency

of 173 Hz was found to be optimal in these experiments.

Microwave power and modulation amplitude were adjusted for the

best compromise between S/N and resolution.

E. Other Microwave-Optical Experiments

The versatility of the ODMR spectrometer can be

demonstrated by the. ability to perform other types of experi-

ments employing resonant microwaves (pulsed or modulated).

Action spectra (ODMR signal intensity vs. wavelength of emission)

were obtained by setting the magnetic field at the position

of an ODMR signal (with amplitude modulation of microwaves)

and scanning the phosphorescence spectrum with the monochromator.

Such a spectrum shows only those emission bands whose intensities

are affected by microwave saturation. As a result impurity

emission can be eliminated, and phosphorescence bands origin-

ating from different spin sublevels can often be identified.

This type of experiment can be extremely valuable for obtaining
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information about the various mechanisms which couple the

triplet sublevels to the singlet manifold. In. the case of

benzophenones, the action spectra were identical to the

normal phosphorescence spectra within experimental accuracy.

This indicated that broad band emission collection - Corning

CS 4-72 + CS 5-57 glass filters sans monochromator - could

be used in situations where S/N became a problem. However,

in general, 1 mm slits on the monochromator were sufficient.

Microwave-induced delayed phosphorescence (MIDP)

experiments were carried out using an electronic shutter

placed 'in the beam of the exciting light and triggered

(together with the. X axis of a Tektronix 547 oscilloscope)

by the HP function generator. The function generator also

served to synchronize the microwave modulation components

which operated in the time-delayed pulse mode.  The photo-

multiplier output was displayed on the Y axis of the

oscilloscope, and the decay of, and microwave-induced change

in the phosphorescence  were photographed using a Polaroid

camera with manual trigger. Fig. 5A shows the results of

such   a MIDP experiment  on  the low field "AmS  = 11" transition

of 4,4'-DCBP in DDE with the field parallel to the L' axis of

the fine-structure tensor. The horizontal scale corresponds

to 5.msec/div.  Application of the microwav.e pulse is seen

to produce an increase in the phosphorescence intensity.



Figure 5. Pulsed micrdwave experiments on the low-field

„
Ams=11" transition of 4,4' -DC:BP in ·DbE in the

11 liz' orientation. (A) Microwave-induced

delayed phosphorescence (MIDP) with exciting

light shuttered. (B) Microwave-induced phos-

phorescence (MIP) with steady-state illumination

of the sample.
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This type Of experiment can be analyzed to·obtain rate data

of the two levels involved in the microwave transition as

66
described in the literature; however, the.mixing of the

sublevels caused by the presence of a magnetic field

complicates ; the analysis somewhat. Of course, in the

absence of microwaves the triplet state lifetimes can also

be determined using this experimental arrangement by moni-

toring the decay of the phosphorescence. In all systems

studied decay curves were non-exponential at 1.6°K and

consisted of at least two lifetimes (1-2 msec and 15-25 msec).

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 pulsed experiment called microwave-

induced phosphorescence (MIP) was also carried out using the

ODMR spectrometer. MIP is similar to MIDP except the exciting

light is not shuttered when the resonant microwave pulse is

applied 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. 58 shows the result of MIP'on the same

transition discussed in the preceding paragraph. In this

case the horizontal 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 the sections which follow, we use the coordinates

3' 0 Y!, 1' to denote the principal axes of the fine-structure

tensor (p) which is responsible for lifting the degeneracy of

the two "8 ms = 11" transitions and for mixing the electron

spin states. |+1> and |-1> so that transitions of the type

"a Iris  = 12" become observable.      In this coordinate system,   z'

is parallel to the C=O bond, x' is nearest the normal to the

carbonyl plane, and y' completes the right-hand.coordinate

system.  These axes may or may not be coincident with the

molecular    axes (x, .M,  ) defined previously. However, if one

assumes that the guest enters the host substitutionally, then

the two coordinate systems can be related using the crystal

structure data.

A.  obMR Spectra in DDE

13
1.    C-BP

13
ODMR spectra of C-BP/DDE were obtained by monitoring

the (0,1) band of the phosphorescence, and in all cases the

observed signals correspond to increases in the intensity

of this band. The magnetic orientation of each of the three

42
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triplet electron spin 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
spectrum of triplet   C-BP.  Three studies of this type

were carried out.

13
In the first set of experiments, the C-BP/DDE

crystal was mounted so that the axis of the post (rotation)

was normal to the cleavage plane of the crystal. This mount

permitted the study of the orientational dependence of the

ODMR signals in the ac crystallographic plane.  A plot of

the magnetic fields at which resonances were observed in

this plane is shown in Fig. 6A. Only three transitions are

observed at any given orientation in this plane, and the

angular dependence exhibits stationary behavior with:the

field parallel to the & and 9 axes.  Subsequent rotation of

the  magnet at these two orientations indicated  that  only H llc

is a true stationary field (i.e., an orientation in which the

field is parallel to one of the three principal axes of 2,

which we denote  by z'). However, magnet rotation away from

the  orientation HI la produces a splitting of each transition

into a pair of lines, one moving to higher field and the

second to lower field. In contrast, no such splitting is

observed in the vicinity of 11 1 Ic, and the two "AmS = 11" lines

exhibit their maximum separation in this orientation.



Figure 6. Observed angular dependence ·of the "Ams=11"
13

transitions in the ODMR spectrum of C-BP

in DDE at 1.6'K.  (A) Rota€ion in the ac

crystallographic plane; arrows indicate the

positions  of  the "
Ams=11" transitions  in

the ·H llc liz' orientation. (B) Rotation in

the ab crystallographic plane; subscripts

1 and 2 refer to the two identical but

inequivalent fine-structure patterns.
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The field was also rotated in the bc crystallographic

plane.and similar results were obtained. Thus, only a single

pair of " Ams = 11" lines is observed with HI'b, c'. but
rotation of the magnet away from the orientation 111112 produces

a splitting of the two transitions similar to that observed

in the vicinity of lilla.  From these experiments, it is

obvious that there are two magnetically-inequivalent

13
orientations of the fine structure tensor of triplet C-BP

in DDE,  and that these two -orientations are related by a

rotation about  the  c   (z' )   axis .

In order to determine the relationship between the

two tensorA, a third set of experiments was performed in

which the field was rotated in the ab plane of the crystal.

Fig. 6B shows the results obtained in this study. It is

13
observed that the two triplet C-BP molecules are magnetically-

equivalent with H  a,b, but that the x' and x' axes of·their

ZF tensors are rotated by 120°1 0.50 from the & and k axes,

respectively. We denote these two sets of stationary orienta- ·

tions by xi, xJ and Yi, 1&, respectively, and list in Table IVA

the values of the stationary fields in the three principal axis

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

of the ODMR spectrum Of 13C-BP in DDE

A.  Stationary Fields in Gauss

Orientation "Ams=2"a LF("Ams=il:,)b HF("Ams=il")]0 \10(GHz)c

HI  I x' 1459 2026 4327 9.16470

lilix' 1343 2549 3712 9.16328

11 liz' 1625 1576 4918 9.16230

HI 1 -z' 1712 ·1780 5118 9.72310

a
Field position of forbidden transition in Gauss.

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

cMicrowave frequency.

B.  Ratio of intensity of the LF transition (IL) to HF
transition (IH) at T = .1.69K and T· > 4.2'K

Orientation IL/IH (1.60K) IL/IH     (>4.2.0 K)

lillx' 1.9 >3

.HI I..Y' 2.5 >5

HI'z' 3.3 -12
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The temperature dependence of the relative intensities

of the two "Ams = 11" transitions was also studied with 1111.x',

-Yo, and z'. In all orientations, it was found that the inten-

sity of the low-field line (IL) increased relative to that of

the high-field line (IH) as the temperature increased from

1.69 K to 4.2'K and above. These results are summarized in

Table IV B.

2.  4,4'-DCBP

The orientational dependence 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 intensity of all bands in the phosphorescence spectrum.

An approximate ac plane study verified that the z' axis of

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

9 axis.  Subsequent to this experiment, two  more-carefully

oriented samples were studied in principal magnetic planes.

Fig. 7A shows the results for the 3'2' fine-structure plane.

A comparison of Fig. 7A with Fig. 6B shows that the angular

dependence of the ODMR spectrum of 4,4'-DCBP is similar to that

13
of C-BP except that the. angle of rotation of x' (M')  from

f (12) is slightly smaller in the former case (+180 1 0.5 0.).

Once this angle was determined, it was then possible to carry

out a rotation about either .x' or Y' by suitable orientation



Figure 7.  Observed angular dependence of the " Ams=11"

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

in DDE at 1.6IK. (A) Rotation in the ab plane

showing two (subscripts 1 and 2) identical but

inequivalent sets of fine-structure axes.

(B) Rotation in the x'z' fine-structure plane

of one type of molecular orientation in the

unit cell. The pattern indicated.by * is due

to the resonances from the other molecular

orientation in the unit cell.
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of the crystal. Fig. 7B shows the results of one study of

this type.  One set of curves illustrates the angular depen-

dence in the x'z' plane of one of the fine-structure pairs;

the second set (marked by asterisks) shows the angular

dependence of the second pair.  It is observed that the two

magnetically-inequivalent species become equivalent as the

crystal is rotated to the ,HI 1-z' (c) orientation, as expected.

The stationary fields observed in these experiments are

listed in Table V A...

The relative intensities of the high-field and low-

field "Ams = 11" transitions of 4,4'-DCBP were a·lso studied

as a function of temperature. The results obtained for each

canonical orientation are shown in Fig. 8.  At 1.6°K, the

low-field transition is observed to be the most intense line

in each of the three orientations; however, an increase in

temperature produces a dramatic decrease in the relative

intensity of this transition in each case. Tne values of

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

12
3. C-BP, 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  "Am =2"  LF.("Am =11")  HF("AmS=11")  vo(GHz)S

H'Ix/ 1494 2057 4335 9.16170

lilly' 1375 2682 3612 9.16174

H liz' 1612 1690 4804 9.16122

B.  Ratio of intensity of the LF transition to HF transition
at T = 1.6'K aiid T > 4.20K

Orientation IL/IH (1.60K) IL/IH(>4.2aK)

lillx' 1.5 <0.2

H liz' 1.5 40.1

HI'z' 1.7 1.0



Figure 8. Observed temperature dependenc e  of  the "

A ms=il"

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 orientations 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

axes of C-BP,   4,4' -DFBP,   and  4,4' -DBBP were found at· angles12

of 20° 4 0.5 0, 19°1·0.59, and 901 0.50 from the&(b) crystal

axis, respectively. The field positions of the ODMR signals

observed in the canonical orientations for each of'these

systems are listed in Table VI. All transitions in 4,4'-DFBP

12
and C-BP corresponded to increases in phosphorescence

intensity, and no differences were observed in the relative

intensities of the low-field and high-field "A mS = 11" transi-

tions at the two temperatures studied ( 1.60 K and 4.20 K ) in

either case.  At 4.2'K, the ODMR transitions of 4,4'-DBBP in

the canonical orientations were detected as decreases in

phosphorescence intensity.  Cooling the sample to 1.6'K pro-

duces no change in the relative intensities of the two

"A. ms = 11" transitions in the H I.Iz' and.HI I Y ' orientations.

However, in the Hll x' orientation of 4,4'-DBBP, cooling led

to  a complete reversal in phase  of  the high- field  "8 mS  =. 11"

transition so that at 1.6°K an increase in phosphorescence

intensity was observed on microwave saturation.
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TABLE VI:  Stationary fields (in Gauss) in the ODMR Spectra

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

Guest Orientation ."anS=2" ·LF("AmS=11") 1-IF(';Ams=11") vo(GHz)

4,4'-DFBP 11113' 1429 1929 4382 9.16166

H liz-' 1303 2483 3744 9.16127

H   11 &' 1627 1466 5024 9.16851

BP
11 1 Ix' 1456 - 2022 4327 9.16557

H.Ily-, 1341 2547 3715 9.16538

H liz' 1709 1776 5121 9.72255

le

4,4'-DBBP HI Ix' 1535 2146 4287 9.16803

111  1 X' 1423 2810 3509 9.16713

alli' 2073 4836 9.7648
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B.  ODMR Spectra in Neat 4,4'-DCBP

ODMR spectra of neat 4,4'-DCBP were obtained by mon-

itoring the (0,0) band of· the phosphorescence emission, and

the study of the orientational dependence in two crystallo-

graphic planes was sufficient to assign the orientation of

each of the three principal axes of the fine-structure tensor

to specific axes of the 4,4'-DCBP'crystal. In one set of

experiments, the crystal was mounted for rotation in the

cleavage (ab) plane and oriented in the cavity so that the

2 axis was parallel to the magnetic field. The ODMR spectrum

obtained in this orientation at 1.6°K is shown in Fig. 9.

Slight adjustments of the orientation of the field relative

to the crystal verified this to be a canonical orientation

corresponding to an alignment of the field along the C=0 bond

(.z'). Closer inspection of Fig. 9 shows. there are, in fact,

two pairs of transitions which exhibit slightly different ZF

splittings. The more intense features in this orientation

are excitonic in origin whereas the weaker transitions, which

are just resolved in the low-field resonance and produce 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.



Figure 9. Observed " Am =11" transitions in the ODMR spectrum
S

of neat 4,4'-DCBP at 1.6'K in the orientation .

lillbll-z'. All transitions correspond to decreases

in phosphorescence intensity. The most prominent

signals are excitonic in'origin, while X-trap

resonances are just resolved in the low-field

region and produce a slight asymmetry in the high-

field region.
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Figure 10. Observed angular dependence of the "Am .=+1"
S-

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 t6 excitons

(X-traps). (B) Rotation in the 3'1' 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 away .from the b axis (lillz') causes

a continuous decrease in the intensity of exciton signals (x

in Fig. 1OA), and they are unobservable after 40° of rotation.

Both the low-field and high-field trap transitions (• in

Fig. 10 A) are observed to invert and split into two pairs

of lines as the crystal.is rotated away from H 1 1 12. The four

„
8 ms  = il" transitions, which now correspond· to increases

in the phosphorescence intensity, again converge into a single

pair of lines as   approaches the & axis.  This behavior

suggests that, as in the case of the DDE crystal, there are

two magnetically-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 of each of the "Am  = 11"

lines in only 86 G, the relative orientation of the two sites

cannot differ by more than  1°.  Thus, at positions where

stationary behavior was observed, the two sets of axes appear

to  be equivalent within 'the resolution  of our experiments.

This interpretation was confirmed by a second set of

experiments which were carried out in order to, determine the

orientation  of  the two remaining fine-structure  axes  (x",  7' )

of the trap triplet 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 angles of. 15°1 1° from

the & and c' axes, and these orientations are assigned as
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 i 'IA'  and
2,, respectively, by examination of the 4,4'-DCBP

crystal structure data.  Although no splitting of the ODMR

signals was observed in the ac' plane, considerable line

broadening was evident at orientations intermediate to the

x' and y' stationary field positions, and is most likely due

to the second set of fine-structure axes. The stationary

field positions observed for the. x", x", and z' principal

orientations of the trap triplet state are listed in Table

VII. No exciton transitions were observed in the ac' plane.

The temperature dependence Of the ODMR signals in

principal axis orientations was studied as described pre-

viously and the results are summarized in Fig. 11. In both

the Hllx' and lilly' orientations, the low-field and high-field

transitions were observed 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 to invert at the highest temperature studied in each

case. In the Hllz' orientation the asymmetry observed in the--

exciton transitions at 1.6'K caused by the overlapping trap

transitions was observed to disappear at temperatures greater

than 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 "AmS=2" LF("AmS=il") HF("Ams=il") vo(GHz)

HI Ix' 1493 2004 4368 9.164097

H I l y' 1355 2714 3544 9.16375

H liz' 1596 1676(1695) 4771(4766) 9:15354

Field positions in parentheses are those observed for excitons.



Figure 11. Observed temperature dependence    of    the     " AmS =11"

ODMR transitions for each principal axis

orientation of X-traps and excitons in neat

4,4'-DCBP. The HI Ix' and y' spectra are X-trap

resonances.     The  li liz' spectrum is predominantly

excitonic in origin with the'X-trap resonances

producing an asymmetry in the line shape at

1.6'K.  Signals deflecting towards the bottom of

the 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 nitrogen  into the cryostat.    As

can be seen, the phasing and relative intensities of the two·

exciton transitions remained the same as those observed at

much lower temperatures.  However, the linewidth (full width

at half maximum) of the exciton transitions was observed to

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

C.  Interpretation

1.  The g and p Tensors./

The total spin Hamiltonian which describes the relative

energies of the electron and nuclear spin levels of the lowest

16
triplet state of a molecule is given by

*·  s   =  12  ZF   +   Af, Z'  +    ff Q   +   K  HF   +  fi % (14)

where.H represents the ZF splitting of the electron spinZF

sublevels due to magnetic dipole-dipole and spin-orbit inter-

actions between the two unpaired electrons Icf., Eq. (7)],

R Z the electron Zeeman interaction  [cf.,  Eq.  ·(3)] , 76 Q the
nuclear quadrupole interaction  (for I 3 1), lf the electron-' ' HF

nuclear hyperfine interaction,  and JL   the nuclear Zeeman

interaction. The ODMR results presented thus far can be

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

0                                     (15)R s   = X + fezZF

where K is given by Eq. (7) andZF

R z   =8  11  0.9.S (16)

for the general case (i.e., anisotropic g tensor),·where 9
I.

is the resultant electron spin of the triplet state (i.e.,

S   =   sl   +  ·22)'

The choice of a basis set for the spin wavefunctions

is somewhat arbitrary.  The |+1>, |0>, and |-1> basis set

[cf., Eqs. (1)J diagonalizes R Z in the limit of infinite

magnetic field, while the basis set

Irx>  =  7 2. 18182 - ala,  = -1-  11.-1> - 1+1>  (17a)
- 42

 Ty)  =· -1. 16182 + ala2  = -i-  11-1> + 1+1>  (17b)
42 ' 42 '

II   >               -1-    10:1 82  +   Bla2     = 1 0> (17c)
z     /2

diagonalizes * and can be written as linear combinations'Z F

of the "high-field" spin wavefunctions.  For an ODMR experi-
0

ment in high field, neither basis set diagonalizes gS, but

both are equally sufficient for describing the experimental

results.
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Choosing the basis set Irx>, 4.y>, and ITz>, the
resulting Hamiltonian matrix of X S

becomes

 TX  Ily> ITZ>

x      -igzzBHn     ig  BHmYY

0

fts = igzzBHn   Y -igxxBHQ (18)

Lig BHm igx#HR        Z
YY

where X, Y, Z and gxx, g  , g  ·are the principal values ofYY ZZ

the fine-structure tensor   (D)   and  the g tensor;  E.,   m,   and  n
"

are the direction cosines of the magnetic field axis with

respect to the x", -F'' and z' axes, respectively. In this

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

and 2.are coincident. since je,s  is not diagonal and both'the

diagonal and off-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 calculation is simplified considerably in any

one of the three principal axis orientations.  For example,

with li l I-z' (t =m= 0), the Hamilton :Lan becomes
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X             - ig        BH          0
ZZ

*LS igzzBH Y 0  (19)
0         0      Z

Thus,  Mz  is an eigenfunction of Es with eigenvalue W  = Z

but  I > and IT > are mixed by the off-diagonal element

lig BH. The remaining eigenvalues and eigenfunctions can
ZZ

then be obtained by solving the 2 x 2 secular determinant

X-W -igzzBH
0                         (20)

ig BH Y-W
ZZ

which yields

Wl        1/2 (XtY)  1 az/2 (2la)

where

az    2 l(Y-X)2 + (gzzBH)2  4
(2 lb)

Since D i s a traceless tensor, X+Y+Z=0, and the energy-I

levels and wavefunctions of the triplet electron spin states

with HI I.z' may. be written as

W+       -Z/2 + clz/2 (22a)

W      Z                         (22b)0
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W_     -Z/2 - az/2 (22c)

1 + >     =      i   Cl|   x   +   c2 'Ty>> (23a)

  0        =     |z  z                                                                               (23b)

1->  = 1(21.Tx> - i cl'Ty>> (23c)

where

1-
-2

(Y-x) 1

Cl     1/12  1 -   a
j (24a)

Z

(2     1/42  1 + Cylx) ]
6

(24b)
Z

In the absence of a maghetic field, Cl = 0 and C  = 1,2

so that the states |+>,  |0>, and 1-> go smoothly into Tx ' T z'

and T  , respectively. On the other hand, in the "high-field"
Y

limit, 1+> and |-> approach 10:la2>and 18182  , respectively;

i.e., the field decouples the electron spins completely from

the molecular framework. Similar calculations with HI 1 71' and

y' lead to expressions analogous to (22) and (23) and are

summarized in Table VIII. Note that these expressions can be

obtained by simply permuting X, Y, and Z.

The energy 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 expressions in



TABLE VIII:  Energies, wavefunctions, and resonance fields for a lowest triplet state with Z>0>Y>X

Orientation Energy I x>                Iry>               Irz                 "Ams -+1"
"Z. ms   =   2"

al I x' 11 .._ A + 1.                                                                Ji0             1 [1-(Z-y)/ax]' 1 [1+(Z-Y)/axl+     2 2'                                42                      ,2
(1/8XXB){ (4+3X/2)2 (1/28=8){(hv)2-

W  =i                       1                         0                        0
0 -[CZ-Y)/212}t (Z-y)2j 4

w  .=  -  3-  121                                 0                                  1 [1+(Z-Y)/ax] 1 [1-(z-Y)/ax]4                                           4

- 2 2        /2     ,'2
ax = 2[16(Z-Y)2+(gxxBH)2]

15

HI I Y' w = _I+L I -1 [1-(Z-X)/ay]#            0             4 [1+(z-x)/a ]4+ 2 2   ;2            42
(1/gyys){ (hvi3Y/2) (1/2g  S)((hv)2-

W  =Y                         0                           1                          0
0 -[(Z-X) /212}1 (Z-X):}5

V   4
W . -4- - -  [1+Cz-x)/0,14            0             1 Ii-(z-x)/ayl.9- '    2   2                                                            /2

a  - 2[5(Z-X)2+(g  BH)219
Y                                   YY

lillg'
p  . -i+ lE

-4· Il-CY-X)/az]i 1 11+CY-X)/°z]'S           0"+ 2 2        /2I -

Wo =2                0                  0                 1            (1/gzz B) { (hvl:3Z/2) (1/28zz8){(hv)2-

-[(Y-x)/z}2}4 CY-X)·2 2k

Z .Z
-, 11+Cy-X)/az]t i [l-(Y-X)/az]4                0W- = -2 -2     '2           /2

. =
az = 2[fCY-X)2+(gzzSH)=l'
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Table VIII, and a schematic representation is shown in Fig. 12

together with the possible mic·rowave transitions. Labeling

the states by their "high-field" functions 1+1>, 10>, and

|-1), the transitions A and B are classified as "Am  = 11"

transitions and C as a "AmS = 2" transition. The former are

allowed in both ZF and high field, whereas the latter is

allowed in ZF but forbidden in the "high-field" limit (H+CO ) .

Since the ODMR experiments are carried out in a magnetic field

intermediate  to  the two extremes,   the   " Ams =2" transition  is

not rigorously forbidden and can frequently be detected.

Referring to Fig. 12 and Eqs.(21) and (22) for the

lil Iz' case, the following are the resonance expressions for

the transitions A, B and C at constant microwave frequency

(V) :

hv = Wo - W_ = 3Z/2 +[*(Y-x)2+(g-_BH-)2].4 (25a)4,Z    A

hv = W Wo = -3Z/2 + [t(Y-X)2+(g BH.-)2]4 ( 25b)+-
ZZ                      B

3.                                           (25c)hv = W+ - W_ = 2[36(Y-%)2+(g.zzBHC)2] 2

where h9 is the microwave energy and the ZF ordering scheme

Z>0>Y>X i s assumed. The magnetic fields at which

resonances are observed are easily found to be



Figure 12.  Triplet energy levels of benzophenones.

Transitions are shown for a frequency of

9.6 GHz when the magnetic field is in the

x'' -M", and z' directions, respectively.

The ZF ordering scheme Z>0>Y>X is

assumed.
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HA = (1/g„„B) {(hv-3Z/2)2-[(Y-X)/212} 4 (26a)
Z. Z.

HB = (1/gzzB) {(hv+3Z/2)2-[(Y-X)/212}.4 (26b)

35HC = (1/2gzzB) {(hv)2-(Y-X)2} (26c)

The resonance field positibns for the other principal axis

orientations are listed in Table VIII. Note that if the

level ordering x>Y>0>Z had been assumed, analogous,

but slightly different, expressions for the eigenvalues would

be obtained. However, by examining the expressions for the

resonance fields (the experimental observables), one sees

that the transitions would be observed at the same field

positions in both ordering schemes. Thus, a given set of

experimental field positions can only give the magnitude and

relative signs of the ZF parameters.

By combining the expressions  for the  " AmS = 11"

transitions [RK., Eqs. ·(26a,b)] in each·of the principal axis

orientations, expressions for each of the six magnetic para-

meters (X, Y, Z and gxx, gyy, gzz) can be derived.  For

example, in the H liz' orientation, one finds

-(hv+3Z/2)2+(hv-3Z/2)2-6(Y-x)2- 4
(27a)

gzz =
82(H2 + H2)

-          A  .B
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Z = 1/3 {4(Y-X)2+(9 BH )2}4 - {4(Y-X)2+(9 BH )2}4   (27b)zz B zz  A

Similar expressions can be derived from the two remaining

principal axis orientations; hence, there are a total of six

equations and six unknowns.  Self-consistent values for the

principal elements of'B and 2 can be determined by initially

estimating the values of the magnetic parameters and iterating

the six equations until convergence is achieved (see

Appendix I). This method is exactly analogous to that

7
described by Hutchison and Mangum  except that the quadratic

terms are included explicitly and not expanded in terms of a

power series. For the systems studied in this laboratory,

there has been no difficulty in achieving convergence, and

usually no more than ten iterations were required to reach a

-6
convergence tolerance of 10 As a check for a false con-

vergence limit, the self-consistent magnetic parameters·were

used to calculate the resonance fields of the  " Am  = 11"  and

" 8ms =
2" transitions in the principal axis orientations as

well as the p6sitions of level anticrossing signals (Chapter V).

The calculated field positions 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 11 liz' orientation of neat 4,4'-DCBP) , one

can use the condition

X+Y+Z=0 (28)

in the iterative process'to.obtain the energy and g-value for

that principal axis.

The principal values of D and g obtained in this
I.

manner for the systems studied in this work.are summarized

in Table IX. It is seen that X+Y+Z=0 within  experi-

mental error. Further, the agreement between our results

for the fine-structure tensor and those obtained in zero-

56 67field ahd level anticrossing   studies is excellent.

Table IX also shows that the g tensors are anisotropic with„

gzz >> gxx, gyy. These 'parameters cannot, of course,  be

obtained by ODMR spectroscopy in zero field.

The observed orientational dependence of the ODMR

transitions can be explained by employing a more explicit

form of the Hamiltonian for the electron Zeeman interaction

Icf-,  Eq.  (16)];

(tH, mH, nH)   g     g     g        SXX XY XZ       X

'tz
=

 gyx  ·gyy   gyz      Sy       (29)

111'zx    g g SZY ZZ       Z



a
TABLE IX: Principal values of the g and 2.tensors of the lowest triplet state of benzophenones

-1 -1 -1 -1 b -1 b
System       Z(cm  )    Y(cm  )    X(cm ) IX+Y+ZI  D (cm .)    E(cm .)      g

2 z                     .51                     g*x

12
C-BP/DDE +0.10447 -0.03484 -0.06962 0.00001 -0.15670 +0.01739 2.0106 2.0021 2.0009

13C-BP/DDE +0.·10425 -0.03470 -0.06947 0.00008 -0.15638 +0.01·738 2.0105 2.0023 1.9998

4,4'-DFBP/DDE +0.11122 -0.03733 -0.07375 0.00013 -0.16683 +0.01821 2.0136 1.9999 2.0019

4,4'-DCBP/DDE +0.09713 -0.02783 -0.06917 0.00013 -0.14569 +0.02067 2.0102 1.9996 1.9990

neat 4,4'-DCBP +0.09705 -0.02492 -0.07215 0.00007 -0.14558 +0.02362 2.0207 2.0094 2.0075
X-traps

4,4'-DBBP/DDE +0,08649 -0.02114 -0.06550 0.00015 -0.12982 +0.02218 2.0163 2.0073 2.0009

 All values accurate to +10 in the last two digits.

bObtained from the values of X, Y, and Z using Eqs. (lla,b).
The assignment of the absolute sign of these parameters is based on arguments that.follow.

-1
I\)
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Using this form of jiz in. the spin Hamiltonian (15) , one can

obtain the orientational dependence of the energy levels (and

therefore, the transitions) in any plane.  For example,

assuming g and·2 are diagonal in the same coordinate system,-

the Hamiltonian for a rotation· in the x'.z' plane is found to

be

dLS  = BH(gxxsx sine + gzzsz cose) - XS2 -YS  -ZS2    (30)

where   0  is the angle · the magnetic   f ield makes  with   z' .      In

the representation of the   >'  'Ty>,  1. z > basis set, the

matrix of this Hamiltonian is

X       -ig  BH cos0        0ZZ

ig  BH cose       i -ig BH sin0 (31)ZZ XX               S

0        ig  BH sine        ZXX

The eigenvalues and eigenvectors can be found in exactly

the same manner as done for the principal axis orientations.

Thus, given the principal elements· of g and E, the positions
-

of ODMR signals can be calculated as a function of 0. Since

such calculations. require the diagonalization oflfs at each

value of 0, it is a time consuming process and necessitates
68

the use of a computer. Once such calculation was carried out
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for the x'x' 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 agreement with experiment.

2.  Temperature Dependence of the ODMR Spectra and the

Absolute Signs of the ZF Parameters

In the preceding section it was mentioned that the

two level ordering schemes  Z  > . 0  >  Y  >  X  and  X  >  Y  >  0  >   Z

are.equally sufficient for explaining the observed field

positions of the " Ams = 11" transitions. However, it is

possible to determine the correct scheme by monitoring the

relative intensity of the low- and high-field lines as a

function of temperature in a manner similar to that employed

69
by Hornig and Hyde, except that in our experiments the

non-exponential phosphorescence decays observed at the lowest

temperatures clearly indicate that the levels are not in

thermal equilibrium. Thus, it is clear that the absolute

ordering of the levels can be determined by allowing the

system to thermalize by increasing the temperature to a point

where SLR becomes faster than the decay rate of the triplet

sublevels. Similar methods have been employed in this labor-

atory to determine the absolute signs of the ZF parameters.of

70
5-tetrachlorobenzene in durene.

a)  X-Traps in neat 4,4'-DCBP.  Consider the lili-x'
Orientation for. X-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 relative steady-state

populations of the levels in a magnetic field ni(i=+,0,-), in

the   abs ence of microwaves and rapid   SIR, are determined   by   the

relative rates of intersystem crossing (Ki) and decay (ki)

30,71
processes, i.e., ni = Ki/ki 

These rates may in turn be

calculated from kinetic data obtained in zero field using

72
simple field-induced mixing considerations. For example,

for the |+> level in Fig. 13 A,

K  = A[1-(Z-X)/a ]Kx+Ji[1+(Z-X)/ay]Kz (32a)

k  = *[1-(Z-X)/ay]kx+S[1+(Z-X)/ay]kz (32b)

where Kj and k  (j=x·,y, z) are the corresponding ZF rate con-

stants and the terms in brackets are the squares of the

coefficients of Irj> in
the "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

kI = #[1-(Z-X)/ay]kr+4[1-(Z-X)/ay]k& (32c)

for the |+  level in Fig. 13 A.  Thus, relative values of ni

and kif . cAn be determined  for each res:onant..field position

and orientation from zero-field rate.data using this method.

Furthermore, the relative intensity and phasing of the two
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Figure 13.  Energy levels for the two possible ZF schemes

of neat 4,4'-DCBP in DDE with the magnetic field

parallel to the y' axis of the fine-structure

tensor. Solid arrows indicate  the  " Am =+1"
S-

transitions and whether they are emissive (+)

or absorptive (+) in the absence of SLR;

dashed arrows indicate the same in the presence

r
of rapid SLR.  Arrows designated by k refer'

+,-

to the dominant radiative levels. (A) For the

ZF scheme Z>O) ·Y>X(D< 0). (B) For the

ZF scheme X>Y>0>Z(D> 0).

t-
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transitions indicated in Fig. 13 can be calculated using

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

48
X-traps in neat 4,4'-DCBP; however, Dym and Hochstrasser

have shown that. the radiative spin.activity for the 3(n, Tr* )+1,A

transition in neat 4,4'-DCBP is 61% I T > 32% 1 Tx>, and 7%Z'

1 Y>
T(. These data alone are sufficient for analyzing the

temperature dependence of the ODMR spectra of 4,4'-DCBP.

Figure 11 shows  that  the two  " Am   = 4- 1" transitionsS -

in the lilly' orientation of neat 4,,4.'-DCBP correspond to

increases in phosphorescence intensity at 1.6°K. This

indicates that either n
0  >    n+,   n_   and  kI, kI   >   ko,   or   no  <   nJ,

n_   and  kI, 19    < ko at both·resonant fields. Since

kr kr J kr  in zero-field48 and the properties of ITx  and
Z'X'   y

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 are as

indicated by the solid lines in Fig. 13. In Scheme A, the

high-field transition is therefore microwave emissive while in

acheme B .the low-field ttansition is microwave emissive. Although

the microwave transition probabilities for the two transitions

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 the relative intensity of the two

"
Ams = 11" transitions on warmup will depend primarily on

the effect of SLR on the population differences of the levels

being saturated.  As Tl becomes short and Boltzmann equilib-

rium is established, n_ > no > n+ obtains for both scheme A

and scheme B. Thus, one expects the high-field transition

to decrease in intensity relative to the low-field transition

if scheme A applies; while the opposite should occur if scheme

B applies. Experimentally, it is observed (Fig. 11) that the

high-field transition decreases in relative intensity as the

temperature increases and is observed to invert at the highest

temperature studied (consistent with microwave emission at

1.6°K). Thus, scheme A(Z>0>Y>X;D< 0,· E>0) appears

to be the correct level ordering for X-traps in 4,4'-DCBP.

A similar analysis for the 111 Ix' orientation is consistent

with this result. The exciton lines (vide infra) which dom-

inate  the ODMR spectrum  in  the  H l i z' orientation precluded

such an analysis.

Two effects might invalidate this determination of

the. absolute level ordering.  A · field dependence of Tl might

explain a more·rapid decrease in the relative intensity of

the high-field transition; however, such an effect cannot account

for the inversion of the high-.field transition as the temper-

74ature is increased. Hochstrasser and Michaluk,   in their
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optical studies of neat 4,4'-DCBP crystals, found the origin
0

of singlet-triplet absorption at 4124.6 A while the crystal

phosphorescence originated mainly from a triplet X-trap (a

4,4'-DCBP molecule near a crystal imperfection or impurity)

0

with an origin at 4135.4 A (in agreement with this work).

From the origins of· absorption and emission a trap depth of

63 cm-1 can be estimated.  In such shallow traps, detrapping

effects might be expected to be spin-state selective and

75
highly temperature dependent. This could affect the

relative steady-state popdlations Of the sublevels and resu lt

in a change of the relative ODMR signal intensities with

temperature. An analysis of the 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 spectrum of neat
0

DDE shows no bands above 2600 A indicating that excitation
0

with 3660 A light should excite a guest ketone directly.  Thus,

the populations of the guest triplet sublevels are governed

predominantly by mechanisms inherent to the guest molecule and

not by energy transfer processes involving crystal exciton

states. This· is exemplified by the decreases in phosphorescence

intensity observed on, ·microwave saturation of all transitions

in the principal axis orientations of 4,4'-DCBP 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 ,HI Ix' and y' oriehtations correspond to

increases in the phosphorescence intensity, Thus, the popu-

lating mechanisms in the two systems are substantially

different.

Considering the lilly' orientation of 4,4'-DCBP in

DDE, the analysis of the temperature dependence of the

ODMR spectrum can be made in the same manner as just dis-

cussed for neat 4,4'-DCBP. Fig. 13 cari be used with a few

r r
minor, but nonetheless important, changes.  Since kz'kx > k ,

the observed decreases in phosphorescence intensity at 1.6'K

indicate n+,n_ > nQ obtains for this orientation of 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 dashed arrows

which indicate the direction of transitions (in a microwave

sense) at Boltzmann equilibrium remain the same. 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. 8 and Table V B):. Similar. analyses in the other two

principal :orientations are consistent with this res·ult since

48
'Tz) is predominantly radiative.    A field dependence 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 observed experimentally, and it is concluded 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 tempe rature dependences

lead to similar conclusions, it appears that temperature

dependent detrapping effects in the neat 4,4'-DCBP crystal

do not become significant before SLR becomes rapid.  Although

this may be true for neat 4,4'-DCBP, it is probably not true

in general and caution should be exercised in the interpreta-

tion of the temperature dependence of ODMR spectra 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  | Tz> is the
53-55

dominant radiative level, the experimental results in

all three principal axis orientations are readily explained

by the same absolute level ordering; i.e., Z>o>Y>x.

The ODMR spectrum of 4,4'-DBBP in the U IL' orien-

tation showed that at 1.6'K the. two "Am = +1" transitions
S -

are 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 from 1.6'K to 4.2'K.  Thus, if |Tz>
is the dominant radiative level, the absolute level ordering

Z>0>Y>X i s obtained using the aforementioned analysis.

On the other hand,  if  | Tx) is the principal radiative level,

one obtains the·opposite level ordering; i.e., X>Y>0>Z.

However, in both cases the analysis suggests that both

"Ams = il" transitions should be microwave emissive at 1.6°K.

In neither level ordering scheme·can the assignment be made

in terms of a single microwave emissive transition. Attempts

to experimentally verify the emissive nature of the low-field

transition at temperatures above  4.2 'K were precluded by  the

severe overlap of these transitions with resonances due to the

other molecules in the unit cell. The fact that the high-field

transition inverts at a lower temperature than the low-field

transition, even though both are believed to be emissive at

1.60K, could very well be due to a field dependence of Tl.

On the basis of the smooth decrease in D values observed in

this and other benzophenones, it is tentatively concluded

that the level ordering in 4,4'-DBBP remains Z>0>Y>X.

This implies that the radiative character of |Tz> still

dominates after bromination, which was found to be true in

48
3,3'-dibromobenzophenone. The  determination  of the relative

radiative rate constants in ZF would definitely lend Aupport

to one of the two arguments. 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

47
high field Zeeman results of Hochstrasser and Lin on benzo-

phenone itself.

3.  Excitons and X-Traps in Neat 4,4'-DCBP

Thus far, the interpretation of the ODMR results in

neat 4,4' -DCBP has rested on the unproven assignment of

X-trap and exciton transitions. The two pairs of ODMR

transitions observed with·the magnetic field parallel to the

b  (2') axis could also be explained by multiple sites  or

inclusion of some impurity. The fact that the action spectra

D

of the two.features.in the low-field region are identical to

the normal phosphorescence spectrum, as well as the extensive

purification of the material, suggests that impurities are

not responsible.  The difference in linewidths of the two

lower field transitions suggests that multiple sites are

also not present. The more intense feature has a linewidth

(full width at half maximum) of 9 G wliereas the linewidth of

the less intense feature is  20 G. Comparison of these

54,55
results with those of Sharnoff et al. on neat BP indicates

that the more prominent features observed in this orientation

are excitonic in origin, while the less intense transitions -

- just resolved in the low-field region and producing a slight

asyinmetry in the high field region ·- are due to an X-trap in
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-1 74
the neat 4,4'-DCBP crystal. With a trap depth of 63 ·cm :,   it

is not surprising that both traps and excitons are observed

in the ODMR spectrum.

Attempts were made to characterize the exciton and

trap transitions by varying microwave power, modulation

frequency, and temperature. The effect of microwave power

on the peak signal intensities of the low-field trap and

exciton transitions is shown in Fig. 14. The nearly linear

dependence (with slope 1/2) of the log-log plot exhibited

by the trap signal is indicative of an inhomogeneously

broadened line (e.g„by hyperfine interactions) of a localized
54

excitation. The nonlinear behavior observed for the exciton

transition is indicative of homogeneous broadening. Homo-

geneous broadening is generally caused by exposing a spin

system to local magnetic fields which fluctuate severely.

Since a nonlocalized excitation, such as a triplet exciton,

experiences local fields whose fluctuations are larger and

more rapid than those due to molecular reorientation at 1.6'K,

it is probable that the most prominent features in the 1111&'

ODMR spectrum of neat 4,4'-DCBP are excitonic in origin.

When the modulation frequency was increased from

93 Hz (used to obtain the spectra in Fig. 9) .to 1 kHz, the

trap transition decreases in intensity relative to the exciton

transition. This suggests that the ·lifetime of the excit6n



Figure 14.  Microwave power dependence of the low-field

"AmS=ll" ODMR-transitions of neat 4,4'-DCBP

in the orientation Hliz'.   The peak signal

intensities of the exciton (x) and X-trap (·)

resonances are plotted as a function of

microwave power attenuation; OdB corresponds

to a maximum of 4100 mW.
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is considerably shorter than that of the trap. MIP experiments

carried out on both transitions support this result. Thus,

application of a microwave pulse to the trap transition pro-

duces a small but detectable decrease in the steady-state

phosphorescence intensity, while no effect could be detected .

by pulsing the exciton transition even though it is the most

intense feature in the ODMR spectrum in this orientation.
\

The fact that application of a microwave pulse produces no

detectable changes' indicated that the exciton lifetime is

considerably shorter than the pulse width (10 usec). It also

suggeststhat the exciton ODMR signal is observed by directly

monitoring triplet exciton emission. If the population changes

in the exciton levels were being monitored by the changes in

trap population caused by energy transfer, the MIP behavior

should be qualitatively the same as that observed for the trap.

The temperature dependence of the H 11&' resonances is

shown in the center portion of Fig. 11. One notices the

asymmetry observed in the signals at 1.6°K, which are mani-

festa·tions · of the X-trap, disappears  as the sample is allowed

to warm above 4.2'K, and no charige in relative intensity of

the exciton signals is observed. Repeating the experiment

with liquid nitrogen in the cryostat allowed observation of

the exciton signals at a temperature near 77'K.  As can be
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seen, the ratio  of the intensities  of  the high -field  to  low -

field  " Ams  = 11" exciton transitions   (2:1) is nearly  the ·

same as ·that observed at 1.6°K, and both transitions still

correspond to decreases in phosphorescence intensity.  The

observed temperature dependence again confirms the exciton

and trap .assignments. The inability to detect the trap

ODMR  signals at temperatures considerably greater  than  4.2 0K

can be explained in two ways, either by the onset of rapid

SLR and/or thermally-induced detrapping.  At l.6°K, SLR is

slow compared to the lifetime of the trap and some degree of

spin polarization develops in the triplet sublevels of the

trap. As the temperature is raised, SLR becomes rapid

the populations of the sublevels tend to equalize and the trap

signals disappear. The observations at 77'K can be explained

equally well by noting that kT is comparable to the trap depth.

Thus, any nonlocalized excitation in the crystal never really

"sees" the trap and no trap signals would be observable.

The exciton signals observed at 77'K are also seen to be sharper

than those observed at 1.6'K; the linewidths being 4 G and 9 'G,

respectively. This is ·consistent with the increased rate of

propagation of.the nonlocalized excitations in the crystal as

temperature increases. The local fields experienced by the

exciton spin system are fluctuating even more rapidly and the

line becomes sharper.
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Since the exciton transitions are not observable in

the other principal orientations of the crystal, little can

be said about their magnetic properties. However, by com-

paring the results for the lili z' orientation in neat 4,4'-
55

DCBP with those obtained by Sharnoff and Iturbe for the

same orientation in neat BP, some information can be obtained

about the energy transfer processes in this system. Beth

exciton lines in neat 4,4'-DCBP showed the same phasing

(i.e., both were detected.as decreases. in phosphorescence

intensity), while opposite phasing was observed in neat BP.

This suggests that SLR is rapid for excitons in BP; saturation

-7 50

studies indicate Tl to be of the order of 10   sec at 4.2°K.

Since Irz> 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 states in 4,4'-DCBP are spin polarized even at

77'K.  This implies that the correlation time (zc) for exciton

migration in the neat 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 an exchange inter-

76
action is responsible for energy transfer, then the trapping

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

relative populations of the spin sublevels of the trap will be
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similar to the relative populations of the corresponding

exciton levels. Indeed; both trap resonances observed at

1.6 °K in the 11·11 -&' orientation correspond to decreases in

intensity even though  | Tz> Possesses  most  of the radiative

activity.  Thus, the exchange model appears to qualitatively

describe' the energy trans fer from exciton to traps.    .

D.  Discussion

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

of 2 and D·

It is well known that the first-order effect of spin-

orbit (SO)coupling leads to a breakdown in the AS=0 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 hydrocarbons.  In

78a now classic paper oh benzene, he showed that the SO

-5 -1contribution to D was of the order of 10 cm , a value

which is clearly negligible compared to. the observed D value

-1,(0.158 cm  j . However, he was careful to. s tate. that this

conclusion was not necessarily valid for all molecules,

expecially those containing atoms with large SO coupling

constants and/or spin densities. Indeed, Hameka has recently
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shown that the SO contributions to the ZF parameters of CH2
79

80and NH are 11 and 25%, respectively, 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
actions. Thus, there is ample precedent for considering the

effect of second-order SO coupling on the g and g tensors of0/

triplet benzophenones.

42
Using the McClure central field approximation, the

9
SO Hamiltonian may be written as

N   n      BV(rik)
leso = 2m c2  I  I  rik  3(r. ) (L„ S„ +L  S  +L ,Sz.)(33)...  . A Y. Y.  Zk=1 i=1 lk     l  i   1 1 1   1

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 are denoted by

Lx. and Sx·, respectively.  Defining
1 1

N       3 V(r. )1 -1 1]:A.  =
1    2m 2 C 2 rik (34)

k=1 3 (rik 

we have, for two electrons

JLSO = Al.(Lxlsxl+Lylsyl+LzlSzl)
(35)

+ A2(L.< S.. +L S +L..   S       ) .

'2 -2  Y2 Y2  Z2 22

Eq. (35) may be separated into sums whose orbital and spin

factors are separately syinme tric or antisyinlne tric with

respect to electron interchange:
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  so = 32 I [(AlLlp + A2L2p)(Slp+S2p)
p=X,y,Z

+ (AlLlp - A2L2p)(Slp - S2p)] (36)

Using perturbation theory, the contributions of Ji to theSO
-

energies of the spin sublevels 'Tu>are given by

AESO = I <3111?,TUIRSO'301''TU>
U

I                < 3  4  1  ,  T ul    $ .S 0 1   3,1' j  ,  a><111' j  ,  0   1   *s o  1   3.,1,1,  T u>

u,J
E  (1  4,   )      -    E  (3*t)

<3 01'  I U |lfso 1  1 4'k ' T v> <3 '1'k ' Tv I ftso 1  3 11' 1,  ' U >
-   I                                             (37)0

u,v,k E(3*k) - E(341)

Here, 13 01 , Tu>are the zeroth-order wavefunctions of the

lowest triplet state sublevels ; 1 -11#jo , a  are t]re zeroth-

order singlet state wavefunctions, and'3 6' , Tv>are the
zeroth-order wavefunctions  of the sublevels ITV> of higher

triplet states. Thus, the three terms in Eq. (37) represent

the effect of first-order SO coupling in the triplet manifold,

the effect of second-order SO coupling of,the lowest triplet

state with excited singlet states, and the effect of second-

order SO coupling of the' lowest triplet state with higlier

triplet states, respectively.

It can be shown that £(SO may be transformed to yield

the same .form as Eq.  (7.) , i. e.

11                         -(XS2    +   YS 2    + Z S 2) . (38)SO Y. Z
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Hence, it is clear that when second-order SO coupling contri-

butions are important, there is no change in the appearance

of  the ODMR spectrum.    Thus, 52 Bq. ( 7) ]is really of theZF

form

R * +K (39)ZF SS SO
\

where X and jt are the contributions to the ZF splittingsSS SO

from the magnetic dipole-dipole and spin-orbit interactions

between the two electrons, respectively. This does.not alter

the interpretation of the preceding sections, but the para-

meters X, Y, and Z (or D and E) obtained include the net

effect of both interactions.

Two models have been developed which rely on different

experimental observables in order to quantify the effects of

the SO interactions on the energies of the triplet sublevels.

82
The first, proposed independently by Jones et al.   and

Hayashi and Nagakura, requires knowledge of the ZF splittings63

and energy differences between the two lowest excited triplets

in order to determine the SO contribution to the ZF splitting.

The Batley and Bramley model requires knowledge of the ZF
62

splittings and g tensor to determine this contribution. Since
„

the ODMR studies of this work give the principal values of

the fine-structure and 2 tensors', the Batley and Bramley

model seemed Inure appropriate, and a brief description of

their approach follows.
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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
'.

1 <n, A * ;  Tu l  RSO I p> <P 1  K SO I n, w * ; r u>
AESO = _ (40)
U 0E  -E.

· PU
0 ·

in accord with Eq.  (37) .   Here, E  is the zeroth-order energy
U

of the lowest triplet sublevel |n, Tr*;Tu> and p refers to

the singlets and triplets to which this state is coupled.

Of the possible interacting states, |p , only I ,a*> will
give one-center  terms and only the S component of  SO will

72
be effective. It may be shown using group theory that

(1) RSO (z) mixes the |Tx> sublevel of the lowest

triplet state with the 'Ty> sublevel of· higher

|Tr,Tr*> triplet states,

(2) N.so(z) mixes the |Ty> sublevel of the lowest

triplet state with the  rx  sublevel of higher

I.ir, 7Ii.) triplet states, and

(3')   jl SO (S) mixes.the    | Tz > sublevel  of the lowes t

triplet state with excited  | r, .11* > states in the

singlet manifold.

Since the .energy denominators (E  - E ') will be larger for
PU

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 sec6nd-order SO coupling is a result

SO
of changes in the energies of |rx  and |z  .  Since 8Ez  is

-2/3  of the shift  in the absolute energies  of   | ·rx   and   | T   
SO SO

(assuming SEx  = AE  ), then

2    41<3'» , 1'*  1  I  1            (3)   1
3

1[ , '1[

*> <31, A.*1 I Rsoi (3)  13'1, 1*>SO 3 SO· -AE   =  .             1                               .  741)Z

E(3.n,lr*) - E(3 n,ir*)
/

Also note that, since D = -3/2 Z,

-14 <311 , M * 1 I j€sOi (Z )  1 311 , " * > <3„ , „ * 1 I $€soi (g )  1 31.1 , # * >
SO

AD = .(42)

E(31,w*) - E(3 n,A*)

The Zeeman Hamiltonian  [cf, Eq.  (16) ] , which was

written previously in terms of spin operators only, can also

be expressed as

R Z                    B    H     · (L   + 2 S) (43)

in order to account for the fact that the orbital angular

momentum is no longer zero. This again creates no difficulty

in the previous interpretation, since the g values determined

earlier include the effects of both spin and orbital angular

momenta, that is

Seff =L+22 (44)

and

(gii)eff   ge + Agii (45)
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where ge is the free electron value (2.0023) and 89
ii

represents the contribution to the principal g-values,g..,
11

from orbital angular momentum introduced by the SO interaction.

For      R (z) , Batley and Bramley showSO -

Ag   = g
z z    -   geZZ

<31.1 'I T* '  I    LZ  .  1  3,1  '.ir * > <3 7 T , „ *   . J-(c3oi  (Z)1 3 n , 'r *>
=                                                      (46)

E ( 1.,r,Tr*) - E(311''w*)

By taking a simple ratio of Eqs. (42) and (46) one finds

SO         <3n,w* 1  ,«so. CZ-)131[,11*>8D
=  -<             1                          (47)8g

z z                                   <3n,  1 *  1  I     L z.   1   3 K,  "*>
11

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

on the oxygen atom dominate
Jiso'

then

SOAD =
-(60/4)8g (48)

ZZ

where· Co is the SO coupling constant for oxygen (152 cm 1).

Eq. (48) can be used directly to calculate the SO contribu-

tion to D.

12
An examination of Table IX shows that, for C-BP

13
and C-BP, g deviates from the free spin value (2.0023)ZZ

to a far greater extent than g and g . This indicatesXX -yy

that the .important component  of  the  SO  Hamiltonian  is jfSO (z)

and that it does mix the 1.·rx>and I·r >spin sublevels of the

lowest triplet state with those of higher triplet.states,

principally ( lr, 71*) in character. Moreover, it is also clear
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from the magnitude of Ag that second-order SO coupling does
ZZ

contribute significantly to the observed ZF parameters of

3
(n,A*) benzophenone. Thus from Eq. (48) and the data. in

SO -1 12Table IX, we calculate AD    = -0.315 ·cm for C-BP in DDE.

SS SOThe dipolar contribution to D is therefore D =b - ADobs

= +0.158 cm ,  and  in the absence  of SO coupling effects,
-1

the ZF level ordering would be Z << X<Y (i.e., D > 0, E< 0).

This is in qualitative accord with the ZF 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

81on the carbonyl group.

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

3
that the magnetic resonance parameters of  (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 g differs considerablyZZ

in thetwo hosts. This sugges·ts·.that interactions with the

host can.also effect 'the·.g-val·ues. Furthermore, 4,4'-DBBP

exhibits the smallest D value of all benzophenones studied

and yet shows a significantly larger value of gzz.  Since the

model for 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 indicate there is some delocalization of the

unpaired spins onto the phenyl rings. Although these dis-

crepancies are small compared t6 the SO contributions from

one-center terms on oxygen, their characterization should

3
enable a more complete understanding of the (n,A*) state of

carbonyl molecules.

2.  Substituent and Ring Effects on the Principal Values of D
'-

If the triplet excitation were truly localized on the

carbonyl group, halogen substitution in the 4 and 4' positions

of the two rings should produce little, if any, effect on the

ZF splittings of benzophenone. However, the orientational

dependences of the dihalobenzophenones in DDE show that the

x'   and 2 '   axes  of  D  are  ro ta ted  by an amount which depends  on

the substituent. Furthermore, the ZF parameters obtained

from the orientational dependerice show that D decreases in the

order F>H>C l>B r while E decreases in the order Br > Cl

>F > H (Fig. 15A). Moreover, these effects are not small,

with the overall changes in D and E being 22 and 28%, respec-

tively. Thus, we are led to conclude that the triplet excita-

tion in 3(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 energy'of .the 1 Ty>

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 this work. Fig. 15 B is the

same as Fig. 15 A but plotted in a slightly different way for

illustrative purposes. It is clear from this plot that the

 TZ  and |Tx> sublevels are increasingly stabilized with

respect to |Ty>as heavier atoms are attached to the 4,4'

positions. We believe that this effect can also be explained

by second-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 of this, it is noted

that the halogen substituents lie closest to the.x' axis of

the ZF tensor, and that coupling with higher excited states

derived mainly from the phenyl rings (e.q., (1,#*)) via

R.SO (y)     will    depress    Irx>and   l·rz>with    respect    to 'Ty>. Similar

3effects have also been observed in the ( Tr, 71*   states of

halogenated benzenes and naphthalenes studied by Kothandaraman

et al. in this laboratory. 85

In the preceding discussion, little has been said

about the structure of benzophenones in the lowest triplet

state.  The orientation of the phenyl rings in the crystal

were described, in Chapter II where it was noted that they

were tilted by 29' with respect to the carbonyl plane.

86
Hoffmann and Swenson used 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

0

6'                 6
l'   C   l:

5                                    5

4'                  2           2                 4.

f      -           f                              3              , 4%<»
\A

B                                            a

Figure 16.  Equilibrium geometry of benzophenone.

In the ground state, a=B= 38' .
. 86

In the 1(n,Tr*) state,a=B= 32  .

results indicate that in both states the phenyl rings were

twisted out of plane in a conrotatory fashion to a C2
0

geometry by 38  and 32', respectively. Thus, excitation

leads to a more nearly. planar form of benzophe one.  Although

these calculations 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 group (C molecular symmetry), the principal axes2v

of the fine-structure tensor (x ", y', and z ') would be

colinear with the 3, i, and 2 axes defined earlier for the

carbonyl group itself. ·Similarly, a disrotatory twisting of

the phenyl rings by the same amount should.also lead to both

sets of axes remaining colinear. Recalling that in the

crystal the x (z) axes defined for the two orientations of
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the carbonyl group make an angle of +1040' and -1040',

respectively, with the f (p) axis of the.crystal, one would

expect to see two sets of fine-structure patterns ih the ab

plane orientational dependence of the ODMR spectra. For the

the two geometries just mentioned, the two patterns would

be identical, but displaced from.each other by only 3'20'.

The experimental orientational dependences in this plane

show a displacement of the patterns by angles considerably

greater than 3'20'.  The 3, and i' principal axes of the

fine-structure tensor are rotated away from the 3 and 2 axes

defined for the carbonyl group by an angle which depends on

the substituent in the 4 and 4' ring positions.  This rota-

tion of the fine-structure axes in the ab plane is evidence

of the conrotatory twisting of the phenyl rings in the 3(n, *)

state  of  benzophenones, and indicates the molecular syinmetry

to  be  C2   in the 3(n, lr*) state.     Thus, the orbital syininetry  of

the triplet state of benzophenone is 3A, and the total

symmetries (spin + orbital) of the triplet sublevels | Tx/,

|T   and |Tz> are B,  B,and 3A, respectively.3     3

The angle by which the ZF tensor is rotated varies

with substituent. This implies that the angle of conrotatory

twist of the phenyl rings is also varying. This effect 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 decreases. This suggests

that in the limit of C2v molecular symmetry for the triplet

state an E value of approximately +0.025 cm-1 should be

observed.. Although this interpretation is only tentative,

theoretical calculations of this effect would seem to be

warranted. The effects ·of ring twisting and the similarities

between the halonaphthalenes and benzophenones are convincing

enough to suggest that the simple picture of a localized

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

rotation and E value

System e a (deq) E(cm-1)

neat 4,4'-DCBP 60+1. +0.02362

4,4'-DBBP/DDE 90 + 2. +0.02218b

4,4'-DCBP/DDE 18°120
b

+0„02067

4,4'-DFBP/DDE 190 +20
b +0.01821

12 ob
C-BP/DDE 20'12 +0.01739

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

Y'          x'

\:,» /
1 ...  Cl -I    C(0)-Cl

bThe possible error of +20 results from the inability to
distihguish. the carbonyl y axis  (+  or - 1040') corresponding
to·the ZF tensor 2, axis whose angle was measured.



IV. HYPERFINE AND QUADRUPOLE INTERACTIONS IN THE                '

ODMR SPECTRA OF BENZOPHENONES

13                                         ·
A. C-BP in DDE

At low microwave power (0.19 mW), the·electron spin
(

13transitions in the ODMR spectra of C-BP exhibit, 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

12structure was observed in C-BP; however, it differed from

13the C.BP observations in two respects.  F.irst, an approx-

12imately 1:2:1  triplet structure was· observed in C-BP

corresponding to a 10-12 G splitting which remained fairly

constant as a function of crystal orientation. Second,

this structure was only observed using maximum microwave

power  (-/150  mW).   As the power was decreased,  the  two wing

lines of the 1:2:1 pattern rapidly lost intensity relative

to the center,line, apd only a single line was observed at   

power levels comparable'to those used to obtain the spectra

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

(-5-10  mW), a second triplet structure was observed  in  the

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

104



13                                  ·
Figure 17. Observed (-BP hyperfine splittings in

the principal axis orientations of the

fine-structure tensor. In the Hllx' and
13

Z' orientations the observed C coupling

constants are 14.5 and 6.4 G, respectively.

In the Hliz' orientation, a 13C coupling

constant of 6.0 G was estimated from the

linewidth.
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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.q.,

13proton) spin flips. In contrast, the 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

that the additional structure in the 13c-BP ODMR spectra is

due to allowed transitions of the type " AmS = 11, AmI - 0"

which are split by an electron-nuclear hyperfine interaction

involving the 13C (I= ) nucleus.

The spectra for the 11 I Ix' and y ' orientations shown

in Fig. 17 were computer simulated using coupling constants

of 14.5 1 0.4 (Ax') and 6.4 1 0.2 G (A ,), respectively.

From the single line observed in the H liz' orientation, a

13 C coupling constant of 6.0 1:1 G (Az') was estimated using
12 ·the linewidth observed in (-BP at the same orientation

and microwave power level. These values may then be used

13to obtain estimates of the principa·1 values of the   C

C      13hyperfine tensor (8 ) in C-BP.
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It would seem reasonable to assume that the principal

axes of AC (x", M", z"), are directed along the Px, Py, and./

Pz orbitals of the carbonyl carbon as defined at the top of

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

coincident (+2 ) with the a, b, and 9 crystal axes of DDE,
-    --

respectively, if the C-BP enters the host substitutionally.
13

13
Thus, the C coupling constant observed with lillz' (6 G)

corresponds to the A „ principal element of A ; however,
C

Z"Z -

the coupling constants Ax' and A , are not principal valuesY
C

of A  since the principal axes x' andy' of D·do not lie

along a and b.
--

13
Figure 18 shows the angular dependence Of the  C

hyperfine splitting  in the low-field  " Ams  = 11" 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 simulatioh 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 computer simulation using the linewidths

12observed for C-BP in the same orientations and are signifi-

cantly less accurate (12 G),0  The major source of error id

the inability to accurately account for· the additional wi·dth

due to th6 forbidden transitions mentioned previously since



Figure 18. Observed orientational dependence of the
13
C hyperfine splitting for the lowest

13
triplet state of C-BP id the. ab

ckystallographic plane. The data plotted

are ·for the low-field "Ams = 11" ODMR
transition. S61id circles represent

.coupling constants obtained by computer

simulation of the experimental spectrum.

Open circles represent estimates based

on the difference in line-widths 'observed
13 12

for d-BP  and  . C-BP in·.identical

orientations.
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they do tend to distort   the . lineshapes   even  at  low  powet.

However, Fig. 18 indicates that the extrema in the observed

hyperfine splittings (-15 and-4 G) occur near the a and b

crystal axes, respectively. This is in agreement with axis

system defined at the top of Fig. 17 and the crystal structure

data (cf., Table IIA) and verifies the assumption that the

benzophenones are incorporated substitutionally in the DDE

crystal.  Furthermore, it confirms that totation of the D-

tensor observed in the ab plane is intrinsic to the m61ecule

aid not due to a rotation of the molecule 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

1 52. +      12  z          +          ft·  H F          +          2< z (49)
S      ZF

which takes into account the effects· of the nuclear hyperfine

interaction  ( RHF)  and the nuclear. Zeeman interaction  (Rz)
in addition to those terms previously discussed. *.Z is small

in comparison to spectral resolution and is not considered

16

further.  The nuclear hyperfine Hamiltonian is of the form

$1 S•A•I (50)
HF ---
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*
which becomes, when referred to its principal axes,

12*iF = AxxsxIx + A  SyIy + AzzszIz (51)

where A    A    and A are the principal values of A andXX' YY, ZZ N

contain contributions from both Fermi contact (isotropic)

and dipole-dipole.(anisotropic) interactions.

Since the·hyperfine splittings observed in the

ODMR spectra of (-BP along principal axes of g are more
13

accurate than those observed for other orientations, these

C
values were used to determine the principal values of 3 .

It is also noted that in these orientations the effects of

i€ZF on the magnitude of the hyperfine interaction are

simplified. Recalling that since 12 and·*Ls are compar-ZF

able in magnitude, the electron spins are not completely

decoupled from the molecular framework. Thus, the electron

spin states are not the high-field spin states |+1>, |0 ,

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

*Since the principal axes of the C hyperfine interaction
13

(x", 2", z") are observed to be coincident with those of
the carbonyl group (x, X, z), .the double-primed notation
has been discarded.
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1 + >               cos 4       1+1>   -   sin¢    1-1>

10> lo>
,-J sin¢, 1+1  + cos i |-1> (52)I        /

with, for example, tan 24=· (Y-X)/2gzzl-H for the orientation

H liz' .  Thus, the average value of ms in the states |+1) and

1-1 > is reduced  from 11  to  cos   2 06  and the observed hyper-

fine  parameters are smaller  by a factor  of  cos 24·. Using

the data in Tables IV and IX one finds the true C hyperfine13

coupling constants to be

AX' 15.4 G,

A, 6.8 G,
Y

and

 z'   =   z  z    =  6.0   G.
.

It was cons·idered desirable to carry out an exact

diagonalization of the Hamiltonian given by Eq. (49);

however, some approximatiobs were made to simplify the

49calcufation:      since   RZF' Z   33  j.f I-IF ,   d'.HF was treated as

a perturbation of the eigenvalues of

le   S                    3<Z F        +       St Z (15)

and .hyperfine terms which 'give rise' to off-diagonal elements

between the electron spin states were neglected. Since the ·
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obser /ed C coupling constants were corrected for the actual
13

expectation value of ms, the electron spin states were assumed

to be the strong-field states |+1>, |05, and |-1> to simplify

calculation of the matrix elements. Furthermore, only those

elements of the Hamiltonian which were diagonal in Sz were

considered. These approximations allow one to "avoid" the

fact that the principal axes of  S and j<HF are different.

Since.we are particularly interested.in the angular

dependence inthe xy hyperfine plane (x'-Y' plane of D),

transformation of R from its principal axis . system byHF

rotation about the z (=z') axis gives

RHF  = AxxszIz cos 20 +   (AXX-Ayy) S·zIx  sine  cose +  AyySzIzsin2O
(54)

where 0 is the angle the field makes with the z axis of the

hyperfine tensor. Diagonalization of i& HF gives the effective

hyperfine splitting

7
A- ru A 2.    cos 20    + A 2 sin20 (55)eff - XX YY

Cfor the xy plane of A . More rigorous calculations areI.

planned in order to treat the effects of the ZF splitting on

the hyperfine interaction for orientations in the xy plane.

However, using this simplified expression, the principal

values A and A can be estimated.
XX YY
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13The observed orientational dependence of the   C

hyperfine splitting fixes the value   0 for which  Ax'   and  A ,

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

orientations, the A and A principal elements of. the 13CXX YY

' hyperfine tensor were easily calculated.  Thus, the

C
diagonal form of 5  is given by

A                 16.3XX

'C
A            A 4.1 . (56)
- YY

A                  6.0
ZZ

whete the signs of the elements are assumed to be positive.
C

Recalling that 8  includes both isotropic and anisotropic

cpntributions, it is of the form

C c c
A  =a 1+I (57)
N -

C                                      C
where a  is the isotropic component and I  is the dipolar

C
tensor of the hyperfine interaction. Since T  is traceless,

-

Ac readily reduces to
-3

-              -

t                        7.5XX

 c = ac.1 +       t         = 8.8 +  · -4.7 (58)*                         yy

t                      -2.8ZZ

If unit spin density were present in the u(Px)

orbital on the carbonyl carbon, one would expect the isotropic
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87               C
component to be·the order of 39 G. The   observed   a  .8.8    G

suggests that the  A Spin density (p() on the carbonyl carbon

is of the order of .0.23.  However, this value also reflects

contributions from spin density on neighboring atoms which

can only be determined if the signs and magnitudes of these

spin densities are known. Thus, we turn to the anisotropic

C                                                                                                          W
part of 8  in orddr to obtain a second estimate of pC-

As can be seen in Eq. (58), the experimentally

observed C dipolar tensor deviates somewhat from axial
13

symmetry.  Again, this reflects the presence of unpaired

electron spin density on neighboring atoms'and involves

\
delocalization and c-# polarization within the C=0

1

C
fragment,  Thus, the experimental tensor (I ) can be con-

sidered as a sum of dipolar contributions of the form

TC = 2c"PC" + 2cy"C   ., 2opo + Eopo + Jico'co +  23c· pe·    (59)

Here, the first two terms are one-center interactions from

electron spin density in the Px and p  .orbitals of the

carbonyl carbon.  The remaining terms are two-center terms

that take into account spin density on atomic centers which

are adjacent to the carbonyl group.  Bopo and EC, p 8,

represent contributions to TC from spin density in px orbitals
-/

of the oxygen and·Ci,Cl carbons of the phenyl rings, respec-

nn
tively. Bopo represents contributions from electron spin

.#
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density in the n(p ) orbital on oxygen, and BCop(o includes

the  effect  of  c- w polarization  of  the C=O  a bond.

Considering first the one-center contributions to

  , we note that spin density in the Px and p  orbitals

should give rise to axially symmetric tensors of the form
2          1I

(2B,-B,-B)   and (-B',2B',-B'), respectively.    Bcx Fc  X  most
C

assuredly gives rise to the dominant element of T as can
A.

be seen by examination of Eq. (58). Attempting to explain

C
the deviation of T from axial symmetry on the basis of the

H      li

other one-center term,  cYPcY, is clearly inadequate.  One

notes in Eq. (58) that  tyy| > |tzz I .  Any significant con-
Uv Mtribution from the term Bc-Pc  should lead to the opposite

relative magnitudes  (i.e.    It   I < Itzz' ). Hence, we conclude
, 1 YY

7r

that    P CLO.

We next examine the effects of the two-center terms

in Eq.  (59) . It would' be a formidable task to determine

3Tx lr X
BC PC even if the hyperfine tensors of all neighboring atoms·

were known. However, it is believed that the main source of

the degiation of TC from axial synunetry is· the spin. density
N

on the oxygen atom. If ohe assumes that the excitation is

localized on the carbonyl group, then the spin density for

the (n,Tt*) state will be in the 11* orbltal consisting o.f3

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

localiz ed.on oxygen. As will be shown later, a significant
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amount of A-electron spin density is delocalized onto the

rings.  Furthermore, since the ionization potential of

oxygen is greater than carbon, simple MO theory predicts

that the w* orbital will· be mainly carbon in character.

81       3Indeed, calculations by Dixon on the (n,·Tr*)  state of

formaldehyde indicate that 67% of the w-orbital spin
1

density is centered on carbon. Hence, we neglect the

contribution from spin density in.the Px orbital on oxygen

1r   lr.

(popo) and consider only the effect of the additional term

Bgpg in Eq. (59).

Since the dipplar interaction exhibits a

3t
(3     c o s  2 0-1) /r behavior, one can qualitatively predict

neighboring atom contributions to T9 by estimating the signs

of this term in diffdrent regions of space. One notes that88

the n orbital of oxygen is in a region where

(3  cos 2 0-1)  <  O when li I l x",

and (3 cos20-1) ) 0 when liliz"..

When li liM",  the n orbital extends almost equally over positive

and negative regions of (3· cos20-1) and can be neglected for

simplicity. Thus, considering only  the  additiond].term

Bnpn , the experimental ·dipolar tensor can be approximated as-.,0   0

t 0 is the ang].e between tlie magnetic fi.o.ld anc, a 1.in<.1 joinilig
the two dipoles which are separated by a distance r.
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1TX l'X n nC
I    Z  Ec  .pc       +     Po Po

n
7.5                 2 B               -B0

-4.7 .-I -B       +          0           (6 Oa)n
-2.8               -B                B0

L

13
which yields the C anisotropic hyperfine tensor

2B 9.4
-B N -4.7 (6 Ob)„J

-B                  -4.7

11     It

A similar analysis of terms  of  the  form  Bi pi  (i=0,

Cl'Cl) shows that each can contribute to the observed
Cdeviation of T from axial symmetry. To a first approximatiog'»

these conttibutions only affect the elements t . t   and are
yy'  ZZ

of the form (0, -8 TT, B 71), As ·a result, the 2B element of

Eq. (6Ob) can be used to reliably estimate the spin density

in the Px orbital of the carbonyl carbon.  .The principal
7       Tr

elements  of  Bc *Pr,      for  a  carbon atom bearing  unit spin density
.,                 »

89
are (65 G, -32.5 G, -32.5 G). Comparing the 2B elements of

IT  -
t]ie experimental and theoretical tensors, a value of Pc - 0.14
is obtained'for the carbonyl carbon.

From the isotropic and anisotropic components of 3C,

we estimate the Tr-orbital spin density on the carbonyl carbon

to be of the order of 0.2, which is considerably smaller than
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expected for an excitation localized on the C=0 group.

However, this result does support the conclusions of Chapter

III. As can be seen, the analysis of the hyperfine inter-

action is serverely complicated by neighboring atom effects.

17
The analysis Of 0 hyperfihe interactions should be some-

what simplified since.only one neighboring atom heed be

considered.  Attempts to observe 0 hyperfine structure
17

in enriched samples 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 Cl and Cl.

B.  4,4'-DFBP in DDE

Hyperfine interactlons involving ring atoms were

also  observed  in  the ODMR spectra of triplet benzophenones.

For example, Fig. 19 shows some representative spectra

taken in two (ZF) .principal axis.orientations of 4,4'-DFBP

using field modulation techniques and low microwave power.

In the 11 11.z' orientation, a 1:2:1 pattern is observed with

a splitting of 9 G which is consistent with a .hyperfine

interaction involving two equivalent fluorine nuclei.

The relative intensities of the two lines in the spectrum

denoted by an asterisks were found to be power dependent.
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Figure 19. Observed F hyperfine splittings in the

lowest triplet state of 4,4'-DFBP.  A

splitting of 9 G is· observed for the·

high-field "Sms = 11" ODMR transition in

the H|Ii' orientation while an 186

splitting is observed for the low-field

-     transition in the &|·|E' orientation.

The asterisks indicate forbidden transitions

corresponding to simultaneous electron-

nuclear spin flips.
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Thus, these lines are probably forbidden transitions involving

simultaneous electron and nuclear spin' f lips. Transitions

of this type have been observed previously in the EPR spectra

of triplet quinoxaline and an analysis of the intensities

provided an estimate of spin densities even though first-order

90
splittings were unresolved. In the 11 1 Ix' orientation of

4,4'-DFBP, the low-field " AmS = 11" transition exhibits a

1:2:1 pattern with a splitting of 18 G.  Although a complete

orientational study of the hyperfine splittings would be

necessary to accurately determine the spin densities in the

4 and 4' ring positions, approximate values can be obtained

from the splitting observed in the HI Ix' ODMR spectrum.

13
As in"the case of  .C-BP, a nuclear hyperfine term

(cf., Eq. (51)) must be included in the spin Hamiltonian

which is diagonal in the x", .M", 2" coordinate system shown

at the top of Figure 19.  If. one assumes that in the K| |I'
orientation the field is also parallel to the z" 'axis of the

hyperfine tensor, then the observed splitting of 18 G is

approximately Az"z" - Applying  the  cos 20 correction  (cf.

p·.111)for the average value of  ms  in the states  +1> and

-1  at a magnetic field of 1929 G, the true hyperfine

coupling constant is Az"z" W 19.5 G.
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In EPR 'studies of triplet f luoronaphthalenes, Mispelter

91
et al. derived the fluorine hyperfine tensor for a   C-F

ll

fragment bearing unit spin density. These were shown to be

related to the A spin density on the corresponding carbon

atom in terms of an effective coupling tensor

F                   F            w
A.             B        P                                                     (61)-li -eff .C

F
where the principal values of B are*eff

-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"),

F
and the 9eff values include both the isdtropic and anisotropic

91
components of the hyperfine splitting. A simple ratio of

F
Az"z" 1 19.5 G for 4,4'-DFBP and B = +193 G giveseff

1T

Pc   -  O.1   for   the  4. and  4'   carbon  atoms   of   the  phenyl  rings.

Further, it is clear from the signs and magnitudes of the

principal values of 2 ff  that PC - 0.1 represents a lower

limit to the spin density in these positions.  Thus, this

result confirms the conclusion that the triplet excitation

is not localized on the carbonyl group in benzophenones and

suggests that perhaps half of the rorbital spin density is

located on the phenyl rings.
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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, only the electron spin transitions are observed; how-

ever at high microwave power each of these  ines is· flanked

by a pair of satellites which are split syimnetrically from

the main peak. Figure 20A shows a representative scan of

the low field "amS = 11" transition in the orientation lili&'
using maximum microwave power (OdB 'u 130 mW) . In this case,

as  in other orientations, the. field separation between  the

satellites. is 190 G. Additional structure corresponding to

10 G separatiohs is observed on both satellites when field

modulation is employed. This is shown in the extrhme left

and right portions of Fig. 2OB. At low power, when the

satellites are unobservable, the electron spin transition

(center, Fig. 2OB) is observed to consist of three equally-

spaced components separated by 10 G with approximate relative

intensities 1:2:1.  Comparison of the structure of the lower

field satellite with that of the electron spin transition

indicates each satellite is in fact composed of two transitions

which exhibit similar structure to that observed in the main

line.



Figure 20. Quadrupole and hyperfine structure observed

in the low-field ODMR transition of 4,4'-DBBP

in the ji 11 1' orientation. (A) Electron spin

transition and quadrupole satellites obtained

by amplitude modulation of· microwave power

(OdB). (B) Higher· resolution trace of (A)

obtained by field modulation showing a 10 G
· 79 81

bromine ( Br + Br) hyperfine splitting.

The dashed lines indicate the centers of the

79 81
Br and Br quadrupole satellites which

are separated from the main line by 97 and

/                      82 G, respectively.

1
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It is apparent that the spin Hamiltonian (Eq. (49))

used. in'the analysis  of the ODMR spectrum of C-BP and13

4,4'-DFBP is insufficient to account for these observations.

Thus,  we. must consider  the more general spin Hamiltonian

Ks             =             RZ F            +       AZ       +      KQ      +     #H F      + ZZ (14)

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

the terms jf Q, ·14HF' and jtz; representing the nuclear

quadrupole interaction, the nuclear hyperfine interaction,

and the nuclear Zeeman interaction, · respectively; ·depend on

the nuclear quantum number mI and the magnitude at the

respective interaction constants. Both bromine isotopes

,79 81
i  Br and Br) have I=3/2  and possess large nuclear magnetic

moments (2.0991 and 2.2626 eh/2M c, respectively) and
P

quadrupole, moments  (0.34 x and 0.28 x 10 cm2, respectively) .-24

In addition, both isotopes are present in approximately equal

natural abuhdance. Hence, it seems reasonable  that both  j( Q

and  R HF might contribute to'the'spectrum of 4,4'-DBBP.    /z
would be small relative to the spectral resolution and thus

was not considered further.

The Hamiltonian JCQ has the general form
92

*Q I.P.I (62a)-                 *               1--
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and when referred to its principal axes it'becomes

$2      pxxIx2 + pyyIy2 + pzzIz2 (62b)
Q

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

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

so  that  the re  are  only two independent parameters. Then, one

· can transform Eq. (62b) into an expression analogous to Eq.

(9) :

j'CQ  = P II ( Iz2 -.J.I (I+1)   + ··1  n (Ix2 - Iy2) }   (62c)
where

3Pzz , 3 e299 (62d)11           2         4I (2 I-i)

n         (pxx -  Pyy) /pzz (62e)

and where Q is the quadrupole moment. For I = 3/2  P
'      11

2
e qQ/4, and diagonalization of the matrix form of the

Hamiltonian RQ obtained using an appropriate nuclear spin

basis set.yields the eigenvalues

2
e qQ 2        4

W13/2 4          · (1   +   n/3) -
(63)

2

Wil/2 4
e qQ   (1 + 02/3) 6

Thus, 'each electron spin sublevel is split into two degenerate

pairs, one pair with mI = 13/2 and the second with mI = tti.

Each  of  the  " Ams  = 11" transitions is therefore split  into

j
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four lines by the quAdrupole interaction..  Two are
/

"allowed" transitions of the type "Am = 0" which are degen-
I

erate in first order and are not affected by the quadrupole

interaction. Two are "forbidden" with "Am f 0" but are not
I

degenerate and in first order are symmetrically displaced

from the allowed transition by te2qQ/2.

The field positions indicated by the dashed lines on

the lower field satellite in Fig. (2OB) were assigned as

„AmI 0 0" transitions of the two bromine isotopes.  The

separations of these lines from the .allowed transitions are

79 8197 G for Br and 82 G for ,Br. Thus, assuming n = 0, the

values of the nuclear quadrupole coupling constants (e2qQ/1-0

79 81
of Br and Br in the lowest triplet state of.4,4'-DBBP

are estimated to be 544 and 460 MHz, respectively. The

ratio of the two is 1.182, in excellent agreement with the

ratio of the respective quadrupole moments.

Next, we consider hyperfine interactions with the

two bromines of 4,4'-DBBP as a possible source for the

additional structure in the main line and its satellites.

In the orientation  11 1 IJ' ,   the   field · is    in   an arbi trary, ·. but

equivalent, position with respect to the principal axes of

the hyperfine tensor defined at the top of Fig. 208 when

one considers the conrotatory displacement  of  th e phenyl
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rings.  However, recalling that the ZF tensor axes of 4,4'-DBBP

0
are rotated from the·a and b crystallographic axes by only 9 ,

the approximation that the rings are coplanar with the carbonyl

group should provide a reasonable simplification for estimating

the magnitude of the hyperfine .interaction. Using this

approximation in the orientation 1111&', the field lies in the

x"y"  plane and makes an angle of  - 60' with each of the two-

C-Br fragments which are magnetically equivalent with a total

spin of three. Hence, one predicts that a 7-line hyperfine

pattern should be observed. However, only three are observed

experimentally.

To see why this is the case, one must diagonalize

the spin Hamiltonian consisting of deQ and R Ina              'HF

recent study of bromine hyperfine interactions in sym-tetra-

93,94bromobenzene (TBB) in durene, such calculations were

carried out for various orientations of the magnetic field

0in the 3"7" plane. It was found that, at an· angle of 60

with respect to the C-Br bond, the four hyperfine components

of· a single C-Br fragment collapse into two nearly degenerate

pairs. Thus, the allowed transition of triplet 4,4'-DBBP,

with  two C-Br fragments, should exhibit two overlap#ing

doublets with nearly equal spacing, yielding  a 1:2:1 hyper-

fine pattern. This is consistebt with the spectrum shown in

Figure 2OB.
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94The calculations also show that the "forbidden"

satellites should exhibit a two-line hyperfine pattern

in all orientations of the C-Br fragment in this plane.

Thus, both the Br and Br satellites of triplet 4,4'-
79 81

DBBP should consist of a 1:2:1 pattern. Since the

difference in field positions of the satellites of Br.79

81
and Br (15 G) is somewhat larger than the observed

hyperfine splitting (10 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 magnitude of the hyperfine

interaction is somewhat larger for these satellites than

that for the satellites appearing on the low field side.

The fact that the hyperfine structure appearing in the main

line and satellites of 4,4'-DBBP are in good qualitative

agreement with the TBB analysis indicates that spin densities

determined using this orientational approximation should be

reaspnable estimates  of ·the  TT 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

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

hyperfine splitting was observed for this orientation at a

field of 2500 G corresponding to a, spin density of 0.25 in

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

observed in 4,4'-DBBP at 2146 G thereford indicates p  '60.1

in the 4 and 4' ring positions. ·These  are  in good agreement

with· those estimated from the hyperfine splittings observed

in 4,4'-DFBP.

Considering the amount of spin density of' the 4 and

4' ring positions, it is not surprising that heavy-atom

substituents produce second-order SO contributions to the

energies of the spin.sublevels in the lowest triplet state

of benzophenones.  It is clear that the 3 (n, ir*) state cannot

be considered in terms of a localized excitation. However,

·it is not yet clear whether such delocalization is an

intrinsic property ·of  an  "n, 1* " state, or whether such states

are 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 scrutinized more closely by·

theoreticians and experimentalists.

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

A.  Principles of Level Crossing, Level Anticrossing,

and Cross-Relaxation

1.  Level Crossing

When two or more energy ·levels of an atomic or

molecular system cross as a function of an external para-

meter, 'the 'physical properties of the system may change in

95         96
the crossing region.  Wood and Ellet and Hanle observed

that the polarization and intensity of the resonance

fluorescence of HY vapor changed significantly when.a·

magnetic field of 2 G was applied.  This was explained in

terms of a ZF level crossing (LC)  (Hanle effect) of thel
,.

three Zeeman components of the Hg 3pl state.  The quantum i

mechanical explanation of the Hanl'e effect was. later "pro-

vided by Breit who showed these changes were the result·97

of coherent coupling of the Zeeman components by the time-

dependent field of the exciting radiation.  Since then LC

effects have been observed in the presence of a .magnetic

field as well and have proved to be an important 'technique

for studying the energies and li·fetimes of atomic and

molecular systems in the gas phase.99
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(
In the triplet state of benzophenone, a LC effect

might be expected with the magnetic field aligned parallel

the x' and z' axes of the fine-structure tensor (cf. Fig.
- -

12). However, two complications arise that make this

improbable.  First, the von Neumann and Wigner non-crossing

100
rule states that two levels with the same symmetry are

forbidden from crossing as a function of a single external

parameter since a perturbation always exists which will

lead to a mutual repulsion of the two states. If the

molecular symmetry of triplet BP were accurately'C2v' then

one would expect level crossings to occur since the two

crossing lev€ls  ( 10> and  |-1> with lilll' ,  |+1> and. 10>

with Hliz'). belong to different .representations of the

symmetry group, i.e.

H I Ix'

1+1> C 82; 10  C Bl; |-1> C 62

H liz'

1 +1         C   ·A 2;          |   0       C      A l· ;        |- 1)     C       A 2

However, it has been shown previously that the molecular

symmetry of triplet BP is C2; hence, the two crossing
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levels transform identically:

H  liE'

|+1  C B;  |0  C B;  |-1  C B

111 Izi

|+1  C Ai    0   C A;   1-1  C-  A

Thus, because of the non-crossing rule, the level

crossings in the x' and z' orientations become level

anticrossings.

Even if the moleculd in the crystal had C2v

symmetry, the crossing of the triplet sublevels would

be very unlikely 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

average width of the states caused by radiative and

non-radiative decay.  Since the lifetimes of the triplet

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

the off-diagonal matrix elements introduced by misalign-

ment must be less than 10-3 Hz.  Such a situation would
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occur only when the angle between the magnetic field and

a principal axis is smaller than 10 degrees. Thus, ' it
-5

is highly unlikely that the interference effects associated

with a level crossing could be observed in the phosphor-

escence from an organic crystal.

2.  Level Anticrossing

When two states that are expected to cross are

coupled by a perturbation, an anticrossing situation arises

which may also lead to changes. in the physical properties

of the system in the level anticrossing (LAC) region.

Nowhere is this more apparent than in LAC spectroscopy of

101,102gas phase systems,. where the signals observed are

presumed to be the result of (incoherent) state mixing·in

an avoided crossing region. LAC effects have also been

observed in the phosphorescence of triplets in organic
67,103-6

qrystals. Why this is so can be seen by considering two

states ta and tb Which would cross as a function of magnetic

field if the static perturbation ./2ab that mixes 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

V.  =     <  0      1   le           1,1, > (64)
a  '·     a b·   b·

gives the eigenvalues Ea,, Eb' (see Fig. 21):

a.                                              21,2E(b') = 5(Ea+Eb) 1 4  12VI 2 +. 6 (65a)

where,

(65b)6  = Ea -E
b

/  With proper normalization one finds the · eigenfunctions of

the perturbed levels to be

42 ,  =  a· ta  +  b 4 (66a).
b

(66b)
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where

[( 12·V 1  2   +     62)-2   -     6  j   t
a = (66c)

2 (12VI 2.+ 62)4
and

1,

[ (1 2 V I·  2     +       .62    )-2     +       6]      1ib=
2 (|2VI 2 +  62 )4

(66d)

For    6  =   0   one   obtains

Ea, - Eb' 2V -  (67)

and  a  =  b  = 1/42, that is, tlie perturbed states are 50:50

mixtures of the unpertutbed states at the avoided crossing

point.  If 6 >> 12VI, b approaches 1 while a approaches 0,

that       i s,          *a   '        +      1,b      a n d.      ¢b  '         +       '|'a  '

We now consider the effect of this perturbation

on the populating rates Ka and Kb' depopulating rates ka

and kb' and radiative rates k  .and k  of the unperturbed
*

states ta· and $b When there is no coupling .between the

states ·*a and 50 (  6 >> 12V| ), the steady-state populations

are

Na , -  Na  = Ka/ka Nb,  -5  Nb  = Kb/kb (68)

*Note that in practice these rates are the magnetic field
dependent linear combinations of the corresponding ZF
rates and can be calculated if the .magnitude and direction
of the magnetic field relative to the fine-structure axes
are.known [ cf., Eqs.  (32)] .



136

The emission intensity is therefore

I = Naka + Nbkb = (Ka/ka)ka + (Kb/kb)kb (69)

However,  in the region of the LAC  (6= 0) , wliere the station-

ary :states are equal mixtures of ta and '1 ' the steady state

populations of the perturbed states are

Na, = Nb' = (Ka + Kb)/(ka + kb) (70)

and the emission intensity becomes

Ka + Kb
I'  =  (ka  +  kl,)   (kI  + ]4) (71)

Comparison of Eq. (69) and ·(71) shows that I / I'. Therefore,

a change in the intensity of the·emission·will be observed

at the LAC point.

Assuming that one could resolve the .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 ,1,a
was more intense'than that from

4'b'
one would expect to see

a gradual decrease in the intensity of emission from ta and
a gradual increase in the inbensity from tb as the LAC region

is approached. Furthermore, the two bands would move closer

and closer to each other until at the LAC they would be
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separated by  12V| .·  At this point 6 = 0 'and the two transitions

exhibit equal intensities. After passing through the LAC

region, the two transitions would gradually return to their

original relative intensities.  Unfortunately, there are no

optical methods of sufficieht resolution to carry out·such

an experiment; however, as will be shown later, the ODMR

technique provides a unique opportunity for observing such

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 molecules. In actuality, the magnetic interactions

between the spins are very important and the system must be

described as an ensemble in which 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

observed.

Consider a systeni composed of two identical spins.

The precession of one spin about 80 produces an oscillating

field perpendicular to H  which can reorient the other spin.

p-'                   -  ..............   .



138

This shortens the lifetime of the spins and therefore broadens

the individual states owing to the Heisenberg uncertainty

principle. This effect is called homogeneous broadening and

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

spin-spin relaxation time T2.  Although spin-lattice relaxation

also produces homogenedus width, the results presented earlier

indicate Tl to be longer than the excited state lifetimes

(msec).  T2' on the other hand, is probably as·short as micro-

108
. seconds in the systems studied in this work. Thus, the

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

interaction. Again, level crossing effects should be absent

since T2 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 crossing effect. LAC effects, however, might still be

observed since the width due to the spin-spin interaction

can easily be less than the minimum separation of the two

anticrossing states ( 12VI ) .

The weakly interacting ensemble of identical

spins can be described in a therm6dynamic way. For   exainple,

two spins can exchange Zeeman energy through a flip-flop

process in which one spin  (t is converted to B while,

simultaneously, .the second spin B becomes 0 in an energy-

conserved process. In  an  ensemble of identical spins,  the
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flip-flop processes tend to bring the spih system into

internal equilibrium in a time T2.  At equilibrium a spin

107
temperature, TS, can be defined by the relation

Eo-ENa/Ne  =  exp _p.._11
(72)kTS

.

1                                                                                                                                                                                           -

where Na and NB are the populations, and Ea and E  the
B.

energies  of  the  a  and  B spin states, respectively. Tliis

relation only holds when T2 << Tl' otherwise the spln

system will come into thermal equilibrium with the

lattice.

When a system consists of spins with S > 6/

more than .two states result, and a spin temperature can

be similarly defined for each pair of states. Consider

two such pairs which at some external· field are separated

by different energies. The two separate spin systems can

each be in internal equilibrium (separately) with two

different spin temperatures, Tsl and TS2' since there is

no energy conserving process leading to direct contact

between them. However, at some other magnetic field the

energy separation of the two pairs may become equal within

the widths of the states, and flip-flop processes cah

bring the two spin systems into equilibrium with each

other at a common spin temperature. This process is
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109called cross-relaxation and is responsible for the obser-

vation of steady-state electron-nuclear double resonance

(ENDOR) trinsitions.

It is easily seen that cross-relaxation effects

can change the steady-state populations of the spin com-

ponents of a phosphorescent triplet and thereby affect the           i

steady-state emission intensity. The elegant experiments

67,105of Veeman and van der Waals showed ·that cross-relaxation

leads to a change in the phosphorescence intensity at

magnetic fields where the transition frequencies between

the states 10> -+|+1> and 1 +1>-->-1-l>are degenerate. Similar

effects were also noted when the separation between triplet

spiri states was the same as the hydrogen a.tom (shown to be

present in their crystals) nuclear spin state as well as

typical free radical electron spin state separations.                y

B.  LAC Spectra - Results and Interpretation

LAC spectra were obtained in the absence of micro-

wave using field modulation after the 9111' and U113'

orientations were located by extremum behavior in ODMR

·          12
experiments. The phosphorescence intensity of (-BP in li

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

in Fig. 22 in the orientation lillI' (0=0). The 0=0 spectrum



Figure 22.  Angular dependence of the H||z' LAC
12

spectrum of C-BP in DDE at 1.6°K.

0 is the angle between the z' axis

and the magnetic field axis.

\

..---.-
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was obtained by making fine adjustments of the crystal

orientation so that the peak-to-peak width of the center

line in the spectrum was minimized. One notices that small

misorientations lead to a considerable increase in the

width and that the center line broadens more rapidly than

the satellites which flank it. This was true for all

other LAC spectra except 4,4'-DBBP in DDE.  The difference

in orientational behavior of the center and satellite

lines indicates that two different processes are respon-

sible for the observed changes in phosphorescence intensity.

The orientational sensitivity of the LAC spectra increased

the accuracy·of determining two of the three canonical

orientations   -  111 I x '   and  H I l z' . Of course, in the HI ly'

orientation no LAC effect is expected (cf. Fig.. 12) and

none was observed.  The LAC spectra for the .HI Iz' and HI Ix'
canonical orientations of all the systems 'studied are shown

in. Figs. 23 and 24 , respectively.

12
Consider the LAC spectra of C-BP in DDE. The

positions of the center LAC lines in the two orientations

were found to be at magnetic fields where two electron spin

sublevels of the triplet state "cross". These field

positions are easily calculated from the eigenvalue

expressions given in Table VIII and the ZF parameters



Figure 23.  HI|z' LAC spectra of benzophenones

in DDE at 1.6°K.
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Figure ·24.  HI Ix' LAC spdctra of benzophenones ir

DDE at 1.6°K.
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(cf. Table IX) determined from the ODMR experiments. For

example,   in  the  H |Iz'  ·orientation, two levels are expected

to cross when W =W  and the field position for this cr
oss-

ing is found to be

Z
hc                                            4

H = [(z-x)(z-Y).1
(73)

c          gzz·13

t

where X,'Y, and Z are in cm-1 and Hc in Gauss.  Simila
rly,

in the 111 Ix' orientation,

x           hc
J„,

H =
-      0(X-Y)  (x_Z)  ]    2

I (74)
c    gxxo

The agreement between the crossing fields HC calculated

from the ZF parameters and the observed positions of the

12
LAC lines for C-BP and other molecules is excellent (see

Table  . XI ) . Because of this agreement, it appears reason-

able that the center lines are indeed LAC in nature; ho
wever,

a more dramatic proof is found in the ODMR experiments 
to

be discussed later.  The width of the LAC signals can
 be used

to determine the magnitude (12VI) of the perturbation
 leading

to the LAC, provided the radiative and total decay rate

101
constants are known. Howeber, the ODMR experiments to

be discussed later provide a direct method for obtaini
ng

2VI which requires no knowledge of the decay propertie
s.
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TABLE XI:  LAC Line field positions and widths in Gauss

b
Expt'l Calca Expt'l Calc

System Hllz' Width M liz' 8 116, Width Hllx'
--

neat 4,4'-DCBP 1523      43 1523 954

4,4'-DCBP/DDE 1535      44 1537 887      47        888

13
C-BP/DDE ]657      34 1656 832      39        832

12
C-BP/DDE 1662 30 1659 835      28        833

4,4'-DFBP/DDE 1767      40 1764 874      50        877

4,4'-DBBP/DDE 1357      47 1358 (887) 53 880

 Calculated from Eq. 73.

b
Calculated from Eq. 74.
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The satellites which.exhibit a doublet structure

12
and flank the C-BP LAC line symmetrically in both 1111.&'

and H I I x, orientations  are more difficult  to _interpret.

The center-to-center separations of the satellites are found

to be 178 G with H l i z' and 242 G with lil I x' and these are

much too large to be caused by LAC of hyperfine components„

Nearly the same separations were found in the corresponding

orientations for the other systems studied, but additional

structure is observed in these satellites as shown in

Figs. 23 and 24 Considering the C-BP LAC spectrum
12

in the 11112' orientation, the observed field positions of

the satellites including the doublings were found to be

1562, 1575, 1742, and 1762 G.  Using the eigenvalue expressions

of Table VIII and the ZF parameters of Table IX, the separa..

tion between the 1+ l>and 10) spin levels at these fields were
*

calculated to be 271, 235, 232 and 274 MHz, respectively.

Thus, these signals correspond to cross-relaxation between

the triplet state electron spin system and two other spin

systems with frequency,separations of about 273 MHz and 233

MHz.  The nuclear quadrupole coupling constants (e2qQ) of

*Since the error in field measurements is 13 G, the frequency
separations calculated for this and other systems are probably
accurate to 115 MHz.
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79Br in the DDE ground state were found to be 556 Mliz (  Br)
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 responsible for the

satellites in the LAC spectrum appears to be between spin

systems of the guest and host. In the H I Ix' 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 1--l>states with Hilx'
at the fields where the satellite lines are observed match

2 79 81the values of te qQ for Br  and     Br  of  the host,  as'can be

13seen in Table XII . 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

2
of.&e qQ for the two bromine isotopes. These values are also        I

listed in Table XII.

The fact that the triplet electron spin system is

weakly coupled to the bromine nuclear spin system of the host

was also evidenced in the ODMR spectra of benzophenones

which contain no nuclei with I 3 1. On several occasions,

weak power-dependent satellites were observed on the high field

and low field sides of the ODMR signal.  These were separated

from the ODMR line by approximately 95'G and were roughly a             ,

4
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TABLE XII:  LAC Satellite Positions and Energy Separation of Electron Levels

Involved in the Anticrossing

Hllz' Satellite a   Hills' Satellite
I WO-Wt i (MHZ)

|Wa-W_|(MHz)a                    bMolecule Position(Gauss) Position(Gauss) Assignment
12

C-BP 1562,1762 271,274 693,960 280,275 79Br(DDE)

1575,1742 235,232 718,943 230,234 81 Br(DDE)

13
C-BP 1564,1744 256.,247 707,949 251,252 12[79Br(DDE)+81 Br(DDE)]

4,4'-DFBP / 1668,1855 253,254 750,997 255,256 6[79Br(DDE)+81 Br(DDE)]-'

4,4'-DFBP 1446,1627 252,252 771,992 254,238 [79Br(DDE)+81Br(DDE)]

C4,4'-DBBP 1271,1444 241,240 775,979 ·

241,236 two-spin cross-relaxation
C1182,1530 488,479 663,1071 486,460 '    three-spin crcss-relaxation

a
Calculated from the eigenvalue expressions in Table VIII and ZF parameters in Table IX.

b8182(DDE) = 4e2qQ = 232 MHzllO
r

110
79Br(DDE) = 4ezqQ = 278 MHz

cSee test, p..160.

\2

.
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factor. of 70 less intense than the allowed signal.  By

comparison with observations made in the 4,4'-DBBP/DDE

system (Chapter IV) , it is clear that a quadrupole inter-

action involving the bromine nuclei of the DDE host is

necessary to explain these satellites.  Similar guest-host

111 112interactions have ·been observed in high-field and ZF

ODMR studies of other triplet state systems. Thus, it is

concluded that the ODMR and LAC satellites observed in the

benzophenohes are the r.esult of' a transferred hyperfine

interaction which results from the overlap of the triplet

wavefunction of excited benzophenones with the ground state

wavefunction of adjacent' DDE molecules.

' Thus   far,   the  maj or cross-relaxation  and  LAC

effects have been readily explained in terms of the triplet

electron spins only. However, as was shown in Chapter Ig

guest molecule hyperfine and quadrupole interactions are

present which .split the electron spin sublevels of the

triplet.  It is therefore quite reasonable that these inter-

actions contribute to the additional structure observed in

the cross relaxation lines which appear as satellites of

the LAC lines. The knowledge of the magnitude of Eyperfine

splittings determined in the ODMR experiment can be used to

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

ih DDE shown in Fig. 24 . It is seen that these lines ·have

12
a triplet structure when compared to the LAC spectrum of C-BP

in the same orientation. The major difference between the

13two molecules ls the presence of an I=t nuclear spin in C-BP.

The hyperfine interaction resulting from this I=32 nucleus

produces no splitting of the |0) electron spin state; however,

it does split the |-1> sublevel into two components differing

in energy by the magnitude of the hyperfine coupling constant.

In the HI IRS' orientation, this was measured to be 14.5 G

(41 MHz) in the ODMR spectrum. Correcting this coupling

constant for the fact that the electron spins are not quan-

tized along the field axis at the position in field where

the satellites are observed, one obtains a coupling constant

*of  -3 7 MHz. One would expect cross-relaxation between each

79 81of these states and the Br and Br nuclear quadrupole

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

79 81
signals due to Br and Br will each be split into two

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

*This correction involves the ratio of  dos2 1, for the field
at which the ODMR hfs was measured and the field at which the
LAC satellite is observed.   Cos20 is defined by the relation-
ship: Z-Y

tan 2$  = 2gxx BH

where all variables have been previously defined.
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././

However, the difference between the resonance frequencies of

79 81
the Br and Br quadrupole transitions is about 46 MHz;

that is, slightly larger than the hyperfine splitting.  Thus,

one observes three lines in the LAC satellites. These are

not in the intensity ratio of 1:2:1 because of the slight

difference between the hyperfine coupling'constant and the

difference between the two quadrupole resonance 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 (dashed) arrows

79
represent 9alues of IWI-W_| ·that are resonant with the Br

81                                                     The(  Br) quadrupole resonance frequency of the DDE host.

13
all.&' LAC spectrum of C-BP (Fig. 23 ) ·shows no additional

structure on the cross-relaxation satellites since the

magnitude of the hyperfine splitting in this orientation is

very small.

A similar analysis of the H|.|x' LAC spectrum of

4,4'-DFBP (Fig.  24   ) supports the argument that hyperfine

interaction is responsible for the additional structure ob-

served in the cross-relaxation lines. In this case,- the

hyperfine interaction of the two fluorines (I=4) split the

-1> electr6n spin state ihto three electron-nuclear comp6nents

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

position of the satellites). The hyperfine splitting is now

.........- -
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Table XIII: Assignment of Stiucture appearing on I.AC

Satellites in the Orientation B'IM'

Satellite
Position (Gauss)

| Wo-W_  |(MHz)
a

Assignment
b

13
A.    C-BP

678 306
79Br(DDE) '+ aC

707 251
79Br(DDE)-ac'81 Br(DDE)+ac

734 198
81 Br(DDE) - ac

921 190
81Br(DDE) + ac

946       · 245
81 Br(DDE)-ac,79Br(DDE)+ac

973 305
79Br(DDE) + ac

B.  4,4'-DFBP

718 316 79Br(DDE) + aF
739 276 79Br(DDE),81Br(DDE) + aF
762 232 81Br(DDE),79Br(DDE) - aF
784 185

81 Br(DDE) - aF
963 181

81 Br(DDE) + aF
981 222

81Br(DDE),79Br(DDE) + aF
1003 268          79Br(DDE),81 Br(DDE) - aF
1023 312

79Br(DDE) - aF

C.  4,4'-DCBP

742 314 79Br(DDE) + 35Cl

758 281 79Br(DDE),81Br(DDE)+35Cl

782 230 81Br(DDE),79Br(DDE)_35Cl

804 183 81Br(DDE) _ 35Cl

967 180 81Br(DDE) + 35Cl

986 224 81 Br (DDE), 79Br (DDE)+35Cl

1004 266 79Br(DDE),81Br(DDE)_35Cl

1019 301 79Br(DDE)_35Cl

a
Calculated.from the eigenvalue expressions in Table VIII and the ZF
parameters in Table IX.

b81 Br(DDE) = * e2qQ .= 232 MHz110 aC = 37 MHz (see text p. 151)
79Br(DDE) = 4 e2qQ = 278 MHz aF = 45 MHz (see test p. 152)

110

35Cl = 5 e2qQ'# 35-40 MHz (typical value from ref. 110).



Figure 25. Cross-relaxation interpretation of the

LAC satellites observed in C-BP and13

4,4'-DFBP. Solid (dashed) arrows

indicate field positions of coincidences
79    81with Br ( ·BE) quadrupole resonance

frequencies of DDE.
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79 81
essentially equal to the difference between ·the 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 pattern. Indeed, this is

found to be the case experimentally, and the assignments are

listed in Table XIIIB. However, problems do arise in the

interpretation of the:liliz' and H I Ix' IAC spectra of 4,4'-DCBP

in DDE. Using the above analysis, one finds that a 30-40 MHz

interaction is·responsible for the additional structure, and

no evidence of this interaction was observed in the ODMR

35 37experiments. Since 30-40 MHz is typical of Cl,   Cl

110
quadrupole frequencies in aromatic molecules, it seems

probable. that this interaction is a dominant factor in .the

observed structure in the cross-relaxation lines.  .The

assignments listed in Table XIIIC are based on the effect

of a 3501 quadrupole interaction on the electron spin sub-

levels.  The situation is much more complex than the assign-

ments given since now the 10>, 1+1> and 1-l>electron

spin states are split by the quadrupole interaction. In

addition, the effects of chlorine hyperfine have bean totally

neglected 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'-DBBP in

DDE, which are in some respects different from those just

analyzed, some remarks must be made 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

LAC situation additional structure should be present due to

the anticrossing of individual hyperfine components. Some

of the LAC lines did show shoulders but no structure was

resolvable.  There are two possible reasons for this. If

the interaction coupling the two electron spin states (|V|)

is larger than the hyperfine or quadrupole splittings, the

additional structure will be washed out. 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.

itself be split by the hyperfine inderaction. In addition,

as the separation 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 wilI tend to increase the width

of a given component and decrease the probability of resolving

additional structure.
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23 and 24 , one notes thatBy comparing Figs.

the H I Ix' cross-relaxation lines are considerably bett6r  re-

solved than those observed in the 11 11& orientation. Of

course, different magnitudes of the hyperfine interaction,

13
such as in C-BP, do affect the resolution.  However, in

12
C-BP where hyperfine is not important, the resolution of

the Br and Br cross-relaxation signals is considerably79      81

better in the H I l x' orientation. The reasons for this also

explain why the satellite separations in the two orientations

differ, even though the energy separation between electron

spin states is the same at these fields.  First, Table IX

shows that gxx < g and the slope of the energy level per-ZZ

turbed by the presence of a magnetic field is less in the

H.Il x ' orientation. Secondly, the 111 I x' LAC occurs at lower

fields   than     the  lill z ' LAC. Thus, in the Ullb' orientation,

the Zeeman effect has not decoupled the electron spin from

the molecular framework to the same extent as ·in the lil I z'

orientation. As a result, the effective g-values 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  li 11.x' orientation. This leads to better frequency

resolution in a cross-relaxation sense in 1this orientation

and the satellites are displaced from the LAC line by a

greater amount.

-.
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The LAC spectra of triplet 4,4'-DBBP are unique in

several respects and can be interpreted equally well in terms

of a LAC or cross-relaxation picture. Consider the results

with Hliz'. The LAC spectrum consists of five main lines

at 1182, 1271, 1357, 1444, and 1530 G, with the outside pair

showing some evidence of additional structure. In the LAC

picture, we consider what interactions could lead to a

splitting of the electron spin sublevels. The ODMR spectra

of triplet 4,4'-DBBP exhibit quadrupole satellites which can

2                                                             79be fit with values of e qQ/2,· of 272 and 230 MHz for Br and

81
Br, respectively. Hence, each of the electron spin states

is split by the quadrupole interaction with four states, having

mI values 113/2,13/2>, 113/2,+1/2>  ,  Ill/2,13/2>,  and  Ill/2,11/2>
for the 'two nuclei. To a reasonable approximation , the -

states 113/2,11/2>  and Ill/2,13/2>  can be considered

degenerate.  Figure 26A shows the resulting energy level

diagram in the vicinity of the LAC with Hliz'.  At .the
Z ·

magnetic field HC, anticrossings occur between electron spin

states with the same nuclear spin functions. The .other

crossings are between electron spin states with different

nuclear spin functions which become anticrossings due to the

effect of hyperfine interactions. By considering the number

of states involved at each LAC field, one predicts a 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 quadrupole. interaction.

(B) Cross-relaxation picture: arrows

indicate coincidences between electron

spin and nuclear spin state energy

separations. Both possibilities probably

contribute to the observed spectrum.
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Experimentally, five lines are observed but their relative

intensities are more nearly 1:2:2:2:1.

Since the quadrupole coupling constants of 4,4'-DBBP

determined in Chapter IV are the same as those of DDE (within

experimental error), it not surprising that cross-relakation

occurs at the same fields as the Br and 2 Br LAC lines shown

in Fig. 26B .  At the magnetic fields where these lines

occur, the splitting between  the   | 0     and  | +1) triplet, sublevels
is equal to the splitting of the two nuclear spin states of

a single Br or a Br pair. Thus, the lines labeled Br and

2Br gain additional intensity from two-spin cross-relaxation

and three-spin cross-relaxation processes, respectively.

The two-spin cross-relaxation involves an electron spin of
81 79the triplet and a Br Cor   Br) spin of the DDE host. The

three-spin cross-relaxation involves, for example, the electron
81 ,79spin and,  Br C Br) nuclear spin of the triplet along with

81 ,79a   Br<  Br) nuclear spin of the host. This can'be seen by

studying  Fig. 26A. Cross-relaxation can provide additional

intensity to the 2 Br and Br LAC lines and the 1:2:2:2:1

pattern observed experimentally is not surprising.  The

assignments based on cross-relaxation are presented in

Table XII.

--                                                                           3
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In the lillx' orientation, the results are more com-

plicated and not completely understood.  The spectrum shown

in Fig. 24 was obtained'by orienting the crystal in an

ODMR experiment. Since the two molecules in the unit cell

are inequivalent by only 18' in the ab plane, a quadrupole

satellite of the molecule not in the canonical orientation

is strongly overlapped with the allowed ODMR transition of

the molecule in lillx' canonical orientation.  The LAC

spectrum   with   HI I x'      (Fig. 2 4 ) shows five main lines;

however, the high-field components have very diminished

intensity. Rotation of the crystal away from the' a axis

of the crystal caused the whole LAC spectrum to disappear.

Rotation toward the & axis produced shifts in the .positions

of the LAC lines, and the high-field components gained

intensity while the low-field components diminished in

intensity. This could be caused by somb long-range coupling

between the triplet states of the two molecules since their

ODMR spectra become overlapped significantly during such a

rotation. The field. position  marked .by  an  "X"   in  the 111 I x'

LAC:spectrum was chosen  as the origin  of  the LAC spectrum

based on the position calculated from the ZF parameters.  The

assignments presented in Table XII 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
67

treatise by Veeman. In summary, these spectra can be

used to obtain valuable information concerning the magnetic

properties of the ph6sphorescent triplet state. The ZF

parameters can be obtained from the known LAC fields using

Eqs. (73) and (74) along with the X+Y+Z=0 condition.

In addition, the cross-relaxation signals in favorable cases

can be used as a probe 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 wavefunc.tions

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

ments of the interaction coupling 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

ODMR spectra. The curves due to the "AmS = 2" and ".'.ms = il"
resonances in the orientational dependence were not observed.
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to cross in the low field region; however, the final assign-

ment indicated that the' " Ams = 2" and LF " AmS = 11" transitions

had switched identities at the Hllz' orientation. It is also--

noted that at the operating frequency of this experiment the

two ODMR transitions in question occur at fields below 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 repulsion of a pair of Zeeman energy

levels of a phosphorescent triplet state as the magnetic field

is.tuned through an avoided crossing region and (b) measure

the  magnitude  of' the interaction coupling  the two states.

The Zeeman energy level diagram calculated from the

13- ODMR data (Table IX) on triplet (-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  Ims>  =-  1+1>, 10>,

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

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

Hc = 1657 G, where the separation between the two degenerate

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

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

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



Figure 27. Calculated Zeeman energy level diagram

of the lowest triplet state of C-BP13

in the orientation HI Ii'.   Tiansitions
indicated by A and F refer to the

"AmS = 111" and "Ams = 2" transitions

at different microwave frequencies,

respectively.  v  corresponds to the

frequency where both are expected to be

degenerate.
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Z
observed in the vicinity of Hc·  If vo< v(, then the "allowed"

transition of  the type  " Ams  = 11", labeled A  in Fig.  27   will

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

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

Z
fields below Hc·  If vo > v , the field positions of the two

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

Z Z
lie at field s above  H . On the other hand, if  v0 = vC                                 C'

Fig.'2.7 predicts that the two transitions will collapse into

Z*
a single line, centered at Hc·

Figure 28  illustrates the results of several ODMR

experiments on triplet 13C-BP in the orientation H liz'.  At.

frequencies below v  (e.q., v  = 9.162 G.Hz), both microwave
Z

transitions occur at .fields ·below   H . and the less intenseC'

forbidden line (F) appears on the high-field side of the
Z

more intense allowed one (A).  At frequencies above vc (e.q.,

v, = 9.723 GHz), both transitions occur above H  and the weak

forbidden line (F') is on the low-field side of the allowed

one (A'). These observations are in complete accord with the

Z
predictions of Fig. 27. However, at vo = c (i. e., vo =
9.388 GHz), two lines are observed in the ODMR spectrum rather

*We neglect, of course, the high-field " Ams - 11" transition
which is observed at fields greater than 3 kG in all cases.



13
Figure 28. ODMR Spectra of triplet C-BP in DDE in

the vicinity of the level anticrassing

(H() at different microwave frequencies.

The magnetic field  (HI Iz' ) increases

from left to right.
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than the expected one, and these are split symmetr ically

about H  with a separation of 19 G.  Moreover, it is also

found that the intensity of the forbidden line increases

. relative to that of the allowed one as vo approaches vc,

and that the two lines are equally intense at vo = v .

These observations are clearly not in agreement with the

predictions of Fig.  27.

The explanation for the above behavior is, of

course, that the |+1> and |0> sublevels are prevented from

crossing at H  by .the presence of a small static interaction

which couples the two states. To demonstrate.this explicitly,

a plot summarizing the results of ODMR experiments on

13                                               Z
triplet C-BP at frequencies below, at, and above v is

C

shown in Fig.  29.  The points are the observed relative

positions of the two microwave transitions in the vicinity

of H .  Since both transitions originate in the |-1> sub-

level, these points also:establish experimentally the relative

energies (in gauss) of the two upper sublevels. 'These are

compared with the predicted 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 devia tion of the " |+1> " and

"   0>" sublevels from their predicted positions as. vo approaches



Figure 29. Relative positioms of the (low-field)

"Am S = 11"  and "Ams . = 2" transitions
13of triplet C-BP as a function of

microwave frequency. The solid circles

are experimental line positions; the

solid curves and dashed lines are the

calculated positions in the presence

and absence of a perturbing .interaction,

respectively.  V is the matrix element

of this interaction.

.
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v , and their mutual repulsion where the two unpertutbed

levels cross. Furthermore, since the twQ transitions

Z
interchange their identities  at  vo  =   vc,   it  is also clear

that the wavefunctions of the perturbed levels are equal

mixtures  of the states  | +1   and  |0>a t the avoided cross-

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

a rather unique experimental example of the effect of a

static perturbation on the energies and wavefunctions of

a pair of coupled energy levels.

Two methods' may be used to determine the magnitude

of the interaction which is responsible for the observed

13
level anticrossing in triplet C-BP. In· the first, which

is indirect, the spin Hamiltonian was modified to include

a small variable off-diagonal element V between the ktates

+1> and |0> , and diagonalized.  The eigenvectors which

diagonalize ffzF + Hz were chosen as the basis set to

simplify the calculation and V was treated as a static

perturbation.  The final eigenvalues and eigenvectors were

similar in form to Eqs. 65 and 66. The eigenvalue expres-

sions were then used 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

.....       -*.
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field.positions in the vicinity of H( was obtained.  This

yielded a value of |V| = 38 MHz, where 12V | = 76 MHz is the

separation of the upper sublevels at the avoided crossing

point. The resulting calculated positions of the two

transitions as a function of microwave frequency in the

presence of the perturbation are shown as solid curves in

Fig.  29 .  The agreement between theory and experiment is

seen to be excellent.

The magnitude of V may also be measured directly

using the variable frequency ODMR technique. In this case,

allowing the coolant levil to drop provided sufficient

tunability of cavity frequency although variable frequency

cavities are generally preferred. The method is illustrated

in Fig.  28 .  At vo = 9.337 GHz the forbidden transition

(F) ,' which originates in the |-1> sublevel and terminates

in the lower sublevel of the perturbed pair, is observed

.at 1657 G (i.e., at H().  At vo = 9.418 GHz, the forbidden

transition (F') again is observed at H  and originates in

the 1-1> sublevel, but .now terminates in the upper sublevel

of the perturbed pair. Since the forbidden transition is

observed at the same field strength in both experiments,

the absolute energy  of  the   | -1   sublevel  is  the  same  in

both cases.  Hence, the separation of the perturbed sublevels
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at the avdided crossing point is simply the difference in

the microwave frequencies  of the.two experiments,  or

2191 = 81 MHz.  Thus, |V| = 40.5 MHz, which is in good

agreement with.the value obtained by the more·indirect

method.  An entirely equivalent method for determining

2|V| directly is to measure the separation of the two

transitions in a swept frequency/fixed field experiment

at H .  It should also be noted that small shifts in the6
Z

energy of  the  |-1   sublevel, which might occur  at Hc,

will not affect the measured value of 2|V|i n either

method.

It is known from the ODMR experiments that the

13
symmetry of triplet (-BP in the DDE crystal is (2.  As

a result, the |+1> and 10> states in the orientation H liz'

belong to the same  irreducible representations of the

symmetry group of the molecule plus field, and there-

fore are forbidden to cross  because of the "non-

100
crossing" rule. However, as noted previously, it is

unlikely that the two · states would cross even in highly

"symmetrical" systems since they are likely to be coupled

in some order of perturbation and thus possess common

symmetry properties.  In solid state systems, primary

emphasis has been placed on the. role of off-diagonal elements

of the Zeeman interaction which occur due to slight misalign-

67,105
ments of the crystal relative to.the applied field.
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Indeed, we find that the magnitude of V is strongly dependent

on crystal orientation, increasing to -70 MHz when the field

is rotated by l' away from liliz' · However, we also find that

there exists in triplet (-BP a minimum value of |V  (3013

MHz), and that this value is different for different molecules

in the same host. For example, for. 12C-BP in DDE, IV ,<23
MHz with lil I z' ·  ·Thus, it is possible that other interactions

(e.q., off-diagonal hyperfine and crystal field terms) are

13
responsible for the observed anticrossing in C-BP, and that

the minimum value of the interaction parameter is a charac-

teristic property of the system (guest + host).

Since the static perturbation mixes the two upper

states in the vicinity of H , their radiative and radiation-

less properties also become mixed. As mentioned previously,

this allows the direct observation of LAC spectra as changes

in phos phorescence   in the vicinity   of   H    and   H . This mixing

effect is also apparent in the relative intensities of the

two ODMR transitions in the vicinity of Hz shown in Fig..28
Z

One notes that, at vo =  c, the two transitions are equally

intense indicating that the |+1> and |0) states, as well as

their photophysical properties, are equal mixtures of each

other.  This is in agreement with the theoretical predictions

outlined previously. The direct observation of·such mixing
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..

  in these experiments confirms the interpretation that the LAC

67.,10.5
spectra arise from avoided crossings, and shows that

these LAC effects must arise from coupling through a static

perturbation rather than the time-dependent field of a level

crossing experiment.

*
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APPENDIX I

Computer program for obtaining magnetic parameters

of the lowest triplet state from observed positions of

„ Ams  =  il" ODMR transitions.



C TMPP.fa 09-DEC-73
CXXXxxxXxxxXxxixxxXXXXxxkkxxx*xxx*XxxxXXXXXxxxXxkxxxXXxxx·xxXxxx
C                                                                  '

C               TRIPLET MAGNETIC PARAMETERS PROGRAM
C             APPLIES TO LEVEL (]RDERING:
C                          T>0>M>B
C

C      1)CALCULATES ZF-PARAMETERS AND G-VALUES FROM "G=2"
C        STATIONARY FIELD POSITCONS *HEN·NO MAGNETIC PAR-
C        AMETERS ARE KNOwN USING AN ITERATIVE PROCESS,
C      2)CALCULATES G-VALUES ·FROM KNOWN ZF-PARAMETERS AND
C        "G=2" STATIONARY FIELD POSITIONS,
C    3)CALCULATES "G=2" AND "G=4" SLATIONARY FIELQ POS-
C        ITIONS wHEN ZF-PARAMETERS AND G-VALUES AHE KNOWN,
CXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
C****WHAT IS KNOwN?
9    FORMAT(/ ' ARE ZF-PARAMETERS KNOWN? .YES(M=l),NOCM=0)0,$)

wRITE(6,9)
10    FORMAT(I)

READ(5,10)M
IM(M,EQ,0)GO TO 1125

11    FORMAT(/ 1 ARE G-VALUES KNOWN? YES(N=l),NO(N=O)1,$)
WRITE(6,11)  .
READ(5,10)N
IFIN,EQ.0)GO TO 110

C****ZF-PARAMETERS AND G-VALUES ARE BOTH KNOWN

12 FORMAT(/ I INPUT T,M,8 IN CM-li/)
WRITE(6,12)

13    FORMAT(F)
READ(5,13)T,AM,B

14    FORMAT(/ 1 INPUT GT,GM,GBI/)
wRITE(6,14)                        '
READ(5,13)GT,GM,GB

15    FORMAT(/ ' INPUT FREQUENCIES HVT,HVM,HVB IN GHZ'/)
wRITE(6,15)
READ(5,13)HVT,HVM,HVB
H=3,33586*0,01
HVT=HVT*H
HV"=HVM*H
HVB=HVB*H
88=4,66882*0.01
GO TO 200

Ch***G-VALUES UNKNOWN,ZF-PARAMETERS AND "G=2" FIELDS KNOWN
C    INPUT FOR CALCULATING G-VALUES
110 wRITE(6,12)
11i FORMAT(F)

READ(5,111)T,AM,B
112 FORMAT( 1 INPUT FIELD POSITION,KG,AND FREQUENCY,GHZ.I)
1125 WRITE(6,112)
113 FORMAT(/ I FIELD ALONG T-AXIS')

wRITE(6,113)
114 FORMAT(/ ' G=4 LINE,LOWFIELD,HIGHFIELD,FREQUENCY'/)

WRITE(6,114)
READ(5,111)H3T,HLT,HHT,HVT

115 FORMAT(/ ' FIELD ALONG M-AXIS')
WRITE(6,115)
WRITE(6,114)
READ(5,lit)H3M,HLM,HHM ,HVM

116 FORMAT(/ ' FIELD ALONG 8-AXISI)
*HITE(6,116)



WRITE(6,114)
READ(5,111)H38,HLB,HAB,HVb

C    CALCULATION OF G-VALUES
H=3.33586*0.01
HVT=HVT*H
HVM=HVM*H
HVS=HVB*h
BB= 4,66882*0,01
IFCM,EG.0)GO TO 168
GTi=((2,*HVT**2.+4,5*T*T)-(AM-B)**2,/2,)
GT2=Grt/(HH*88*(HLT**2,+HHT**2.))
GT=SURT(GT2)
TMB=(T-H)**2,
GMt=(2.*HVM*HVM+4,5*AM*AM).TMB/2.
GM2=GMt/(88*dB*(HHM**2,+MLM**2.))
GM=SQRT(GM2)
TMM (T-AM)**2,
GBi=(2,*HVB*HVB+4,5*8*8)-TMM/2,
682=G81/(88*88*(HLB**2,+MHB**2,))
GB=SQRT(G82)

' 117 FORMAT(/ tx,F.12.6,1 GTI,F12,6,1 GMI,F12.6,1 GBI)
WHIrt(6,117)GT,GM,GB
GO TO 200

C****ITERATION OF KNOWN STATIONARY FIELDS FOR MAGNETIC PARAMETERS
C    INITIAL ESTIiATES OF PARAMETERS,CONVERGENCE TOLERANCE
168 ITMAX=100

T=0.1
AM=-0,0
B=-0,1
GT=2,0023
GM=2.0023
GB=2,0023
TOL=O,0000001
IT=1

C'   BEGIN ITERATION
169 GMM=GM

AMM=AM
GBB=GB
BBB=B
TT=1
GTT=GT·
TMB=(T=B)**2.
GMt=(2.*HVM*HVM+4,5*AM*AM)-TMB/2,
GM2=GMI/(88*88*(HHM**2,+HLM**2,))
GM=SQRT(GM2)
AMi=SURT(TMB/4.+(GM*HB•HLM)•*20)
AM2=SQR T ( TMB/4,+ (GM*88*HHM)**2,)
AM=(AM.1-AM2)/3,
TMM=(T-AM)**2.
GBi=(2.*HVB*HVB+4.5*8*8)-TMM/28
682=681/(88*88*(HLH**2.+HHB**2,))
GB=SHRT(GH2)
81=SQRT(TMM/a,+(GR*68*HLB)**2,)
H2=SURT(TMM/4.+(GHABBAHHB)**2.)
8=(81-82)/le
Grl=((2,*HVT**2,+4,5*T*T)-(AM-B)**2,/2,)
GT2=GTI/(HHABRACHLT**2,+HHT**2.))
GT=SORT(GTZ)
TI=SORT((AM-H)**2,/4.+(61*88*HHT)**2,)
T2=SWHT ((AM-13)**2,/4.+ (61*88*HLT)**2,)



T=(Tl-T 2)/3.
C# T=-(AM+B)
C# AM=-(T+B)
C# 8=-(AM+T)

TR=T+AM+8
DGM=AHS(GM-GMM)
DAM=ABS(AM-AMM)
DGB=ABS(GB-G88)
DB=ABS(B-BUB)
DT=ABS(T-TT)
DGT=ABS(GT-GTT)
IT=IT+1
IF(IT,GE,ITMAX)GO TO 170
IFIDGM,GT,TOL)GO TO 169
IFIDAM,GT,TOL)GO TO 169
IF(DGB,GT.TOL)GO TO 169
IFIDB,GT.TOL)GO TO 169
IFIDT,GT,TOL)GO TO 169
IFIDGT.GT,TOL)GO TO 169

170 wRITE(6,171)IT
171 FORMAT(/ I NUMBER OF ITERATIONS ISI I4)
172 FORMAT(/ ' T,M,B,TRACE IN CM-1 UNITSI/)

wRITE(6,172)
173 FORMAT(/ tx,F12,6,1 TI,F12,6,1 MI,F12,6,1 HI,

+012,6,I TRACEI)
WRITE(6,173)T,AM,B,TR
wRITE(6,117)GT,GM,GB

C****CALCULATION OF RESONANT FIELDS
200 THi=SURT ((HVT-3,*T /2.)**2.-.((AM-B)/2,)**2,)

THt=THt/(GT*AB)
TH2=SQRT ((HVT+3.*T/2,·)**2.-((AM-8)/2.)**2.)
TH2=TH2/(GT*BA)
TH3=SQRT((HVT/2,)**2,-((AM-8)/20)**2,)
TH3=TH3/(GT*88)

wHITE(6,113)
201 FORMAT(/iX,F12,6,I 64 FIELDI,tX,F 12.6,' LOW-FIELD' ,

+1*,F12,6,1 HIGH-FIELD')
WRITE(6,201)TH3,THl,TH2

FHt=SQR T ( (,IVI·1+3.*AM/2.)**2.-(T-B)**20/4.)
FHt=FHt/(GMABB)
FH2=SURT((HVM-3,*AM/2,)**2,-(T-B)**2./4,)
FH2=FH2/(GM*BB)
FH3=SQR T ( (riv M/2. )**2.-( (T-B)/2. )**2, )
FH3=FH3/(GM*HB)

WRITE(6,115)
WRITE(6,201)FH3,FHt,FH2
8Ht=SQRT ((HVH+3,*8/2.)**2.-(T-AM)**2./4.)
B H 1 = B H 1 / ( G d * 8 8 )

BH2=SQRT((HVH-3,*8/2,)**2,-(T-AM)**2,/4,)
BH2=BH2/(68*88)
BH3=SORT((HVB/2,)**2,-(T-AM)**2,/4,)
BH3=HH3/(68*88)

wRITE(6,116)
WRITE(6,201)BH3,8Ht,BH2
CALL EXIT
END

j&
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APPENDIX II                             '

Computer program for calculating separation of

"
8 mS = +1" (low-field) and "AmS = 2" ODMR transitions for

the H liz' orientation as a function of microwave frequency

and magnitude of the perturbation between the state |+1>

and   1 0>   .



C  , LACP.F4 7-JUNE-74
REAL NU,NV
DIMENSION HORZ(400),VERTI(400),VERT2(400)
COMMON/Hi/XSYM,XLABEL(10),YSYM,YLABEL(10)
COMMON/H2/XL,XU,XI,XSPAN
COMMON/H3/YL,YU,YI,YSPAN
COMMON/H4/XORIG,XMARG,XLONG,YORIG,YMARG,YLONG
COMMON/HS/SLOPE,CEPT
DATA XSYM/,16/,YSYM/.16/,SYM/.08/
DATA XORIG/,2/,YORIG/,2/,XLONG/7,/,YLONG/5./
DATA XMARG/2./,YMARG/2,/
INp=2

1     FORMAT(/ 1 INPUT T,M,8 IN CM-1 AND GTI/)
wRITE(6,1)

2     FORMAT(5F)
CALL IFILE(INP, IJAY*,'INPI)
READ(INP,2)T,AM,8,GT

3     FORMAT(/ 1 INPUT INTERACTION ENERGY,2V,IN MHZ'/)
WRITE(6,3)
READ(5,2)V

4     FORMAT(/ 1 INPUT INITIAL,FINAL.FREQUENCIES AND INCREMENT,GHZI/)
WRITE(6,4)
READ(INP,2)NU,NV.VINC

5     FORMAT(/ 1 INPUT LAC-FIELD IN GAUSS'/)
wRITE(6,5)
READ(INP,2)HLAC

HT=HLAC
HM=HLAC
vMIN=l,E+20
NN=0
HMIN=VMIN
VMAX=-VMIN
HMAX=-HMIN
v=v/29979.3
H=3,33586*0,01

6      HV=NU*H
88=4,66882E-5
ITMAX 100
TOL=0,0001
IT=1

7      HTT=HT
HMM=HM
BT=SQRT((AM,B)**2./4.+CGT*88*HT)**2,)
BM=SORT ((AM-8)**2,/4,+(GT*88*HM)**2.)
DT=1,5*T-HT
DM 1.5*T.BM
PTi=SORT(V**2,+DT**2.)
PT=PT1/3.
PMt=SQHT(V**2,+DM**20)
PM=PMt/3.
R=2.*HV/3.-T/2,
RT (H-PT)**24
RM=.(R+PM)**2,
HTI=SURT(HT-(AM-13)**2,/4,)
HT=HTl/(GT*88)
HMt=SORT(RM-(AM-8)**2,/4,1
HM=HM 1/(GT *88)
DTT=ABS(HT-HTT)
DTM=AHS(HM-HMM)
IT=IT+1



I          IF(IT.GE,ITMAX)GO TO ·8
IFCDTT.GT.TOL)GO TO 7
IF(DTM,GT,TOL)GQ TO 7
GO TO 10

8     WHITE(22,9)IT
9     FORMAT(/ 1 ITERATION LIMIT EXCEEDED,NO.OF IT.=' I4)
10     Hl HT-(HT+HM)/2,

Hg=HM-(HT+HM)/2,
AX=9*(R-BT)**2.
AY=9*(R-BM)**20
VVX=SQRT(AX-UT**2,)
VVY=SQRT(AY-DM**2,)
Vvt=VVX*29979.3
VV2=VVY*29979,3

11    FORMAT(/ IX,F12,6,1 NU,GHZI,F12,3,1 2VIT),MHZ',
+F12.3,1 2VCM),MHZ')
wHITE(22,11)Nu,VVt,VV2

12    FORMAT(/ lx,F12,2,1 LF,GAUSSI,iX,F12,2,1 G4,GAUSSf)
WRITE(22,12)HT,HM

13    FORMAT(/ 1*,F12,2,1 LF-(LF+64)/21,tx,F12,2,1 G4-(LF+64)/2')
wRITE(22,13)Ht,H2
NN=NN+1
HORZ(NN)=NU
VERTl(NN)=Ht
VERT2(NN)=H2
VMIN=AMINt(VMIN,Hi,H2)
VMAX=AMAXi(VMAX,Hl,H2)
HMIN=AMINICHMIN,NU)
HMAX=AMAX 1(HMAX,NU)
NU=NU+VINC
IF(NU.LE,NV)GO TO 6

C--CALCOMP PLOT
XPAGE=i.+2.*XMARG+XLONG
YPAGE=12,
PLOTN=O,
CALL PCHECK(PLOTN,6,XPAGE,YPAGE)
CALL CORNER(XORIG,YORIG,XPAGE,YPAGE,3.)
YL=-60,                                             _
YU=+60,
YI=10.
XL=Bed
XU=10.0
XI=.2

IP=3
XSPAN=XU-XL
YSPAN=YU-YL
XM=XMARG+XORIG
YM=YMARG+YORIG
00 200 I=l,NN
XX=XM+XLONG*(HORZ(I)-XL)/XSPAN
VY=YM+YLONG*(VERT1(I)-YL)/YSPAN
CALL PLOT(XX,·YY,IP)

200 IP=2
IP=3
DO 210 I=l,NN
XX=XM+XLONG*(HORZ(I)-XL)/XSPAN
ry=YM+YLONG*(VERT2(I)-YL)/YSPAN
CALL PLOT(XX,YY,IP)

210 IP=2
C--READ ACTUAL DATA AND PLOT



CALL IFILE(1,'JAYI,IACTI)
HEAD(1,1000)XLABEL,YLABEL

1000 FORMAT(1 X,10AS)
NN=O
Do 230 I=1,99
READ(1,1001)HORZ(I),VERT1(I),VERT2(I)

1001 FORMAT(3F)
IF(HURZ(I),LE.0.)GO TO 240

230 NN=NN+1
240 CALL HPLOT(HORZ,VERTl,NN,1,1,3,SYM)

CALL HPLOT(HORZ,VERT2,NN,1,1,1,SYM)
PLOTN=-PLOTN
CALL PCHECK(PLOTN,h,XPAGE,YPAGE)
CALL EXIT
END

.
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