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Phosphorescence Microwave Double Resonance Studies

of the Lowest Excited Triplet State of p-Dichlorobenzene

Rodney Michael Panos

Inorganic Materials Research Division,.Lawrence_Berkeley Laboratory,
and Department of Chemistry; University ofVCalifornia
Berkeley, California 94720

ABSTRACT

Phosphorescence microwave double resonance (PMDR) spectra of p-~
dichlorobenzene (DCB) neat crystal have been obtained monitoring 1oﬁ
temperature (~1.3°K)_trap phosphorescence and used to make symmetry
assignments of varibus vibronic bands present ih the>spectra. ~In addi-
tion, ratios of radiative tate constants of individual triplet spin-
subleveis to séveral vibratiohal'states, the intrinsic lifetimes of all
three triplet spin sublevel;, and selective polarized phosphorescence
from individual spiﬁ_sublevéls in various vibronic transitions have been
measured. An anélysis of these data is presented along with explicit

“ | considerations of the p-chlorine perturbation on the arqmatic ring.

g Finally, the relationships between the orbital symmetries and the.sign

N and magnitude of the zero~field electron spin dipoiar interactions in
fhe triplet state are discuésed and on these bases.an assignment of the

orbital symmetry of the lowest excited triplet state of p~dichloro-

benzene is made.



Also, similar data,'aloﬁg with excitgtioﬁ dependent measurements .
of the rélétiVe populating rates into the individuaivtriplet spin sub-
levels, havg been obtaiﬁed for thg phosphorescent triplet state of
various'p—dichlo:obenzene/host systems (p-dichlorobenzene/p-xylene,
p-dichlorobenzene/p-dichlorobenzene~d,, p-dichlorobenzene/p-dibromo-
benzene). A quélitatiﬁe discussion of these daté ié presented in terms
of an assessﬁen; of possible crystﬁl field contributions to the“proberties’

of the p-dichlorobenzene phosphorescent triplet state.




I. INTRODUCTION

Toward the‘end of the last centurf, as spectroscopic techniques were
being developed,vinvestigators_began exploring the nature of clectrocic
transitions and of excited electronic states of atoﬁs and molecules.
Since thcn-an enormoué amount of information concercing thesc states and
transitions has Been published. At present, the theories which‘have
curvived the first half of the twentieth century can adequately describe
many aspects of the excited electronic scates an&'of electronic transi-
tions of atomic, diatomic, and small polyatomic syctems. Thc extension
;of these theories to larger molecular. systems, however; even now yields
.inadéquafe resuits. |

Of the larger molecular systems, perhaps the most extensively
studied have been the aromatic hydrocarbcns, principally benzece and its
deriQatives. The significant amouht of attentibn whicﬁ has been directed
towards these mclecules reflects the central position which they occupy
among allarge and important class of organic compoundc. A comprehensive
description of the nature and dynamics‘of tﬂe excited electronic étates
- of these molecules‘is eésential tc any complete ﬁnderstaﬁding of their
chemistry. Ic the lést few decades, investigators have made significanc
advéncec towards understanding thc nacure of the excited electronic states
and of electfonic transitions of these molecules, and yet many questions

concerning them which were unanswered at the beginning of this century

remain inconclusively answered today.



"Historicélly, the task of obtaining the experimental data heeded
to délineate the propertiesvdf.excited electronic.states of aromafic
hydrocarbons-(as.well as most other molecular and atoﬁic sYstems) ﬁas
fallen to the optical spectrostopist. Most of oﬁr present knowledge
of the excited electronic states of benzeﬁe and its derivatives is_the
result of carefﬁl study of the gross and fine‘structure of optical
:absofption and emission sﬁectra. Within tﬁé"last thirty years, howe?e;,
experiment%lists have found increasing success in discerning the pfoper?
ties of excited multiplet eléctrohic states through the use of magﬁetic
as well as‘optical experimental "probes".-‘In.particuiar, gréét success
has recently been acﬁieved in the investigation of tne properties of
excited.triplet states of arqmati; molecules through.the combination of
optical spectroséopy with magnefic resonénce‘techniqdes.

Thé following dissertation presents tﬁe resulté of an invesfig;tion
into the nature and*dyhamicsvof ;he'loweét ekcited triplet state of: a

p-dichlorobenzene in low temperature crystalline solids, using the tech-
niques of optigal spectroscdpy and optically detected electron spin

resonance in zero field.

A. Historical Background -~ Phosphorescence and ‘the Triplet State

Late in the 19th century investigators made the observation that a
number of'organic cqmpounds (quinine, aescﬁiin'and others) whén placed
in a solid solution exhibited a strong afterglow or phosphorescence
following excitatiqn by a-mercury lamp. Some attribute tﬁis obserQatidn
to Wiedemaﬁn in 1888,l while others believé that Dewar éhould receive

2-4

primary credit as early as 1880. This phosphoreséeﬁce was found to
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be of ¢onsistent1y longer wavelength than any accompanying fluorescence

and to possess a lifetime which may vary from 10~" to 10% seconds. The

- 1930"s produced explanations which accounted for these phosphorescent

émissions in terms of three separate molecular states. During the early
1940's, Lewis, Lipkin and Magel,5 and'Terenin,6’7 postulated that the

phosphorescent transition was T - S in nature. Then, in 1944, Lewis and

Kashag’9 completed an extensive study of phosphoréscent emissions from

organic¢ molecules. The result of this study led them to label the

emitting state as the lowest molecular triplet state. Lewis and Kasha

observed that the phosphorescence intensity decays~exponenfially with

time

I(t) = Xo) e /T |

The lifetime, T, of the phosphorescence. of aromatic hydrocarbdns was

found to be of the order of 10 seconds. Since T is inveréeiy propor-
tional to the transition probability, this value for T gave a transi-
tion probability about 10'° smaller than that of normally observed

optical transitions (fluorescence). They therefore reasoned that since

only spin-forbidden transitions can have such a low transition proba~

bility, the state from which the phosphorescence originated must be a
molecular triplet state.
'The triplet state has two electrons with parallel spins and should

therefore exhibit paramagnetic behavior. Such a molecular state should

" also be mefastable due to the spin-forbidden nature of the T +YS°



. transi;ion.v The search for evidence to suppoft Lewis and Kasha's
posiulatédvﬁhosphorescenf triplet.state thereforé concentrated on fhe
magnetic préperties of phosphorescent éompoﬁnds.

Lewis and calvinlt® and léter Lewis,vCalviﬁ and Kashall}examinéd an
irradiated 901ution'6f'fluorescein in boric acid glass and detected a
reversible light-induced paramagnetic susceptibility. Later experiments
of Evaﬁs12 on fluorescein and triphenylene showed that the decay of |

phosphdréscence intensity was exactly matched by the decay of paramag-

nétic susceptibility, thus directly linking the two phenomena. Finally,

13,14 in 1958 when they

- all ambiguitvaas removed by Hutchison and Mangum
conducfed magnetic resonance experiments which measured the electron
.spin of the phosphoréscent'étate of ﬁaphthalene and found that'it was
‘indeed a triplet state. The results of Hutchison and Mangum's experi-
ment revealed more tﬁan just the triplet nature of the molecular phosi
ﬁhoreséent state. From their results, Hutchison and Mangum were able to
evaluate the surprisingly high magnitude of the spin-spin dipolar inter-

actionlS’16

within the triplet state and thereby found the cause of
failufe of the maﬁy previous attempts to observevthe electron spin
resonance (ESR) of orgaqic triplet states. They placed a single crystal
of dﬁrene containing 2 to 5 mole percent naphthalene in a high magnetic'
‘field é; low temperature and carefully ﬁerformed an orientation depen-
deﬁce study éf the ESR signal. Their data subsequentlyvdemonstrated.
that the spin-spin dipolarvinferaction within the triplet state causes

the three magnetic sublevels to be separated in zero fieid by an amount

which is of the same order as that produced by the conventional ESR

“4’
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magnetic fields (~6000 gauss). The electron spin—spin’interaction there-

fore creates a local field inhomogeneity which is sufficient to have:

washed out any ESR signal which previous investigators had hoped to ob-

servé from randomly oriented and/or polyéryétalline éamples with conven-
tional fields. It bécame evident with the discovery of the zero—field
splittings of the triplet state magnetic sublevels that.convéntionai ESR
techniques would have only limited value to future study of organic
triplet states._-The need for properly prepared single crystal samples
severelyvrestricted the number of molecules thch might be examined.
The stﬁdy of organic triplet states by conventional ESR was further
limited by the inherent senSitivity of the technique. The observétion
of resonance-by conventional ESR requires that a significanf percentage
of sample molequles be in the triplet state; therefore only molecules
with relatively long phosphorescence lifetimes may be studied. Récently,
however, a technique has beén_developed whiéh overcomes many of the
handicaps of conventional ESR méthods. | |

In 1965, Geschwind, Devlin, Cohen and Chinn17 applied the optical
rf double resonance techniques of Brossel and Kastler18 to a solid
sample of crt? in Al,0, and succeeded in observing the metastable
E(ZE) state of Crt®. 1In this classic experiment_Geschwiﬁd, et al. used
a high resolution optical épecfromgtérvto monitor the change in inten-

éity of one of the Zeeman components of the fluorescence [E(ZE)

->A2]
while saturating E with microwaves and sweeping the external magnetic

field through resonaﬁce. The important feature of the experiment is

the use of optical methods to detect the microwave resonance. Since



optical rather than microwave photons are being detected this technique
offers a significant advantage in sensitivity'over_conventional magnetic

resonance techniques.
|

The success‘of Geschwind, et gl. in using optical deteétion methods |

to observe the eleCtronvspin resonance of a metastabie stafe in a SOlid
medium.soon led others to the hope that similar methods might be eﬁployed
to the detection of the ESR of drganic molecules in cheir phosphorescent
triplet sfate.'

Sharnoff and Kwiram independently became the first to obsefve by
optical techniques the ESR of an brganic phosphorescent state. In 1967,
Sharnoff feported the AM = 2 trénsition of the lowest triplet state of
naphthalene,lg_and Kwiram reported the AM =1 and OM = 2vtransitibns of
the phenanthrene phoéphorescent triplet state.20 Since their initial
experimeﬁts, along with the-improvement of'optically detected magnetic
resonance fgchniques (ODMR), the a§ailab1e data on 6rgénic phosphores-
cent triplet states has increased rapidly.

Impoftant advances were made by Schmidt and van der Waals,21
with the optical détection of ESR tramsitions of tﬁe lowest tfiplet states
of many molecﬁles in zero extérnal.magnetié field, andvby Tinti, El-Sayed,
Maki and Ha?riszz with the incorporation of a high resolution oﬁtical
spectrometer to isqlate and examine the effect»of fhe:microwave>transitions
on individual vibronic bands in the phosphorescenge spectrum. The latter
authors also réported the first optically detected.electron nuclear

resonance (ENDOR) for nitrogen in 2,3—dichloroquinoxaline.23



Since ﬁhese inifialvexperiments, aﬁ 1mpressiVe améung of daté has
been obtained‘concerning the lowest excited triplét staté of many
»mélecules. These data include not only the measured values for the zero-
field splitting parameters of the excited triplet state;?8 but also
measurements of other stafic quantities such as the eléctronfnuclear
hyperfine‘interéction (N, 35Cl,\"Cl,.‘IH, 79Br, 81Br)37 and the nuclear
quadrupole intéréction (I#N, 35¢1, 37c1, 79Br, 81Br),38’a11 of which,
until recently, had only been obtainabie for electronic ground statés.

ODMR techniques have also enabled'experiméﬁtalisﬁs to accurately
determiﬁe many dynamic quantifies of individual magnetic sublevels of
excited triplet states such as intersystem crossing fétes,as radiative:
and total'deéay rates,46 spin-lattice relaxation_rétes,47'and, most
recently, spin-séin rela#ation 1:ates.48_50

Equipped with these kinds of data, investigators are now easily
able to determine the basic electronic structure of an éxcited triplet
bstate.and, in some cases, to arrive at more ﬁrecisg conclusions such
aé the spatial symmetry of the state.[‘3 These sort of data are also
precisely ﬁhat is needed to help delineate manyJof the’intra- and inter-
molecular_energy transfer proéesses in crystalline molecular solids and

determine the pathways by which the excited state might acquire parti-

cular properties.



B. Benzene and p-Dichlorobenzene

The characterization of excited electronic states, and particularly,
the classification of the orbital symmetries of excited electronic

states of aromatic and substituted aromatic molecules is a problem which

has received a considerable amount of attention from theoretiéians and
expérimentalists alike. Benzene and its dérivatives have certainly
received the largest portion of this attention. The available litera-
ture cdncerning'the electronic structure of benzene and its simple
derivatives comprises the largest portion of the total literature deal-
ing with fhe electronic structure of aromatic molecules.

The strong UV absorption band seen at about 2600 £ in benzene vapor
and corresponding to the benzene Sl system has been known and investigated
since the early days of opticai spectroscopy.62 Historically, this
abéorptioﬁ band was the first élear example of an electronic tranéition
which was forbidden by dipolar symmetry selection rules and whose
explanation required the application of vibronic selection rules.63
.The sharpness of the fine structure of this absorption stimulated
édditional investigatns and provided a suitable system with which
experimentalists might test theories of electronic transitions and
vibronic coupling in large molecules.

The identification»of the S, state associated with the 2600 &
absorptiqn band in benzene proved, however, tobbe a relatively difficult
problem. The conclusion that the orbifai symmetry of the benzene S,

state actually belongs to a 1B irreducible representation required

2u
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. . . { .
not only a detailed analysis of the vibrational structure of the absorp-
tion band, but aléo an analysis of its>polarization and of the associated

rotational structure64 along with a refined theoretical calculation.65—67

Benzene fluorescence studies finally confirmed this assignm'ent.66’68’69
Although the characterization of the S, state of benzene was a
relatively difficult problem, the problem of characterizing the first

exclted triplet state of benzene proved to Be still more elusive, Sklar

reported the weak absorption band observed in benzene at about 3400 X

as early as 193770 and the absorption spectrum of liquid benzene in the

same region was reported by Lewis and Kasha in 1945.71 -Early efforts
to characterize the T, state which gave rise tovthis_absorption band

relied on vibrational analysis of the phosphoreSCenCé emission from this

72-74

. state. The authors of.these efforts concluded that the transition

was essentially dipole forbidden and that the weak phosphorescence

activity originated from a vibronic coupling of the €. vibrations.
This vibronic coupling of the g modes has been cited as evidence for
72,75,76

either a 3Blu or 3B, assignment for the'T1 state, since vibra-

tions of this symmetry can induce mixing with dipole-allowed 1Elu

character. The presence of a significant activity of a bzg vibration

has been presented as evidence to further limit the assigmment to a

3Blu, 2 since the b,g vibration can induce mixing of dipole-allowed 1A2u

character but only with a state having B y symmetry. Further vibrational

analysis showed that the e, activity in the benzene phosphorescence was

distinctly different than that found in the fluorescence spectrum,71

suggesting that the phosphorescent transition was unlike the fluorescent
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1B2u > lAlé transitién and inferring that the il-state must then have
B,y symmetry. The conclusion that the benzene T, state has B,y orbital
symmetry could not, however, be formed on the basis of these érguments
alone. The_épin-ﬁorbidden nature of the transition makes such a charac-
.terization entirely ambiguous.

Later; the symmetry of the T, state of benzene was implied frém

studies of other molecules. Kearns showed that the behavior of the

lowest triplet state in the catacondensed aromatic hydrocarbons extrapo-

77

lates to a benzene assignment of 3Blu. On the other hand, polarization

studies of the phosphorescence of crystalline hexachlorobenzene led to

a proposed 3B2u aséignment when taken into the benzene Dsh point gr0up.78

In a classic study, Albrecht has set down the possible routes by
which dipole~allowed character might find its way into the benzene T, »

S0 trahsition.79-81

His fiﬁdings, along with considerations of the
oscillator strengths and ﬁolarization of the phosphorescénce, alléwed
him to.propose the 3Blu assignment. Theorists héve generallybagreed that
a 3B1u state would be lowest in energy and this assigmment has since
gained wide.:’acc.eptanc'e.92

The complete chafacterization of the lowest tripletvstate of.the
benzene-substituted benzene series, however, continﬁes to retain éertéin

ambiguities. From an early single crystal polarized T, < S, absorption

study, Castro and Hoqhstrasser93a have proposed a 3B2u

assignmenf for the lowest triplet state of the p—dihalobenZenes, conflict-

ing with the 3Blu assigmment which would be deduced from the accepted

benzene assignment, although recent Zeeman studies conducted by Hochstrasser

and coworkersg3b support the latter assignment.

a
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As.Albrecht has pointed out, the spin-forbidden pature of phosphores-
cence renders the interpretéiidn of phosphorescence spectra»émbiguous. The T, -+
S transifion derives 1its tfansition probabilify from the admi#ing of
singlet states into the tripiet wavefunctions, primarily through spin~
orbit coupling. It is not, then,‘generally_possible‘to'uﬁambiguously.
assign the triplet orbital symmetry without a comblete knowledge of the
spin—drbit symmetries ofvall three triélet spin sublevels. In many cases,
such as benzene itsélf, one must go beyond spin—orbii interactions and
invoke vibronic and spin-vibronic considerations to characterize the
triplet state and the phosphorescent transitioﬁ.

The mechanisms whereby the singlet-triplet trapsitions become allowed

in the optical spectrum are not well understood and this is preciseiy why

- studies of low-lying triplet states in aromatic molecules are of funda-

mental interest. The present-work is concerned with the characterization

of the lowest triplet state of the p-dihalobenzenes, employing the tech-

niques of optically detected magnetic resonance in zero exterﬁal field.
Specifically, the objective of this.work is the resolution of the spin-
Orbital;vibrational—electronic éoupling mechanisﬁs.in the p-dihalo-
benzenes, inéluding the unambiguous assignmgnt of the orbital symmetry of
the lowest excited triplet state, the determination of the nuclear framéf
work in the excited triplet stété, and the study of intermolecular
interactions in the solid phase. Thé ability of ODMR techniques to
selectively examine both the_sfatic and dynamic properties of individual

triplet magnetic sublevels readily.lends itself to this problem.
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II. THE TRIPLET STATE
As a suitable point of entry into this investigation of the proper-
ties of the lowest excited triplet state of p-dichlorobenzene, a Brief
consideration of some fundamental aspects of the nature of the electronic’

triplet state lends itself most adequately.94

A. . The Antisymmetry Principle

The electronic state of interest tﬁroughout this manuscript is that.
state which results from the excitation of a single electron out of a
high-lying (in eneigy) occupied molecular orbital‘of a closed shell
ground state electronic configuration into a low-lying ﬁnoccupiedb
molecular orbital, thus forming»an open shell excitedvelectronic state
with two gingly occupied molecular orbitals. The pbtential "triplet"
character of sﬁch a state owes 1ts origin to restrictions imposed upon
systems of electrons by the Pauli principle, which is a consequence of
the antisymmetrization of electron wavefunctions. The.following con-
sideration of the éonsequences of the antisymmetry principle on many
electron systems will clearly illustrate some basic aspects of the
triplet state.

Consider two identical particles within a many-body sysfem, each
labeled with total position vectors, ?1 = (vl,Ol) and %2 = (vé’oz)

(relative to an arbitrary origin), where v, represents a general spatial

i

.
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coordinate aﬁd Oi represents a spin coordinate (which is dependent upon ;
the intrinsic¢ spin of the particles). Then, if Y is the wavefunction
describing.this two-particle system, the probability of finding particle

(1) at point ?1 and particle (2) at point ?2 is given by
it @),t,1|? dt 1, . - - (11-1)

The two particles must be physically indistinguishable, since they are
identical. Therefore, the probability of finding particle (2) at posi-
tion %1 and particle (1) at position ?2 is identical to that of finding

~particle (1) at ?1 and particle (2) at ?2, or,
wit, (1),T1,(2)1]? d1;1, = ]w[%1<2),%2<1)]]2 dtr,7, . (11-2)

This expression embodies a fundamental symmetry law of quantum mechanics.
That is, the oﬁtcome.of_ahy measufement of a physically measurable
property, which depends oh the coordinatés of.identical particles, must
be indepehdent of any attempt to»lébel the particles of the system,

i.é;, the measureable:'proﬁerty (of its operator) must be a symmetric
function of the coordinates. In the absence of applied magnetic fields,

the wavefunction U may always be chosen as real. Then,.
YT, ), T,(2)] = Y1,(2),T,M)] , (11-3)

- which has solutions:
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VT, ,T,@] = YIE@,T,m1 (11-4)

and

WIT, (1),T,(2)]

-In the former case, wvis designated to be symmetric with respect to the
exchange of the coordinates of ény two identical particles, while, in
the latter case, y is designated to be ahtisymmetric with respect to
such exchangé. Particiés which have integral spin angular momentum, OY

vspin (in units of h), are called bosons, obey Bose?Einstein stétistics,
and are described by symmetric wavefunctions, while particles which
possess half—integral.spin are called fermions, obey Fermi-Dirac
statistics, and must be described by antisymmetric wavefunctions.

Electrons are fermions with a spin'of 1/2 h and, therefore, systeﬁs of
electréns must be described with wavefunctions which are antisymmetric
with respect to the integchange of coordinates (spatiél and spin) of‘
any pair of electrons. This requirement of electronic systems is known

as the Pauli principle or the antisymmetry principle.

B. The State Function

The preceding section has shown that a wavefunction describing any
state of a system of many electrons (state function) must be anti-

symmetric with respect to the exchange of any palr of electrons. The

- V[T, (2,7, W] . (11-5)

s
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fqliowing section will show that a "triplet' state arises as a conse-
quence of the gesﬁrictions imposed by the antisymmetfy principle on the
-state function describing the electronic state of inferest té the
present study (i.e., a single electron excitation out»of a closed shell
'configutation). |
The'coﬁstruction of proper state functions for a syéteﬁ of manmny

electrons is, at best, a process of suqcessive approximations. One of
the simplest methods for constructing such functions, the LCAO (linear
coﬁbination of atomic orbitals) molecular orbital method, has been used
“with very limited success. In this method, electrons are assigned to
mqlecular orbitals; Qi’ which are formed from a linear combination of
atomic orbitals, ¢k; Fheﬁ

o, = +C

{ CA(bA + CC¢C + cee = Zk: Cik(bk 3 _ (11~6)

B¢B
At most, two electrons are allowed to occupy the same MO, one with spin
projection o, and the other with . The total state function is then

taken as a simple product of the @i of all the electrons considered.

- | vy = ne0f | | 1I1-7)

The LCAO-MO approach to proper construction of electronic state
functions suffers from several obvious faults. A detailed treatment of
-solutions to all of the faults of the LCAO-MO approach is both beyond

the scope and outside1the interest of this discussion. Omne failing
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which is of interesf here, however, is the failure of the LCAO~MO method
to satisfy adequately the restrictions imposed by the antisymmetry
principle. The solution to this problem begins with the explicit inclu-

sion of spin functions -into the basis functions from which the state

function will be constructed. Molecular spin-orbitals (MSO) are, there-

fore, constructed such that
v VI VO U u _
¥ wj(v 50 ) @i(j)(v ) nj(o ) (11-8)

where nj“'is a normalized function of the possible electron spin projec-

tions, i.e.,

b s " % x |

n,” = ¢,,.% +C,p,B ; ¢c¥ c, +¢cC = -
“jo 38 jo Cja ¥ Cjp Gp = 1 (9

with the superscript, ju, indexing the electrons, and the subscripts, 3

and i, indexing the MSO's and MO's, respectively. The total state

function will automatically be antisymmetrized if it is taken as a

Slater determinant of MSO's; thus,

Y = a2 . (11-10)

.




£
et
e
L.
<
«
¢
&
prs
e
W
i
e
£
¢

-17-

A state fuﬁction formed in this manner is then‘inherently antisymmetric,
since the.determinant is antisymmetric under an exchéﬁge of any two of

its rows, an dperation equivalent to exchanging the coordinates of a

1 pair of électrons. The ﬁore specific Pauli exclusion priﬁcible, which
states that no atom or molecule may possess two elecgrons which have
identical sets of quantuﬁ numberé, is also embodied in the determinant
fepresentation, since any determiﬁant with two identical columns (two
electrons with identical sets of quantum numbers) will vanish. State

' functions constructed in this manner have proven quite useful for describ-
ing molecular electronic systems.

At this pbint we should consider the state function explicitiy
describing the excited electronic configuration with which we are
interested in this discussion. As has already been mentioned, we are
primarily qbncernéd with an excite& molecular electronic configuration

vpossessinglonly two singly occupied molecular orbitals,lall other MO's
being either filled or empty. P;evious investigators have shown that
mény properties of such an electronic state may be adequately studied
usihg appréximate state functions which include only the two unpaired
eleéfrons.gs All other electrons may then be treated as 'core" electrons
and a suitable adjustment of the core poténtial within the Hamiltoniag
6pera£or for the two unpaired electrons may be performed in such a

manner as to minimize erroré produced-by this "two electron' approxi-
mation. This procedure will be adequate for the purposes of this

discussion.
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Consider, then, two molecular orbitals, @1,.and @2, and two possible
spin functions, denoted g and B. We have four possible molecular spin

orbitals,

Y, @) = él(u) a)

b, ) = 2, ) BM)
: (11-11)
Y, ) = 2, () o)

Y, ) = o, BW)

where U labels electrons; By taking these MSO's two at a time (since we
are considering only two electrons), six possible state functions arise.
Two of these functions place both electrons in a single MO and are there-
fore neglected. The remaining possible state functions have the follow-

ing determinant forms:

, a8, e@
T2 @ 0@ 6,(2) a2)
o, (1) B(1) 9,(1) BQ)
.Wz = J% :
9,(2) B(2) 9,(2) B(2) |
. (11-12)
v . 1 ¢, (1) a(1) %,(1) B(1)
e @y a0, B
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o, (1) B  3,(1) a(l)

9,(2) B(2) ©,(2) a(2)

It will be shown later (Section III-A) that suitable state functions
must also be eigeﬁfunctions of the spin operators, S2 and §z‘ An exami-
nation of the above four functions reveals that, while Wl and Tz satisfy

this requirement, ¥, and Y, do not. However, the linear combinatiohs

Y = 2y ) - | (11-13)
and
Yoo =43 ¥, -] | (11-14)

will yield two appropriate eigenfunctidns of both §2_and §z'

if we now separate our four staté functionsvinto spatial and spin
parts (fhis is possible for functions involving only two electromns),
the "triplet" portion nature of this excited state will become apparent.
In this_separated form, one state function, ¥,1» appears unique, possess-—
ing a éymmetric orbital function and an antisymmetric spin function,
_while the other three state functions, Wl, WZ and Yirs have a common
antisymmetric orbitai function and three symmetric spih functions.
Thgsé 1attef three state functions are degenerate under operation by
a Hamiltonian operator which neglects spin interactions. Thus we are
left with two non-degenerate states of different spin multiplicites,

a singlet state,
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Yoo T d 19,00, +2,@0,M1{ 2 B - a@BMDI},

(I1-15)
triplet | state ,
v, | [ *@ae@)
¥, 1= A 10,8, - 0,(20,1)] ] B1IB)

¥y - /s [@@BR2) + a(B)]

(11-16)
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ITI. MAGNETIC INTERACTIONS AND PHOSPHORESCENCE

A. Zero-Field Splitting

While the three state functions which describevthe triplet state are
degenerate under zeroth-ofder Hamiltonian operation which includes only
kinetic and electrostatic oberators, théy are non-degenerate under a
Hamiltonian which includes ﬁagnetic interactions. 1In the absenqe of_any
externally applied magnetic field, the principal m;gnetic interaction
present within the triplet state is a magnetic dipole-dipole iﬁteraction

between the two unpaired electron spins. Such an interaction may be

described by a Hamiltonian of the following form:15’1‘6’96
§ 'S 3G, -5) G, 1) |
2 2
H = 8*B°* — - g . (I11-1)
r r

where g denotes the.dimensionless Landé "g" factor, B deﬁotes the
électroniﬁ Béhr magnetoﬁ and the vector.f-joins thé two.electrons, each
with spin S; and 5,. Van Vleck has shown that this Hamiltonian may be
rewritten as Kb #.§-5-§; where S = §1 + §; and D is é symmetric tensor
called the zero—fieldvsplitfing tensor.97 The components of D are given

by averages over the electronic wave function:

2 - 3u2\ ‘ /—311 v
. 12 12 _ 12V12
Dy = 28 B ——;——/ Dy = 28 B 5 (111-2)
g . i \\ ),

where u;v = x,y, 2.
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. Since D is a symmetric tensor, a principal axis system may be

chosen which diagonalizes D, in which case Kb becomes

= -XS§2 - 2 _ gg2 ’ -
ﬂb XS _YS ZSz | (I11-3)
where

X = -D ' ; Y = -D ; Z = -D . (I11-4)

Moreover, D is a traceless tensor and ﬂb may be rewritten in terms of

only two independent parameters. Then,

= -2' - l— —2 — —2 ) -
ﬂb D(SZ 3S ) + E(S S ) (I11-5)
where

g(x+Y) -7

o
[}

‘and : _ (IIi—6)

3
]
|
[
Q<
|
v
A

with the axis convention IXI §_|Y| g_lzl.

Or, $ ‘ !

r2_ - 3z2 '
3 12 12
D = g g2 B? <—'—5““-" (I11-7)
Tya '
énd
_ 2 2
L, 3y12 - 3x12 .
Ro= et et () - | (111-8)
\ T2 '

L}
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The spin functions associated with the triplet state magnetic’sub-

levels as shown on p. 20 are eigenfunctions of §? and»§z only, and if

|Ty,> = la1a2>

=)
o
\4
it

1
5 |ayB, + B0, > : (111-9)

IT 1> = |8162> s

then the Hamiltonian matrix has the following form using these functions

" as basis states:

Ty> [T |T_,>
p 0 2
\ .
1
E 0 'S-D

[t> |1.> |1>
X y z
+X 0 0
X o= | o # o | (111-11)
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then the basis states are

1

ITX> = J% |7, - T4, > = Ng) ‘|.8182 - oa, >

ITy> = J% ,T-l + T, 2 = f% |8182 o, > (I11-12)
lT,> = 11> = 3 la8, + Bya, >

These basis states are eigenfunctions of the Hamiltonian and §x’
§y and §z. ‘Throughout the remainder of this discussion we will be con-
cerned primarily with triplet spin sublevels which are described by

these spin functioms.

B. Spin-Orbit Coupling

The phosphorescence trénsition is spin-forbidden by nature and
derives its transition probability primarily through the action of épin—
orbit coupling; While an exact treatﬁent of the spin—orbit coupling
Hamiltonianu is unnecessary for.the purpose of this discussion, a brief
description of the nature of forbidden transitions and the mechanism
by which thé'spin—orbit coupling Hamilfonian can bring allowed charac-~
ter into such transitions would be in order.

Spectroscopists use the tefm "forbidden transition' to describe any
transition with a probability that is much smailer than normal. The
term "forbidden", then, only has meaning in a relative sense,.i.e.,

relative to a fully allowed, "normal" transition.
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An allowed transition has a transitionvprqbability greater than

zero in zeroth-order approximation. That is, if

N .2

P - - - o

Jco = z _i + V(r19r2"",rN; R) s (I11-13)
=1 2m

(where R denotes nuclear coordinates and r, labels the position coordi-

3

nate of the jth electron), is the zeroth-order Hamiltonian describing a

molecule with N electrons, then
N _ ) _
[<v_leC = ry) [v>[* # o (I11-14)

for an allowed transition between'eigenstates; wn and wm, of H,, where
N A v v

" G( I r,) represents the electric dipole operator. This definition may

3

be formulated more explicitly as follows. The eigehfunctions wn of ¥,
are functions of the spin variables (SI,SZ,"',SN) as well as of ;j and
R. They may then be taken as eigenfunctions of the operators S% and S

z

as well as #;; where

T2 N 2 N-’ 2 N 2

S = ( ? ij) + ( § Sjy) + ( ? sz) (I11I-15)
— N—

Sz_ = g sz (I111~-16)

()
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Then if

92]
N
<
f

s(s + 1) h,wn _ (I11-17)

and

wn!

b o= m by | (III-18)

- (2s+l)

we may add spin quantum numbers and relabel wn.such that wn wn;ms.
Since the necessary orthonormality condition requires.that
k £ _
ar W 5> T S 85y Snr (111-19)
N —-—

and since G( X rj) does not operate on spin variables, then
K N_oos, o N_

(I11-20)

The definitions for "spin forbidden" and "spin allowed" transitions are
now contained in the above equation, i.e., a transition is spin forbidden
if k# 2 or i # j and épin allowed only if k = £ and 1 = j. Additionally,

a transition is called dipolar or symmetry forbidden if ‘
K Nk 4 ”
e g [GCT Ty, > = 0 (I1I-21)

and dipolar or symmetry allowed otherwise. The phosphorescence transi-

tion, i.e.,




o
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Iphos.= Z A
Mg

N
1 = 3 2 -
m |<*y, G(Z rj)l wl’ms>| o (II1-22)

presents a clear example of a spin forbidden transition (which may or
may not be dipolar forbidden). Responsibility fof the finite probability
of the phosphorescence transition rests chiefly with the spin-orbit
coupling interactibn, whose primary action ma§ bé represented by the

Hamiltonian,9§_99

=
i
Y

ik il %1

g B e . Z - - - -
so ‘ 2: z: . L + y v—%— (ZPj_Pi)xri
. . : .
2mc i L j# rij

(I11-23)

where k labels nuclei and i, j label electronms,

Zk = charge on nucleus k
Eik = angular momentum of electron i around nucleus k, i.e.,
Tik = Trg X Py
and r,, =1, -,

1] i j

ﬂ;é represents the iﬁteraction of the'electron_spins with internal mag-
netic fields produced by the felative motioﬂ of electrons ahd nuclei,
the first sum within the brackets representing the contribution due to
the motion of electron i in fhe coulomb field of nucleus k and the
second sum representing the contribution due to the relative motion of

electrons 1 and j. Further considerations of the explicit form of ﬂ;o
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are unnecessary, since the relevant properties of M;o may be illustrated
by group theoretical arguments alone.100
Consider first the general form of the matrix element

ny (III-24)

k

)
i = . 3 b/}
whgre tot ﬂ; + ﬂb + H;o v and wm,j are eignefunctions of o

n,i
and may be taken as properly antisymmetrized linear combinations of
products of molecular orbital functions and spin functions (cf. Chapt

II). Then let
k ' k ‘
| Vai® 7 | rr.> (11I-25)

where Fn and Fi denote the irreducible representations of the total
orbital function and the total spin function respectively within the
appropriate molecular point group, while k denotes the spin multiplicity,

N
k = (2s+1), if s = I S,.

h|
Since all point group symmetry operations may be taken as a combina;
tion of pure rotations and inversions, then all molecular operaéors and
functions may be reiated to a repreéentation of the continuous Lotation
éroup. The action of the molecular operators is thus examined by
examining the transformation propertiés of the appropriate irreducible
representation of the.continuous rotation group. Applying this procedure

to the present problem, several general properties may be deduced for

the Hamiltoniam, ¥ = ﬂ; + Mb + ﬂ;o. First, # must be a Hermitian




o
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operator, and must then be invariant under any rotation of coordinates.
Thus, ﬂb,.ﬂb; en& ﬂ;o must each be invariant under anyvrotation. ﬂb
conteins only kinetic and electrostatic functions and thereby cannot
yield a finite matrix element between states of different spin multi-
plicities. ‘Van Vleck has shown that Mb can be written as five products

ES

of an orbital and a spin factor such that the orbital factors form a

(2)

basis for the irreducible repreéentation D of the continuous rotation
'group.96 Since ﬂb must be invariant under any rotation, then the spin

factors of Mb must also transform as D(Z), i.e., the orbital and spin

- factors must transform contragradiently. Singlet state spin functions

belong to totally symmetric representations and thereby must ttansfon%
as p(0) while triplet state spin functions transform as rotationJand £
belong to D(l) of the continuous rotation group; Therefore, Mb can mix
triplet states with states whose spin functions transform as D
D(l) + D(z) + D(3) and; obviously, ﬂb cannot give finite matrix elements
between singlet states (D(O)) and triplet states o)), The remaining
term, ﬂeo’ is linear in spin operators and thereby has spin factors
which transform, as angular momentum (rotations), or p(1) %f the continu-
ous rotation group. M;o 15 thus responsible for the phpephorescence
transition since the cross product D(l)CDID(l) =‘D(0) +'D(1) + D(z)
contains the singlet state spin representation D(O).

~ Since the complete ﬂ;o must be invariant under any rotation of
iy

coordinates it transforms as the totally symmetric representation within

(2) & p @) .

. ’a

a given molecular point group. Realizing that single state spin functions -

also belong to the totally symmetric representation, we may write,
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e “J N n:o v. » v _
. S | 3 1 3
PO b ’ <‘wn,i!:}(sol lpm,j> > I‘nT:LII‘:}Csol I'mr_j> >

. . ‘.‘ .
. .° <SrlPrrs> _ (I1I-26)
. ‘; ".‘

.where j = x, y, z.

*

e .The spin-orbit matrix element will therefore only be non-zero when

P contains the totally symmetric repre-

','séntation, or, in other words, when ST;IQDIH € ITn . This relationship

.

o . . - .
.has a direct bearing on the experimental results which will be discussed
} ]

-

T 145 in a later sectioh (Chapters VI and VII). T Its importance, along with

‘o -.further consequences of the spin-orbit interaction, may be seen in the

43 -following-perturbation treatment of the spin-orbit coupling Hamiltonian.

K

. their attempts to realize‘a quantitative assessment of any specific spin-

[

& - C. Spin-Orbit Perturbations

.

The inclusion of the following section within this manuscript will
, serve two purposes. Expressions presented herein will demonstrate both
the nature of spin—orbit effects on the propérties of the T, state and

also the nature of difficulties which experimentalists encounter in

‘orbit interaction.
L
If we treat the spin-orbit coupling interaction as a perturbation
on ®he Hégiltonian H = MB'+ Hb then the first excited triplet state

wavefunctions, T,,, become:101
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s <s ¥ |T. > 1 T <Ty |®_|T. >
o | [} u” | 2i'""so' "1u .
Tiwgr = Tyt 2 S + )IEDD Th
2 Ep-E =-1 m Ep° - Eg i
1 ) 1u my

(111-27)

where T:u are eigenfunctions of ¥ with v = x, y, z or -1, 0, +1 and
Sl’ Tmi and an denote singlet, triplet and quintet state wavefunctiohs;
respectively. Using these triplét wavefunctions, we now proceed to

examine the effects of the spin-orbit interaction on measurable quantities
thch_are'relevant to the presenf study.

First, we examine the phosphorescence transition probability,

|<So|e;|T;u>|2. Substitution of the above wavefunction for T;u yields:

: ' S :
- ' — o 2 =
|<Sqler|Tlu>|2 = l<Soler|T1u>]2 + %; Az’u.[<$o|er]S£%|2

+
.MH

T .
2 - 2
'é} Bm,i,ul<soler,Tm,i>|

i=-1
2 Q -
+ X3 c;j dl<Soleriay 12 | (111-28)
J=-—2 n 2J ’ . .
where
) _<52|ﬂ;0|T:u>
Au T ~ , (I111~29)

Epo = Eg

1u
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and similarly for B2 and C2 . 5 while er represents the electric
. m’i’u n,j,u
dipole moment operator. Then, assuming that the 1arge energy difference

between S0 and all excited states 1s sufficient to preclude the admixture

of any triplet or quintet character into So’ the expressioﬁ becomes
- 0 2 S 2 - 2 ‘ :
|<s_[er|T; >|* = % Ag’u|<Soier|SZ>] . (III-30)

Several important points are embodied in this expression. As we
mentioned in the preceding section, the symmetry of SZ is uhiquely
determined by the spinforbit symmetfy of T:u, Tha: is, A;,u will be
non-zero only when 3F1vé§ Fu € IFR' Thus, since the transformation
properties of er are obvious and those of So are usually known, we may
determine the symmetry of SQ and thereby of T:u by the strength of the
phosphorescence transition, i.e.; |<s°|e§|s£>|2 # 0 when IFO(:)F; €
Ty

In addition, equations (III-28, and III-29) demonstrate the depen-
dence of phosphorescence transition probility on the T, state spin
quantum label, u. It is precisely this dependence wherein lies-both
the capability and the necessity for the use of phoSphoreScence.micro—
wave double resonance (PMDR) techniquegzin the study of the properties
of phosphorescent triplet states. As ﬁe shall show later (Chapter V),
these techniques in fact require such a dependenée if they are to
succeed at all. Conversely, the existence of these dependences allow
PMDR techniques to différentiate between the individual triplet spin

sublevels and thereby to overcome the primary limitation of normal

optical spectroscopic techniques in the study of molecular T, states.
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The extension of equation (III-30) into an expression for the
radiative lifetime Tlug of the state T u requires only that we explicitly
include the vibrational wavefunctions Xs and realize that due to the

extremely rapid rate of vibrational relaxation in the excited state Tiu

Tiy 102

radiates from the zeroth vibrational state, X Thus,

S S S \ :
., rad : 2 = 2[oyd Tiy ' _
D M M s S S R
may decay nqn—radietively as well and the total lifetime,

0f course, Tia

T

1u’ of Tiu haszthe fbrm,'
11, = Ut s %* > A <5, lerls>12|<x ° x>
FT A s i s 2 laco X (111-32)
o 7 L,u o' nr 2 . Xv',Xo ' .

- where we have taken ﬂf to represent a perturbation which' causes elec-

. tronic states to become non-stationary and thereby induced non-radiative

transitiqns.103 »104

vAn'expression for the intersystem crossing rate,rk; , into Tlu
o T
has a form similar to the non-radiative term in equation (III-32), i.e.,

I o 'S ‘ 2 1u | 2 o |
> 2\): %: |<S Jx lS > Ix lx\,._ol - aI=3%)

a - =0

 Again, it is thqught that the extremely rapid'rate of vibrational relaxation

within the excited singlet state manifold forces intersystem crossing to occur



34—

primarily from low-lying vibrational states of the first excited singlet

102

state, Sl. _ |

Finally, equation (III- 28) indicates the obvious form of the expres-

)
sion for the energy of T1u

S 1 T
2 2
Epr = Ege = D A, * Eg - 2B .t Ep
T1u T T v L {f==1 ‘m ™b¢ Tm, 1
- S I11-34)
j==2 gl: n,J,u Qn’J 4

We wish to point out in conclusion that, while expressions (I11-28,
III—32, III-33) and (III-34) obviously illustrate the nature of spin-
orbit effects on the prope?ties of the T, state, they also deﬁonst?ate
that measurements of the radiative strengths, lifetimés, intersystem
crossing rates and energies of triplet state spin sublevels cannot‘by
themselves yield a quantitative assessment of any specific spin-orbit
interaction. Such an assessment requires significant additional infor-
mation, é.g., various vibrational overlap factors, the oscillator
strengths of a variety of singlet-singlet transitions, etc. A lack of
necessary data thus requires that subsequent discussions of experimental
results be restricted to the qualitative features of the spin—orbit
interaction. These features are by no means uninformative, however,

and are quitercapable of leading to interesting conclusions.
|
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IV. ADIABATIC INVERSION

In a recent publication, Harris disqussed the application of
several resonance techniques té the excited molecular triplet state
spin system.105 It has subsequently been established that under the
influence of a microwave fieldva triplet state spin system in zero
external field reacts iﬁ the interaction representation'as does a spin

39,106 Thus virtually any

one Zeeman system in the rotating frame.
resonance technique which is applicable to a spin one Zeeman system
may also be applied to a triplet state spin system in zero external

field. One such resonance technique with which the present work is

107 By this

concerned is the technique of adiabatic rapid passage.
technique, the magﬁetization of a spin system may be adiabatically
inverted‘by rapidly_passing the system through resonance.

Harrislo5 has shown that experimentally, conditions conducive to
near complete inversion are easily attained for triplét state spin
systems in solids at 1i§uid helium temperatures. Essentially, there
are three primary condi;ions necessary to achieve ipversion of the
magnetization 6f a spin system. First, the applied H, field must
greafly exceed local dipolar fields within the samble. It has been
‘shown that a triplet‘staté spin system with non-degenerate spin sub-
levels (i.e., a finite IEI Qalue) experiences in zero external magnetic
' 108

field a qﬁenching of dipolar coupling with non-resonant spins.

That 1s, an asymmetric zero-~field splitting tensor reduces dipole-dipole
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coupling of the triplet state spin system with non-identical spins in a

manner analogous to the quenching of electron orbital angular momentum
of paramagnetic ions by asymmetric cfystal fields.109 H fields on the
order of only 1 gauss are required to overcome these "quenchedf local
dipolar fields and thereby to achieve inversion of triplet state
magnetizations.lOS A second obvious condition necessary fér complete
inversion is that -ié H, must be much. larger than any spin-lattice
relaxation rates of the-tfiplet spin system. Since spin~-lattice relaxa-
tion rates are commonly quite low at liquid helium temperatures this
condition places no additional restraints upon the necessary H, field.
Finally, the time derivative of the effective magnetic field must be
much less than %g le, and one must adjust the rate at which the
system is swept through resOnancé to cdmply with tﬁis condition. For
the spin.systeﬁs with which we are concerned, and H, = 1 gauss, this
condition places a lower limit of about 10~7 sec on the time in which
the system might be sWept through resonance.105 However, since the
lifetimes of these spin systems are typically longer than 10~2 sec,
this restriction leaves us with ampie room in which tovwork. |

As we have discussed, a suitable H, field may be used to invert
triplet state mggnetizations in the interaction representation. It
is important to the subsequent discussion to note that these magnetiza-
tions correspond to the triplet state spin aligmment in the laboratory
frame. Thus, the adiabatic inversion of triplet magnétizations is
vequivalent to the inversion of the populations of triplet state spin

subleveis in the laboratory frame.
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V. EXPERIMENTS

A. Descriptions

- 1. Triplet State Dynamics

A full understanding of many of the experimental procedures employed
ddriné the course of this study requires a knowledgé of the dynamics of
spin polarization (i.e., spin sublevel populations) within thé triplet
spiﬁ ensémble. The following section deals withnthese dynamic considera-
tions.

If the populations of the threé spin sublevels of the phosphores-
cent triplet state ensemble are designated Nx’ Ny and Nz’ then the

observed intensity, Iv’ into phosphorescence band v may be fepresented

by
Ty ry, Iy
Iv(t) « kx Nx(t) + ky Ny(t) + kz Nz(t) v-1)

r . .
where k Yx _ is the radiative rate constant from the triplet sublevel
R A

i into the phosphorescence band v. For a solid phase trap T, state in

the absence of an applied microwave field,’

dN_ (t) (. -V r, nr L E
X ) \Y vV SL SL TE
S ral R MOR RIS 3E ket ik} NN i S I 21: ke,

+‘ZS:N('I+EN)E+ Sl ) 1
Z N, t) ke Zi: Eg (8) Jogy + N, (6) k '+ N (3) =

(W-2)
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dN_(t) ' dN_(t)

and similarly for T and 4t where the various symbols

are defined:

Ng (t) = population of excited singlet state i at time (t);
i

NE(t) = population of host exciton state i at time (t);

kI
X,
i

intersystem crossing probability from singlet state i into

il

triplet sublevel x;

0

trapping probability from host exciton state 1 into sublevel

i
X3
v
kX = radiative relaxation rate from sublevel x into ground
- vibronic state v;
- nr
kx = nonradiative relaxation rate from sublevel x into ground
vibronic state v;
ki? = spin-lattice relaxation rate from triplet spin sublevel i
into sublevel j;
kif = detrapping rate from the trap spin sublevel x into host

exciton state i.

This equation may be greatly simplified with the implementation of a few
easily justified assumptions. First, since our experiments are performed

at a temperature of T < 1.5°K, we may assume that kg? is small (i.e.,
‘SL
kij
states with which we are concerned are typically tens of ﬁaVenumbers, we
' ' E Cr nr V. or r

ko <<k Y, k V. Them, if 3 (k. + k") =K =
1 kmi Ny () X X X

1 (see equation III-32), the expression for ——— becomes
Tix o de

r nr
<< k‘v, k V), and secondly, since the trap depths of the trap T,

will assume that
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de(t) » S 1 E - E
X — - - KXNX(t) + ; Nsi(t) kxi + Y Ng, (£) kxi . (V-3)

i i

Under the influence of continuous excitation the triplet spin system

should be able to reach a steady-state condition in a time t' such

dN t>t' '
(x,y,2) () (') SS

that

de (x,y,2) _ N(x,y,z)' [F the populating
rate, K is defined such that
‘j=x,y,z
P S I g . . |
k, = Ne (t>t') K + No (e>t') k- , Vet
ITHY,2 § Si( ) 3,1 ? Ei( ) j.i (V-4)
then

iE
S8 5 -
Yexy,z T Ky V=3

Obviously, if thé_excitatioﬁ is terminated at some time t" > t',

then
- Ty
N, (e>t") = NS K (E-th) (V-6)
3 3
and
r . =W. - 1"
T (>t = 2 kjv NS 7Ky (-t V-7)
i=x,y,2  ° 3
. . : . SS _SS - SS
The steady state populations Nx Ny and Nz will usually assume

[ - R

different values since, in general, k_ # ki # kz and K # Ky # K,-

™
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Alternatively, when the system is excited at t = 0 by a flash of
short duration (i.e., flash duration << Kx’ Ky’ Kz)’ the populations

of the spin sublevels immediately after excitation can be taken as

N, (e=0) = NJ ~ K (v-8)
and the phosphorescence decay which follows as

ry -Kst
J -
I,(t) < Z kN e . (V-9)

j=x,y,2

A slight digression, before continuing, seems appropriate here for

clarificatlon of the definition of k * in Eq.(V~4). Equation (V-4)

XY 2
shows that population finds its way into the triplet spin system via

two distinct routes, intersystem crossing from the singlet manifold

- (dl.e., Z:NS (t) k ) and direct trapping from the host triplet exciton

band (i.e., Ng (t) k ). These two routes can be investigated .
Ey

separately by appropriate filtering of the excitation light. That is,

S
if excitation occurs only into the singlet manifold than 2: NSi(t) >>
E i

Z: NEi(t) and the triplet spin system will populate primarily via the
intersystem'crossing ronte. Conversely, if excitation occurs only into
the host triplet exciton band then é? NEi(t) >> é? Nsi(t) and the
‘triplet spin system will populate primarily via trapping out of host

exciton states.
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2. Microwave Perturbations

Let us now examine the effects of various microwave perturbations
upon the observed phosphorescénce intensity. By including any propor-=

T
tionality constants implied by Eq.(V-1) into the definition of kax _

s

the steady state phosphorescence intensity into phosphorescence band

may be represented by

RS DI S | (V-10)
j=x,y,z i

Upon applicétion-of a microwave field which suddenly saturates the spin

sublevels x and y the immediately resultant phosphorescence intensity,

Ixy’ becones
Vv
Xs¥  _ TV 158, SS ry 1,.SS, SS ry ss )
07 =k Bl it GO+ kY (v-11)

and the resultant chénge in phosphorescence intensity AIs’y is given by

r r
1 AV SS _SS 1 Vv

S - + 2

2'kx [Nx' Ny ] 3 ky [N&_

Ss ..SS
—Nx 1. (v-12)

XY - (755_1%X,Y
AL, SVRENES
’ _ r, r
Obviously, AIt’Y # 0 as long as Nis-# Nss and kxv # kyv and Eq.(V-12)
thus displays the‘principle behind optical detection techniques in the
electron spin resonance of the T1 state. In other words, the zero-field
ESR transitions of the T1 state can be characterized using optical

detection techniques by monitoring the phosphorescence intensity of a

particular phosphorescence emission band while applying a microwave field
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of frequency w, and sweeping w. The résﬁltant ODMR.speétra can ihen be
recorded as Ali’j VS. W

These spectra reveal the frequencies of the principal T1 state
zero-field trahsitions as well as, through associated fine structure,
the strengths of nuclear quadrupole and electron-nuclear hyperfine
interactiors within the excited s;ate.24

The PMDR22 experiments represent an important variation on the ODMR
technique. Once the zero-field microwave transitions of T, state are
known, the microwave field can be tuned to saturate a particular transi-
tion, e.g., TJX ° le, while the phosphorescence detection system is set
to monitor various phosphorescenqe emission bands. In this manner, the
radiative characteiistics of the Tlx and le spin subleﬁels are investi-

gated since

X,¥ - 1 gSS_SSi, TV TV
AT ;I -N%] [k Yk V]
' o (V-13)
X,¥ _ 1 nSS_ySS v' T
AIv' 2 [N* 'Ny l[kx ky ]
and
t
ry T
pY
= S : - (V-14)
.t
A%y V'KV
Vv X y

The versatility of PMDR methods has been significantly increased

through the implementation of microwave induced delayed phosphorescence48

and adiabatic population inversion teqhniques.39 The basic PMDR experi-

ment (Eg. V-13 and V-14) acquired an enhanced sensitivity when coupled
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with a capability for population inversion. Consider, for example, the
steady staté phosphorescence intensity to phosphorescence band v (Eq.
V-10). Upon the.inversion-of a certain fraction, f, of the steady state
populations of spip sublevels Tlx aﬁd le from each to the other the

populations in T . and le will immediately become

N = @a-£)N°5 4+ ¢ 58

* o Y | (V-15)
N = (1-£)N°S 4+ £ x5S

y y Tk

and the corresponding phosphorescence intensity into band v becomes

T _ T ' r
' o=k V[A-NS + £ 855 + k1 V1a-6)nS + £ 895 + kv NSS
v x X y y y X z z
(V-16)

(see Fig. V-1). If a second inversion is then performed after a time
. At which is short compared to all relaxation processes within the T1
state; then a second fraction, f, of the Tlx and le populations will be

retransferred between them resulting in the final populations

=4
n

[1—2f+2f2]NiS + [2f(l#f)]Nis

: (V-17)
S

2
]

[l-2f+2f2]N§S + [2£A-DIN

and a final phosphorescence intensity of



Figure V-1

~b4

Graphic representation of the observed changes in steady
state phosphorescence intensity upon application of

successive population inversion operations. If phosphores-

cence originates from spin sublevel i, with Nis < N?S,
’ . .SS SS -
then an inversion of the Ni and Nj populations at time

't causes an increase in the phosphorescence intensity

0 1
from Iv to IV. Upon re-inversion of these two populations
at time t+At, the phosphorescence intensity changes to

2 : .
I . Ié will be greater than 13 if the fraction of inver-

\V
sion is less than unity (see text). The dashed line
indicates the phosphorescence decay which will be observed

unless At is very much smaller than the lifetime of the

two spin sublevels involved in the inversion.
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I, : . f
12 = K V[1-2£42£2]8°5 & [2£A-£)INSD + k V[1-2642£2]N50
v X x y y. y
| . |
+ [2f (l—f)]Nis kY Nis ) ' (V-18)

It is easily verified from equations V-14, V-17 and V~18 that the

fraction of inversion, f, is accurately determined from experimeﬁtally

measured phosphorescence intensitiesAthrbugh the relationship39

12 -~ 1°

£ = 1-4 |22 . (V-19)
! - 1°
Vv Vv

Obviously, when f = % the situation is identical to that of satura-

tion and

. _ | (V-20)

Another experimental technique which,’whgn used in conjunction with
the adiabatic inversion technique, enhances the capabilities of PMDR
methods has beenvdeveloped by Schmidt, Veeman and vahlder Waals.48
The value of this technique, called microwave induced delayed phosphores~

cence (MIDP), lies in its ability to facilitate the exami~-

nation of phosphoréscence emission from a single spin sublevei in the -
absence of emission from the other two and also in its_ability to faci-~
litate the examination of non-radiative sublevels. For example, consider

b

a triplet spin system with the following conditionms: Kx << Ky ¥ K

NS5 = S5 ~ S8
X y z

4

ry

Ty Ty
and kx = 0, ky = kz , for all V. An attempt to
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completely characterize this system by previously mentioned experimental
techniques would encounter obvious difficulties. These difficulties can
be surmounted, however, by the followiﬁg proceduie (see Fig. V~-2).

Assﬁming an initial condition at time t = 0 of

. (0) = N (in the case of flash excitation)

1=X,¥,2 J
or

. _ .88 .

N, _ (0) = N (in the case of CW excitation)

J=Xs¥s2 - : j o
and

T
I (0 = 2k N ), v-21)
j=x,y,z ‘

4

we will allow the system to relax until at some time t,,

' . K. t, >
Ny(t1) = Ny(O) e Y = o ,
(v-22)
N (t) = N (0) e X2f1 = ¢ (V-22
z tl' = Z( ) e = . . )
-K t i
= ] x1
Nx(t1) _ Nx(O) e # 0 ,
and
= x 1 = -
Iv(tl) kx Nx(O) e .O (V-23)

T
since k ¥ = 0.
x



Figure V-2

48~

Graphic representation of the decay of phosphorescence
iﬁtensity with a populétion inversibn operation performed
at time t = t,. Events occur as follows. Phosphorescence
intensity is allowed to decay.from time t = 0 until at
time t = t; population remains only in the non-radiative

spin sublevel T,;. At time t = t, a fraction, f, of the

2
population Ni(tl) is placed into the radiative spin-

sublevel_le, resulting in an increase in phosphorescence

intensity at time t = t, ¥ t, from Iv(tl) to Iv(tz)'

' The subsequent phosphorescence intensity at time t > t,

decays with the characteristic decay constant Rﬁ of the

spin subelvel le.

LA
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At this point, the sample can be subjectéd to a brief microwave perturba-
tion (i.e., adiabatic inversion) which affects the transfer of a fraction,

f, of the population Nx(tl), into either of the now empty spin sublevels

le or T,,. Immediately after such a transfer into le at t, = t,, we
have
N (c,) = £IN (t)]
(V-24)
N (t,) = (Q-)IN (t)]
and
Xz _ Ty _ L Fy
Iv (¢,) = kz Nz(tz) = kz f[Nx(t_l)]v
r K t, -
= kz" f[N(O)_eKXl] # 0 , (V-25)
which’will then decay as
Ixz(t>t y = [Ixz(t )] e‘Kz(t'tz)
% 2 v 2
r _ - =K, (t-t :
= k.’ £IN_(0) e a1y TR (EE) (V-26)

If, on the other hand, the microwave perturbation at t = t, had affected

a transfer into T then

1y?

-k t
n(e,) = KV £ (0 e X1 £ 0 (v-27)

and

I
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_ I\’)‘y(t>t2) = [I\)XY(tz)] e-lg'(t—tZ) (V-28)

Cleariy, a plot of Qn[Iiz(t>t2)] vs. t Qill return an accurate
value fo; the decay constant, Kz, while a plot of Rn[Iﬁy(t>t2)] vs. t
will similarly return a value for the decay constant, Ky. Moreover, by
varying the time t; at which the microwave'perturbation is performed,
one obtains either Iiy(tz) of Iﬁz(fz) as a function of t;. A plot of
Zn[Ity(tz)] or ln[Igz(té)] vs. t; then produces an accurate value for
the T,y decay conétant, Ky, an»otherwise ummeasurable quantity due to
the non-radiative character of Tigs i.e., kiv x C for all v. Additionally,
since the inversion factors f and f' in equations V-26 énd V~27 can be
precisely determined (cf. above, equation V=19), the ratio of the

Iy, Tv
radiative rates ky /kz is determined by

Xy VIR -Kyty v
I\) (tz)_ - ky f [NX(O) e ] ) <_lfy__ £v>
Xz ry -thl rv
5 (t,) kV £IN_(0) e ] k, NS

$%e

= (Constant X _¥U (V-29)
k
z

Ty, T .
Once the ratio kyv/kzv is known, the ration Ny(O)/Nz(O) is subsequently
determined from phosphorescénce decay curve decompositions (i.e., values

r T
for kivNi(O)/kij (0) are obtained from decay curve decomposition (cf.

k|
Eq. V~21 and Fig. VI-4)) and the ratio kﬁ/kz 1s thereby determined from

the relationship
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NG ~ kb
j i
Ni(O) = P . : (v-30)
NSS o 1
3 Kj

The ODMR and PMDR methodsAdescribed above are,dbviously valuable
and versatile experimental methods. We conclude this section with the
foilowing summary.of quantities which are easily obtainable for the T,
state of a variety of molecules through the use of the ODMR and PMDR
methods. ODMR experiments are capable of measuring:

(1) Frequencies of zero-field transitions;

(2) Strengths of nuclear quadrupole and electron-nuclear

hyperfine inferactions.
PMDR methods can yiéld values for:

(1) Absolute decay c;nstant (or lifetimes) for the three

spin sublevels;

(2) Relative radiative rates‘from the three spin sublevels to

various phosphorescence bands;

(3) Relative populating rates into the three spin sublevels from

either intersystem crossing or triplet exciton trapping.
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B. Egperimental Procedures

In this section the procedures and equipment used in performing

the ODMR, PMDR, and delayed inversion experiments are described.

1. Basic Equipment

A block diagram of the basic apparatus is shown in Fig. V-3. Two
primary systems comprise the apparatus: a micrswave supply system and
an optical detection system. The microwave system consists mainly of‘a
microwave‘signal supplied by a Hewlett-Packard model 8690-B sweep
oscillator and amplified by a Servo Corp. tfaveling wave tubébamplifier
(1 to 12 HGz at 1 watt, #3003; 1 to 2 GHz at 20 watts, #2210; 2 to 4
GHz at 20 watts, #2220; and 4 to 8 GHz at 20 watts, #2230). Microwave
power is applied to the sample through a rigid 50 Q coaxial fod which
is terminéted by a helical slow wavevstructure. Samples are mounted in
" the helical slow wave structure and the rod is suspended in a liquid
helium dewar. Témperatures below 4.2°K are obtéined by maintaining
suitable low pfessures over the liquid helium. A Hewlett-Packard PIN

b v
diode (models 3j222A-020, 120 and 220) placed on the output of the
vsweep osciliator provides microwave switching capability. The optical
detection system consists mainly of a JarrerAsh model 48-490, 3/4 meter
Czerny-Turner spectrometer equipped at the exit slit with a thermo-
electrically cooled (-20°C) EMI‘6256S'Photomultiplier which has its
cathode maintained at -1600 to -1800 V by a Fluke-415B power supply.

Sample phosphorescence is collected at a 90° angle to the exciting light



54—
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Figure V-3 = Block diagram of the basic ODMR experimental arrangement.
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and focussed through appropriated Corning filters (to remove scattered
light).onto the spectrometer entrance'slitQ. Exciting light is supplie&
by either a PEK 100-watt mercury short arc lamp (for continuous optical
pumping) or by an EG&G 100 Joule flashvlamp (~20 usec duration). In
either case, appropriate Corning glass and solution filters in conjunc-
tion with Sclott interference filters (centered at 2500 X, 2800 &, or
3100 K) provide the necessary control over the excitation wavelength.
Normal‘phosphorescencé spectra were observed in the absence of any
applied microwave power by connecting the anodé of the photomultiplier
tube through a load resistor to fhe input of a Keiihly model 610 CR
electrometer. A striﬁ chart recorder then served to display the output
of the electrometer'aé the sample phosphorescence was scanned via the

optical spectrometer.

2. ODMR and PMDR Experiments

The zero-field QMDR experiments were performed”by monitoring the
change in the intensity of a given phosphoreécence band of the sample
while ?arying the frequency of an AM modulated microwave field. The
majofity of the ODMR épectra were obtained by square wave aﬁplitude
modulaﬁién with a frequency of 10 to 20 Hz and a modulation depth >
30 db. Phosphorescence intensity was phase detected by connecting the
banode of the photomultiplier tube through an adjustable lead resistor
and into the signal channel of é PAR model HR-8 lock-in amplifier. A

square wave oscillator provided a reference signal for the lock-in
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amplifier and was connected to the PIN diode via an integrated circuit
device (PIN driver) which supplied the appropriate voltages.

'The output of the lock-in amplifier drove the Y-axis of an X-Y
recorder while a ramp voltage from the microwave sweep oscillator drove
the X-axis. In this manner a spectrum of phosphorescence intensity was
observed as a function of microwave frequency.

The PMDR experiments required only a slight variation on this basic
procedure. The optical spectrometer was set to scan the sample phos-
phorescence while the microwave field was AM modulated and set to
saturate a single ESR transition; then, using phase sensitive detection,
the emission from only two triplet spin sublevels was observed through
tﬁe entire phosphorescence spectrum. PMDR spectra were obtained by con-
necting the output of the lock-in amplifier to a strip-chart recorder.
Phase sensitive detection limits the observed intensity to only that due
to the emission from the two spin sublevels which are connected by the
microwave field. PMDR spectra.therefore reveal the qualitative dif-
ferences in the radiétive rates of the two microwave connected spin sub-
levels to the various vibronic bands in the phosphorescence spectrum.

A comparison of the normal phosphorescence spectrum with the three PMDR
spectra (one for each of the three microwave transitions) can thereby
yield information of significant value for the characterization of the
various phosphoreseence bands and of the phosphorescent triplet state

itself.
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3. Adiabatic Inversion

' The achievement of an adiabatic inversion of the populations of
two triplet spin sublevels requires a rapi& sweeping of the microwave

field thfough the zero?field ESR resonance. We obtained the required

‘frequency sweep by applying a ramp voltage to the FM input of the micro-

wave swéep oscillator. The famp voltage was adjusted so that at Vo

the micrbwévé freQuency was w,, the center of the zero-field ESR fransi—
tidn'being used for inversion. The FM voltage was swept linearly from
Vo = %V to Vy + %V in a time 7 so that the microwave frequency changed
from w, - %w to w, + %w in the‘time 1 (see Fig. V-4). Thus by

varying 1 and y, one varies dHlldt. ~Maximum inversion was achieved by
adjusting tﬁe power, the time 1t (¥100 ysec), and the ramp voltége V.
Optimum inversion was obtained at a rate of ~10 MHz/100 lsec. Microwave
power was applied to the.sampié only during passage through resonance.

A General Radio type 1395-A pulse/delay generator supplied the neces-
sary AM and FM modulation signals (see Fig. V-5).

Simple phosphorescence decay studies at 1.3°K show that the DCB
phosphorescent triplet state possesses two short-1ived spin sublevels
and one-relatiyely long-~lived sublevel. Using the adiabatic inversion
technique, experiments similar to those reported by Schmidt, Veeman and
van der Waals were'performed.48

Ihe fractioh of inversion, f, was measured under steady—state exci-

tation conditions (see Section V-A). During each event sequence the

microwave frequency was swept from w, - %w to w, + %w and then, after

"a time A, swept back from w, + %w to wy - %w. A PAR waveform eductor
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again served to store the output from successive event sequences and

thereby improve the signal-to-noise ratio.
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VI. p-DICHLOROBENZENE -- PRELIMINARY STUDIES

Initially, the principal objective of this investigation of the
?roperties of the lowest excited triplet stete (T,;) of p-dichlorobenzene
(DCB) was the unambiguous assignment of its orbital symmetry. The
problem of establishing such assignments for the T, states of benzene
derivatives has occupied a significant portion of the available litera-
ture eoncerning these molecules (see Section I-B). However, due to the
spin forbidden nature of phosphorescence transitionms, definitive orbital
symmetry assigmments for the T, state of most benzene derivatives have
ﬁot generalily been possible from ordinary spectroscopic studies.]'s_20
The techniques of phosphorescence mierowave double resonance, outlined
in Chapter III, offered the prospect of uniquely determining the séin—
orbit character of individual tripiet‘magnetic subievels, and thereby
the unambiguous assignment of the orbital symmetry of the T; state. We
therefore applied these techniques to the problem of establishing the
orBitel symmetry of the T, state of DCB, since this molecule is an
important benzene derivative and its T; assigmment remains. unconcluded

(see Section I—B).79-81’93

A. Experiment and Results

1. Sample
Samples of Eastman Organic paradichlorobenzehe (DCB) were degassed

and extensively zone-refined. (200 passes at two inches/hour). Single
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crystals of DCB were grown by Bridgman techniques and mounted inside a
helical slow wave stfucture which was suspended in a liquid helium dewar.
When polarized data were collected crystals were aligned coniscopically
to detect phosphorescence from the crystallographic bc face. The
exciting light was incident on the a'b face and was indicent from a
direction perpendicular to the bec face. Temperatures lower thah 4.2°K.

were obtained by pumping on the liquid helium.

2. Phosphorescence Microwave Double Resonance Spectroscopy (PMDR)

PMDR spectra were obtained.as described in Section V-B. The three
zero-field transitions of DCB were observed at 5.362 GHz, 3.605 GHz and
1.758 GHz, as reported by Buckley and Harris.32

In addition to the reported exci;on phosphorescencellO of DCB
(origin = 2?890 cm™!), emission ffom a shallow trap which will be
" referred to as the x'trap (origin = 27865 cm~!) and a deep trap which
will be referred to as the y trap (origin = 27807 cm™!) was observed.
The DCB sample was found to be extremely sensitive to its recent thermal
history. The emissioﬁ of both the exéiton and the x trap was observed
at 4.2°K with app;oximately.equal intensity., Upon cooling the sample
to 1.3°K only the x ﬁrap emission was observed. If the temperature of
the DCB crystal was lowered to 4.2°K rapidly (approximately 20 minutes),
exciton emission was not observed, but the emission from the y trap
wés observed in addition to that from the x trap. Upon cooling the

sample below 4,2°K, the intensity of the x\traﬁ emission increased

while the intensity of the y trap emission decreased until ét 1.3°K
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énly the'x‘trap.emission Was'obserVed} The y trap emission is believed
to be due to triclinic inclﬁsions in thé ﬁonoclinic DCB lattiée. This
was teéted by.préparing évtriclinic sample éf DCB which contained approxi-
mately 0.01 mole percent p-dimethoxybehZene as an impurity to staﬁilize
the triclinic form at helium temperatures. Since the same phosphores-
cence origin as well as the same ODMR transition frequencies were observed
for both the y trap and the triclinic form of DCB, the y trap is
Bresumablx.due to triclinic inclusions.

We ﬁilllconcentrate in the remaining discussion on the monoclinic
form,vi.e., the x»trap. Each of the PMDR spectra illustrated in Fig.
VI-1 was obtained whilesatufating one of the three microwave zero-field
transitioﬁs. The microwave field was amplitude modulated at 25 cps and
the Spectra‘were obtaiﬁed by standard phase detection téchniques as
described in Section V-B. All of the vibronic tran#itions increase in
intensity for each of the PMDR experiments. Since a lock-in amplifier
was used, any decrease.in intensity while'monitoring'the emission to a
vibrational level.of the groﬁhd state would have caused the PMDR transi-
tion to go negative rather than positive. The felative increase in
intensity of the vibronic band.at 0,0—1579 cm™! (denoted by * in Fig.
VI-1) compared to thevorigin is striking. The relative increase in
intensity of the vibronic‘band is greatest while saturating the 3.604
GHz transition, while the relative increase in intensity of the origin
is greatest for the 5.362 GHz'transition. Other.vibrations which have

been assigned as ag behave in a manner similar to.the origin and there-

fore it is clear that the vibration at 0,0-~1583 cm~! 1s not exclusively

"
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Figure VI-1

(a)

=64~

Unpolarized phosphorescence spectrum in p-dichloro-

" benzene.

(b)
(c)
(d)

All

The 5.362 GHé (D+]El) zero—-field PMDR spectrum.
The 3.604 GHz (D-|E|) zero-field PMDR spectrum.
The 1.758 GHz (ZIE]) zero-field PMDR spectrum.

spectra were obtained at 1.3°K.
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an ag vibration as previously-assigned, since all vibrations with the
same symhetry should maintain a constant intehsity ratio within all

three PMDR spectra.

3. Adiabatic Inversion

The inversion experiments were con&uctéd at 1.3+0.05°K émploying
the procedufes outlined in Section V-B. Simple phosphorescence decay
studies at 1,3°K show that the DCB triplet state possesses two short-
lived sublevels and one relatively long~lived sublevel (Fig. VI-2).
Using the inversion technique the lifetimes of all three sublevels were
measured in the same manner as reported by Schmidt, Veeman and van der
Waals.48 The experiment depends upon an examination of the time evolu-
tion»of the emission intensity to a chosen vibrational bapd in the phos-
ﬁhorescence spectfum. 'The event sequence occurred as follows. The
exéitafion source, a 100 joule flash lamp (~20 pisec duration) was trig-
geréd first, with the excitation 1ight focussed on the sample through a

water filter and a Schott 3100 £ interference filter. A PAR waveform‘

eductor was triggered a short time after the excitation flash (~100 Usec)

and the population inversion operation39 was performed after a variable
delay which was adjusted to allow the two short~lived spin sublevels to
decay. The waveform eductor served to store output from successive
event sequences and thereby improve the signal-to-noise ratio. Succes-
sive event sequences were sgparated by a four second delay to insure
complete decay of the triplet sublevels. However, pnly'the first one

second of each sequence was sampled and stored in the waveform eductor.
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Figure VI-2 A semi-logarithmic plot of a typical DCB x-trap phosphorescence decay. Filled
circles indicate experimental points while the solid lines approximate the three
exponential functions whose sum will reproduce the experimental curve. Note that
two of these experimental functions decay rapidly relative to the third,
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These obéervations confirmed the simple decay data, showing the sub-~
levels with 1/3 lifetimes of 13*1.5 msec, 46*3 msec, and about 600 msec,
and, further, established the long-lived sublevel to be common to both
the 5.362 and the 3.604 GHz transitions. Inversion was observed at
times as long as several seconds after excitation, thereby establishing
that at very low temperatures (~1.3°K) spin-lattice relaxation may be
neglected. |

Figure VI-3 illustrates the phosphorescence to the origin in the
inversion experiment‘deSCribed above from the acéumulation of time
aVerage experiments; Following the exéitation flash, the two short-
lived spin sublevels decay, thus depleting their populations. The inver-
sion operation is triggered after a time long coﬁpared to the short life-
times (~90 msec) thereby placing population.from the long—lived sublevel
:selectively into one of the now almost empty short-lived sublevels. In
this manner one can obtain ratios of radiative rate constants from the
ratio of intensity of the inversion signal at T = 90 msec (5.362/3.604
GHz). |

From PMDR spectra, vibronic bands of.varying‘sfmmetries were
identified and a systematic series of the 5.362 and 3.604 GHz inversions
was also applied to several of the prominent vibrational bands in the
phosphorescence spectrum which yielded the data 1i$ted in Table VI-1.
Monitoring emission from the cr}.'stallographiclll bé face, polarization
ratios obtained for this same series of. inversions are reported in

Table VI-2.
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Figure VI-3

The phosphorescence decay and microwave induced inversion
monitoring the x~trap origin at 1.3°K in p-dichlroboenzene
from 168 accumulations in a 100 channel averager. The

fraction of inversion ih both transitions was 0.85.
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Table VI-1

Relative Inversion Heights

(Normalized to phosphorescence intensity)

n+|E| D-|E| Ratio gtg
origin (0,0) 0.50 0.12 4.1:1
by g (0,0-(1579+309) em™})® 0.47 0.18 2.6:1
by, (0,0-309 cm 1) , 0.53 0.12 4.6:1
by, (0,0-1579 en™")® 0.40 0.28 1.4:1

a . . .
See text for discussion of assignments of these bands.

b . ' . ,
These ratios are approximately equal to the radiative rate constant

ratios (Ty/Tz) in the bands listed.

!
i
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Table VI-2

Polarized Inversion Heights (b/c ratio)

D+| E| D-_-!EI
Origin (0,0) ' | 0.49 ©1.45
b, (0,0-(1579+309) em™ )2 | 0.95 1.38
b,g (0,0-309 cm™1) 0.83 1.67
bag (0,0-1579 cm™1)? 0.65 1.00

2 gee text for a discussion df'assignment of these bands.
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In addition, polarization of emission from the long~lived spin
sublevel was measured by eliminating the inversion operation and monitor-
ing the polarized emission in the fail of the bhosphorescence decay to

vibronic bands at 3629 R and 3849 &, Table VI-3 illustrates these data.

B. Discussion

The T, > S, phosphorescence, because of its spin~-forbidden nature,
derives itsvtransition probability frbm singlet states admixed into the
priplet.state via spin—orbif coupling (see Sections III-B and III-C).
It has been shown thét within molecules of relatively high point sym-
metries the triplet state spin sublevels generally exhibit selective
spin?orbit coupling with excited singlet states; consequently; one and
sometimes two spin sublevels contribute the majority of phosphorescence
intensity (see Sections III-B and I1I-C).

A completely unambiguous assignment of the orbital symmetry of the
triplet states requires, in addition to the polarization of the phos-
phorescence from the active spin sublevels, a knowledge of the magnetic
orientation of these spin sublevels relative to the molecular axes. An
explicit consideration of the spin-orbit symmetries for paradichloroben-
zene (DCB) in both a 3Blu and a 3B2u state wiil easily demonstrate this
reqﬁirement.

Zeroth order wavefunctibns for each triplet sublevel, taken as a
product of spatial (orbit) ahd spin functions, transform as the direct

product of the irreducible representations of each part. Eigenfunctions
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Table VI-3

b/c Polarization Ratios in the Phosphoréscence Decéy*

Origin - b b b
18 2g 3g
Ty,Tz (0-25 msec) 0.7 1.4 1.4 0.7
0.5 0.8 1.1 0.6

Tx (200 msec - 1 sec)

N ‘
The a'c face shows similar a'/c ratios.
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of the spin angular momentum operator transform, in zero magnetic field,
as rotations which in the point group D2h are Blg (RZ), Bzg (Ry), and
B3g (Rx). Table VI-4 outlines the total spin-orbit symmetry of the
sublevels for the above orbital symmetries for the lowest triplet state
of paradichlorobenzene in Dzh'

An examination of Table VI-4 reveals that the only difference
between the 3Biu and the 3B2u assignments are: (1) the spin-orbit
symmetry of the Ty spin sublevel, and (2) the magnetic orientation of
the B. and A (T_ or T_) spin-orbit states.

3u - u >z y

We have neglected to consider the two other possible symmetry
aésignments'for the lowest triplet state in DCB (3Au and 3B3u)’ since
they correspond to nm* or on* configurations. Experimental evidence
indicates a mm* configuration is correct. Early support for this con-
tention came from the observation that the DCB T, + S, absorption

' 93,110
spectrum exhibits a significant amount of out~of-plane polarizationm.
Furthermore, the experimental values for the zero-field parameters D
and D* (D* = (D? + 3E2)1/2)~of DCB differ by only a few percent from

32,112

those of bénzene. Finally, measurement 6f‘the chlorine hyperfine

interaction32 indicates'that the para~-chlorines of DCB possess a much

smaller spin density than might be expected for a 3nm* state.113 '

By analogy to benzene.llz’l.14

and from previous studies of aromatic

. 115 . .
molecules in 7n* triplet states, it is reasonable to assume that in
DCB the zero-field parameter D is positive and that the largest component

of the electron spin-spin tensor in its prihéipal axls system is along

the molecular axis normal to the plane. In the coordinate system
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Table VI-4

The Spin-Orbit Symmetries of the Individual Magnetic Sublevels

in Paradichlorobeﬁzene in the states 3Blu and 3B2u

Orbital Magnetic Spin~orbit Vibrational Band Polarization*
Symmetry Sublevel Symmetry ag blg b2g b3g

Ty' B3u (nr*) X Y z -
3Blu (mm*) T, A (nm*) - 7 Y X

T B2u (%) Y X - A

T, Bau (nm#) X Y Z -
3B2u (mm*) Ty A (nT#*) - - z Y X

Tx Blu (%) | | Z - X Y

Z and Y are in-plane long and short axes, respectively, according to

the coordinate system in Fig. VI-4, while X is out-of-plane.
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illustrated in Figure IV-4, thellowest-energy triplet sublevel woﬁld
then be Tx}

The observation that the long—iived (~600 msec) spin sublevel is
common to both the 3.604 GHz (0-|E|) and 5.362 GHz (D+|E|) zefo~field
transitions, together with.the above considerations, allows us to
assign the lowest energy subelvel as the long-lived sublevel. The
remaining spin sublevels, Ty gnd Tz’ are then associated with spin
eigenfunctions of the zero—field Hamiltonian asymmetry parameter E, and
have either Baﬁ or Au spin-orbit symmetry.

It is apparent from the delayed adiabatic inversion data listed in
Table VI-1 that the B3u and Au'spin-orbit states contribute most to the
dipole activity in DCB phosphorescence. This activity androur observa-
tion that the lowest triplet state of DCB possesses two short-lived
(lifetimes: 13+1.5 msec and 46+3 msec) and one relatively long-lived
spin sublevel (~600 msec) can be understood when further aépects of the
chlorine perturbations are considered more explicitly.

Intrinsic emission lifetimes of the triplet sublevels are inversely

proportional to the radiative and/or radiationless transition probability,

and thereby proportional to the amount of singlet character mixed into
the triplet state primarily by spin-orbit coupling. The measured magni-
tudes of the DCB triplet sublevel lifetimes (Ty and Tz) are about a

123 This observation points

factor of 10° shorter than those of benzene.
to a significant amount of spin-orbit coupling presumably due to the
addition of two chlorine nuclei to the benzene ring. A natural assump-

tion then is that the most effectively spin-orbit coupled singlet states
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would be those states formed from molecular orbitals which include to a
large degree the atomic orbitals of the two para-chlorines. The sym-
metries of these possible chlorine perturbing orbitals using all chlorine
valence electrons except the out-of-plane p areb , a , b , b .
m 1u’ g 2u 3g

The lowest unoccupied molecular orbital in benzene has €u symmetry.
In the point group Dzh the €y MO reduces to a b3u and an a MO. Singlet
stdates fashioned from the combinations of these molecular orbitals and
the molecular orbitals admixed with para-chlorine atomic orbitals will
transform as the direct products of their respective irreducible repre-~
sentations. Singlet states which might admix any electric dipole charac-
ter into the triplet sublevels must be antisymmetric with respect to

inversion. This restriction limits the consideration of possible per-

turbing singlet states to !B__ (b

su 3g X au(B); ag x b3u(B)) and

1Au (ag X au(B); bag x bad(B)) (where B denotes MO derived from benzene
€ u in I)2h symmetry). Also, the presence of carbon-chlorine bonds (as
opposed to carbon~hydrogen bonds) would lower the energy of some orn*
states of Aﬁ and B3u symmetry relative to those in benzene. Finally,
the Au and Béu'states have one-center spin-orbit coupling matrix elements
with the T, and Ty sublevels while the l7m* character associated with
Ty arises only from tﬁo—center spin-~orbit terms.125 ConseQuently one
might expect most of the phosphorescence to originate froﬁ Ty and T, as
the experimental data demonstrate.

The ordering of the spin-orbit states in DCB has been established
by determining which spin sublevel has the largest radiative dipole

activity to the phosphorescence origin. Since in D2 the spin sublevel

h

e
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that transforms as Au is fdrmally dipoie fﬁfbidden, the principal
activity sﬁould be from the spin sublevel that transforms as B3u' In
the 3Blu or aB2u states this wou}d correspond to Ty or T, respectively.
Delayed adiabatic inversion data illustrated in Fig., VI-2 and Table VI-1
demonstrate that the principal activity is from the upper spin sublevel.
The impoftant point of Fig. VI-2 1s that the ratio of the radiative
rates (Ty/Tz) is much greater than unity.

Thé order of the spin-orbit states is then ((TX)Blu or BZu) < Au <
B3u (cf. Fig. VI-4). The orbital syﬁmetry of the triplet state could
now be concluded if Fhe magnetic orientation of either the 33u or Au
spin-orbit state could be established (cf. Table VI-4),.

The application of an external magnetic field could, in.priﬁciple,_
establish the magnetic orientation of these spin-orbit states. Such a
field application has been attempted on DCB in this laboratory; however,
the unfavorable’orientation of the two molecules in the DCB unit cell
prevented us from obtaining conciusive data by a low magnetic field ODMR
study.

Further considerations of the possible chlorine perturbations on
the benzene T molecular orbitals along with estimates of the in-plane
electron épin—spin dipole interactions will show that the established
order of the triplet spin-orbit states also leads to a definite orbital
symmetry assignment. |

In the absence of appreciable spin-orbit coupling contributions to

the zero-field splittings, the effect on the carbon spin densities with

the addition of chlorine substituents to a benzene ring can be understood
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qualitatively in terms of the one-electron molecular orbitals that form
the basis for the excited state. Figure VI-5 illustrates two possible
perturbations that can occur with chlorine para-substitution. Since the
chlorine out-of-plane p-orbitals (w) form 1ineér.coﬁbinations that trans-~
form as b2

and b3u in D . and since the energies of these orbitals would

122

g 2h

be approximately at the chlorine valence state ionization potential
and thus somewhere between the benzené_l24 a, and elg orbitals, the
bzg(z) MO defived from fhe benzene e.lg MO would be raisgdvin energy while
the prgdominantly chlorine bzg(l) MO would be lowered. The b3u inter-
actions unfortunately.cannot be easily predicted from first order pertur-
bation theory. Two possible orderings are apparent depending upon the
magnitude of the chlorine-benzene interaﬁtions. First, the bsu(3) orbital
derived from the benzene ®u MO could be lowered via chlorine interactions.
This would depend upon many factérs, few of which can be even Qualita-
tively estimated. The participation of empty chlorine d-orbitals would,
for ipstance,_lbwer this state relative to its au(l) degenerate partner
since the a, state hgs a mnode through the para-positions and cannot inter-
act with out-of~plane orbit;ls. The‘other possibility is for the bsu(3)
MO to iqcrease in energy via carbon-chlorine bonding. The more electro-
negative the substituent (as would be the case in fluorine substitution)
the most likely this situation. In either of the above cases the sym- -
metry of the lowest occupilied MO in the ground state of DCB is expected

to be bzg(Z); therefore two excited state orbital symmetriés can arise.

Blu 1s derived from a bzg -+ b3u transition while the state B2u ié derived

from the transition bZg > a, (cf. Figs. VI-5 and VI-6).
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These excited states may now be represented by properly anti-
symmetrized wavefunctions formed from the appropriate molecular orBitals

(see Section II-B). Thus,

lu V2 28b3u bau'bzg

and

=}
i
| Lol
~
o
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1
Y]
c
o
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2u J2 ~ 2gu

Approximating the spin distribution in the molecular plaﬁes:as delta
function spins localized at the atomic centers, calculations of the
électron spin-spin dipole interactions along the two in-plane molecular
axes have been performed (see Appendix I).' For generality, two other
orbital state functions have also been considered. There are the two
states which would bevfprmed ffom excitation out of the high lying
occupied blg MO into either the a or b3u MO's and have state

" functions

= 1 -
/2 (blgau aublg)

' = 1 -
Bow = /2 (blgbsu b3ub1g)

Figure VI-7 illustrates on an arbitrary scale the relative energies

for the Bau and Au spin-orbit states within each of the four possible

lowest excited orbital states B, B' , B and B . The possibility of
1w’ 1w’ Tau 2u’
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The one-electron T molecular orbitals of benzene and

paradichlorobenzene with a qualitative assessment of

two possible effects of the para-chlorine substitution.
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‘The symmetries of various benzene one-electron

molecular orbitals in D2 along with approximate

h
spin density distributions on the individual carbon

atoms in the appropriate molecular orbitals.
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Symmetry and Spin Density Distribution in Substituted
Benzene One-Electron Molecular Orbitals.
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Figure VI-6
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Graphic representation of the relative energies of the

DCB B3u (broken line) and Auv(solid line) spin sublevels

within the four triplet states of orbital symmetries

T’ B;u? Bzu and B;u (seé text). The influence of con-
figurational mixing (between triplet orbital states of
like symmetry) is included in terms of.an angular mixing
parameter, 8,.such that 6 = 45° denotes én equal ad-
mixture of the app?opriate two orbital states. The
vertical axis indicates energy on an arbitrary scale
(see Appendix I).

(a) depicts the case where the Blu orbital state lies
lowest (i.e., the B1u state is the T1 state) and shows
the relative B3u and Au spin sublevel energies within
both the Blu (Tl) orbital state and the necessarily
higher lying B;u orbital state. The relative energies
of ;hg two spin sublevels are shown within both orbital.
states as a function of the amoung of configurational
mixing (9) occurring between the two orbital states.
(b), (c;'and (d) similarly depict the relative spin
sublevel energies for cases in which the B;u, B2u and
B;u orbital states lie lowest in energy, respectively.

Note that the B3u spin sublevel of the lowest orbital

state lies higher than the Au spin sublevel only in

(a).
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configurational mixing has been included in the calculations and Fig.

VI-7 shows the relative éu(SO) and'B’u(SO) energies for varying degrees

of mixing.
The delayed inversion data (Table VI-1) has conclusively established
- i > ' -7
that the spin-orbit states. lie Bau Au % X(Blu or B2u), and Fig. VIi-7
shows that this ordering of SO states may be associated with only the

I T (ng

order of the tripl spin-orbit states, the orbital symmetry of the DCB

phosphorescent triplet state is conclusively assigned as 3B1

Z(Au) > X(Bzu) in energy.

- bau) lowest triplet state. Thus, by the experimentally established

u with Y(Bau) >

The 3B1u assignment is further substantiated by polarization measure-

ments (cf. Table VI-3) taken while monitoring eémission from the DCB

crystallographic bec face111 in the tail of the phosphorescence decay to

vibrational bands at 3529 ) (0,0-309 cm’l)vand 3849 & (0,0-(1579+309)

cm~!) which have been assigned as a ng fundamentalg3’126 and a
blg(bag X bzg) combination band}27a’b respéctively. These measurements

indicate that emission from the long-lived sublevel (Tx) is out-of-plane
polarized to the-bvlg band, while polarizatioq is mixed to the b2g band.
In addition, phosphorescence from Tx to the b1 band is about two and
one~half times as intense as that to the b2g when the emiésion is
normélized to their respective total phosphorescence intensity. These
data point to a B2u spin-orbit .symmetry for the T subievel consistent

with the *B

1y orbital assignment (cf. Table Vi-4).

3.




-89-

| We have exéluded from discuésion vibronic coupling in the singlet
and triplet manifolds. This topic deserves speéial attention and is
the subject of another investigation.128

‘While the ODMR techniques employed in this study have helped remove
the primary ambiguities (i.e., spin sublevel origins of phosphorescence),
the present observations of DCB phosphorescence are subject to ofher
_ ambiguities which also plagued previous investigators, i.e., crystal
field effects and possible éhanges in the excited state geometry. In
fact, both the folérized and nonpolarized inversion data (Tables VI-1

and VI-2) point to a significant relaxation of D2 symmetry restrictions

h
in the phosphorescence emission.

The D2h symmetry restrictions require fhat emission to any totally
symmetric vibration should.originate from the Tyv(Bau) sublevel, while
the Tz‘(Au) sublevel should be completely inactive to such vibrationms.

The measured vaige of the radiative rate constant ratio for T&(ﬁsu):Tz(Au)
to the origin (Table VI-1) is only about 4:1. Moreover, while emission
_from t_ shows predominantly out-of-plane polarization as expected,
emission from T, displays aAslight in-plane polarization. Further, it
is found thét the primary emission route to every vibrational band in
the phgsphorescénce spectrum is from the T& (BSu) sublevel, and that
every band also derives a significant amount of intensity from the

T, (A,) sublevel. This can be seen from the ratios-repbrted in Table
VI-1 which are approximately equal to the spin sublevel radiative rate
constant ratios for the vibratiomnal bénds listed. - The PMDR spectra
shown in Fig. VI-1 clearly reveal that all optical transitions are

coupled by all three microwave transitions?A
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The vibrational band found at 3804 A (0,0-1579 cm_l) is most
perplexing in this respect. This band has been assigned as an ag

fundamental by some investigators.93’129’l30

PMDR spectra (Fig. VI-1)
clearly show that it behaves differently than other ag vibrations.

A tentative bgg aséignment was therefore made on the basis of reported
laser Raman stﬁdies;126 however, the microwave inversion data subse-
quently failed to display the expected b3g behavior for this band. Any
b3 band in the phosphorescence spectrum would be expected to exhibit

a reversal of activity from spin sublevels Ty and Tz compared to the
origin (or any totally symmetric vibration). Even taking into account
a slighf relaxation of_symmetry restricfions we would expect most 6f its
intensity to be derived from the T%.(Au X b3g = Bau) sublevel. Our
observations, in fact, show a marked increase in emission from the Tz

sublevel in the PMDR's. However, most of the emission remains from Ty’

as evident from the radiative rate constant ratios from Ty and Tz’ i.e.,

k(0,0‘1579):k(0,0~1579)

T rr = 1.,4:1, These anomalous characteristics allow
y z

us to suggest that fhe (0,0+1579 cm'l) Band is, in actuality, associated

with both an a_ and a b;g vibration which our instruments were unable

to resolve.l27b
A definitive explanation for the mixed phosphoreséence observed 1in

.DCB is beyond the scope of data currently available. We have, however,

considered various possibilities. "Explicit considérations of the crystal

field effects focussed on the surrounding chlorine atoms, since the re-

_ duction of molecular symmetry D2 to C, site symmetry would occur in all

h i
likelihood via the chlorine crystal field contributions (e.g., the heavy
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atom effect). én analysis of the DCB crystal struéture111 shows that

the sum 6f weighted (1/|r|?) vectors from each of the 24 nearest chlorine
atoms surrounding any DCB molecule yiélds a:resultant vector 0.87 ¥ +
0.31 ? + 0.38 Z, relative to tﬁe DCB molecular a#es. Such a field
vector could mix both the in-plane zero—field spin sublevels and the
ouf—of—plane spin sublevel with each in-plane spin state. Obviously,
this chlorine-field vector possesses suitable geometry to account for

the mixed DCB phosphorescence, but a quantitative assessment of the
strength of the external chlbrine influence will be necessary before we
can venture any definite conclusions.

Aside from crystal-field effects, the relaxation of symmetry restric-
tions observed in DCB trap phosphorescehce might also be due to a distor-
tion of the molecule itself. However, the question of the exact nature
of this distortion remains as yet unanswered. The distortion may bé
caused by a rearrangement of the nuclear skeleton either under the in-
fluence of the exéited state electronic potential or as an inherent
characteristic of the trap. It ié notewor thy, however,rthat the chlorine
field gradient in the excited state is substantially lower than in the
ground state. As has been discussed32 this can be due in part to a
distortion and %n part to increased carbon-chlorine m bonding in the
excited state. The average decrease in chlorine field gradients in
mm* states in those molecules thus fér investigated where no distortion
is suspected is about 3% (8—chloroquinoline,31 1,2,4,5~tetrachloro-

benzene,128_and l,4-dichlotoquinoxalinel3l). An average decrease of 3%
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may wéll represent the increased m character of the C-Cl bond. DCB, on
the other hand, shows an 8% deérease.in the chlorine field gradient.
Perhaps the additional 5% decrease is due to an out~of-plane chlorine
distortion. The PMDR and inversion data do not exclude fhis possibility.

Further experiments are needed to resolve this question adequately.
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VII. p-DICHLOROBENZENE -- ENVIRONMENTAL FEFFECTS

Although ;ﬁr preliﬁinary investigation of tﬁe DCB T, étate achieved
its primary objective with the conclusion of a 3Blu orbital symmetry
assignment for the state, 1t also left many questions concerning the
seemingly "aﬁomalous" mixed phosphorescence of the DCB x-~trap largely
unanswered. Our succeeding efforts were therefore directed towafd the
establishment of suitable explanations for this "anomalous" phosphores-
cence.

At thé conclusion of ;he preliminary DCB investigation two possible
explanations were proposed. DCB x—trap.phosphorescence might be under-
stood in terms of a distortion of the x~trap molecule from the D2h con-
figuration, either under the influence of the T, state electronic poten-
tial or as an ihherent characteristic of the trap itself. Alternatively,
the observed mixed DCB x—frap phosphorescence might be explained in terms
of an exfernal crystal field effect, e.g., external heavy atom effect.

Kotﬁandaraman and Tinti recéntly completed a study of the properties
of the T, stateslof several di-substituted benzenes in xylehe host
crystals.44 Their results for the p-dichlorobenzene T, state within a
p~xylene host crystal (DCB/PXX) are listed in Tables VII-1,2. These data
strongly suggest that external spin~orbit coupling contributions to the

I
DCB x-trap T, state are significant and must be considered to explain
the anomalous phosphorescence of the DCB x-trap. They fodhd that the
DCB/PXY T, state exhibits essentially the same chlorine quadrupole

frequencies as does the DCB x~trap. Therefore, the excited state geometry
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Table VII-1

Zero-Field Splitting Parameters in DCB/Host Systems

Yo.0 (cm™ 1) D (MHz)? E (Mhz)?
DCB/PXY" 27410 4323.5 -684.5
DCB-h, /DCB~d, 27886 4517.0 -928.5
DCB x-trap 278655 44839 ~ -878¢
'DCB/DBB 27863 4446 -860

D =3/2X and E = 1/2(2-Y) where the X axis is normal
molecular plane and the Z and Y axes are the long and

axes, respectively, as shown in Fig. VI-4.
Reference 44.
Reference 43.

Reference 32.

to the

short in-plane

[




Table VII-2

DCB T, State Properties in Various DCB/Host Systems

Lifetimes Relative Radiative Rates Relative Populating Rates

: (Emission Band) (Host Excitation Band)
(msec)
(0,0) b2g 5, T,
(£10%) (+10%) . (+20%)
o a
DCB/PXY 1.2°K
Y ' 14 50 100 : 25 eem———
vA 142 S 1.2 6.2 : 25 ———— &
X 1470 1.0 1.0 A ——— '
DCB-h /DCB-d  1.4°K
Y _ 20 43 5 3 1.8
.78 1.0 1.0 5 1.0
X ~400 < 1.0 < 1.0 1 << 1.0
. o b '
DCB x-trap 1.3°K
13 4.1 L S —
z 46 1.0 4.6 .




Table VII-2 (continued)

Lifetimes Relative Radiative Rates Relative Populating Rates
_ (Emission Band) (Host Excitation Band)
(msec
) (0,0) bzg S, T,
(x10%) (£10%) (£20%)
DCB x-trap 1.4°K
Y ) 13.5 30 e 2.5 1.7
38 5.0 —=e—- 3.0 1.0
X ~400 1.0 ———— 1.0 ‘ 1.4
DCB/DBB 1.2°k°
Y 11 5.2 15 —— ———
20 3.6 5.0  —e——- e ——
X 93 1.0 1.0 .
DCB/DBB  1.4°K
Y 12 7.0 C mmeee 1 1
' 17 5.0  ———-- 3 o1
X 79 1.0 e 2 1

_96_

a Reference 44.
Reference 43.

¢ g, Kothandaraman, unpublished results.
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must be quité similar within both systems. Yet, unlike the DCB x-trap,
the DCB/PXY phosphorescence displays strict D2h symmetry»selection rules,
as evidenced by the absence of dipole activity from the Au spin-orbit
state (see coordinate system, Fig. VI-4) to the phosphorescence (0,0)
band (and other totally symmetric vibronic bands).

PMDR spectra (Fig. VII—l)43 also 1llustrate the strict observance
of D2h selection rules within the DCB/PXY phosphorescence and further
show that the phosphorescence band near (0,0-1579 cm™!) actually consists
of two bands, a b,  (0,0-1574 cm™') and an a, (0,0-1577 en”') funda-
mehtal. Thus, the earlier suggestion of the preliminary DCB investiga-
tion (Sectiqn VI-B) regarding the nature of the corresponding x~trap
emission band appears to be correct.

In the following investigation, we intend to more completely
characterize fhe'nature of crystal influences on the DCB T, state in

various crystalline enviromments and, at the same time, explore the

nature of the DCB neat crystal x-trap.

A. Experiment and Results

1. Systems Chosen for Study and Comparison

To complement previous studies of the DCB T, state we have chosen
to conduct'experiments on the DCB x—trab T, state as well és on DCB/DBB
an@ DCB—H“/DCB—d“ phosphorescent triplet states. The DCB—hk/DCB—db
s;stem was choseﬁ for the obvious reason tﬁat the difference in.nuclear

causes the DCB-h,+ T1 state to form an

potentials of DCB-h, vs. DCB-4,
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Figure VII~1 i

(a) phosphoreécence speétrum of DCB/PXY.

* denotes the DCB trap origin (27410 em™1),

%% denotes an unidentified trap origin, ﬁost probably due
to either a DCB dimer or a DCB trap modified by an
anomalous local PXY host structure.'.

+ denotes the vibronic band near (0,0-1575 cm"l) which the
PMDR spectra reveal is actually two nearly coincident
‘fundamentals; an ag at (0,0~1577 cm™!) and a b3g at
'(0,0—1574 em™!) (see text).

++ denotes the coincident b, (b, X b_. )and b (b X a )
lg g 2g

2g 28 8
combination bands built off of these fundamentals.

(b) ZIEI zero-field PMDR spectrum of the DCB/PXY system.

(c) D+|El zero~field PMDR spectrum of the DCB/PXY system. -

e

These spectra taken in this laboratory by W. G. Breiland.

iy — -
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intrinsic trap.relative to.the DCB-d, T, exciton Eaha. Thus the phos-
phorescent triplet state is expected to rest on an isomorphously equi-
valent molecular site. The x-trap T, state of the DCB neat crystal, on
the other hand, is not necessarily réquired to rest on any such iso-
morphously quivalent molecular Site. A comparison of experimental
results for_these.two systems should thereby eluéidate many aspects of
the nature of DCB crystal fieldvipfluenceé on the DCB T, state and of
the DCB x-trap itself.

A similar reasoning applies to the choice of the DCB/DBB system.
The structure of the para-dibromobenzene (DPBB) host crystal is very much
the same as that of DCB. Therefore, the crystal fieid influence on the
DCB trap T; state from the DBB host crystal sﬁould'bé nearly the same
as that of the DCB crystal except for the replacement of chlorine atoms
with bromine atoms on the molecules which‘surround the phosphorescent
T1 state. Data collectéd on this system should then allow a semi-
quantitative scaling factor to be designated for the magnitude of any

external heavy atom effects of the crystal field.

2. Sample Preparation

Samples of p-dichlorobenzene (DCB) were purified by extensive zone
refining (200 passes at approximately 2 in/hr).

Samples of p-dibromobenzene (DBB) were purified by first passing a
solution of DBB in spectrograde cyclohexane through é.column of alumina.
The DBB collected from.recrystallization out of this solution was then

vacuum sublimed several times.
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Samples of p-dichlorobenzeneQdu were prepared by performing five
successive exchanges of DCB;h“ with concentrated deuterium sulfate
according to the procedures of Renaud, Kovachic and Letich.132 The
recovered DCB-d, was then vacuum sublimed and extensively zone refined
(200 passes at approximately 2 in/hr).

Single cyrstals of near DCB as well as 1% m/m DCB/DBB and 1% m/m
DCB~h, /DCB~d, mixed crystals were grown by standard Bridgeman techniques
in vacuo.

All experiments were performed on single crystals which were mounted
inside a slow wave helix affixed to a section of 50 erigid coaxial rod
and suspended in a liquid helium dewar which could be pumped to tempera-

tures below 4.2°K. Details of the experimental arrangement are described

in Section V-B.

3. ODMR and PMDR Spectra

The zefo-field optically detected magnetic resonance (ODMR) spectra
of DCB—hu/DCB-d“ and.DCB/DBB mixed crystals were obtained monitoring
appropriate trap phosphorescence bands at 1.4°K, using phase detection
as described in Section V-B. PMDR spectra of the DCB/PXY, DCB/DBB and
DCB-h,/DCB-d, systems were also obtained at 1.4°K using phase detection
as described in Section V-B.

The measured zero-field splittings of the DCB/DBB and DCB-h,/DCB-d,
T, states are listed in Table VII~1 in terms of the zero-field parameters

D and E. The D+|E| ODMR spectrum of DCB/DBB is illustrated in Fig. VII-2.

An important feature of the DCB/host ODMR spectra is the observation that
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the frequencies.of'chlorine quadrupole transitions observed in the fine.
structure of DCB T state ODMR spectra were virtually identical for all
DCB/host systems studied. Phosphorescence and various PMDR spectra for
the DCB/DBB and DCB—h“/DCB—dHAsystems were obtained at 1.4°K with a 20 u

slit width on the optical spectrometer. These spectra are illustrated

in Figs. VII-3 and VII-4.

4. Delayed Inversion Experiments

Delayed adiabatic inversion experiments were conducted at 1.4°K for
DCB x-trap, DCB-h,/DCB-d, and DCB/DBB systems and again at 1.2°K for the
DCB/DBB and DCB—hQ/DCB—du systems. These experiments were conducted
employing essentially the same procedures used in the preliminary study
and yielded accurate measurements.of the total decay lifetimes of all
three triplet spin sublevels as well as values for fhe relative radiative
rate constants from individual spin sublevels to various vibronic bands
in the phosphorescence spectrum. Lifetime values were obtained from the
intensity décay following the delayed adiabatic inversion of spin-sublevel
populations, and relative radiative rate constant vélues were obtained
from the ratios of the intensities of appropriate délayed inversion
signals. These data are listed in Table VII-2.

Additional information was obtained from these experiments in the
form of relative populating rates into the individual triplet spin sub-
levels. A least-squares computer fit program134'aided in the decombosi—
tion of inteﬁsity decays which followed a flash (~50 usec) excitation.
Flash decay curves were decomposed into their three exponential decay
components and values of the fractional intensity from all three triplets

{
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Figure VII-2

D+|E| ODMR spectrum of the DCB/DBB T, state.

A

denotes the pure electronic transition
B - denotes chlorine quadrupole wings (see Reference 32).

denotes 8!Br quadrupole wings.

a
!

D - denotes ’?Br quadrupole wings.

Frequencies differences between the Br quadrupole wings correspond

to p-DBB ground state quadrupole frequencies at ~1.4°k.2

% 6. K. Simin and E. I. Defin, Zh. Struk. Khim. 1, No. 2, 252 (1960);

1, No. 4, 464 (1960).
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. Figure VII-3

(a) Phosphorescence spectrum of the DCB/DBB phosphorescent triplet

state.
* ‘denotes the DCB electronic origin (27863 cm'l).
+ denotes the coincident b3g and ag fundamentals near
(0,0-1575 cm~!) (see text).
(b) D+|E| zero-field PMDR spectruﬁ of DCB/DBB system.

(c) D-|E| zero-field PMDR spectrum.

(d) 2|E| zero-field PMDR spectrum.
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Figure VII-4

(a) Phosphorescence spectrum of the DCB~h,/DCB-d, system.

* denotes the DCB-~h, phosphorescence origin (27886 cm™1).
** denotes most probably the DCB-d, x~trap phosphorescence
origin.
-+ denotes the position of partially resolved b3g and ag
fundamentals.

++ denotes the b. (b Xxb )Yand b (b X a ) combination
1g 3g 28" 28 g

2g
bands built off of these fundamentals.

(b) 2|E| zero-field PMDR spectrum of the DCB-h“/DCB—d“ T, state.
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spin sublevels were obtained and extrapolated to time t = 0. In this

manner, the relative populations of individual spin sublevels were
obtained at t = 0 once the relative radiativg rates were known, or
conversely (as in the case of DCB-hu/DCB-du) relative radiative rates
were obtained once the relative populations of the spin~-sublevels at
t = 0 were known. Since excitation was effectively from an "instantaneous"
source, then relative populations at t = 0 reflect the correct values for
the relative populating rates into the individual triplet spin-sublevels.
Values for the time t = 0 relative populations of the triplet state
épin sublevels were obtained for each system under the influence of
excitation into two distinct energy regions. The first excitation band
was obtained by filtering the emission from the flash lamp (100 J Xenon)
through a Schott 2500 R interference filter and gave excitation into the
2500-2800 X region. A second excitation into the 3100-3550 & region was

produced by filtering the flash lamp emission through a Schott 3100 R

interference filter in conjunction with a Corning 0-54 pyrex glass
filter and a one centimeter pyrex cell containing a 0.5 M DCB in benzene
solution. For the solid systems with which we are concernéd, the 2500~
2800 X and 3100-3550 & excitation bands served to excite the samples
into their lowest excited singlet band and lowest excited triplet band
respectively. The measured values of the relative populating rates into
the individual triplet spin-sublevels of each sample are included in

Table VII- 2 for excitation into both regions.
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B. Discussion

Initiaily, the most importént comparisons are'to.be made between
the properties of the DCB T, state in the DCB/PXY system and in the
DCB-h“/DCB—du system. The DCB/PXY system may be approximated as demon-
strating a DCB T, state under 'free molecuie" conditions, i.e., in the
absence of any external heavy atoms. Results from this system therefore

exhibit the characteristics of a DCB T, state with only internal spin-

orbit coupling contributions. An examination of Table VII-1 shows that
all of the data concerning the dynamic characteristics of this system
are consistent with the "free molecule' interpretation. As we have
already mentioned, Table VII-1 shows that the DCB/PXY phosphorescence
clearly félloWS the expected D2h symmetry selection rules. Moreover,

" Table VII-1 shows that spin~orbit coupling occurs primarily into the Au

and B3u spin-orbit states of the DCB/PXY system as would be predicted
43

from group theoretical considerations only (see Section VI-B). This
conclusion is suppoftéd by the DCB/PXY relative populating rate data
 for S, state excitation énd by the measured values for the lifetimes of
the three DCB/PXY triplet spin‘sublevels. For excitation into the S1
state (first excited singlet state) the relative populating rates cor-
respond to relative intersystem crossing rates froﬁ the DCB Sl_state
into each of the three triplet spin sublevels. Since intersystém cross-~
ing rates are roughly proportional to the amount of singlet character

which has been admixed into the individual triplet spin sublevels,

principally through spin~orbit coupling (see Section III-C, equation

ITI-33), the relative intersystem crossing values of 25(B3u):25(Au):1(B1u)
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" for the DCB/PXY system indiéate a large preference of spin-orbit coupling
into the Au and B3u épin-orbit states. Additional indications in this
respect are seen when the lifetimes of the three DCB/PXY spin sublevels
are compared to the corresponding benzene ﬁhosphorescence 1ifetime.133
Since total decay lifetimes are, to a crude approximation, inversely
proportional to the singlet character within the spin sublevel (see
- Section III-C, equation III-32), the measured values of 14 msec (Bau)’
142 msec (Au) and 1.47 sec (Bzu) for the three DCB/PXY Tl lifetimes
again point to preferential spin-orbit coupling into the Au and B3u
spin-orbit states, and Bsu spin-orbit states, représenting appfoximate
reduction factors of 103 (Bau)’ 102 (Au), and 10! (Bzu) over the benzene-
phosﬁhorescence lifetime (~12 sec at 20°K).133

The relative radiative rate data offer an explanation for the
apparent discrepancy between the relative intersystem crossing data
(Au » Bau) apd the measured lifetimeé(B3u x Au/lOI). That is, the
relative radiative rates of the B3u and Au spin-orbit states to the ng
(0,0-303 cm~!) phosphorescence band (to which they are both dipole
allowed) shows that the singlet state(s) a&mixed into the Au spin-orbit
state must possess a much lower oscillator strength than that which is
admixed into the B3u spin-orbit state. ‘Thé Au lifetime would thus be
expected to be longer than the 33u lifetime. Also, the relative inter-
system crossing rate data fail tp,consider the actual details of the
populating mechanism (i.e., vibronic overlap factors, etc.) and therefore

cannot be relied upon as a strict quantitative measure of the magnitude

of spin-orbit coupling contributions.
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With the preceeding considerations in mind, we will therefore take

the DCB/PXY system to illustrate the dynamic characteristics of the DCB

T, state when only magnetic contributions from the electron spin-spin dipolar

interaction and the internal spin-orbit interactions are included.

If we now consider the DCB~h“/DCB—d“ system, we may ascertain the
contributions to the phosphorescent triplet state wave functions due to
the external spin-orbit coupling influences of the DCB neat crystal.
The data list in Table VII-1 demonstrate several significant character-
istics of the DCB-h,/DCB-d, T, state. First, measured °°Cl and *’Cl
quadrupole frequencies for the}DCB-hh/DCB—dk T, state (~32-33 MHz and
~25-26 MHz, respectively) are unchanged from those of the DCB-PXY T,
state, indicating that no significant change in the T, state nuclear
geometry has occurred which could changé the g~m mixing of the chlorine
electron distribution. Secondly, the D2h symmetry selection rules

appear to be maintained within the DCB—hu/DCB—d system. The overall

u
appearances of phosphorescence and PMDR spectra of this system are quite
similar to thbse of the DCB/PXY system. The relative radiative rate
data show that, as in the DCB/PXY systém, the transition from the Au
spin-orbit state to the phosphorescence origin is still dipole forbidden.
Finally, the data indicate that the chénge from the DCB/PXY system to
the DCB-hH/DCB—d“ has markedly increased the singlet character of both
the Au and B2u spin-orbit states while leaving the B3u spin-orbit state
relatively unaffected. These increases in the Au and B2u singlet

characters are demonstrated by the observed decreases in the total decay

lifetimes of these states as well as theilr increased intersystem
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crossing rates relative to the B3u spih~orbit state. Consistent with
these observations, the DCB-h“/DCB—du Au spin-orbit state additionally
exhibits'increased radiative éétivity to the dipole allowed b2g phos-
phorescence bénd.

It should be noted that the lifetime data.and intersystem crossing
rate data are both subject to influence from spin-~lattice relaxation.
The presence of this additional relaxation mechanism within the DCB/host
systems, as indicated in Téble VII~-2 by lifetime daté’taken at various
temperatures, therefore necessitates the use of a certain degree of
caution when analyzing dynamic rate‘data for these systems.

| Our confidence in the conclusion that external spin-orbit coupling
in the DCB-h,/DCB-d, system affects oniy the Au and Béu T, spin-orbit
states is, however, reinforced by one further consideration. That is,
the conclusion is consistent with our previous observation that the
DCB-h, /DCB-d, phosphorescence appears to adhere to the D2h symmetry
selection rules. As long as external influences can only affect a
mixing betweeﬁ the inactive B2u (which has only three center, wn* singlet
character) and the Au (which has an nn* or on* singlet character of low
oscillator strength to the ground state) spin~orbit states, then the
dipolar selection rules cannot become significantly relaxed from those
of the DCB/PXY system.

Following arguments similar to those which we have just presented
for the DCB/PXY and DCB—h“/DCB-d“ systems, our analysis of the DCB x~trap
and DCB/DBB data (Table VII-2) provided some additional information.

Consider first the DCB x~trap data. Since we have eliminated (due to
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léck of any measurable difference between the DCB/PXY, DCB-h,/DCB~d,
DCB xptrap and DCB/DBB T, state chlorine quadrupole frequencies) a
nuclear skeleton deformationvas»a possible explanation for the seemingly
"anomalous'" mixed phosphorescence of thisvsystem, then the behavior of
the DCB x-trap must obviously be significantly influenced by crystai
field (i.e., external spin-orbit coupling) effects. In other words,
external spin-orbit coupling influences have affected a mixing of the
spin—orbitbcharacters of all three of the DCB x-trap T, state spin sub-
levels. It is obvious from the PMDR spectra43 (Fig. VI-1) and radiative
rate data that the x-trap Au and B3u spin-orbit states have each aéquired
some characteristics of the other., That is, the unusually high radiative
activity of the Au spin-orbit state to the (0,0) band and behavior of
the}ag(0,0—1579 cm™!) transition in the DCB x~trap PMDR spectra43
(Fig. VI-1) may be explained in terms of an extermnal spin-drbit mixing
of the x—~trap Au and\B3u spin-orbit states.

A comparison of‘the results for the DCB x~trap T, state with those
of the DCB-h,/DCB-d, T, shows also that the x-trap molecule must rest
in a non-isomorphously equivalent position within fhe‘DCB crystal.
That is, since the DCB x-trap T, state seems to experience a significantly
different extern%l'spin—orbit coupling influence from that which is
experienced by the isomorphously substituted DCB—h“/DCB—d“ T, state,
then the x-trap molecule cannot exist in an isomorphously equivalent
position within the DCB neat crystal. This altogether unsurprising

conclusion merely éffirms the fact that the x-trap molecule has the

properties of a "trap" and thus the x-trap T, state must experience a
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different environment‘than the Tl-state of ‘a moiecule within the DCB
triplet exciton band.

| We can, however, cite further observations which allow a limited
speculation as to the nature of the DCB x~-trap. The first 6f these
observations concerns the relative populating rate data for both the
DCB—h“/DCB—d“ and DCB x~trap systems when excitation occurs only into
the host T1 exciton band (see Table VIii-1l). Sincé'we may assume that
_the DCB—hl+ molecule substitutes isomorphously into the DCB—d“ crystal,
then we may also assume that the zero-field splitting axes of the phos-
phorescent tripiet state of the DCth“/DCB-du system are translationally
equivalent to the zero-field splitting axes of molecules within the
DCB—dl’»T1 exciton band. Thus, in the absence of significantbrelaxation
processes (e.g., spin-lattice relaxation, cross-chain hopping, etc.),
the relative populating rates into the DCB—h“/DCB—d“ T1 state spin-
sublevels when excitation is limited to the host (DCB-du) 'I‘1 exciton
band directly reflect the spin polarization within the host T1 exciton
band.135 Table VII-1 shows that for DCB-h“/DCB—du.thevmeasured relative.
populating rates from the host exciton band into the phosphorescent
triplet state spin-sublevels are: 1.8 ), 1 (z), aﬁd << 1 (x).

If we now assume that these figures reflect not only the spin
polarization which host S, > T, excitation produces in the DCB-d, T,
exciton band but also the spin polarization which such excitation will
produée within the DCB-h, neat crystal T, exciton band, then the
relative populating rates out of the neat crystal fl exciton band into
the DCB x-trap T; state spin sublevels will alternatively yield information

on the orientation of the x~trap T, state zero-field splitting axes relative
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to those of molecules within the exciton band. The measured relative
populating rates from the DCB neat crystal T, exciton bénd into the
x~trap spin;sublevels_are given in Téble VII-2 as: 1.7‘(y), 1 (z),
and L.4 (x). Based on the above assumptions, these figures indicate that
the DCB x~trap molecuie must be rotated principally aboﬁt.the molecular z-axis
relative to the zero-field axes of molecules within the exciton band.
Additional informétion is also obtained through further considera-
tions of the quadrupole resonances which are observed in ODMR spectra
of the phosphorescent triplet state of DCB/host systems. Throughout
the course of this work, and in previous studies of the DCB x-trap T,
;tate,32 the only chlorine quadrupole resonances which were observed in
the structure of ODMR spectra for the DCB x-~trap as well as the DCB—hu/
DCB-d, T, state were those associated with the T, excited state.
Chlorine quadrupole resdnances which éould be éssigned as DCB ground
state quadrupole resonances have not been observed in the ODMR spectra
of these T, states.32 Since ground state chlorine quadrupole resonances
can only be observed in the T, state ODMR spectra through the action of
a transferred nuclear quadrupole coupling and are therefore dgpendent
on the presence of an intermolecular nuclear-electrén hyperfine inter-
action,33 the failure to observe any such ground state chlorine resonances
suggests that any significant intermolecular interactions aﬁong molecular
electronic wavefunctions are absent within both the DCB—hk/DCB—hu and
DCB x-trap phosphorescent triplet states.
This suggestion then also concerns the nature of the external spin-

orbit coupling interaction in these phosphorescent states. That is, we
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consider the influence of external heavy atoms to be manifested through
two principal mechanisms: (1) External heavy atoms can mix intra-
molecular singlet character into the phosphorescent state by their
iﬁfluence on.the electrostatic field of the phosﬁhorescent molecule;27’136
(2) External heavy atoms can mix singlet character from external molecules
into the phosphorescent state through intermolecular interactions with
associated spin-orbit coupling occurring in the external molecule.136

.We can then postulate that the suggested absence of significant intef—
molecular interaction of electronic wavefunctions demonstrates that the
first mecﬁanism must bear responsibility for the exfernal spin—-orbit
coupling effects observed in the DCB—h“/DCB-d“ and DCB x~trap systems.

The DCB/DBE system, on the other hand, presents an even less
discernible picture. The data in Table VII-1 illustrate that in the
presence of the surrounding DBB crystal the DCB T, state spin sublevels
have become almost completely ﬁixed. The external spin-orbit are thus
much stronger in this system than in the DCB—h“/DCB-d“ or DCB x-trap
systems as expected for bromine-chlorine substitution in the DCB T,
state environment (Z dependence of spin-orbit interaction).27 In fact,
the spin sublevel lifetime data and the relative radiative rate data
show that the external spin—orbit copuling interaction competes favorably
with the internal spin-orbit coupling interaction in this system.

This very qualitative description of the magnitude of external
spin-orbit coupling intéraction within the DCB/DBB system unfortunately

represents all that may be accurately assessed. Althoﬁgh DCB and DBB

have very similar crystal structures,111 a comparison of external
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spin-orbit effects on the DCB T1 state in these two crystals cannot
yield any accurate assessment of the external spin-orbit interaction
(e.g., 2 pfoportionality) since the interactionjappears to occur by
different mechanisms in the two crystalline environmments. That is,
while we have already postulated that intermolecular interactions
between molecular electronic states are'insignificant in both the
DCB—hu/DCB-dq and DCB x-trap systems, the same postulate cannot be made
for the DCB/DBB system. The presence of prominent ground state bromine
nuclear quadrupole resonance ;ﬁ the ODMR spectra of the DCB/DBB T1 state
(See Fig. VII—Z) demonstrate that intermolecular interactions are
significant between‘the DCB and the DBB molecular electronic wavefunctions
within the DCB/DBB system. Moreover, unlike the DCB-hu/DCB-du an&

DCB x-trap systems the first excited singlet state of the phosphorescent
DCB molecule lies higher in energy than thé corresponding singlet state

of the surrounding DBB host in the DCB/DBB system.93’110

Intersystem
crossing into the DCB T1 state ofvbCB/DBB must thereby occur either
directly from the DBB S1 state or via an intermediate DBB Tl state.
Beyond theée few comments, the exact nature of the DCB/DBB system remains
unexplained.

Throughout the discussion to this point we have oﬁitted any explicit
consideration of the possible effects which the host enviromment might
produce on the DCB T1 state zero-field splitting parameters D and E. The
preceding discussion represents an assessment of the possible spin-~orbit

interactions present in the various DCB/host systems studied and as such

it has concerned itself &ith parameters whose value can be primarily
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attributed to the spin-orbit interaction, i.e., dynamic qﬁantities.

- The values of D and E, on-the'other hand, do not derive directly from
the spin-orbit interaction and we have thus reserved consideration of
these parameters until now.

A curéory examination of Table VII-1 immediately reveals that the‘

D and E vélues of the DCB T, state are dramatically affected by the host
environment. A more detailed examination of Table VII-1 will addition-
aliy show that the variations which occur in D and E upon transition from
one environment to another do not strictiy correlate with the accompanying
variations in the &ynamic characteristics of the individual DCB T, state
spin subléveis. For exaﬁple, consider ﬁhe two environmental transitions
DCB/PXY -+ DCB-h,/DCB-d, and DCB-h,/DCB-d, -+ DCB/DBB.

In the case of the former transition, we have previously noted that
the lifetime data indicate that‘the environmental change has resulted in
a signifiéant increase in the singlet characters of both the Au and B2u
spin sublevels of the DCB T, state while at the same time leaving the
B3u spin-sublevel relatively unaffecfed. In terms of the zero-field
;plittings of the DCB T, state, this result would tend to lower the
énergies of both the Au and B2u spin sublevels relative té the Bsu‘ Thus
both |D| and |E| should increase and indeed they have. However, before
any conclusions are drawn from theée data we should also e#amine the
latter example, the DCB~h,/DCB-d, - DCB/DBB transition.

In this case tﬁe lifetime data again indicate that the envirommental

transition has caused a significant increase in the singlet characters

of both the Au and B2u T, state spin-sublevels while leaving the B3u
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spin sublevel relatively unaffected. Thus, similar to the forﬁer example,
the enviraﬁmental transitioﬁ would be expected to cause an increase in
both |D| and |E|. What is in fact observed is that the transition from -
DCB-h,/DCB-d, to DCB/DBB results in a decrease in both the |D| and |E|
values of the phosphorescent triplet state.

0f course, the obvious conclusion to be draﬁn from these considera-
tions is that the envirommental factors which most strongly influence the
dynamic characteristics (i.e., external spin orbit coupling) of the three
DCB T, state:spin-sublevels are not primarily responsible for the observed
environmental effects in the zero-field splittings of the DCB T, state.

Most probably the primary responsibility for_the observed changes
in zero-field splittings of the DCB T, state within various hosts can be
attributed to the host enviromment's influence on the configuration
interaction within the DCB triplet manifold. A recent publication by
Harrigan, Wong and Hirota has offered an assessment of the electronic
structures of the lowest excited ;riplet states of some substituted

benzenes and pyridines.137

In this publication, these authors correlated
the experimentally determined zero-field splittings of the T, state of
many such molecules with calculated values obtained using electronic
112,114 )
structures which were based on the excited configurations of benzene. .
Their results showed that the zero-field splittings of mn* triplet states
of substituted benzenes were extremely gensitive to small interactions
among the excited electronic configurations of the triplet manifold and

further that this configuration interaction was in turn sensitive to

substitution onto the benzene ring.
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In view of these observations it seems reasonable to propose that,
while external spin-orbit coupling factors must also contrib&te, the
host dependent variations in the zero-field.splittings of the DCB T,
state which the present study has revealed may be understood principally
in terms of an envirommental influence on the interaction between excited
benzene electronic configurations which form the basis for our descrip-
tion of the DCB T, state electronic structure.

"‘By now the reader must undoubtedly realize the high complexity of
the crystal field perturbétions which exert an influence on the behavior
of the DCB.Tl state in crystalline solids. While this complexity has to
a large aegree rendered our assessment of such crystal field‘perturba—
tions highly speculative, we have managed to arrive at several signifi-
cant observations. These observations are summarized as follows:

v(l)»Crystal field perturbations on the DCB T, state within crystal-
line solids are indeed strong and cannot be neglected in any complete
treatment bf the state. | R

(2) The béhhvior of thé DCB x~trap T, state may be explained entirely
in terms.of crystal fieldveffects. A distortion of the DCB nuclear

skeleton from D2 symmetry is not a necessary consequence of the observed

h
behavior of this state.

(3) The behavior of the DCB x-trap T, state does, however, provide
evidence for the proposal that the x~trap molecule is rotated (prin-

cipally about the molecular z-axis) with respect to the orientation of

translationally related molecules.

(4) At 1.4°K, the intermolecular overlap of molecular electronic

wavefunctions is significantly larger in DBB crystals than in DCB crystals.
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Appendix I. DCB In-Plane Spin-Spin Calculations

In section VI-B we presented the results of caiculations which were
designed to demonstrate the relative magnitudes of the in-plane electron
|
magnetic dipole-dipole interactions for various Tlvstates of p-dichloro-
benzene (DCB). The following presentation explains the nature of these
calculations.
It can be shown that in a plane the interaction between two magnetic

point dipoles with spin Si and Sj (represented by equations III-1 and

III~-2 in Chapter III) along a direction U may be represented as

1 - 3 cos? 9
U

B

D, = (54°5,)

u ’ (AI"']- )

15
whefe the vector §ij joins the two spins, the plane of the interaction
is defined by ﬁ and ;ij’ and eu is defined as in Fig, AI-1. Our imple-
mentation of this planar representation of the electron dipole-dipole
interaction in the specific problem of'evaluating the in-plane spin-spin
interaction of the II state of DCB took the following form.

Within a given electronic triplet state the quantities Si and Sj
in equation AI-1 may be directly related at any given time to the
- probability of finding electrons at the positions labeled i and j.
These quantities were therefore derived from properly aqtisymmetrized
two-electron wavefunctions which were formed from one-electron M.0.'s
(see section VI-B). For example, the 3Blu (7m*) state function discussed

in Section VI-B is given by
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= S

XBL 737-6433

Figure AI-1 Pictorial display of parameters employed'in equation AI-1
for description of magnetic dipole~dipole interaction

between spins Si and Sj'
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v.Blu /z [b2g b3u b3u bzg] . (AI-2)
or, in terms of the out-of-plane carbon atomic p~orbitals, Xq> by
-2 + 4 + 2 - - +
XIX2 X1X4 X2X1 AX2X3 X2X5 X3X2 _
3 .
B = —= (=2 + - 4 + 2 + 2 + AT~
1u s/? ngg X3X6 XHX1 X“X3 X“X5 X5X2 (AI-3)

-2 + + 2 - - -
XX, ¥ XX, XX, T XX, T XX, 2 X X,

since

- + - - - +
ng [2 Xl X2 Xs 2 Xu Xs Xe]
and . (AI-4)

1
— - - + - -
[2 X, X, "X, 2 X, = X, XS] ,

o
1]

3u \ ‘/12

where X subscripts label the DCB carbon positions as shown in Fig. AI-2.
‘For our construction of the DCB problem we approximated thé atomic

orbitals X4 as delta functions localiéed on the appropriate carbon

atomic sites. Our 3Blu state funétion may then be represented solely

by the numerical coefficients contained in Eq. AI~4 and given in matrix

form by
/0 -2 0 4 0 -2)
2 0 -1 0 -1 o0
B = {¥(I,D)} = == < Coo 00t (AI-5)
1u ’ /7 -4 0 0 2 0
0o 1 0 -2 0 1
K 2 0-1 0 -1 O)




- I , C:l ' | XBL 7%7-6434

Figure AI-2 Illustrates the coordinate system and carbon numbering

system which is employed throughout this thesis. .
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From this state function matrix, we may form two other matrices,
a probability matrix and a correlation matrix. The probability matrix
has the elements
‘6

CP(I) = T [va,ni? ' _  (AI-6)
: J=1

and each element P(I) theﬁ represents the total probability of finding a
given electron on the carbon site labeled by I. The correlation matrix,

on the other hand, has elements

S(I,I) = 1.0
and ' | (AI-7)
[¥(1,3)]?
S(I)J) = 6
1#J I IY(@aE,n]?
J=1

and represents the probability of finding the second electron on carbon
site J provided the first_electron has been placed on carbon éite I.

For our °B u example, these two matrices are
1

/3 ) . | 1 1/6 0 2/3 0 1/6

1/12 ' 2/3 1 1/6 0 1/6 o0

rmy - 112 ) e (590 o 1/6 1 2/3 o 1/6
Y 13 2/3 0 1/6 1 1/6 0

1/12 ~ 0 1/6 0 2/3 1 1/6

1/12/ 2/3 0 16 0 1/6 1

(AI-8)

AT




-127-

In ofde: to employ the "sfih" factor émbodied in the matrices
_{P(I)} ana {S(I,J)} in the evaluatioh of Dﬁ (equation AI-1) éver the
appropriate triplet state function, it is convenient to additionally
express the factors Bu and rij in ﬁatrix form. Taking the distance
between neighboring carbon atogs as equal to unity, the rij factors

for any DCB state composed of delta function atomic orbitals can be

expressed by

i ' )
0 1 2cos; 2 2cosE 1
1 0 1 2cos~- 2 2cos7--r
6 6
_ 2 2cos= 1 0 1 2cos= 2 >
r,. = R@H} = r [ B9
J 2 2cos=< 1 0 1 2cosE
2cos§ 2 2cos= 1 0 1
| 1 2cosy 2 2cosp 1 0

of épurse, the Gu faétors.gannot be specified until the direction H is
defined. - For the DCB problem, the two axes of interest are the z-axis
and the y-axis defined in Fig. AI-2. A separate 6 matrix may then be
defined for each of these two axes. Obviously, since we are interested v
in the function cos? Gu the elements of the eu matrix may be limited to

the range 0 » m/2. Then
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/
™ m ™ ™
b5 5 37 37 3 W
™ " il m 9
i P 7 3 5 O 1
T 7 T T .
i 3 9§ O % T
8 = {6 (1,7)} =¢( ) (A1I-10)
y y m kil il ﬂ K ™
2 3 % T 3
i m m ™
7 8 0 3 9 3
) T T w .
\ ¢ 9 s 3 3z P
/ T ow T W
P 3 5 0 3 3
m ™ ™ m
3 0 0 ¢ 3 3
m m ™ m
s 08 3 3 3
6, = {6, a,n} = - ;- (AI-11)
: 0 m i b ™ ™ ]
T3 3%
i m ™ ™
T 3 z 3 & 0O |
|
T T w7 i
3 3z 3 % 0 9 X
where the symbol f denotes an undefinable element. .

At this point we have defined all of the parameters necessary to

evaluate equation AI-1 for our comstruction of the DCB problem. For the

subsequent evaluation, we were interested in the relative magnitudes of

the quantities Dy and Dz defined by the relationships:
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S _ 1-3 _(:osz[Gy(J,K)]
M (AI-~12)
D = 5 I z Z [P(D)][S(I,3)][S(1,K)]
y 2 121 3ol kel [REI,K]°
J#K
and
M S 6 6 ‘ - 11-3 cosz[ez(J,K)]
p =3 2 z I [P(D)IISsIT,N]IIS(I,K)] : : (AI-13)
z I=1 J=1 K=1 . [R@I,K0)]°
J#K '

where the factor M is an arbitrary proportionality constant and the
factor 1/2 merely accounts for the redundancy of terms encouﬁtered in
the éummafions.

As a further clarificatiop to the meaning of the above equations,
the terms in the summations may alternatively be defined in the following
manner. The indiées J and K label the '"gpin' (electron density) on
carbon sites J and K, while the index I labels the specific electron
configuration in which one.electron is localized on carbon site I.
»Thusf singe the factors R(J,K) and eu=y,z(J’K) coﬁtain respectively the
length and the direction (with respect to the axis u = y,z) of the
vector fJK (joining carbon J.and carbon K), the sgm over J anﬁ K (with
the restriction that J # K) sums all two-center dipole-dipole terms
within the Ith electron configuration while the sum over I sums the
contributions due to each configuration, weighting each configuration
by its probability which is contained in P(I).

| The resultant values for Dy and Dz indicate the relative energies

of the two DCB triplet state in-plane spin sublevels, providing a
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knowledge of the third, the out-of-plane, spin sublevel is available
from other considerations. The. summations given by equations AI-12

and AI-13 were evaluated for various DCB 'I‘1 state functions with the

aid of a computer program and the results are presented in Section VI-B.
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