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I. Introduction

The measurement of nucleér quadrupolé couﬁiing constants in the
excited triplet state of organic molecules has ohly recently been
possible with the development of.dptically detected magﬁetic resonance
(ODMR) techniques for observing electron spin transitions ‘in zefévfield.

Since this technique is highly dependent on the nature of the triplet

~ state, a short review of some of the important properties of the triplet

. . . -3
state are given. There are several good review articles on the
triplet state to which the reader is referred for a more .complete

discussion. The historical development of ODMR and a survey of

'experimental'résults is then'given, followed by a section that deals

with the sensitivity of ODMR and optically detected EN'DQR'iﬁ”_’th'é "f'fé};zewérk'of -
intramolecular energy transfer processes.'ASpécifi;ally,-theieffeéts §f
radiation]ess,.radiatiVe, aﬁd spin~lattice rela#ation processes on the

qverall sensitivity of ODMR ' éf?;.:considered explicitly. 'The‘

remainder of this chapter'_deals' L:with the form of thé spin Hamiltonian

in zero-field followed by an analysis of the ékéited'ﬁﬁ%-tfiﬁlet‘étaéeé

.of 8-chloroquinoline éndvparédichlérobenzéﬁe.

A. The Excited Triplet State in Organic Molecules
)
The ground state of most organic molecules consists of a singlet -

electron configuration in which all the electrons havé‘their spins paired.

_The molecule may be excited to a higher energy electron configuration by

"~ 'the application of electromagnetic radiation of the appropriate energy.‘
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We will primarily be concerned with the excited electron counfigurations

produced when one electron in the highest bonding molecular orbital (¢A) ‘ 
is promoted to the lowest antibonding moleéular Qrbital.(¢B). Since

electrons have a spin of %, there are four possible orientationsIEOr the

‘two unpaired electrons, which, if we let a 'equal spin‘up and B equal

spin down, may be represented as, °

a(1) o(2) 5, = 1 s -1
o(1) 8(2) s =0  s¥=0 | |
YA . .
o 2 S M
B(1) a(2) s, =0 s> =0
R(1) B(2) s =-1 s? =1

This representation, however, is not satisfactory since the electrons
obey Fermi-Dirac statistics and thus the total wave function (orbital
times spin) must be antisymmetric with respect to electron exchange.

In addition, we would like the spin functions to be eigenstates of 'S

and Sz. -The spin functions a(l) a(2) and 8(1) B(2) are clearly eigen-

states of Sz-and Sé since S2 = 1 for both and Sz = +1 and ~1 respectively..

We can generate the Sz-= 0 component of the triplet spin state by appiy~
- ing the lowering operator to the oa(l) a(2) state whith gives us the

' desired spin function,

S = (1210 B) + B «T @

The remaining spin function is a - singlet
Ly o /20 8(2) - B «(2)1 3y

and, in contrast to the triplet spin functions, is antisymmetric with

respect to electron exchange. The spacial part of the excited state
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electron wavefunction may be represented as a symmetric (+) .and anti-

symmetric (-) linear'comSination of @A and ¢B as:
v, = (12006, (1) 4,(2) * ¢,(2) ¢,(1)] %)

Since the total wavefunction must be antisymmetric; there are only four
allowed representations of the total wavefunction; a singlet state with -

a symmetric spatial function and an antisymmetric spin functibn;b
1= _ T ' v
¥ o= [1//210¢, (1)4,(2)+, ()6, ()] [1/Y2]0a(1) a(2)-8(1)8(2)] (5)

and a tfiplet state with an antisymmetfic spatial fuﬁction and a symmétfic‘ 

spin function

, g : : a(l) q(Z)

3 = [1//2306, (D6, - 0,0, * {[1//2][a(1) B(2) + B «(DT} (6)
| | |8 B2 R

The repulsive electrostatic interaction between the two unpaired electrons

. e 2
gives rise to a term in the total Hamiltonian equal to e /rlz, where e

is the electron charge and r is the vector comnecting the two electrons.

12 v
" This term removes the degeneracy of the singlet and triplet states and
results in the singlet state going to higher energy while the’triplet 3tate

is shifted to lower energy with an energy separation between. the two states

of
v E - E = 2612 . . . ) o » (7)
.where 612 is the exchange integral given by
. ) . ) . 2 . . . - .
= , 5 : _
819 = <0 (g2 fe/r | o, @ep> (8

- For most organic molecules 2 §

1, is 1000 to 10000 em Y. As we will

" .gee in the discussion of the spin Hamiltonian, the inclusion of the

- €electron dipole-dipole interaction removes the three fdld_degeneracy of -



U 0

s

043023826

the ﬁriplet state. - This splitting is'usually rcfefféd ﬁoias ;He zéro
fiel&réplitting a;d“ié on thé“order of'O.l ém—;f Aﬁ Addiﬁionai éontri~
bution to the zero field Splitting‘arises from thé coupling df the'spin
and orbital elgétron augular momentum and ié of the fofﬁ A(L'S) Qhere

L énd S are thé Spin and oribital angular momentum.qﬁantum nhmberg and

A is a constant that depends on ;he partigulér moleéule being considered.
The effect of the_spin—orbit Hamiltonian is to mix stateé of:differenc

multiplicity and, therefore, to give singlet character to triplet states

and vice versa. The most important consequence of this is to permit the

triplet state to undergo wéak electric dipole radiation to the grouhd
staﬁe_(phosphorescence), the intensity and pdlérizétion from_gggﬁ of the
three triplet sublevels being a function of fhe spin;orbitvcoupling to
both the excited and ground singlet states. | |

Since,fhe sensitivity of ODMR depends upon the number éf moiécules

in their triplet state, an important consideration is intramolecular

energy transfer processes. Following excitation, a molecule may lose

energy by radiative or non-radiative pathways. Phosphorescénce (Tl;so)

and fluorescence (Sl+Sé)‘comprise the radiative pathways and proceed

with rate constants on‘the order of lO4 to 10—2 sec:_l and 106 tO‘IO9

-

sec 1, respectively. The longer lifetime fof phosphdrescenbe results

from the fact that the triplet state is spin-forbidden in first order for

- electric dipole-radiation to the ground state. The_mblecules may also

lose energy through three non-radiative pathways:

(4)
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1) Vibrational Relaxation -- or passage from a non-equilibrium

vibrational energy distribution in a given electronic state to the

‘Boltzmann energy distribution relative to the zero point energy of that

same state. This proceeds primarily by a non-radiative mechanism with
-1

2) Internal Conversion -- or radiationless passage between two
electronic states of the same spin multiplicity. This pathway also has
' . . 12 -1
a fast rate constant of approximately 10 sec .

3) Intersystem Crossing -- or radiationless passage from an elec-
tronic state in the singlet manifold to an electronic state in the triplet
manifold or vice versa. This pathway is slower than the other two and

12 -1
is on the order of lO4 to 10 sec .

Although the exact mechanisms of interSyétem crossing have not Eeen‘completely
elucidated, it is generally found that}at liquid heliuﬁ‘ﬁemperatures

(4.2°K) the individual triplet spin subleveis of the Zoweét triplet statés'
have unequal populations because of unequal iﬁtersysteh croé#ing rates into

the individual magnetic sublevels via spin orbit and spin-vibronic coupling

and wnequal depopulating rates. Consequently, a state of spin alignment

- . 4 . ' '
exists for the electron spins. The various rate constants for energy

transfer, the existence of spin alignment, and the spin lattice relaxation

rate between the triplet spin sublevels are all important factors in deter-

-mining the sensitivity of ODMR.
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B. The ﬁistorical Development OfVODMR‘
The developmentléf any field‘of_sciéncé is difficult to trace

since every'édvancement is dependent on thé work of many pfevious re-
searchers; however, we will chdosc,for the starting point_of this diSf
cussion the extensive study of the phpsphoresceﬁce of organic molecules
by Lewis and Kashas’6 in 1944ﬁ In théir series of papers it was proposed
that'the.phosphérescent state of these molecules:;orreSPQndedvto their |
lowest triplet stafe. This hypothesi$ was strongly supported_shoftly_
' | 7,8

thereafter by magnetic susceptibility measurements which showed that

" small changes in the susceptibility were observed upon irradiation of

the samples.
As with any major change in the existing paradigm of science, this
hypothesis was not universally accepted. The most distressing aspect

of the hypothesis was the failure to»dbserve the predicted electron spin

~ resonance (ESR) of the phosphorescent state. The prbblem was resolved in

1958 wheanutchinson and Mangum?o’ll succeeded in observing the ESR of

naphthalene in its phosphorescent state and showed conclusively that the

'phosphorescént state was a triplet state. The experiment was performed

on_a single crystal of naphthalene doped in durene using conventioenal

techniques in which the absorption of the microwave energy was monitored-

v’while varying the applied magnetic field. Subsequently, the triplet state:

ESR of many organic compounds was observed; however, most of the work was
done on. randomly oriented samples. Since only one pafameter_can[usually
be measured with randomly oriented samples, the separation of the three

o - P . 2 '
levels of the triplet cannot be determined. In certain casesl ’13
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the three levels can be_assignéd but tﬁe a§signment ié difficulﬁ and the
meth&&vhﬁs not beeﬁlﬁsed ofteﬁ: vThe limited seﬁsiﬁivity of ESR And'the
difficulty of preparing single crystal samplesAhas.restricted thé'ﬁumber
of molecules investigated. Only a few (-14) molecules infsingle crystals
have been reported to date using conventiénél.methods and.they are a11‘
characterized by relati?ely long lived M-k triplet Sfates. |
.The next major change iﬁ the existing péradigm oééutred iﬁ 1965

when Geschwind, Devlin, Cohen and.Chinnla reporﬁea the bpﬁiéal'detection
" of the ESR of the excited metastable.E(ZE) state of Cr+3 in AliO?. In
this classic gxperiment they showed that the optical rf double résonancé
technidues first suggested by.Brosse‘lvand-Kastler15 énd widely use&.in
'gaseslG could also be applied to solids. The experiment was perfbrmed

using a high resolution optical spectrometer to monitor the change in

intensity of one of the Zeeman components of the phosphorescence

(7)

[ECCE) ~» 4A2] as E was saturated with microwaves when the magnetic fields

was swept through resonance. The resonance signal was observed by’
-medulating the microvave field and detecting the resultant modulation

- of the optical emission. Since optical rather thén»micrdwave photons °

are detected, the sensitivity’ can be increased many ~ orders of magnitude

- over conventional techniques. As an example, at tem#eratures'below the
A point of helium the resonance could be observed directly on an oscil-
 ~loscope,with0ut the need for phase sensitive aetection. Thé succesé in
optica}ly detectipg the élecﬁron spin resonance of a metastable state
~led several research groups to atfempt to apply the same principles‘to
‘the optical detection of ﬁhe ESR of organic molecules iﬁ Fheir lowest

“griplet state. _ ‘ v R o oL
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In 1967 the first’sgccessful experiment was repé;ted.by Sharnoff
fofﬂ;he’AM =.2 transition of naphthalene.l7 In thiévéxperiment a
single crystal of bipheﬁyl containing 0.1 moie percent naphtﬁﬁléné was 

placed in a microwave cavity where it was immersed in liquid helium

maintained at 1.8°K. The crystal was irradiated with the appropriately

- filtered light from a mercury arc lamp and the phosphoreséence_isolated

with a detector consisting of a linear polarizer and a low resolution
spectrometer. The microwave field was modulated at 40 Hz and the signal
detected by feeding the output of the photomultiplier into a phase

sensitive amplifier. In this experiment it was shown that the radiative

~matrix elements connecting any triplet sublevel with the ground singlet

electronic level are functions of the magnetic quantum numbers of that

sublevel.

At this point the development-of ODMR of the lowest triplet state

of organic molecules entered a new phase. Now that this new method
was shown to be applicable to these molecules the research centered

around improving the basic techniques and using this new tool to gain

information cn a variety of phenomena associated with the triplet state.
' . 18 . ‘
Shortly after Sharnoff's paper, Kwiram ~ reported the optical
detection of the AM = 1 and AM = 2 transitions of phenanthrene in its
triplet state. In this iﬁvestigation the experiméntal methods were
the same as those used by Sharnoff except that the microwave'field was”

not modulated while the exciting and emitted light was chbpped antisynchro- -

nously at 50 Hz. The 50 Hz output of the photomultiplier was converted
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to DC by a.phase sensitiQe détector and fed into a éignal averéger.
Théhég;éfved cha&éemih ihtenéiﬁy of the phésphéréécence at‘tﬁé‘#hrée.
transition frequencies was used to assign the spatial sy%metry.bf the.
triplet state.

Schmidt, Hesselmahn, De Groot and vén der Waalslg,also reported
the optical detéction of quinoxaline (d6) in 196?; iTheir exberimentai-_
procedure was bascially thevsame as that used by Sharnoff, except that
fhey modulated the magnetic field with and without amplitude modulation
of the micfowave field. vThey were able té show (1) thét the emission.
originates from the top spin component (out—of?plane), and‘(2) from
phosphorescence aecay studies, ﬁhat entfy into the triplet state by
intersystem crossing is also to the top spin'comﬁonent.- |

VIn 1968 Schmidt‘and van der Waals20 extended>the almoét zero field

. ! R ’
Qork (3G) oleutchison's group?'.l by optically detec;ingvthg zero—field
ﬂétate at-zero‘external mag-
bnetic field. Sincé'it is necessary to vary the microwayevfrequeﬁcy in’_
order to observe the resonance in zero exterqal magnéﬁic field, a helix
was used to c0up1e the microwave power to the sample. . The obsérved

signals were extremely sharp and in the case of quinoxaline (d6), éhowed

fine structure.2
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Tinti; El-Sayed, Maki and Harrisz3 extended‘thé:methodFQf optical o
detection in zero field by incorporaping a high resolﬁtion spéctro@eter
and studying the effect of the microwave field on ;he‘inaividual lines
of the phosphérescence.épéctrum of‘2,3—di¢hlorbquiﬁoxaliﬁe.- This method
has since been called Phoéphorescence Micrbwave Double Resonance'(PMDR)'
spectroscopy;v They showed that the uée of a ﬁigh resolution spectrometer
will give-better sensitivity in cases where there is ﬁixed polarizétion
of fhe phosphorescence, since if the total emission is moninoréd,
‘the change in intensity due to the microwave field may be partially
cancelled. The sénsitivity was excellent, and in fact, a very strong signal
was observed using C. W. conditions for both the’microwave-énd‘optical.‘
fadiations. The oﬂserveﬂ structure of the zerofield tranéitions was
explained quantitatively.iﬁ terms of nuclear quadrupbleiintefactionsf
in the excited triplet state in a later i)aper24 by Harris EE_El; and by
van der Waals énd cowo::'kers‘22 in which optically’deﬁected electron nuclear

double resonance (ENDOR) was reported. Several ofher'papers followed on
‘ 25-27"

the observation and interpretation of nitrogen ENDOR in Zero field

35 37Cl by Buckley and Harris.zs"29 Optical |

and was extended fo Cl and
detection of electron—eléctron'double resonance (EFDOR) Qas rgportéd by
Kuan, Tinti and El;SéyedBOvana,was demonstrated to be a method of improving
the signal stfength of weak zerofield trénsitioné if,emissionvis from.only

one of the triplet sublevels.-



L

Apart from thé applications directiy associated with magnetic'resoﬁance
pa:ameters, ODMR»techniqués have been uSéd to énalyzé-the éhééphdrescence
spectra. Phosphorescence Microwavg Double ResoﬁanCe (PMDR) spectroscopy tech—vf
nique has already éroven itself to be extremély valuable in many apélicétions sucl
as determining the.symmetry'of the excited state, thé path&ays of inﬁer— aﬁd
intramolecular energy transfer for many moiecﬁleéSI andlotﬁer phenoména.'
Also, _vutiiiéing transient microwave éxcitation, tﬁese'techniques
have been successfully utilized in studying the'coherent'iﬁteractibns.of

: éxéited triplet states with_resonant'microwave fiélds. .Theoieticél
aspects of the éroblem were first éénsidered by-Hérri$43vf0110wed By.a
number of experiments including the coherent moduiation of fhe phosphof—
escence by microwave tadiétion,44 the formation'of a.spin—echo from an
excited triplet state,4s the optical detection of echoe%,46 spin locking,47
multiple‘spin echoes,48 and édiabatic.demagﬁetizatipﬁ.49 Other e#éeriﬁeﬁté
have recently been reported, in which the électron spin tramsitions ére
indﬁced by coherent acousticvwaves50 and‘heatvpulses or incoherent acoustic
waves51 instead of by'a microwave field. = These técﬁpiques hold-the.promise'
of pfoviding a muéh more detailed picturé of the spin—phonon-interaction in
the ekcitgd state{.l | N
' One of the moéf promising applicatiqns of ODMR and PMDR isvthe study
-of'exéitqn interaétions in molécular crysﬁals. USing PMDR, the coherent
pature of enefgy ékcﬂange between pairs of molecules as neafest neighbo;s
in an isotopically,dilute system has been observed.s2 ,in‘addition&_
the coherent,migrétion'of ﬁfiplet Frenkel excitons in ﬁoleculat crystals
has 6eeﬁ obséfved53'and'the density of states function in the band has been

iy D3
-measured.
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Recently, even the kinetics aﬁd quantuﬁ yield for the_éreation of
'ﬁmbile wavepackets in molecuiar crystals have béén determined using these'.
techniques. The methbds have also been extended tb ionic'solid354 and
there is every reason to believe that thé teéhniqués will eventually‘be
extended t§ surface stétes; molecﬁles adsorbed on surfaces_énd semiconduétors.
In short, the'potential.uses stiil remainingbto be exploited aré many and
varied. To date; however, techniques of ODMR and PMDR have developed.into
- several basic areas; (1) the study of the electrbn distribufionvof organic .
molecules in their triplet étate by,anaiysis of théir zero field, nuclear
quadrupole and ngcleaf—electron hyperfine_interactions; (2) in&estigationg
into the rates and mechanisms of inﬁramolecular précesses such as inﬁefnal
'_conversidn_and infersystem crossing; (3) as a tool to investigate fhe
energy levels and dynamics properties of excitonvbands in molecular crysﬁais;
(4) as é method of observing coherent'phénoﬁena iﬁ the excited states; and
(5) as a method of examining Spin—pﬁondn interactions. Details of_thesé
. areas éan be founa in the wérk of:Sharnoff, Kﬁifam, van dgr_ﬁaais, Maki,.
El-Sayed, Harris and othersr  | |

The remainder of this article will deal with only the first of the i
above areas, and in particular, the measurement of the nuclear quadrupole -
eoupliﬁé constants by analysis of the-opticdlly detected ESR and ENDOR

spectra.
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II. General Considerations

. A. Sensitivity considerations in the Optical Detecﬁion of ESR

One of the primary advantage$ of opticai détectibn is the:éxceilent
sensitivity of about 104 spins ﬁs compared to the sénSitivityvof abduf_‘
10" spins for conventional ESR. This grea;ly increaséd senSitivity'per_
mits the detection of the ESR of ﬁolecuies with very'shortkexcifed staté
lifetimes. In this section 'a cursory anélysis of the influence of vafious
pfoperties of the excited state on the sensitivity with optical detection
are presented. Although many kinetic schemes can bevcohstrucﬁed for various
experiments, we consider experiments performedvﬁnder coﬁditiohs of cbntinuoué |
optical excitation while monitoring the chénge in inteﬁsity of the phes- |
phorescence as a function of the applied microwave field. ~ Only the case
in which the triplet state is populated by excitation of the sample into
thé first exciﬁed singlet‘state followéd by inﬁersystem cros;ing into.the
triplét state wili be consideredf qu molecules with reasbnably.high sym- -

metry (i.e., D C and CZV) different modes of populating the triplet

2h’ “2h’
state produce toAvg;yinémdeg:eés a differéﬁt épin aiignment:~ This is

 illustrated in Figure 1 where the radiative and nonradiative pathways for

enéf?? tranéfer.aféA'- e e
depictcd;'" ‘.iimm: o 'YEZXis the populatidn of the lowesf excited
singlet state,[ﬁgyx QAk,y,z) is the steady'staﬁe population‘of the
corresponding triplet levels, K%X is the intersystcm crossing ratevéonstant_
from S; to Tl,,Kx'is the .radiative or phosphorcécehce rate cbnstant for
rélaxation to So’ Knx i§ the non-rddiativc decay or relaxation rate con-
stant from Tl to So;'lexn(xl £ Xo) is the spin Jdttiée relaxation rate
constant audAlexf(Xl / Xg).is the induccd rate constant due to the
applied microwave field (H,). When the ﬁiérowave'fiold.docsvﬂot‘connéct
Any iwo of the zero ficld lcﬁels of the.triﬁlct, the steady state - popu- .

lation is given by setting Pxj;ye = O.  The application of the microwave

field at a frequency corresponding to the éncrgy
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separation of two of thé levels (i.e., f4=.(Ex - Qy)ﬂl)'
‘causing a - , o B redistribu@ion 6f‘the Qopul#tion o
which in ﬁost.cascs results in a change in the phosphorcﬁcencc inéénsity._
Since optical,.rather thah microwave, pﬁotoné are detected, one expects
“the sensitivity to be improved in proportion to the raﬁio of the
: encrgics‘of the photons, which, for a t&pical molecule, is approximateLy
3 x 10°. The actual change in the phosphbrescenée intensity, however,
is a complex function of the v.urioﬁs relaxation channels and rate constants.
_The actual imprpvement in sensitivity'depends.: " ‘on the mélocule _
uhdef study.‘ | | .
In order.to‘derive a reasonably simple qﬁéntitatiVe.expression'fof
the change in inteﬁsity of thevphosphoresceﬁce, the three folldwing
‘ assumptiohs will bLe made: |
l)' The.splitting of the three triplet ierg field ievels ﬁy nUclearv
quédrupole and nuclear hyberfine interacﬁions will be neglected,
2) only the two levels connected by thé.Hl field L
- will be.considered}“these are designated T, and Ty; and | »
3) Only the steady state condition,dly/dt = dNy/dt = 0,will be
considercd for both the case when H# = 0 and H, #o0.
The Tirst dssumption will predict too great a change in intensityv-
| if the individual tripleﬁ levels aré épliﬁ bybmore than the frequénéy
width"‘ of the H, ficid,_;ince in this case the H, field_wili allow
an additional relaxation pathway for only a fraction of the'poﬁulafion of each
triplet level at any:given frequency.v The second assumption'will intro?:: 

duce an error in the expression for the percentage change in intensity -
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--—-gince the intensity contribution from the level nét conhcéted by the H,
field (Tz) ié neglected. This assumptioh also requires;thqt the spin |
latfice relaxation rate between 7, and &x. and 5et§een .Tz and 'Ty
be neglected. This 1s usually valid since-thé experiments ﬁrc performcd,.
at of below L4.2° K; The third assumpfion fequircs that the experiment

- be performed‘uéing c. W.imicrowdve conditions or.mddulating_the micro; |
wave field with a frequency'lowef than the totai'rate constant of the

'_systcm.v | | |

The differential equations déscribing the.populatibn‘df the levels

shown in Figurc 2 are

aN

X , ' . ' g |
——— = . - B o Q
T LAV [k .+ K+ W, o+ ny] + [wyx + ny] | :(,)
“y [ ep Jem B +P ] (1)
—% = 8K -N [K +K +W_ +P +N W _ +Pp ] 10) -
dt 1Ly y ny Y NS Xy X Xy oxy (10)

_With the definitions

oA
it
b
+
W
-+
=
+
d

*

Equations 9 and 10 may be rewritten

an, _ o ,
P '? *31le - NA+ NQB o o (12)
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The stecady state assumption allows us to write

X Cwa -
T 5K, " NA+ND. = 0 (1) )
an, o o
T - Sy - RO ERD = 0 5y
.i_Upon ' solving Equations 1l and 15 for the population of the tripiet'
levels, we have
. vSl[C§lX + Bflyj 1y
B AC - B0 el
and _ S
.- 5, [aK)  + DKy ] | | ‘, a7y
. ac -s® |
;jﬂThe;fi” intensity of the phosphorescence detected with an optical
spectrometer may be written
I = _alNka + aaNyhy | - (18)

1 2

‘the emission, the oricntation of the sample, and the efficicncy of the

vhere a, and a, are constants that depend on the polarization of

detection system.. The assumption will be made that « = ap, which

1
allows the fractional change in the intensity of the phosphorescence _'

upon application of the H; field to be written
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B . ~
AT o= - = -1 R ¢
- Ar I, I, . (_9).
whcre-_.Io is the intensity of the phosphorescence when Px = 0. With

this condition, it is convcnient to define the parameters given in

Equation 11 as

®
i

K _+ K +W_
nx X xy
D o= W

yx

o (20).-

c = K _+K +W -

ny y yx
d = W__

_ Xy

If both of the triplet levels are monitored, the fractional change

~in intensity of the emission is given by

K. (AK + BK) + K. (CK_ + DK - vall
. [L\f( - ) 1;<(Cx+ y)][ac bal . e

) [Kly(aﬁy ¥ DK ) + Ko (e, + ggy)Jfgc - ]|

In some cases it is possible to monitor only one of the triplet levels
connected by the H; field,in which case_the change in iﬁtensity of
emission from the Ty and Ty levels are given by

AT K + P fee - bd]i;‘
* l'['cxlx * bi_&y][\f'\C - BD] 1

and o o
Az :§(3§1y + Dﬁlx][i? ) o
e e A

Three ~  ‘ecases will - be discussed in order to examine the
effect of the magnitude of the various rate constants on the sensitivity .

of the experiment.
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Case-{/1, The Effcct of Radiative. Decay

For illustration purposes, we assume that the non-
radiative and spin lattice relaxation rate constants may be neglected.

The paramelers definod in Equations 11 and 20 bccomé ,

A= K +P . a = X

X Xy X
B = P | b = 0
v 'y ‘> |
. _ o (24)
C = K +P c = K s
| y T Cxy i y
D = P da =0
T T - |

In the absence of the H, field the steady state populdtiqns are given.

by

=
o
i

. Sl(le/Kx)
o 3 : Sl(xly/gy)

(25)

=
o)
i

The steady state population of Tx,-is given by EqudtionlMS which for

this example becomes

: i Sl[leKy + ny(xl# + Kly)] ’
N = . - (26)
x . [KK_ +P (K +K)I '
X X Y o

Yy oxy

~In the iimit that nyAis much larger than any of the relaxation rate

constants, the populations of 7. and = are equalizéd and the

X
transition is saturated. Clearly, the power required to equalize the

populations is directly proportional to the relaxation rate of the

[
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The population of Tx at saturatlon is given by

sl[xlx + xly] o

x c
| [xx + I’y]

- and the corresponding populationvof ~Ty is given‘by‘

o
|

| system and inversely proportlonal to tne llfetlre of the excited state. ‘

N°® = 5 My, * Klyl : (28)
Y (K +xJ - , .
. X N
end therefore, NxS = N&s. The change in population of T, upon
saturation is
 SIKK. - KK s -
Al = Nis ) NkO:z e %i + ; ;A] - (29)

Therefore, if K#Kly = K&le, there is no}change invpopulgtion. It

the emissions from Ty - and iy are monitored simultaneocusly, <he

- fractional change in intensity is given by EQuation 21 which, for this

- exanmple, reduces to

| {(Kl (AK +Bh)+K (cK, + DK )]l.
AL = | y

| - 7] N i - (_30_);

{[;»:lx ][P (!c +h)+}\2\] _-4_’(_)

R R P -~ 1 v (3L
}Si,y“?xy,(hx +, ny) + }\x‘y _

. ¥n such a case, AL = 0 and no change in the intensity ofbcmission will

be.dbscrved. However, if a high 1eaolutlon optwc a2l spectro neter 1s

¢
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used, it is oftcn possible to monitor the emission from just one of the

“triplet levels via its selective emission to the origin or a vibrdation

of the ground state singlet manifold. CTonsider for example, emission from T
X

which case the change in intensity given by Equation 22 becomes

. ' RS N K o S
g - Kx- ny(le 4 hly) + K. g Y _ ()
x Ky ny(Kx + Ky)_+ KXKy . | )

i

In the limiting case where intersystem crossing proceeds primarily to

T, (le>> Kly Equation 32 reduces to

X

Poyfx KxKy'
Al = -1
x TR TR+ K) ¢ KK (33)
Xy' x g Xy -
At saturation we have:

' 8 Ky . o PO

= {—2— - 2 ' - : ' i
AT R S (3}). :

The effect of the ratio of the radiative rate constants (K&/K&) on the
maximum change in intensity of the emission may be illustrated with the

.fOIIOWing examples:

. 5 o
Kx/hy o Mxv(”)
0.1 91
1 50

10 9

» -
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It is apparent than the maximum sensiti\}iﬁy is achieved .if the level with the
fast intersystem crossing rate constant has the slowcr phosphorescence

rate constant.

Case #2, The Effect of Spin Lattice Relaxation

The two rate constants for spinnlattice rel;xatibh'are not inde-
" pendent and may be related directly td thcvépin lqttiée’rélaxatiqn
‘time 'I‘l for any given temperature.
~ The interaction between'the.energy aﬁd the_lattice:may be fepre—

sented schematically as

SPINS o g TATTICE

'Tx, A~ [Ni]v S X [Na]‘
o :

ol Py B O I |
| | ] |

« L) X [x, )

The conservation of cnergy requires that for each transition f*om Tx

to T there be a concspondlnD lattlce tlan51tlon from Yb Xa

and vice vezud,’ The trangltlon rate for the. lattlce “fiéffifrltten
Ny = A
A

'vuhcre A is the transition probablllty The spin lattice relaxation

+

rabc constants may be written in terms of the population of the la»tlcc

- (35)

as
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Wy T Mgy = A o

Since the lattice is at the temperature of the bath (1liquid helium),

the normalized population of the lattice is given by

-5/2kt
N = € = T
a e-a/zxt L 2Kt
| | (37)
5/2kt
"Nb = .2 — 1 -f
_-5/Zkt | _5/2KE
‘where & =(E_ -E) and E_ and E_ are the energies of the x
X Yy . X y : _ ;

end Yy magnetic sublevels respectively. The spin lattice relaxation

rates may now be written

Wy = @ - f) A
| o (38)
W = (f) A o
v (£) .
The spin laltice relaxation time is defined by the expression
. o 1 1 o
s A - (39)
~and . W and W nay be expressed in terms ofb T. 'and [ as
W - l;- by
v oI .
(40)
Y =
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"V"'"In the derivation of ﬁﬁuation 40 1t is as.smrlied' that 'dﬁiywa- direct pro~
cess of energy transfér between the spin-sysﬁcm‘and the lattice_cx*sts' |
which is usually the cdse at the temperatures of the experiments (A.2°.
to 1.3°K). o IfiRaman or Orbach prbccssés are present, ouiy
the explicit temperature depcndcnce.of the relaxation_mﬁsﬁ bglcorrectedv
so that the spin lattice relaxation may'always be defined for a fwo
level system in terms cof only Ti at a giﬁen.témperature. A short Tl
relaxation time will tend to ﬁroduce a Boltzmann pbpulation distfibution
between the spin-suﬁlevelé and will'significanflyv ' rédﬁce the spin

alignment. This can be seen by considering the simple case where there

is only intersystem crossing to Ty and emission from Tx and Ty,'

Again the non-radiative decay rate constants Knﬁ and Kﬁ& arc

assumed to be negligible, The'pérameters definingithis nodel-are

,K '+ W
. X Xy

A = K +W_ 4+ P a =
X Xy Xy o
B =W _+FP b o= W
yx Xy : 2 '
_ E (L41)
C = K +W_ + P C ¢ = K +W '
D = W_ +FP 4 = W
xy Xy . Xy
and fhe poplations of = and T when P = 0 ‘are given by
. T Y ‘ Xy : _
Lo sl[(}\y + WyX)}\L(] , L | .
X KK + KW + KW ' C
Xy ¥Yxy o xyx o .
o)y
and | . . o Hsl[(wxy)xh]
Y KK + KW+ KU
XYy Y Xy

X yx

1

o

-
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In the limit that W =W = O this reduces to

Lo Sl['Kl_xJ |
x . K
x _
| (43)
N°® = o - |
Y
At high t atures when W =W . >>K, K, K. , Equation k
At high temperatures when ‘xy - w K Ko Equation F2
becomes '
NO - Sl[le] -
' + K -
X Yy o
| (k)
Lo Sl[leJ_ L
Y Kx + Ky

Since the change in population is monitored, it is clearly advantageous
to perform the experiments at the leowest possible temperature in order
to decrease the thermalization of the spin levels and the resulting

loss in sensitivity.

‘Case #/3, The Effect of Non-Radiative Relaxation

The.final case to be considered is the'cffccf.of'the non~fqdiative
relaxation rate constants &r;‘ and Kﬁy 'bnbthe sensitivity of the
expefimcnt. It is obvious that sincélonly the radiative emission is
-_detcctcd,-a ldrge rate of depopulation by nop—radiativc'rela#atibn-is
not desirable, unless it'produces_enhanced spin’alignment. In the case of
a sample that relaxes primarily through"nénradiative pathways, theISehsitiviﬁy _

may be improved by ising conventional ESR techniques>and monitoring the .

absorption of microwave
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power, or in extreme cases by monitoring‘the‘change in_temperaturevof-.
the sample. A quantitative measure of the décreasevin senéitivity may
be calculatedbby substituting the appropriate rate constants into
Equations 21, 22 and 23; however, the expressions are rather complex
and therefore not particularly useful.

It shoﬁld Be noted that although we have dealt with the rate
processes in ﬁhe discussionvof sensifi&ity, the results can be uséd to
measure the relative rate processes associated with ﬁhe individual magnetic
sublevels. Specifically, the measurément of inténsity changes of phos- |
phorescence unaervthé influence of the microwavé.fiéld can yield fhé
relative intersyétem crossing, radiative and radiétionless rate @onséants
to and from all three magnetic sublevels. Iﬁdéed, this épproach has already B
been widely applied 36 in tﬁe limit that spin-lattice relaxation may be
neglected ﬁnd saturation of the transition is achived. The inclusion of

the power factor, however, gives one an additional experimental "handle"

from which to extract information (cf. Equations 21, 22 and 23).

B, Optically Detected ENDOR

The sensitivity of this experiment may be estimated if the assumptionv.
is madé that there is no nuclear‘polarization. Since this assumption has
yet to be thoroughly investigated, it is reasonable to expect that in
gome cases it will not be valid. Nuclear polarization may arise through
Cross relaxation between the electron and nucleér spin systems |

{the Overhauser effect), or it may be induced by saturation
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" of "forbidden" transitions (simultancous elcctron nuclear flips). 1t

is.also possiblc that selecﬁive inuerﬁystem cr0331ng may prcfcrcntially
popuJatc a particulal nucleﬂr spin levcl if there is strong hyper flre'
coupling of the electron and nuclear wavefunétions. |

In the absence‘of nuclear polariiation, thé.sensitivity cf thé
optically detected ENDOR signal may be uhderstood by referring to
Figure 3 in which thé T% _;nd ETY triplet levels ére now each com-
posed of two levcls; This splitting of the triplet levélé is dus to
nuclear quudrupolc and hyperfine 1nteractlons as will be diocu sed in
the following sections. | ;:, The results obtalned by consider-

ing the triplet 1evelsvas being split into only two nuclear sublevels

" are independent of the number of sublevels if the ESR transition con-

nects only one nuulear sublcvel in each of the qu urlplct leve;», and.
the ENDOR tran51t10n connects only two nuclear thEvClo in ong of the
triplet levels.  : | N o ._ 

As haé already'been discuSSed, the sensitivity of tﬁe,optical o
detection technique 1is dependenu on the various. relaxatlon pat nway's
from the trip}ct state. The same considcrations apply in-an ENDOR'
expérimént._ Since the sensitivity of the ENDOR experiment will be
referenced to.tﬁe bensitivity of the ESR experiment, the ekplicit de}

pendence of the triplct statc pdpulatious on the véridus rate constants

need not be specificd For the system sho¢n in Flgule 3, the phos ho-_

rescence inucnS1ty may thcn be wrltten ’

I°= 2(NK +Nyhy) o (B5)

whcre.N (N ) is now dcfincd as. the popu ation of each of.the'two levels

“in thé-rx (Ty) @anlfolg.- -,
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- Upon saturation of the electron spin transition (b ++d), this be-

IS = -—~—————2 | KX + "“"2 : }\y . ()46) .

with the change in intensity given by_

] :}_,._T'_’,,.. B
AT = I,-I 2 (N I\y)(hy _ Kx) (_147)

If the ENDOR transition (a eDb) is also saturated, the intensity is

given by

o : L | -
I, = 3[(21\1x + N K +,(2+¢y+.NX)IKyJ T (48)

Since the ENDOR signal is delected by monitoring the change in intensity

" of the ESR transition, thcvsignal strength is given by

AT, = T - I | (9

1

z [(Nx s Ny)(Ky- :{X}] | _(50)
and the fractional'chahge in intensity of the ESR signal upon saturation .
of the ENDOR transition is

1 o
8T = AT /AT, = 3 SR (51)

If the  ENDOR transition (c esd) 1is saturated instead of the tran-
sition from (a ©b), the saﬁe expression is obtained for the change

in intensity (Equations 50 and 51). -
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It is ihtcresting to nolc from Lquations 47 and S0 that'thc ESR

signal and the ENDOR signal always affect the intensity of the plios~

‘phorescence in the same direction.

If the forbidden ESR transition from (b ec) is saturated and

if the two ENDOR transitions: (a «b) and . (c &d) occur at the same

- frequency, the change in phosphorescence intensity is given by

oty = g5 L ) (K - X)) | - (59)
and the fractional change in intensity of the ESR signal is unity.

As & final note, if the ESR transitions from (a ec) end (b eQd)
occur at the same frequency, the ENDORItransitiqns from (a ebd) end

(c &d) must also occur at. the same frequency causing the chaﬁge in

intensity of the ESR signal to be twice as large {Egquation 47),

ar o= (N - XK, - KD o (53)

while the ENDOR transitions will not be observed since the populations

of the nuclear sublevels are alfeadyhequal.'

ITXI. The Zero Field Spin Hamiltonian

The observed magnetic resonance spectra of the eixcited triplet
state of organic molecules in zero external magnetic field may be un-

derstood in terms of a Hamiltonian of the form,

_ H = ”HSS + HQ + HHF
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‘where HSS is- the spin-spin or zero fiéld interaction bLetween the two':”

unpaired elcctrons, HQ. is the nuclear quadrupblc.inﬁcractioh, and

- }HE‘ is the nuclear electron hyperfine interaction.

A. Hgo -- The Spin-spin or Zero Field Splitting lamiltonian

Hss

between the unpaired electrons in the excited triplet state. There can

is7primarily due to the magnetic dipole-dipole interaction

élso be a contribution from the spin o:bit coupling bétﬁeen the léwest
’triplct.and other excited states; however, the.éontribution froa the
interacﬁion between othér excited tripleﬁ.staﬁes»of fhé samerfbitaifype
shifts the three levels equally,57, and for our ”ﬁ_ﬁrpos'e's will be lneglacted. :
If the radiative lifctime fbr fluérescehcevand pﬁospﬁorescence is
" knowm, the negnitude of the spin-orbit contribution to the zero ricla
splitting may be estimaled by chobsihg a simple ﬁodei in which thé
transition probability for phosphoréscence is dﬁe only to the'spin-‘
orbit coupling of one spin sublevel'with oniy ane  ¢xcited>singlet
vstate. In the framewbrk of this_model the,trunsitioﬁ'probability for

phosphorescence may be expressed as

P, = <P of V>t = - o (5h)
wvhere er 1is the electfon dipole moment transition opcrator,‘ljvi is

is the ground singlet state, and -1, is

the first triplet state, v P

o.
the phosphorescence radiative lifetirme. The wave function for the phos;
phorescent triplet state is actually a lincdr combination of the pure

triplet state, which is spin forbidden fér_clectfic dipole radiation to -
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~the ground state, and an admixture ofbsinglct charactér due'td spin-orvit

- -

coupling. le may ' ‘be represented as'a linear combination of
4 0 1o : . ,
wl and vvl as

3, 3,0, 1,0 o -

v - Cl Wl + C2 Wl _ . (55)

o] o} s ' . e
where 3*1- and lwl are the wave functions for the first excited cinglet

and triplet states respectively in the absence of spin-orbit coupling.
. In organic molecules the spin orbit matrix element is generally smell

so C; =1 and- C2 is given from perturbatiod theary as

1 H 3 o :
c, <y,| so [Py > 5 (56)
IlEl = Bll 1131 *'Z’El * ' )
where 'E, 1is the energy of ¥ and ’g. is the cnergy of *y,. The

phosphorescence transition probability (Equation 54) is simply

. o © o, S 2 - |
I O S e £ 2

1
TP,-

. o Ty ~
2 1 = 11 12
while the fluorescence transition probability is givenvby 4

¢ S

.y P  |
Po o~ I<vler [Py > = =
Substituting Fquation 58 into Equation 57, we have
T 2 o o
F 5= . .
2 - . 8 69

?P' llEl - B.El!.e
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Within the limits of the model, the spin-orbit matrix element is given -

by

ol

o
.H A‘
N
d!-—\ )
e s B oo
\_{‘
/‘}_‘J\
=
[
. .

.331> RN

Also.from perturbation theory the shift in energy of the triplet zero
field level coupled to lWl may be written

52 TF 1 3 ' o .
H = ——m—— = _ E - E (61)
» S BEl, (.TP)< 1 l) : , :

1

-—
o

As an example, for benzene,_Sb Tp = 30 sec, - e = 3x.10°° sec, and‘assuming

]131_- E,| < 6000 em™t, we have,

'3 x 1078 se
30 sec

€ - (6000 cm;l)

i

6 x 10"Scm™*

: SRR .
_ X )
- Compared to the measured zero field splittings of benzenes’.of 0.16LL ¢nm l,_

0.1516 cm“l, and 0.0lES'cm“l, the spin-orbit coupling contribution to

the zéro field splitting is clearly ncgligiblc.

_ +An example

60

of the magnitude of the effect 1is givcn by'paradichlorobcnzcne for which'

Tp = 16 ms., T =3 x 107 sec, and ,IEl - JE,| £ 7800 et Substi-

tuting these values into Equation 61, we find that A = 1.5 x 107° cm~t.
* ' | 29 -
This is still_small comparced to the observed zero field splittings of

0.1787 em™*, 0.1201 cn™?, and 0.058% em™'. In addition, since we used



oosuvasozds2 e

%he neasured lifetime of the phosphorescence which inclﬁdcs both the
radiative and non—radiativé transiﬁion probabilities, th§ actﬁal contri-
" bution of spin—orbit.coupling'to the zéro field splittiné is cértainly
Smallcr. For organic'molecdles in theif excited triplet state, the'
SpllttlnF of the zero field levels due Lo spin~orbit coupl:n* usual;y
accountg for only a srall pczccn+age of the obs “1ved zero Tield oplltulng
and thelCJOIG, we Wlll consider on the magnetic dlpole -dipole inter-
action in explaining the observed spectra.‘The addi:ion of a heavy atom
however will increase the spin orbit coupling matrik_element.‘ |

The Hamiltonian for magnetic dipole~dipole interaction between two -

unpaired electrons may be written61 as

= 2q 2 !51°82 3(S1°r)(Sz-1) o o
Hgg = .ge» Be E= - e S (52)
- where 8 is the . electron g factor, which hds been found to

be basically isotropic for aromatic triplet states and equal'goithe. ‘

~ free electron value of 2.00232, - Be is the Bohr magnecton {eh/2me),
'and r is theAvectdr conneCting_the{t#o electron spins Si  and Sg; o
- The Hamiltoniuan is bf th¢ sdme form as any.dipoie—dipole interéction,

and in'the case of the intcréction Yetween the two triplet state elec-
“trons is-iiexpresséd as |

Mg = SDS ()

-

which may be writtcn in a Cartesian axls éystcm as
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H.. = D._S“+D_SS +D SS +-
5S XX X Xy Xy XZ. X 2 :
D_S. S +D +D_SS + - (64)

X ¥y X Yy y Yz y 2
D SS_ +D S+DS
Tzxz x zy 2y
The values of the Dij (i,3 = x,¥,2) are given by averages over the

triplet'étate electronic wave function§2

R —3‘<
Pex = 3 Be FpPL I _
| (65)

Y 22 =3xys

ny T2 ge.B <: rs :>

‘and so on. D 1is a symmetrical tensor (ny = Dyx’ etc.)§ therefore,
in the principal axis system which diagonalizes the zero field tensor,

the Hamiltonian becomes

- _ya 2 _' 2 2 I
_HSS = X8 ysy z3, = (66)
where | _ X = =D s ? = -Dyy’ and Z. = D,
Since the Hamiltonian 1is traceless, _ | X+ Y+ Z = 0,

only two indcpondenﬁ parameters are needed to describe the interaction.
In conventional ESR the_Hamiltbnian in thc principal axis system is

usually rewritten by defining

% X + Y‘) -Z and E = v-% (x' -Y) | (67)

- g
n

with the axis convention that |X| < !y| < |z]. Therefore, the three

‘components of the Hamiltonian are given by

1
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3-E

o _ . | | -
Y = D/3+E N

Thus, for the triplet state, the zero field spin—spin interaction

“can be written in diagbnal form as

| Hyg = D(8,% - 2/3) + E(S Z - syz) = : B (69)

“where the triplet electron representations X,-Y,Aand Z are'related to .

the Sz eigenstates by:

Nz (l-i_> - [1>j

IX> = | _
[r> = ifN2 (Ja>«+ 1> (70

Rt

This form of the_Hamiltonian is direétly related té the choseﬁ axis syé-.
tem of the molecule and presénﬁs a cléar'picture of the 6:i§ntational,
dependence of the ehergj.-l |

The usual seleétion rule in ESR of 45, = 1 ‘is'ﬁot valid iﬁ'
zero magnetic field since the triplet sublevels ére not éigenfunctions'
of.Sz.‘ The probgbility of magnetic dipole trdnsitioﬁ; v

between the triplét' spin ' sublevels are given by

‘ _ 12 :

Piy = lel s, ]y>[» = 1 o
B = 1<xls lz>12 =1 (m)
P, = I<t[s [z>]2 = 1

y=z
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At this time we should pqint out an obvious feature about the form
of the electron spin dipolar Hamiltonian. It <s identical in form to the
nuclear quadrupole Hamiltontan. -In fact, the zerofield eléct_:ron spin
Hamiltoniah for triplet spiﬁs is identical to the llfN nuclear quadrupole
Hamiltonian save for the replaéement of_I2 operatoré for.52 operators,
This means that nuclear quadrupole interactions in‘excited states will
appear in zeroth order as satellite transitions split off the zequield
electron spin transition by the appropriate quadrupolé interactionvenergy} i

As we shall see, however, these satellite transitions are shifted slightly’

by first order nuclear electron hyperfine interactions.



B. _'H -~ The Nuclear Quadrupdle Hamiltonian»i“

Q

As is wellknown, nuclei with spins 2 1 have non-—sphericall cﬁafge distri~
bution and therefore an electric quadrupole moment. The quadfnpole o~
ment of tﬁe nucleué is  positive or‘neéqtivc depénding on'wheﬁhef the’ |
charge distribution is élongated or flattéﬁed along the spin axis an& each
allowed nuclear orientation along the spin axis hés e associated .
with it a potential energy due to the Surrounding'electfié ficld;‘ In
the case of a - molecule, the electric field is due to.hon-s electrons ~
which produce a field gradient (Vi,j) at the nucleus defined by - |

v, B—f——"—gg Wi=ww ()

where V is the electrostatic potential at the nucleus. "‘

. In an afbiﬁrary-axis system the Hamiltonian®® fi§ :i‘written as
- v (L7 -18) 4 (v )
Hy = B {sz(slz 1%k (Vy + V(T + T |
(v, - BV LT ¢ LT 4 [;/_ECVm\ - V) o (73}

- R > -. ) 2 -
+ i ny] 1%+ [1/2(v, - vyy) 1 _nyJ I }

where B = I}—-(-e-g————y
: S WI{er-1)

¢ = the electron charge (esu)
Q@ = ‘the quadrupole moment (cm®)
and I = the nuclear spin quantum number.
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The Hamiltonian being a stmetric tensor and like the electron spin dipolar:

-Hamiltonian can be transformed to an axis system such that Vi i = 0 for
. ’

i #j, where the Hamiltonian is rewritten as:

Hy = B {vzz§3r22'- 1%) + [y/2(v, - vyy)(l;2 + 1_2)3} . (7h) 

" Because . the Laplace equation is satisfieds

VetV t Yy, = O . (1)

~and consequently, only two independent parameters are used -
to describe the interaction. The conventional nomenclature in nuclear
quadrupole resonance spectroscopy defines the field gradient,_ 4, and

the asymmetry parameter, mn, by the relations

eq = VZZ S h
n = ‘_EEV___XZ . , .
22
wiﬁh the convention
. N < . .. . . .
el sl <t o)
_The standard form"bfvthe'Hamiltqniani Equation 74, is rewritten as
_ ‘2 2 2 ‘ :

HQ = A [}312 - I2) + y/2 (I+ .+ I )] o _ (78) - -

where o A = Li(2I -1



This may also be written in the completely eQuivalent form

| 2 2. .2 2.
Hy = A [GI, - 10 +n(1, - Iy)] - - (79)
One should note the similarity of Equation 79 to Equation 69. The Hamil-

‘tonian matrix consists of diagonal terms and off-diagonal terms connecting

states differing in Iz by *2. The electric potential due to the relative

to Hss can effect the "apparent” magnitude of H, since

Q

orientation of H

Q

HQ manifgsté itself as a perturbation on H__. | |
 "Because we will explicitly deal with»ascl aﬁd 1"I\vI'quadrupole infer_
'acﬁions in excited states, we review the explicit form of the Hamiltonian
for I=1and I = 3/2.' |

The Hamiltonian for an I = i nucleus (') is éx?réssed in a more
_convenient'form by transforming ﬁquation 79.to the-reéfesentation in.whiéh
fhe_energy is diagonal. 1In this representatidn,‘theAHamiitonian is in
the same fofm'és the electron spiﬁ—spiﬁ Hamiltdniaﬁ; and is parti;ularly. o
¢onvenient sinéé it may be written in terms of the nucléar anguiar‘ |

momentum operators as
~ 2 - ..2 2 | o
HQv = 'XIx" ny - 21 | . (80)

For a spin of I = 3/2 it isleasiervto.use ﬁatrix ﬁotatién, i.e.

{3/2>  |1/e>  |-1/e> |-3/2>
R N3 ] o

s 0 -2 0 - W3 _

K, = 2£9%, . v — ' — - (81)
T Tk W3 0 -1 . o0 =

o A3 o | 1

(38) -
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arranging the order of the basis states as

%’J v}
_The

Jod 3 02359

N~ g

‘matrix may be rewrittcn as two separate 2 x 2 malrices by re- -

32> |-1/e> | 1fe> |-3/2>
1 3 0 0
R 3 -1 0 0
_ € qd ,
O 0 0 1 BT
o ‘| o K 1
»the eigenvalues of the Hamiltonian are simply obtaingd by diagdn— B
alizing each of the 2 x 2 matrices. | o
e = S () N
: Q 1/2 (83)
. €9 / o
Eaje = T (1 M 3)
Tﬁe eigenstates are
' 13/2>' = ‘a]3/2> +v|-1/2>
|-1/2>' = a]-1/2 > - v]3/2 > S
- R (84) -
{i/2>" = afr/e>-v|-3/2> D
|.3/2>"' = af-3/2> +b|1/2 >
where
o I+ T+ x7 x? -
& 1/2 -
[2(1 + x2 +J1 + x° )} (83)
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=
]

and

In contrast to a nucleus with spin I = 1,

equ and 7 cannot be determined. It should be

‘noted, howevef, that the transition frequency is

tive'to N. The assumption that 7n =0 and

small values of 7.

(40)

x/[?(l +x2+ /T xé l/2i

not particularly sensi- _

 the transi-

tion energy is eqﬁal to (l/e)equ will produce>only a small errof for

C. H -~ The Nuclear Electron Hyperfine Interaction

HF

A nucleus with a spin >1/2, like an electron,:“ﬁééwii;;‘a magnetic

~ moment and the interaction of this nuclear magnetic moment with the elec~ . _

tron magnetic moment  leads . to both an anisotropic dipole-dipole

interaction and a Fermi contact interaction due to a finite electron

spiﬁ density at the nucleus.

"~ The _ ' component of the hyperfine interaction,

of the nuclear and clectron magnetic moments, is
X . )

due to the interaction

entirecly analogous to

the zero field Hamiltonian withbthe replacement of 6ne of thevélcctron
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spins with a nuclear spin and the appropriate change of constants. The
_ .

Hamiltoniané?nmy be written as
DD I.5 3(I-r)(s.r) L :
Hp = - 8PP, [r3 - TS B ' (86)
and gn is the nuelear_ g Tfactor and 'Bh ‘is the nuclear magneton.
Since this is identical in form to Equation 62 for the zero field
‘Hamiltonian, Equation 86 is expressed as
HDD = S5-:A-I. _— o (87) -

HF

which can be expanded in the same manner'as Equation 64. The A matrix
is symmetric and therefore, in its principal axis system, it is written

as

DD DRI ;
e = A ST + Anyny + 4,81, | o }(88)

where the hyperfincvelemcnts are given by_the average overvthe spatial
distribution of the unpaired spins

. 2'.‘2 " o
LA, =t megp, <> ' (89)

XX nen

where X = X,Y,Z.

' The Laplace equation is again satisfied énd'therefofe  2

A v Ay A =0 - . (90)

‘The unpaired spin density at the nucleus produces an additionz

contribution to the hyperfine Hamiitpnian,'thc Fermi contact term.
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- This will arise only from spin density in s orbitals since the other -
orbitals have a vanishing probability of being at the nuclcus. The
Fermi contact contribution is usually considered to be isotropic and

is written as

i

) rcfstx f SYIY +‘SzIz)' - (91)
where .
= ‘ 21y |2 R :
c = (8/3)vrplv (0)|" __ L ()
and lws(o)lz is the s electron spin density at the nucleus. o -
The total hyperfine Hamillonian ’égﬁ‘ﬁn’be wfitten és
HHI,=A'SI +A 8T +A' ' sT o (93)
| XX XX YWYV 2z 272 v
where L
A, = A *+C etc._  ’ ‘ . ~(9W)

  iji theithreewcomponents of the total hyperfine Hémiltonian.
are measured, ‘the contribution due to the anisotrdpié.and.isotropic com-
ponents can be separaﬁed; however; the absolute sigﬁs will not generally
be obtaincd. .it.shquld be pointed oﬁt thaﬁ since the huclei in which |
we pre interested also have quadrupole moments, the Fermi‘contact term -
will-not be strictly_isotropic'sihce the nuclei are’distorted, and‘con~.

sgqucntly,.the dipole-dipole and contact terms arc not complectely separable.

D. The Total Hamiltonian, Energy Levels and Transition Probabilitiecs

~ The total Hamiltonian for two molecules which are

“examples of the triplet state electrons intcracting_witb_an I =1 and

¥
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an I = 3/2 nuclear spin are  considercd. In order to simplify the
discussion we make the following assumptions for both cases:

1) - The principal axis SySqu of HSS"HQ and HHF are ccincident,
2) Only the out-of-plane component of the hyperfine Hamiltonian
need bde consldered, and
3) The hyperfine interaction due to protons may be neglected.
Assumptions 1 and 2 can be, in many cases, justified on the basis of the

"

s

single_crystal ESR-spcctra,64 and assumption 3'
on the fact that resolved protop hyperfinc splitting.hag not been
observed in zero field ESR. ° | -
An example qf a molecule which is characterized by the interact;on
of one (I =1) nuclear spin wiﬁh the tripiet electrons is the ma¥
state of quinoline (l—azanaphthalcne)._ The épinaHamiltoniah.féf this

molecule may be written as

| H Hoo + HQ + L | "_ o (95)

where R : . S
' H.. = -Xs®.ys?®.z5°2%
SS- X Y Z

(95)

H, = -xIT % -y %-21°%

and .

]
.

Hp XXSxIx

where x is the out-of-plane axis.
For illustration 20we will use for the bgsisvéfateé the product -

functions _lp v T Xy which form a set of eigenfunctions that

K

2
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diaponulize HSS and HQ. Tp and"xv aré the electron and nuclear
spin function while p and v correspond to X,y and z.

The compléte Hamiltonian is, of course, a 9 x 9 matrix.. Since»we

: : . 28
are only considering the AXx element of the hyperfine interaction,

s satisfactory solution is obtained by perturbation theory. As is shown
in Figure b, the energy of the states [Zz:’ and [Zy2>_ are shifted by

an amount @, wvhere

XX e ' o on
B=m_.» '_(9[)_

wvhile the states leI> and [yy-> are shifted by an amount -B.
- In our axis systenm the_tfiplet.statewenergy levels would be o:dgre&zuf'h
Z > Y > X and the nuclear quadrupole energy levels ordered x > z > Y.

The eigenvectors of the states whiéh are coupled by Axx' are;l

IIZZ > = (1 - 8) ,ZZ"> - B ]»Yy>

fzy >t = (1 -p) Jzy> - p |Y2 > - | o
{98)

[yz > = (1-8) |vz> +8] 2y > ,

yy >t = (i -B) lyy >+ Blez >

The probability for microwave transitions between the triplet state

magnetic sublcvcl; is given by
I ‘;gulV1[H'0(£)Iﬁﬂvé:>,2 | 7 . v : (99)'.
where HRF(t) is.the magncfic dipole transitigp operatbr defined by
le (8) = -Hl(t.).ﬁ('rh-:c - fe%s).f - - (109)

»
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aﬁdAHl(t) is éhe magnitude of the time~dependen§ ﬁagnétic fiéld.bgThe
electron spin magnetic dipole transition operator will éonnect states

with My # Hy and Vl =.v2, while the nuclear spin gperatof will connect. :
~states with g = M, and vy # sz ‘However, the mizing of;the basis funcéion
by A allows the observation of "fbrbidden"'simultaﬁeoﬁs eZectron and.

nuclear transitions. This is clearly shown by considering the transition

from IXz>' to le>'. The intensity of the transition is given by

I =~ I.<Xz']_TeHl(t) l [(i - B) le> + B | 2z >1]|° - | (101) ‘

q

T vﬁgreg Hl(t)e ‘ o E ‘ | (102)1 o

It should be noted that it is necessary to have a hyperfine interaction in
order to observe the nuclear quadrupole satellites since the hyperfine term

is the only method of coupling the electron and nuclear.spin Hamiltonians.

In Figure 5, the spectra EYPCCqu for the three ZETO flcld transi-
 tions are shown in terms of the components of the to al Han1lton1an. It
is clcar that the eparat101 of the quadrupole satclllteu for both the
7.1, - and T_- T_ transitions is 2(z - y) and |

x A X N : _

therefore only once of the three possible nuclear quddrupole transitious
equal to (3/L) e“qQ (1 - 1/3) is obserVed. The value of the hyperfine.

coupling constant Axx. is easily obtalncd from the separation of thc

two allo“cd components of cach of the three LrqultWOno. If‘we had-
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chosen to uée A or _Az; ‘as the onlyvhypcrfine interaction ihstcadi.
of A_ the spectra would be the same aslﬁhdt shogﬁ in Figﬁre 5 if a
cyclic perturbation is.appliéd ﬁé our labeling. | | “
Although in this simple example all the parametersiin the Hamil- |
tonian can be détermined from the tﬁree zerovfield transitions; in-
practice this is usually not the case. This can be dﬁe to‘such probleﬁs
&s poor resélution of the spectré or the fallure to include enough tefms
in fhe Hamiltonian to adequately‘descfibe the inferactions. Thercfore,'
it is usually advantageous to also perform an eiectrdn nucléar'double -
resonance (ENDOR) experiment to improve the resolﬁﬁion and confirmAthev.
aésignment of the'spectra; The ENDOR traﬁsiﬁioné are shdwn'in figufe Lo

by the deuble arrows. Let

8

us consider the inténsity of the ENDOR transition. As an example we

will treat the transition from |[Yy >' to [yz >’

I~ I.[(l - B) < yyl+ B_<vz.z]]] Hee(o) | [(,1-; o) vz>+p |2y >]|2 (103)
[(l ~ BTy M+ 2B (1 -B) v H, 4 P2y leh o
Since I, is a constant, ve “ill‘drop’it dnd‘may nov write

I = hree [ﬁa(i'— B)] + 4 L [B(l - ng + B> (1 - 5)}

A [CRNOREY +fga2 -7 (205)
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;" .Since . B is usually on the order of 1 X lo'elfor e triplets,

we can reasonably dpproximate-Equdtion 64 by
T 2 2 ' 2 ' ) -
I~ by "+ b Teln * Ty | (106)

In contrast,  if there were no hyperfine coupling as in the T

manifold in our example, the intensity would be given by
I~ r?® - ~ (107)

' The ratio ~  ~ of the intensity of the ENDOR transitions due to
‘the electron magnetic dipole operator to those due to the nuclear magnetic.’

2

dipole operator is approximately :MBZ reg/Yn - and therefore, unless

T

n2 is greater than hgzree » .E the electron dipole moment transitioﬁ

operator will be the major source of the intensity in ENDOR transitions.
As an example, for 2%y the ratio_éf 're/rgv= 8.6 x 10° and there-
foré,. B muét Be less than 1.57 x lb;jifof the nuclear ﬁagnetic dipole
transition operator to be‘cbmparable to the electron'magnetic dipole
transition operator.in producing intensity in the ENDOR transition#,. For:-
| a fypical separation of T, - Ty of 1000 NHz.this would.cérresppnd to
an extremely Smail hyperfiné élcmenti Axx‘ of only ;.S_MHZ, which is
_much smaller than any out-offplané hyperfine elemenﬁ; reported.fof‘aia-
aromatics.
As an exéméle of a molecule‘with one I =-3/2 ﬁuclear spin, Qe will
conéider the excited 3ﬁn* state of chlorobenzene. The spectrum pro&uced in
this case 1s somewhat more complicated to calculate because of the lack of a

convenient
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and’—3/2. We will further assume that n_=IO and therefore “both

H.., and H are again diagonal. 1In this example'the out~of-plane cbm- ‘

S8 Q

o L48)

|

-

ponent of the hyperfine tensor (Axx) couples the basis states in the

 basis set for both the electron and muclear spin functions. The Simpch
method with only one hyperfine component is to use the basis sect lH'V>‘

T,X, where ¢ corresponds to X, Y and Z “and - v to 3/2, 1/2, -1/2 ‘

T, manifold with those in the Ty manifold for_which the nuclear'spins

differ in their IZ

“expanding the hyperfine Hamiltonian as

XX X X

.The _ states in the Hamiltonian that are coupled by Axﬁ

may be represented graphically as

- Hyperfine
Yy . Element -

.s I | = 1/2[Axxsx (1+ + 1_51 ._'

3fe—————— 32 A 1]

A

-1/2/J3//2 A
3/ __Jyfen
A

/ .

1/2””/’/”’/’i3;;;-Axx

to calculate the enercy levels and transition moments. .

quantum number by % 1. This is easily scen by

|

|
|

(mé,)'»» _.

~ the degenerate nﬁqlear levels are not coupled by the same

hyperfine.clcmcnt, we may still use non-dcgéncrate pefturbation theory



/__  This spin system has a total spin that is & half integer
(5/2),»it is a Krameré doﬁblet,and therefore all the enerby levels arc
two-fold degenerate. The hyperfine coupling o will never ref.
move the dcgeneracy'of'thc + nuclcarvlevels‘in 2ero field and conée—_'
quently we‘havevoniy six levels to_consider. .

The energy level‘diagram resulting from a‘perturbaticn treatment of the
hyperfine interaction is gifen iﬁ Figure.6,7and.th¢'predicted spcctra‘iu Figurc
The use of the Ayy component of tﬁe hyperfine tenso;'insteadvof fhe
Axx component produces an identical energy 1evcl.didgram'and spectra
with the appropriate relabeling. The use of the 'Azz‘ component of the
;'hyperfine tensor mixes the nuclear sublevels»in ﬁhe Tx. manifold with

those in the Ty manifold having the same Iz quantum numbet;

- Hyperfine - <

X " Element , Y
3/2 , 3/24 32
1/2 _ —1/2 A, 1/2

/2 51/2-_AZZ__‘.._,4_. -1/2

~3/2 — -3/2 A e -3/

thcréforc, no nuclear quadrupole satcllitcs due to tﬁc‘elcctfon magnetic
moment transition operator are obscfvcd; The résulting cnergy. level dia-
gram, considering only the Azz component of the hypeffinc tcﬁsof.is ci?en .,
in Figure 8 and the predicted spectra in Figure-9. |

The ENDOR trunditions pcrmittgd by the elecctron dibolc ﬁomcnﬁ.

transition operator, considering only the Axx hyperfine element,
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are shown by the doﬁble arrows in Figﬁré 6f The unalysis.of the ENDO&
spectra fdllows the same method as that for a spin one nucleus, with
thevsame expression for the intensity of the transitions inducedvby thc'v
électron magnetic dipole:momcnt transition opefator and the huélcér mag -
, netic-dipole mbmcnt transit;on operator. When'only the A;z hy?erfinC’
elcmeht is pre;ent, the electrqh wagnetic dipole transition Qperator is
ineffective in producing ENDOR fransitions aﬁd consequent ly ﬁhe inten-
sity of any ébseryed ENDOR signal is due solely\to the nuclear magnetic.
dipole transition operator. |
Some geheralizations can be made at this poiﬁt concerning thevappearance
of "forbidden'satellites whose separation is in the zeroth order is the
pure nuclear quadrupole transitioﬂvfrequéncy of the_ﬁolecules in‘én égcited.

triplet state. (a) For a nuclear spin I = 1 (e.g. '"N), a hyperfine

eZement Ao assoctated with a direction i gives zntensaty into a svmultanecus

eZectron—nchear flip in the pZane normal to i. Thus at least two nchoar

hyperfine eZements must be finite to obtain independently both eZqQ and

n. (b) For a nuclear spin 1 = 3/2 (e g. 3?Cl), a nuclear hyperfiné element

parallel to the principal axis of the field gradient (i.e., A, ) does not
introduce mixing between eZectron—nchear states that admit intensity znto
Sforbidden satellztes. (c) For a. nchear spin I = 3/2 a nuclear kyoerfine

element perpendicular to the princzpal arts of the field gradient 1ntrodvces

- intensity into forbidden satellites whose separation in zeroth order is the

pure nuclear quadrupole transition frequency; however,-ezqq and n can never
be obtained zndépendently in the absence of an external magnettc field.

Although we will not discuss the observatlon in any detail, we should point out

" that in many cases it is possible to obtain the gign of the nuclear qua-

:&iugaleAmcment from an analysis of the zerofield spectra. This feature is
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- Although we have not ﬁreated explicitly_thevcase wheré t@o nuciei
‘are present on the same molecule, bqth having.nuciear spin I > 1, the
generalizations (a)—(c) hold with one additional featﬁfe beingbmani_
fested, that ié tﬁe possibility of sihultaneous‘mﬁltiple ndclearfeleétron
spin flips. As wevwill see in the following sections, in 8—chloro§uinoline;
simultaneous chlorine*niﬁrogen Qleétron spin transitions are observed;and
are‘easily identified. In addition simultaneous multiple nuclear ENDOR

transitions are expected and, indeed, observed.

IV. EXPERIMENTAL METHODS = _ .

’1,A?m‘OptécallY‘Detected Magnétic'Resonénce L e e )
The basic experimental arrangement is shown in Fiaure lQ.. The

65 ' T
- which is attached

sample is mounted inside a‘helical slow wave structure
to a rigid spainless steel coaxial line suspended in_a liquid'helium'dgwar.
The exciting 1ight»i§ suppliéd by a 100-watt mercury shoft arc 1amp. The
spectral region of inﬁerest seiected by either an ihterferencé filtex
centered ‘at 3100 X, or a.combinatién of Corniﬁg glass - and solution filtersF
'i::Thé'phdsphoreécencejis collected at a 90° angle to the eéxciting light and is;
focused through an appropriate Corning filter (ﬁo remove‘scattéred_light}
"E_mionto the entraﬁce slit of a Jarrel—ésh 4-__f7_:w;;; 3/4 meter spec-
trometer. The light at fhe exit slit

| N ~is detected with an EMI 62565 photomulti-

plier cooled to —ZOOC, whose output _’_‘ "7 is connected

to an electrometer through an adjustable lqad resistor. The output of the.



.

'eléctromgleéﬁisﬁ%ié%cfﬁmoéktg%eé%iigicﬁéy g%bc.w. microwave power 1is

used, or if the microwave field 1is amplitude modulated,_connected to the
signal channel input of a PAR model HR-8 iock—ip ampiifier;i 

The microwave field is genefated by a Hewlett-Packard microwave
sweep oscillator Model‘869OB, amplified with a tréveling wave tube and
fed‘consecutively through a directional cquplei,'band—péss filfer, and
an.isolator to the rigid coaxial 1iné to 'which the helix is mounted.

The " microwave sweep oscillator may be amplitude modulated with a

‘square wave generator which is also connected to the reference channel

of the lock-in amplifier. The output of the lock-in amplifier drives
the y axis of an Xx-y recorder while the ramp voltage from the microane'
sweep oscillator drives the x axis. |

The ﬁemperature of the sémple is usﬁally lowered to apprdximately v
1.3% by pumping on the liquid helium with three Kinney model KTC-21
vacuum pumps operated in parallei. |

The“ experiﬁent is pérformed by monitoring the change in emissioh
of the sample whilé varying the frequency of the.moduléted hiérowave field.

As explained in section II, the signal may either increase or decrease.

With a lock-in amplifier a decrease in emission intensity corresponds to

a phase shift of 180 degrees relative to the signal obtained for an in-

crease in emission intensity.

B. Optically Detected ENDOR - . . _
The experimental arrangement usually employed is shown in Figure 11.

The -optical and microwave equipment is the same as that used in the ODMR exper—

“fiments “>_~with the exception that the microwave field‘(Hl) is not

modulated. The radiofrequency field (H2) is supplied by a sweep oscillatoxr

that covers thé-region from 0.1 to 110 MHz. The output is modulated by a
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linear gate that is driven by a séuate wave geﬁerator'whiéh also drives |
- the reference channel of the lock-in amplifier.. The RF is then amplified .
.by two broad-band distributed amplifiers, a 4 v‘ watt unit and a 20 watt
unit, and connected to the ENDOR coils; These,ampiifiErs have'the advantage
that they operate over the range of 1 to 50 MHz without the need of |
adjustment. The ENDOR coil consists of a "Bridge_T" constant_resistaﬁce’
network in a Helmholtz arrangement. This configufaﬁion maintains'aﬁ !
even rf level over a broad-band qf frequencies since it looks'enﬁirel&
resistive. The x axis of the recofder is driveh by the‘ramp voltage from
the rf sweep oscillator and the y axis from the output of thg lock—in_ |
amplifier.
C. Variations of the Basi; Ekperiments
The optical detection qf magnetic resoﬁance perﬁ;ts several additional
parameters to be experimentally adjustédf These inélude the eneréy and
bahdwidth of the phosphorescence.tﬁat is monifored és weilvés thé energy.,
baﬁdwidth and intensity of the exciting light. In.addition, the power éf:

may be adjusted over_a wider range than in'experi—

the microwave field Hl

ments in_which the absorption of microwave power is monitored; This is
auevto thevfact that saturation giyes the maximum‘signal stfengthiﬁsing
optic;l detection techniques, while with abéorption expériments the sig—v

" nal strength will decfease as the power is_ihcréased above that needed for
saturation. :The advantage of this is that the siénal strength'of weak
"forbidden" transitions may‘bé iméroved bytﬁhé géplication of large Hl
fields without a decrease in the signal strength 6f the allowed transitidns;

Sone of the most useful variatioﬁs of the basic experiment.are

listed in Table 1V. If a high resolution spectrometer is employed to -

isolate the phosphorescence emission, the optically detected ESR may be
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used to simplify the phosphorescencebspectrum by aﬁplitude modulation
~of__the iy field while saturating an ESR trénsitioh{ Tﬁe'modglation:'

of the phosphoresceﬁée is detected with é phése'sén#itive'amplifier.

while sweeping the optical spectrum. -Sincefonly.two of thg three ériplet

levels are coupled by the Hi field, only th§ emission'from tﬁese'two

levels will.be detected. Therefore, by répeéting the.experimedt while
saturating the remaining two ESR traﬁsitions, thrée 'PMDR épéctra are obtained, -
éach including only the emission from two of thé.three zero field levels.
The» »_finformation obtained from ﬁhe analysis of phoéphorescence spectra
is extremely useful by itself in charaéterizingﬁthe iriﬁlét étate, and
complementary to the information obtained frqm”the anéleis;of the ESR
spectrum. “ |

"In ENDOR experiments the radiofreqﬁency field Hz,may 5150 be adjusted.

These éxperiments are usually perfofmed by satqrating.an.Esﬁ tfansition
whiie vérying the frquency of the,H2 field. Eithé;vthe.ﬁi 6r Hz fields -
may be modulatgd; however, it is usually préferablé to»modulatg thé H2
field since, in this case, only the changevin intensity of fhé phcspho—z
resceﬁce due to the ENDOR resonance 1is detected with a:lock—in amplifier.
On the other hand, if the Hl field is modulated, fhere is a'céngtant sig-
nal due go the ESR transition which changes in intensity whén'the szfield ”; 
1is swept through resonance; A useful modification of thisftéchniqueiis

achieved by modulation of the H

5 field while simultanéously saturating

an ENDOR transition and sweeping the Hl field. ' In this case, only the
ESR transitions that connect energy levels simultaneously coupled by the
H, and the H

1

the structure of the ESR transition since the contribution to the spectrum .

p fields are detected. This méthod is_useful in analyzing

due to different isotopes and/or nuclei méy be isolated.
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I1f both an ESR and an ENDOR transition are saturated while modulating

the H, field and scanning the phosphorescence spectrum, it is possible to

2

" isolate the contribution to the phosphoreséence spectrum from molecules

containing different nuclear isotopes. As an eXample, if the phosphores-
- By ¥ .35 :
cence from a molecule such as chlorobenzene is monitored and a Cl ENDOR
transition saturated while modulating the H2 field, only the contribution -
_ , . .35 .
to the phosphorescence spectrum from molecules containing the Cl l1sotope
will be detected. The same expériment may then be.repeated detécting only

. . ' R 37 .
the contribution from the molecules containing the Cl isotope.
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V. The ODMR Spectra of 8-chloroquinoline

The zero field spectra of é—chloroquinolinc is éharacterizéd_by
‘the interaction of the triplet electrons Qith.bogh a nitrogen (I=1)
and a chlorine (I=3/2) nucleous. Thg addition of the éhlorihe.atom_
to quinoling does not apprecigbly change thé lifetiﬁe of thé‘pﬁoséﬁo-
rescence (éee Tablé 2); vBoth‘quinoiine and 8—Chloroquinoline show
emission primarily from only bne of the triplet §ubleQ¢1s and have
essentially-thevsame zero field, nitrogen quédrupoie and nitrogen hyper—'
fine intefactions.

Although a great deal of information concerning the pathQéy of.
intramolecular energy transfer (i.e., intersyétem crossing, raaiaﬁive
rate pfocesses, etc.) can be thained.f:om_an~énalysis of the microwave-
induced phosphorescence intensity changes, we will resﬁrictlﬁhé rgsults
and discussion to tﬁe salient features of fbe CDMR spectra in zero fiela.

_de of the three electfén spin’trgnsitions, thoée égsociated With' )
the T, - Ty and r# -+ Ty mgnifolds were 6béerved Qith béth a éontingous
microwave field while-monitorihg'the inteésity of the phosphorescence and
with 5 Hz amplitude modulation of the miérowave field and phase_sensitive
detection of the.component'of thevphosphorescenge‘at the modﬁlationvfrequenCY-l

{.Théwi#'4 T, transition was only observed in an ' ~ EEDOR

experiheﬁt. Thi% was performed by.simultgneously satufating the Tx > Ty
transiﬁionvwith.a ¢.w. microwave field and amplitude modulation of a
éecond microwave field which was swept through the Tx > Tz.transitiéﬁ.

This was neéessary sinée emiésion,qriginates alhost entirely frém only

the Ty spin manifold. In all cases  the phosphorescencé inténsit§ increased
when the microwave field coupléd the respecti&é electron spinvménifolds.

The lifetime of the emissibh.ffom the Ty manifold was found to be 0.11 sec.



while the lifetimes of both Tx and Tz.levels are’eacﬁ more'#han oﬁe.secoﬁd..
With the assumption that the radiativé.lifétimeé of tﬁe triplet levels are
ordered the same as the total lifetimes and thé observati§n that the phos-
phorescence intgnsity increased while‘saﬁufating both the T~ Ty aﬁd'

T, Ty spin.manifolds, from Equation 147 the steady staté population of.the
Ty level must be less than the population of eithér the T, oF the.ﬂTZ levels.
The spectra obtained with amplitude modulation of the three ESR transitioné
" are shown in Figure 12, At low microwave powers only the "allowed"
.component of each spectrum was observed.k Asvthe micréwave‘power was.
increased, "forbidden" satellites split off the'major transition were
observed. The 35Cl'ENDOR resonance observed:whiie saturéting-the_

Tz’+ T_ transition is shown in Figure 13. This transition was aléo :
observed with both a continuous and amplitude modulated rf field,'

The phosphorescence of 8-chlofoquinoline in durene is.due to the two
distinct sités,67-the more intense phOSthrescence origin at 4795 X and-

a weaker origin at 4792 A. 1In order to isolaté the emission.from the site
at 4795 K, the ODMR spectfa were obtained with the entrance slit of the
spectrometer adjusted to 100 microns or leSSf'

The ODMR spéctra observed may be considered'as due to two distinct
‘molecular isotopes since'approxiﬁately 75% of the S—Chloroquinoline
molecules will haﬁe-thel35C1 isotopé and 25% the 37Clvisdtope. We will
initially limit our consideration to 6nly the 8-chloroquiﬁoline molecules
that have the 3éCl isétope. The molecular axis system'we will use is
defined with x, the out-of-plane axis; y, the'long in-plane axis; and z, 
the.sﬁort in-plane axis. Iﬁ ordér to simélify the aﬁalysis Of‘thevspectré,

we will make the following assumptions:
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(1) The contribution of the proton hyperfine interactions will be neglected.

(2) The principal axis»systemé of the spin—spin,.nuclear quadrupole, and

hyperfine interactions are coincident.

(3) Only the out-of-plane hyperfine element for both nitrogen and chlorine

will be éonsidered.

(4) The chlorine asymmetry parameter is assumed to be zero.

The first assumption is justified on the basis of the small contribution = -

to the linewidth reported by Hutchison et al. 8 due to the proton hyperfine
interaction in zero field. This'effect is smaller than the other terms . .

in the Hamiltonian and would require an extensive computer analysis and

excellent resolution of the transitions to justify its considerations.

-
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The sccond assumption is quite severe, but is reasonable for our

_ﬁ;fposee sincelslight.non;coincldencc‘of the tensor ele@ents will ohly
' produce a small perturbationiof the obscrvee specﬁra in zero field.
Ir'l'addition, the x axis is fixed by évmmetr& to be _
perpendlcular to Lhe plane and in quinoline it ha° been found that the
z axis of Hssvls within a few degree; of the molecular z ax1s6’.4y f» is
also 1eesonable to expect the prlnc1pal nuclear quadlupole ax1s.for beth
the nitrogen and chlorine atoms to be alon* the moleculer 2 aclu.éJ

The third asswoeption is based on the measured value for the niﬁrogen
hyperfine interaetien Tor the excited.triplet state of quinoline'for whlcﬁ
Axx 2> Ayy, Azzfaand on the observation of chlorine hyperfine interactions o
in organic free radicals in'which the principal chlorine hyperfine eleieet
‘has been found to be the out-of- plane element. 70, In additlon, siﬁee
in zero field the hyperflne 1nteractlon is anvoffidlagonal term in the
spin Hamiltonian, the magnitude of the effect of-the interaetionlon the
~ observed spectra is in first-order inveréely proportional to the energy
separation of the triplet manifolds that are'conneefed by the respective
hyperfine element. -~~~ ""In the case of 8—chloro§uinoline even if-
the hyperfine interaction was isotropic, fhe effect‘onithe'zero field
'spectra would still be thrce times larger for the Ay thdn the'Ayy or A,,
eomponents. Therefoxe, only the Axx conponenu of the Hyperfine tehsor
will be 1ncluded for both the chlozlne and nltloeen ators since this Wlll
account for the major featwres of the spectra. |

Thelfourth assumption is made on the basis:that a-finite_value of
the.chlorine asymmetry pqrameter is a small perturdbation that.is not -

easily resolvable and not necessary to explain the main features of the spectra.

+
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With these assumptions, the spin llamiltonian may be writtcn'l.

H o= Hgg + B + Y + VHQCl + el (109)
where . | |

Hgg = -X8¢~ - ¥8,% - 28 °

HQN = —xIxe\ - ny2 1 2 o

g = “‘xxN(SxIx) o o (110)

cl. _€qQ [, 2 15
Hy 1o I:BIZ - T] |

clL _ Cl, o : _ -
Hyp ™ = Ay ()xIx)_ | » B -

In the same manner as discussed in section III-D the basis states of

the spin Hamiltonian are chosen to be the product functions | u,v,w> =
N

Ty X&, Xw» which diagonalizes Hgg, ly and HQCl; 1y (U= x,y,2) is‘thg
electron spin function, x, (v = x,¥,z) is the mitrogen spin function énd
Xw (w=%1/2, £3/2) 1is the doubly degeneratechlérihe spin.funciion;-
The total spin of the systém is 7/2 and therefore a Kramers-doublet;
{‘MgbnééQuently,there are only 18 energy le?els for éach of the moleéulaf:
isotopes.

The similarity of the excited triplet state of 8-chloroquinoline

-and quinoline lcads to the assigmment of the order of the triplet energy

levels of 8-chloroquinoline as being the same as those of quinoline.
. With ~ °  our axis system, the elements of HSS'are_ordéred Y >2Z>X.
_The  nitrogen nucleai quadrupole energy levels are also assumed to be

in the saxe order as those rcported for the ground state of pyraziﬁe_and-
| 75, 74 L " | - |
pyridinc - ‘and thus _  °} for HQ ,

X>y> z,



i
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' ““since  the chlorine nuclear quadrupole chpling'constunt (e?qQ) is

ocosv43023881 e

‘negative for all covalently bonded Cl atomé;'- the éncrgy'bf the-chlorine
spin functiohs are ordered th/e > Xi3/2‘ |

| In order to treat the out-of-plane hyperfine perturbation due to both

vthe nitrogeniand chlorine spins, we will assuﬁe that the contribution'
from each'maj be considcred separately. .This is vof.courso not strictly
corrcct, but is satisfactory for the purpbse of illustration, and in

N ana AxxCl used in fitling the spectra, gives.

fact,vf6r=the value of Ay
values for the energy levels very close to fhose obtained by diugonalizing -
fhe total épin Hamiltonian. | -
Aﬁ.éhergy level scheme »Hf'using the perturbation method discusséd in
section III-D appréﬁriate for'8-chioroquinoline is given.in Figﬁre 14._»
' There are essentially six types of ESR,ﬁranéitibﬁs:dbséryéd:; ;MH_m““'
.-A) electroa spin, |
B) electron and **N spins,
c) electrén and >°C1 spins,
D) electfoﬁ and ~7Cl spins
E) ¢lectron, *N and 2%Cl spins

F) clectron, 1N and >7Cl spins.

r”:‘SiﬁCé ~_the chlorine nuclear quadrﬁpole interaction is far larger than

the nitrogen nuclear quadrupole intcracﬁion,.thc various types of trénsi—- -
tions are casily identificd. In‘Tablé 3.£hc measured and calculated
frequencies are listed according to their type (A,B, etc.).. In analyzing
the épcctra, the magnitude of the com?oncnts of ﬁhc spin Hamiltonidn were

first obtained by perturbation theory and the ffinal results by computer

-

1



diagonalization of thc spin Hamiltonian. -The 14N and ° Cl out of - plane
~ hyperfine elements were found to be approx1mately 19. 5 and l) Mz
regpcctlvcly. With only onc nltroben hyperflne elemunt only one nltrOﬂcn

quadrupole transxtlon is observed correspondlng to the in-plane Xy ™ Xy

transition which was found to be 3.2 % .2 Miz. With our assumption that
the asymmetry paramecter may be neglected the ?5C1 nuclear quadrﬁpole

coupling constant was found to be -68.4 * 0.6 Miz.

-

The calculatcd frequencies listed in Table 3 wefe oﬁtained by analysis
of the componcnts of'the'qbserved spectra due to the ?5C1 molecular isotoper
The transitions associated with the.moleculés posseSSing‘the:37ci'iso£§be‘
~ were then bbtained by using the same valués for HSS’ ﬂQN and HHFN and
correcting,HQCl for the differenc? in the nuclear guadrupole momeﬂts 

: Cc1 . S o S
and_H’HF for the difference in the megnetogyric ratio of the two chlerinc
isotopes. All calculated frequenéies were obtéined by collecting all transitions

within 0.75 MHz of another and weighting each by its electron magnetic
moment tran51t10n probablllty

~ It is difficult to make a complehen51ve analysis of the
electron distribution in the excited trlplct state wlthout_a rmeasure of

all the cawponents of the hyperfine tensor, ~ The similarity

‘:fof the nitrogen nuclear quadrupole

and hyperfiﬁe intcfactiéns in 8-chlbroquinoline'and quinoline and the
observdtion thﬁt the chiorine nuclear quadrupole coupli 34 constanf is
approximately the same as that 1eportcd for the gzound gtate of . '

6- chloroquinoline (69 256 1z ) and 7- chloroaulnollne (69 362 IHI)71
supports the assumption that the ChClth trlplct state of 8- chloroqulnollne

is e¢s scnu‘ally the samec as that of quinollnc
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VI. The ODMR Spectra of Paradichlorgbenzenc

A detailed analysis of the CDMR spectra:of Qaradichlorobenzene
. . 29 . s
(DCB] has been previously reported. In this section those results are
summarized with speciél attention to the detérmihation of ﬁhé-chlorine
nuclear quadrupole coupling constant. The DCB ODMR
" spectra is a.function of‘the parti;ularrtrap emission
monitored and the host material. We will ;iﬁit this discussién to the
shallow trép emission in neat'DéB.

As was the case with 8—chloroquinoline, the obsérved ODMR spéctfa
of DCB is due to the interaction of isotopically distinct molecular
species. . Thé fréctional natural ébundénéés.of the35C1 aﬁd37Cl‘isotopes
are approximately 3/4 and 1/4, respectively.] Sinéé there are two chlorine

nuclei per molecule, the fractional distribution of the molecular species .

are:
1  35c1 -35¢c1 = 9/16
II 35¢c1 -3¢c1 =" e/16
1irr - 37c -3 = 1/16. "

The spectra‘are treated as a weighted

stuperpositioh.of'the
ODMR spectra due to each of the threé hoiecular species. -

' TheAT -> T; {high frequencyf transitidné obser&ed‘using amplitude
modUlafion is shown in Figure 15. The reﬁaining two eléctron spin transi-
tions (rx - Tz'and T, Ty) have essentially Fhe same stFuctufe as the

spectra illustrated for ‘the T, Ty transition; however, the signal-to-:

noise ratio of the T, Ty transition was substantially lower.

3 _m_iﬁTable 4 the possible ESR transitions invelving the triplet

electrons and one or more chlorine nuclei are listed as to typé (a,8,C,
B,E, or F) and the molecular'species (X, II or III) which can undergo

each type of transition. The intensity of the transitions involving‘the
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electron and one chlorine spin (B and C) and thosc invo;ving the
veleétron and two chlorine spins (D, E and F) must be considered

separately. The raﬁio of ﬁhe intensities of the_tranSitiqné invoivinga
"a single 33C1 spin (type B) to those involving a single 37C1‘s§in (tyée'C)
should be three to one on thé basis of the ratio of 35él.to 37¢c1.  The

ratio of the'intensities of thebtransifions invélVing twé chloriné srins

is ligeyise ID:‘IE:IF = 9:6:1. |

The structure of the Tx - Ty electron'épin multiplet shown in

Figure 15 is labeled accordiﬁg to.the classificatioﬁ given in Taglé‘l--
Since the nuclear quadrupole moment of 35¢y1 isblargér,thah thét of 371
theiputer pair of the four stroné satellites are assignedvas type B

( 35Cl) apd the inner pair as fype C.tfansitions (37Cl).. As can be seen,
the ratio of the-intensity of the transitions iabéled B and C‘is apéroxi—
mately 3:1 as predicted. The outermost satellites in Figufe lS are:assigned
to simultaneous double chiorine'transitions‘(labeled.b and E on the
spectra). The intensity of these ﬁransitiogs is-approximatelyvin the pre-
dicted ratioc of 9:6. The transitions_COrrespondingvto simultaneods doublé
37¢1 transitions (tYpé F) are not obser?éd conéistent'with the‘small"
haturél abundance of the molecular species responsible_for'theée transitions,
.The inﬁer_pairrof saﬁellites (labeled E in Figure 15) may be‘considéred |
as simultaneous electron and35Cl and 37Cl transitions. The higher fre-~
quency satellite répresents a simultaneous electron spin tranéition,‘a
b;SCl (i-% +i%} and a 37c1 fi_%~+i_%f trénSitiop while the lbwéf frequenc§
satellite fepfesents the opposite cﬁlorine transitions. Thése transitioné

arefffH “separated by the difference between the 3°Cl and 37cl nuclear

quadrupole coupling constants. Naturally these occur for only those



'ENDOR transitions are listed'separately in Table 7. .
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molecules that have one 35Cl and one 37Cl isotope. Since the matrix

elements for these double chlorine transitions'aré of a different form

than those associated with the other double chlorine transitions, the
intensity of the inner satellites labeied E in Figure 15 may not be com-

pared directly with the intensity of the outer satellites labeled D arnd

E. All transitions involving both an electron and a nuclear spin

required several orders of magnitude greater microwave power tc obtain

intensities comparable to the elecﬁron only (type A) transition.

~ Chlorine nuclear transitions were observed via optically detected

ESDOR by saturating the ESR transitions a;sociated witb the T, > T? or

Tx > Tz manifolds. Both the 35Cl and 37Cl ENDOR resonances were observed‘
while saturating either‘ESR transition.‘ Figures iéa and 16b illustraté 
the 35C1 ENDOR resonances aééociated with the Tx’+ Ty.ané T, -> fz

transitions, respectively.

As an extension of the ENDOR experiments a 35Cl ENDOR transition

was saturated while sweeping the T T, microwave transition. Since only

the ENDOR time dependent magnetic field was.amplitude modulated and the
change in phosphoreséence infenéity detected with a lock-in amplifier

only thé ESR transitions that.invoive at leést one 3sél.s§in transifion
were detected. The spectrum obtained. from tﬁis experiment is shown in»

Figure 17. As would be expected, satellites assigned as simultaneous

_electron and 37Cl .spin transitions (labeled C in Figure 15) are not

observed. Finally, all measured frequencies associated with the three

electron spin .o

"zero—field transitions are givén in Table 6, while the 35¢1 and 37c1
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Following the discussion in Section IIT the observed spéctra are’

explained in terms of a Hamiltonian of the form:

H=H_ + H o+ H S (
ss LUyt Ty o , (111)
i i -
where the summation is over the c¢hlorine nuclei and H =A S I.
: : . ] » ; HE XX X X

The ODMR spectra were simulated by use of a coméute: program that
diagonalized the spih Hamiltonian and calculated_the ﬁransitién freguencies
and intensities. Thé spin Hamiltonian parameters used iﬁ simﬁlatiﬁg the
spectré observed while monitoring the x-trap emisgion ére listed in
Tab;e'S along with‘the approkimate valueé of HSS for the y trap and the
values reportea for benzené.79 The best value obtained for the 35C1
nﬁclear quadrupoie coupling constant was —-64.50 Miz (3%Ci‘=.—SOQ84 MHzf
and for.thev3scl hyperfine.ipteraC£ion A%x = 22 MHz (37¢c1: Axx'= 18.3 MHz).
The experimental and calculated ESR frequenciés_for the x ffap'of bCB

are listed in Table 6. ’with the pa;ameters used in tﬁe spin Hamiltonian
ail of the calculatgd transiﬁion frequéncies are ﬁithin exberimental error.
However, a small error in the calculatéd frequenciés is introduced éince a
wéighted average of the transitions éorresponding to a particulér type

was made..

Therbserved and calculated cﬁlorine ENDOR transitions associated with
the T, > T andvrx‘+'rz mﬁltiplets are listea in Table 7. Because of the 
large linewidth of the observed ENDOR transitions and because many ENDOR
vtransitions afe exﬁécﬁed_in a émall.range of frequenqies it.ié diffi;ult |
to explicitly assign.thé observcd.épectra to any pafticular célculated_ |
4tfansition. An additional complicat;on érises when'one considers.the 

transition moments associated with the individual transitions.  Since they.
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vary, one should weight the calculated spectra according to thé s@uaxg ' '
of the ENDOR transition moments and compare these spectra with the

observed. However the observed spectra are obtéined'under_saturating
conditions, and therefore intensities are practically meaningless. We -
fcompared only the range of calculated ENDOR frequéncies listed
in Table 4 with the expérimental results.
. S o . 78
From a second order perturbation analysis of the DCB ODMR spectra :
it has been shown that with the assumption that e gQ 1s negative, D is
positive or x < z, y. This result is entirely consistent withrpreviou5 
) 114y 179 E . '
experimental and theoretical = - studies of aromatic molecules
in wn* triplet states. Indeed this is what is observed for the lowest

<777

m* triplet state of benzene. The ordering of the interaction along

the two in-plane molecular axis is hoﬁever not immediaﬁely aéparenﬁ,

From the analysis ofvthe spectra of DCB Utilizing.phosphpfeécence ﬁdcrowave.double
fesonanse (PMDR)_ _ B spectroécépy.the éomponent'of the eleétron spin-spin
interaction along the molecular y (or shoftvin—plane axiS) has beeQ_

assigned as the larger of the two in-plane components of the eleccrpﬁ

H

spin-spin ten#or.
ESipg N " the zero-field splitting parametef; D and D*¥ (D* = (D + 32 ) 7)
‘are primarily a function of the size of the ﬁ system invol&éé in ﬁhe
excitation,{ the value of these parameters fof both DCB and benzene
. - ‘ -

shquld be similar if DCB is a _nﬂ* triplet. As can be seen in Table 5?
“the Qalues of D and D* for both ﬁraps of DCB diffe; from the_corresponding‘

-values for benzene by only a few percent which is strong confirmation of

the assignment of the excited triplet state of DCB as a nn* state. The
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"Zefo—ficld’splitting parameter E which is a measure Qf the anisotropy. : |
oflﬁhe-triélet-electron distribution invthe mole;ular plané is,'hokever;?
quite different for boﬁh molecules. If the benzene molecule possessed
DGh'symmetéy»in the excited state, E mugt be zero by syﬁmetry. The finite

value of E for benzene has been explained by de Groot and van der Waals
' 59,77

on the basis of a distortion of thevbenzehe'réng fréw the D6h to D2h'
A quantitative analysis of the E valuevof DCB is difficult:since

accurate wavefunctions are not ava}lable for thé Chiorineéy Howe?er,

from a simplevconsideratipn of thejpérturbationvof the triplet eiectron ‘:

distribution in benzene dge td the addition of f&o para-chlorines, it

‘ is éxpected that the.rz level will be 1owe?ed anglthe ry'leyel’raised in

energy. Since the E value of DCB is larger than the E value of'benzéne(

vthis model bredicté that in DCB the T; level is higher in énergy than the.

T, level.v This of course gives the opposite sijn of E for bCB as com- |

pared to benzene, and is consisfenﬁ with the ordering of.the triplet'énergy

levels previously obtained from.analysis of the phosphorescehce microwave

double resonance spectra. It is interesting

to note-fhat in 1,2,4,54tetracﬁlorobenzene (TCB)
the inclusion of chlorine inteféctiohs wouid éredict the rz_level to be
higher in energy tﬁan ghe fy level;vconsequéntly, thé_E valué,wquld have
the same sign as beniene.- Other substituted chlorobenzenes should have E
values between DCB and TCB. The importanée

" of the zero-field splitting of DCB and TCB is that

the presence of the chlorines acting as perturbations on the.éxcitéd state
of benzene raises the possibility thaﬁ the symmetry of the excited state of

DCB and TCB is different than that of the excited state of benzene. Aas has )
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been discussed the sign of E in part answers this interesting question.

The absolute valuc of the chlérine nﬁclear quadrupo;e coupling coné.

stant (eZqQ) in the excited state of DCB is significantly reduced compared_
to the.corresponding value for the groﬁnd state. With éﬁe assumptidn that.
the aéymmetry paraméter {n) may be heglected, the value of éZqQ‘for the
35C1 nuc1ci of DCB in its excited triplet state:at 1.3°K is -64.5 MH?.

The measured pure nuclear quadrupole resonance frequency of‘DCB in its
g?ound state at 4.2OK is 34.831 Mszzhich, if.n'is aésumed to equal zero,
corresponds to a vélue of equ of }69.66? MHz.  The assumption tﬁat.n may
be neglected is justified on the basis that equ is.notbchénged signifi-
éantly for small values of n and for theAground sﬁate of'DCB at room tem-
"perature n is only ()‘.08.?SO Indeed, from ﬁhe explicit dependence of eZqQ '
on the assumption that equ is simpiy twice the pure NQR transitioﬁ-
. frequency causeé a positive error in e2qQ of less than S%vfor n < 0.5.
The inérease of 52 KHz in the éure;NQR frequency of'fhe ground state of:_
DCB upon lowering the temperature of thé sampievfrém 77OK {v = 34.779'MH2)

. . _ . 81
to 4.20K (v = 34.831 MHz) is consistent with Bayer's theory .

whiéh
treats the temperature dependence of the NQR frequency in terms of the
molecular torsional motions. More:imporfant, however,; is the fact that
“the small change in the pure NQR t;ansition frequenéy indicate§ that thére
is ﬁp major physical change in the environment of the chlorine nuclei in
pCB upon'cooling. Therefore, the differencé in equ between ﬁhe ground
and excited states of DCB is cleariy due to a change in the.electric field

gradient (g) at the chlorines upon excitation. The magnitude of the

L. ~ : 2. . L .
decrease in the absolute value of e gQ upon excitation is interesting
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because: = a) the absolute value of e Q in the triplet state of DCB is
significantly less than the value reported for the grdund state of any
. 3 '
chlorine bonded to an aromatic molecule; and b) the decrease in

2%

3yu* state of 8-chloroquinoline

, . . .
Ie qpl upon excitation to the lowest
r
o o 42 . :
and 1,2,4,5 tetrachlorcbenzene is far less than the decrease in
X . _
le qQ, for DCB.

In contrast tb the electron spinfspin and hyperfine interactions
which are a function of only the triplet electrons, e gq@ is dependent
upon the distribution of all electrons. Since electrons in s orbitals
have spherical symmetry} they do not contribute to the field gradient.
A closed p shell also contributes nothing to the field gradient, and

82 S :
the field gradient in DCB

_following the anéiysis of Bersohn
caﬂ‘be gonside;ed as arising from a holg in the chlorinevpz orbital and
a paftiai hole in the chlo?inevpx'orbifal. The total contribution is due“
to two axially symmetric tensors whose majof axes are perpendiculaf. inﬁ
Taﬁle'B the'contributiqns tolthe fiela gradiént ére expressed in terms of

the number of holes in the P, and pz chlorineiorbitals.f The difference

2 : .
in e qQ for the excited and ground state may be written,
pea = e, -ave @
e g9 = e 4 _ 95 Q A -
where qT~and 95 refer to the field gradient at the chlorines in the triplet
and éround states of DCB respectively. Equation‘ll2 may be expressed in
terms of the'numbe:.of holes in the P, and px ofbitals‘aSA
, . e |
be"qQ = e[bT OG] - széT GG]Q o - (113)

where o, and o are the fraction of p,  electron holes in the carbon-chlorine

sigma bond in the triplet and ground state, respectively, while:GT and 5G
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are the fraction of P, electron holes in the m bond for the triplet éndA
groﬁnd states, respectively. Since Aequ is négative, éne of the

following condition§ must be met: é)voc > Opr OF b)6T>F§G. .If'OGAiS
greater than UT, the number of holes has.decreased along the carbon'cﬁlérine
bond, and therefore the chlorine nuclei are more successful in competing

for electrons in the excited state. However since the sigma eleéttoﬁs are
not involved in the excitation, this effect should be Qery'small. If 6&
is greater thaﬁvdG, the o#t—of:plane chlorine px.orbital has io;t electrons.
An increase in the number of holes in the P, orbital»wquld be‘the most

likely explanation of the decrease in equ siﬁce the chlorine P, orbitals
are allowed by symmetry to interact with the cérbon px‘orbiﬁals. 'The
increase in the nﬁmber‘of holes in the chlorine pé §rbi£al‘can come abouﬁ
from either an increase in the double.bond>character of the C-Cl bond or a-'
"bent" C-Cl bond. . Bray, Bérnés and Bersohn 0 has shoWn.thaﬁ althoﬁgh.tﬁe

overlap of the carbon and chlorine P, orbitals is reduced with a bend C?CL

bond, the chlorine px orbitals may overlap withvthe sigma system, conse-

‘ quéntly increasing the number of holes in the pX orbital of chlorine (GT)

relative to the number of holes in the px drbitalvin the ground state (5G);

Although it is not possible a priori to distinguish .between these two

sy e ias . . . 2 - S
possibilities the interpretation of the change in e g@Q as arising from a

bent C-Cl bond is reasonable in view of other experimental results.
The.phosphorescenée of DCB to the ground state in the 0-0 band is .
from all three triplet levels which requires that DCB has less than

symmetry in  its 3qax statefJg

Finally the measured value of thé out-of-
plane chlorine hyperfine interaction for the 3pn* state of 84chldroquinoline

{15 MHz) is approximately the same as that observed for the 3pg* state of
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DCB (22 MHz). However iﬁ 8—chlo:oquinoliﬁé the.chlorine nuclear quadru-
pole constant is'essentiallyaunchanged upon exéit;tion. In view of these
observations it seems reasonable to interpret the chaﬁge in equ as
arising from a bent C-~Cl bond. |
As we can see, ODMR'offers manyvneﬁ possibilities‘for the meésurement
7§f the nuclear quadrupole cbupling consfants in excited triplet states.
'The.excellgqﬁ_sensitivity.ob£éined with optical
detection coupled with the accuracy of the measurement
in zero field providés_a-hew technique to
pbtain a detailed knowledge of the electron distribution “and molecular.j '_ -
geometry in excited states. We fully éxpect_that.thege techniques will'
be apélied to a variety bf«problems associated with o;ganic moleéules,
iﬁorganic molecules,‘semiconductorsvaﬁdlvarious color centers in ionic
solids; it has not been.our intention to be eXhaustive‘in this chapter;
but rather to lay down a basic working knowledgé of the tﬁeory aﬁd

experimental methods to allow these techniques to be easily adapted to’

other questions and problems.
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TABLE 1

an f'

Techniques of Optical Detection of ESR

Excitation Optical : Microwéve

Light Spectrometer , Modulation
1) cW.  No . No
2) C.W.. Yes _ No
3) Chopped Optional No
4)  C.W. Optional AM.
)
5) C.W. ..  Optional CF.M.
6) C.W.  Sweep - AM.
7) Sweep Yes ‘. AM.

 useful in studying the pat:

T Advantageé

~ measure absolute change in

total emission

Measure absolute change in

~emission of particular vi-

bronic bands

Improvement in S/N over Methods
1 and 2 by narrow band chase
sensitive detection of the

"phosphorescénce
ietect only the chaﬂbv in-
emission from either the total

emission or a Darulcalar v*-

E bronvc band

detect the derivative of the

" spectrum, helpful in resolv-

ing spectra

detect only the emission from

.v.2‘of the 3 sublevels while
' sweeping the optical srcectrum

o
ways of 1ntersystew crossi
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TABLE 2
Spin Ha.milténian parameters énd triplet lifetimes of‘v the “nn*
states of 8-chioroquinoline and quvi.nolline.- .
8-chlorc3quinoline o quinolirﬁc ,
in duwrene (l..3°K) _ in durene (1.35°K)7
Y (Miz) Cowaks. 1528.5
z (mz)  ss5.5 ~ 528.0
X (wiz) ~ -1970.0 . 20%6.5
o (MHz) 2399.5 B | 2556.75
B (bmz) 429.5 . -500.25 -
A'xxN(mz) - 19.5 B - .C
2,5 (ia) B
equ(“N‘)d(r-mz)'_ 4,27 o - | o k.o
e2qa(5c1) (1tz) -68. e
: 'fx (s00) .. 51 ) L 3 -5-0 .
A (sed) o om oz
T2 (sec) 21 ’ o R

% data from reference 72
D Uith the definitions D = - 3/2X and E = - 1/2(Y-2)
€ Qata from refercnce 64

¢ yith the assumptions e“qQ('*N) = L/3(y-z) |

¢ data from reference 26



. TABLE 3 - ' }-1C§5(:u{‘}:d arxd&c&%cu%tgﬁ} 1221{ Bfrax%?:i_t,%on: of ic .jJU_I"" state of
‘ of 8-chloroquinoline
T e e " Measured. 7 Calculated = 777 7
[ T frequency frequency : Classification
) (0.5 1tiz) - : B . '
a) T, Ty _ ) ‘.
3422.8 3422.7 E
3419.5 © 3419.5 - C
3416.5 3416.5 E
3415.3 3415.3 F
3412.0 3412.1 D
3409.3 : 3409.1 F
3388.9 3388.3 B
3385.9 "~ 3385.1 A
3382.7 3382.2 B
3361.2° 3361.1 ' F
3358.1 3358.0 D
335h.5 3355.2 . F
3353.9 3353.9 E
3350.9 3350.8 o
3347.6 3348.0 E
b) T T - S o
X - Z _ : c
' 2562.3 2561.9 ' E
2559.3 2558.9 - C
2555.8 2555.7 2554.8 - E,F
[ 2552, 3 2551.8 D
2548.9 2548.6 F
2525.5 252h.9 A
2501.7 - 2500.9 - F
2498.0 .- 2498, 1. D
2Lgh It 2493.6 2495.0 E,F
2ho1.0 - . 2490.8 c .
2487.9 2u87.7 E
c) T2 7 Ty 4
898.1 897.9 E
895.6 -894.7 C
891.7 891.6 E
890.7 - 890.4 F
838.2 . 837.3 - D
- 884.3 - 834,2 F
- 863.8 864.1 B
860.1 860.2 A
857.3 857.k B
836.4 836.4 F
- 833.5. 833.4 D
830.8" 830.3 F
829.8 829.4 E
826.5 826.0 c
00 23.2 E

79)




s

-

Transition

Type

A

Ud3Uu2400

e oo WTABLE 4o

(80)

ESR Transitions in Paradichlorobenzene

- Simultancous Transitions

Electron Spin
D vmm 3‘5 .
. Electron and ~7Cl Spins
Elecctron and >7¢1 Spins’
" Electron, ~°Cl and ~°Cl Spins
 Electron, ~°Cl and ~'Cl Spins

Electron, 2701 and 37Cl.Spins

Moleculur Epecies

I, IT, Iil

I, II. |

11, iII_

I ' )
II

IIT
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TABLE 5

N !
N 1

Zero-Field Splitting Parameters (Miz).

Paradichlorobenzene ¥ = Benzene -hs

X Trap (1.3°K) Y Trap (4.2°K) ~ In Bensene-dg (1.9§°x) |
X 298875  © -2987.7 - '_ -3159-8,»
Z 616.07 6su.h 17694
v 1 2372.68 . ‘2313.h - N - 1385.0 -
o Wes.n3s  MsL6 . k73e.
it -878.31 o Q829. s O agee
D f 4733.8 | | 677.7 | N | o br93.2 _
equ. -6k . . _‘ .'. o '  -
A)__X(B‘SCI) 22 - - ! . .
$

In order to be consistent with the standaid ESR definitions we have

defined .
| D = -3/2X and E = 1/2 (2-Y)
T Data from reference 77 expressed in our axis system.‘

Phosphorescence origin: X trap (27838 ca™!) and Y trep (27807 cn™t).
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the 2wn¥ State of Paradichlorobehzenc_(X Trap)

Measured-

‘Frequency (Miz)

.a) Tx_*.Ty

5426.7

5419.6

5394.56

5387.86 . -
5368.73

5362.20

5355.13

-5336.67
5329. 7k
5303.8
5296.5
B T2 T, 3636.03
‘ : 3629.65
3611.18
3604.19
3597.69
3578.90
3571.83

e} T~ - 17911
‘ z ¥y 1758.2
1724.5

PEOO000000 D

ey

. _TABLEG6 .. .. ... . ..

‘Calculated ,
Fregquency L

 Measured and Calculatcd’ESR Transitions of -

(82)

Classification

5405.91

5L419.56

539L4.62
5387.79
5368.89

5362.1%

- 5355.12
. 5366.50
. 5329.75
. 5304,11
5297.35

,-'3636.13 |
- 3629.5%

3611.04

360Lk.10
3597.43

3578.89

3571.99

1791.13 - -
. 1758.05 1
1726.55.

.amwow>wowmw'

W w u:c:him?ufn3w .

* Estimated value of the standard deviation ¢ -
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Measured and Calculated Chlorine EWNDOR Transilions of

30 o . . . :
- the “in* State of Feradichilorobenzene (X Trap)

Measured Frequency : " ' - Calculated Trequency
in MHz (2.05) L in Mz (range)

T - 'T. 'Nanifold
o mol wss . - mo

2

3701 25.12; 26.00 2,94 - 26.09

‘7 - T Manifold
X . 2 R

%1 3L.75; 3313 3L.53 - 32.9%

'3701_ 2k.g4; 26.19 o . ,, 2k.79 - 25.90’
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Chlorine

Orbital

1)
X

P
z

02404 :

(84)

Contrivutions to ithe Chlorine Maclecar -

Quadrupole Coupline Constant

Contribution to

lloles . v o ' 1& Y_z__z_
5 o -8g/2 - -8g/2
o -/ 2 -og/2 oq
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Figure Captions

Fig. 1 Relaxation pathways and rate constants for the triplet state.

Fig. 2 Relaxation pathways and rate constants considering only two

of the three triplet levels (see text).

Fig. 3 Population change predicted for ESR (b &d) and ENDOR (a b))

transitions.

Fig. L Encrgy level diagram for the triplct“and one I‘= 1 nuclear:

_'spin'considcring-only the Ax# hypeffine éomponcnt}

Fig. 5 ODMR spectra predicted for the energy level diagram shown in:
Fig. L.

Fig. 6 Energy level diagram for the triplet and one " I = 3/2 nuclear
spin considering only the A, hypeffine component. |

Fig. 7 ODMR spectra prediéted for the energy level diagram shown in
Fig. 6.

Fig. 8 Encrgy level diagram for the tripiet and one I = 3/2 nﬁclear

| sgin>considefing only the Azz hyperfine éomponeht. » |
' Fig{.9, ODMR spectra predicted for the encrgy level diagram shown in

Fig. 8.
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Fig. 10 Experimental arrangement used in performihg ODMR experiments in

zero field with amplitude modulation of the microwave field.

Fig. 11 ~Experimental arrangement for optically detected ENDOR in zero
ﬁagnetic field. An enlarged view of the sample and ENDOR coil
schematic is shown on the left.

Fig. 12 The T - T , T. > T and T - T_ optically detected ESR

X y X Z z y : ’ .
transitions in 8-chlorbquiﬁoline using relatively high'microwave
power. The .1, transition was obtained by:performing an

. EEDOR experiment.

' Fig. 13 = Optically detected 35¢1 ENDOR 6bserved while satufating the

T > T_ multiplet.
y Z
Fig. 14 Energy level diagram for 8-chloroquinoline.
Fig. 15 ODMR of the T 4‘Ty multiplet of parédichlorobenZene.

Fig. 16 3°Cl ENDOR resonance associated with the e Ty'and Tx +'fz

electron spin transitions.

- Fig. 17 85¢c1 ENDOR pumping of the Tx_+ Ty multiplet.
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a) Tx— Tz

Vo = Z-X
| T
I b
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LEGAL NOTICE

Thzs report was prepared as an account of work sponsored by the
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- ~States Energy Research and Deve]opment Adm1n1stratzon nor any of -
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any legal liability or respons1b111ty for the accuracy, Comp]eteness
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dzsclosed or represents that its use wou]d not infringe pr1vate1y
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