Lawrence Berkeley National Laboratory
Recent Work

Title
OPTICALLY DETECTED MAGNETIC RESONANCE IN ZERO FIELD

Permalink
https://escholarship.org/uc/item/6fg66194

Authors

Buckley, M.J.
Harris, C.B.

Publication Date
1971-02-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6fq6619z
https://escholarship.org
http://www.cdlib.org/

P -
YA

Submitted to Journal of : UCRI1.-20390 Rev.
Physical Chemistry Preprint ('} o R

sep 20

OPTICALLY DETECTED MAGNETIC RESONANCE IN ZERO FIELD

M. J. Buckley and C. B. Harris

February 1971

AEC Contract No. W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

- W,

LAWRENCE RADIATION LABORATORY
UNIVERSITY of CALIFORNIA BERKELEY

A9y 06€02-TYON

o



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



~iid-

‘QPTICALLY'DETECTED MAGNETIC RESONANCE IN ZERO FIELDT
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- ABSTRACT

"The dependence of.the sensitivity’of'optically detected magnetic
resonance on the_intramolecular energy transfer processes is developed
along with the explicit form of the spin Hamiltonian used in optically
detected magnetic resonance in zero field. The main features of the
optically detected ESR and ENDOR spectra in zero field for molecules
with I = l and I-= 3/2 nuclear Spins is developed and illustrated-
by analys1s of the spectra of 8- chloroquinoline in its nn*‘vtriplet

state.
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I. Introduction

Since the success of optically detected magnetic resonance (ODMR)
of the lowest triplét'state of'organic molécules ié highly dependent on
the naturé of thebtriplet S§aﬁe, a short review of some of the important
perérties of the triplet state 1s given., There are several goud review

_ (1—3) ' articlest™>

on the triplet state to which the reader is referred for a
more complete discussion. The‘histOricél development of ODMR and a sur-
vey of‘experimental results is then given, followed by a section that
dealsvwith the sensitivity of ODMR and ENDOR in the framewqu of intra-
molecular energy tranéfer processes. Specifically, the effects of radi-
ationléss, radiative, and Spin—lattice relaxation:processes on the over-
all sensitivity of ODMR wiil be considered explicitiy. The,remainder of
fhé paper»wili deal withrthé fbrm of_thé spin Hamilfonian in zero—field 

followed by the analysis of the s* triplet state of 8-chloroquinoline.

A. The Excited Triplet State in Organic Molecules

~The ground state of most organié molecules consists of a singlet
eléctfon configuration in.which all the electrons have thelr sping pai-ed.
The molecule may be excited to a higher energy electron configuration by
the application of electromagnetic radiation of the appropriate energy.
We will primarily be concerned with the excited electron configurations
| produced wheh one electron in the hiéhest bonding molecular'érbital (¢A)
.is promoted to the lowest antiﬁonding molecular orbital (¢B). Since

“electrons have a spin of 3, there are four possible orientations for the
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two unpaired electrons, which, if we let"q equal spin up and B equal

spin down, may be represented as,

a(i)_a(e) s =1 sfe1

a() B2)  S,=0 = 82=0 |
B (@) Sy=0 =0
CBB(R) | Sp=a1 s7-

This representation,.however, is not satisfactory since the electrons
dbey 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 spinufunctions to be eigenstates of g%
and S The spin funotlons a(l) a(2) and (1) B(2) are clearly eigen-
states of S ‘and S, since S =1 for both and S = +1 and -1
respectively We can-generate the .S =0 component of the triplet
spin state by applying the lowering operator to the a(1) a(2) - state

which gives us the de51red spin function,

3 3y : [l/ “\'/—2]‘[@(1) 8(2) + B(l) a(2)] - (2).

o

© The renaining_spinvfunotionAis-a singlet._»
s /Rl () - 8D a(]  (3)

- and, inﬁoontrast:to~the3triplet spin functions, is antisymmetric with
-respect'to electron exchange. The spatial.part of the eXcited'state
electron wavefunction may be represented as a symmetric (+) and anti-

symmetric ( ) linear combination of ¢A and ¢



v, = [/ VRl () ay(2) £ () g(D] (W)
Since_the'total wavefunctien 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 fuaction,
g - (ti/ V2105, (1)p5(2) + 6,(2)p,(2) J) (7 Vo3ie(2) ac2) - (1) ()
| | o | (5)

and a triplet: state with an antisymmetric spatial function and a symmetric*"“

spin function

o - a(1) a(2)
o= [/ (2l (1)gy(2) - g,(2)g,(1)] - [1/ J2]la(1) B(2) +B(1) a(2)]
| | B(1) B(2) ©

The repulsivevelectrostatic interaction between the two unpeired electrons
gives rise to a term_in the total Hamiltonian equel'to.ee/rla, where e

is fhe electron cherge and r,, 1is the vector connecting the two electrons.
| This termvrehoves.the degeneracy of the einglet and ﬁriplet states ahd
results_in.the singlet state going to higher eneigy while the triplet state
is‘ehifted to lower ehergy'with an energy separaﬁidn befween the twe states

of
2 -7 = 25 o (D

12

'where 8l2>:is the exchange integral given by’



e

By = < (Vey(@) | ery, | gy(2e (1> (8)

" For most organic molecules 28, is 1000 to 10000 em™ ', As we will

see inlthe'discuSSion of'the7spln Hamiltonian, the inclusion of the
electronvdlpole-dipole interaction removes the three fold degeneracy_of
the.triplet‘state.b This splitting is usually referred‘to as the Zero
field splitting and ision the order of 0.1 cmfl.b An additiOnal contri-
bution to the zero field splltting arises from the coupling'of the'spin
and orbital electron angular momentum and is of the form A(L s) where

L and S, are the spin ‘and orbltal angular momentum quantum numbers
and__Ah is a constant that depends'on the particular molecule'being con-.
sidered. The effect of ‘the spln -orbit- Hamlltonlan 1s to mix states of
dlfferent multip11c1ty and, therefore, to give 31nglet character to triplet
states and v1cevversa. _The most 1mportant consequence of thls is tovpermlt
the'triplet:state“to undergo weak electric dipole radiation to‘the ground
state'(phosphoreseence); the”intensity from each of the three triplet sub-
»‘levels'being a functionvofbthepspin-orbit_coupling to both the excited and
ground singlet states. -

' Since the sensit1v1ty of ODMR depends upon the number of molecules

in their trlplet state, an important consideratlon 1s 1ntramolecular
energy transfer processes. Follow1ng exc1tation, a molecule’ may lose
energy by radlatlve or non- radlatlve pathways.‘ Phosphorescence (Tl - So)
- ‘and fluorescence (Sl - So) comprise the radlatiue pathways and proceed
with rate constants on_the_order of 10* to 10™2 sec™* and 10° to 10°

- sec , respectively. The longer lifetime for phosphorescence results
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from the fact that the.triplet'state’is spin-forbidden for electric di-
pole radiation to the ground State. |

The molecule may also lose energy through_three'non-radiative path-

- ways:

1) Vibrational Relaxation -- or passage from a non—ecuilibrium‘:
vibrational energy.distribﬁtionAin‘a giveh electronic state to the
Boltzmanh energy distribution felétive to‘the zero point energy of that
éaﬁéZState; This:précéeds primariiy'by a non-radiative mechanism with
é rate.constant-of a;ppi;bximately‘lo12 sec™t.

2) ‘Internal Conversion -- or radiationless passage between two
electronic states of the same spin multiplicity; This pathway also has
a fast rate:éonstant"of'approximately 10t% sec™1,

3) TIntersystem Crossing -- or radiationless pascage from an elec-

tronic state in the singlet manifold to an electronic state in the triplet

manifold or vicé versa. This pathway is slower than the other two and

18 on the order of 10% to 102 sec™’.

'Althdugh the exact'mechanisms Of”intefsystém ¢crossing are noﬁ completely

undersﬁood, it 1s generally found that at liquid helium temperatures
(h.2°.K)‘the triplet sublevels of the lowest triplet state have unequal.
ﬁqbulatiqné bgcause of ﬁhedual intersystem crossing rates into the in-
dividual magnetic sublevéls\viaispin_orbit and spih:vibronic coupling'

and uhequal‘depopulating rates. Consequently; a state of spin alignment
caﬁ exist.for:the.éléctron spins.u, The Qarious‘rate cdnstaﬁts for energy
fransfer, the'exiétence of.spih aligﬁment, and the spin lattice relaxation
rate Between the triplet spin sublevels are allvimportaﬁt factors in 

determining'the senéitivity-of ODMR.



(5,6)

(7,8)

(9)

(10,11)

hypothesis was not universally accepted.

6.

B. The Historical Development of ODMR

The development of any,fiéld of science is difficult to trace since

- every advancement is dependent on the work of many previous researchers;

however, we will choose for the starting point of this discussion the
extenéive_étudy'of'the phosphorescence of organic molecules by Lewis and
Kasha5’6'in 194k, In their series of papers it was propOSed that the

phosphorescent state of these molecules correspohded to their lowest

: triplet state. This'hypotheSis was strongly supported shortly there-

after by‘maghetic susceptibility measurements7’8

which showed that small
_changes-in'the sﬁSgéptibility were observéd upon'irradiatioh of the
samples.

| 'vAs wiﬁh'any hajorvchange.in the existing pgradigm of science, this
9 The'ﬁost distressing aspect of

the hypothesis was the failure to observe the predicted electron spin

vréSdndnce‘(ESR)ﬂdf the'phdsphorescent state. The problem'was resolved in

10,11

1958 When Hutchison and Mangum succeeded in observing the ESR of

naphthalene'in its phosphorescent state and showed conclusively that fhe

phosphorescent state was a triplet state. The experiment was performed

on a singlevcrystal of naphthalene doped in durene using conventional

techniques"in which the absorption of the microwave'energy was monitored
whilekvérying'the applied magnétic 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 parameter -

qan usually be measured with randomly‘oriented samples, the separation

§f’the.threé‘level$ Qf‘thé triplet could not be determined. In éertain

L



(12,13)

(1k)

(15)
(16)

casé$12{13_the three levels can be aésigned but the assignmént.is diffi-..
cultland the method has not been used ofteﬁ; The'limited sénsitivity of
ESR ;hd the difficulty of ?reparing'sihgle crystél samples has restricted
the number of mblecules’ihvestigated.' Only a few (~lh) molecules in
singié crYstals havé been reﬁorted fo,date'usihg convénticnal methods
and'they are all charactériZed by relatively_long lived mn-n¥ triples
states;'v | “ '

“The next major>chahge in the existing paradigm occurfed in 1965 when
Geschwind, Devlin, Cohen.and Ch-innlLL reported the optical detection of
the ESR of the excited~me£a$table ‘E(2E) state of crt3 in A1203, In
this classic experiment they showed that the optical rf double resonance
teehni@ues fir§t suggested by Brossel and”Kaétlerls'and widely uéed in
géée516 couid éls@ belapplied'to solids.’ The_expériﬁent was performed
using a high resOlutionioptical épectrdﬁeter to monitor the changé in
intensify of one of the Zeeman'éomponents of the phospho&escence
[E (*B) » "A;] as E was saturated with microwaves when the magnetic

fields was swept through resonance. The resonance signal was observed

by modulatihg'the microwave field and detecting the resultant modulation

of.the optical emission. Since optical:rather théh microwave photons

are aefecﬁed, the sensiti?ity:may.be increaséd several orders of magnitude
over convéhtional ﬁechniques, Astah'éXample,_at temperatuies bélow the

A poipt of helium the resonahce could be observed directly oh an oscil-
lOSCOpé without theineéd for phase sensitive detection. The success in
optiéally detecting the elegtidn spin resonance of a.metastable sta*te

led several research groups to attempt to apply thevsame principles to
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the_épticél.detection.of.the ESRvéf organic molecules in their lowest
~triplet staté. _ - _ |
In 1967 the first successful expefimenﬁ was reported by Sharnoff
(17) ~ for the M2 transition of ﬁaph‘bhalehe.ll? In this experiment a
| siﬁgle crystal of biphehyl'contéining O.l'm¢ie percent naphthalgne'wﬁs
placéd in a micfowéVe cavit& whére.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 phosphorescence isolated
with a detector consisting of a linear polérizer and a low resolution
':spectfometer. Thé microwave field was modulated at ﬁo Hz and the signal
‘detected by feeding the oufput of the photcmulfiplier into a phase sensi-
tivé_amplifier. in thié.exberiment‘it was shown that the radiative matfix
elemenfs connectihgvany triplét Subievél with the ground singlet elecfronic
level are functions of the magnetic qﬁantum numbers of that sublevel.
At»this.point ﬁhe develoﬁmehtjbf ODMR of the lowest.triplet state of
_organic molecules -entered a new phase.'-wa that this neﬁ ﬁethod was shown
' fo be_applicéble to these molecules the research centered around improving
the baéic techniques and using this new tool to,gainvinformation on the
_ Various phgnomené'aésociated with the triplet state. _

(18) : - Shértly'aftef:Sharnoff's paper, Kwiram18 reported the optical detec-
tion éf the AM =1 and AM = 2 transitions of phendnthrene in its
:triplet_stété. ;n thisvinvesfigation the experimental methods were the
Same as those used by Sharnoff except that the microwave field was not
.modulated while the ex¢iting énd emitted ‘light was chopped antisynchro-

nously at 50 Hz. The,SO,Hz output of the photomultiplier was converted



(19)

(20) -

(21)

(22)

(23)

to DC by a phase sens1tive detector and fed into a 81gnal averager.

The observed change in 1ntens1ty of the phosphorescence at the three

transition frequenc1es was used to aSS1gn the spatial symmetry of the

‘triplet'state.
Schmidt, Hesselmann, De Groot and van der Waalsl’ alsn repncted

the'opfical detection of quinoxaline (dg) in 1967. Their experimentel.

vprocedure was basically the same as that nsed_by Sharnoff, except that

Vthey modulated the magnetic field with and without amplituQe modulation

of the microwave field. They were able to show (1) that the emission

originates from the top spin componert (out-of-plane), and (2) from

_ phosphorescence decay studies; thaﬁ'entry into the triplet state by

intersystem crossing is also to the top spin component.

In 1968 Schmidt and van der Waals“C extended thz almest zero field

 work (3G) of Hutchison's grou.pal by optically detecting'the Zero;field'

transitions of molecules in their triplet state at zero external mag-

' netic field. Since it 1s necessary to vary the microwave frequency in

order to observe the resonance in zero external magnetic field, a helix -
was used to.couple the microwave power to.ﬁhersampie. The observed
signals_werevextrenely sharp and in the case of Quinoxaline (ds), showed
fine structnre,wnich was tentatively explained on the basis of a first
order nitrogen‘nuclear quadrupole anq second order nitrogen hyperfine

interactions. The structure was explained quantitatively in a later

: 22 : : ' Lo
paper in terms of a Hamiltonian incorporating these interactions.

Tinti;’El-Sayed; Maki and Harris23 extended the method cf optical

detection in zero field by incorporating a high resolution. spectrometer



(24)

(25,26)

(27)
(28)

(29)

(30,31)

-10-

and studying the effect of the microwave field on the individual lines

of the phosphorescence Spectrum'of 2,3-dichloroquinoxaline. They showed -

that the use of a high resolution spectrometer will give better sensitivity

in cases where there is mixed polarization of the phosphoreScence, since

if the total emission is monitored, the change in intensity due to the

microwave field may be partially cancelled. The sensitivity was excellent,

and in fact, a very strong signal was observed using C. W. conditions for

Both the'microwave'end oﬁtical radiations. The observed structure of the

zero-field transitions was explained quantitatively in a'latervpapergh by

‘Harris et al., in which optically detected electron nuclear

in 2ero field

&

double resonance (ENDOR) was also reported. Several other

papefs.follOWed on the observafion and:interpfetation of nifrogeﬁ ENDOR

25,26

and was extended to ~>C1 éndIB?Cl.by Buckley and

2
Harrls. T Optlcal detectlon of electron electron double resonance (EEDOR)

was reported by Kuan, Tinti and El-o&yed 28 and was demonstrated to be a

method of improving the signal strength of weak zero-field transitions

Jif emlssion is from only one of the trlplet sublevels.

As a consequence of th newness of thls field most of the ODMR

studles'to date have been on molecules previously reported using conven-

tional techniques. However, molecules with short t?iplet lifetimes which

cannot be obéerved by conventional methods have received considerable

attention and the resonances of several new molecules have been reported.

Several interesting physical phenomena result from the coupling of

the triplet sublevels with a coherent microwave field.29 Both adiabatic

30

fast passege

the populations of two of the triplet sublevels.

and coherent microwave pulses31 have been used to invert

It has also been proposed

w:



(32,33)
(34)
+« (39)

(36)
(37)
(38)
(39)

£3

11~

that nmicrowave driven quantum beats should be coservable ir triplet

phosphorescence in essentially the same fashion as experiments in which

33

luminescence is monitored. In addition to these

34

atomicS and rare earth

and transferred hyperfine and nuclear

35

quadrupole interactions from host to guest molecules”” has been reporteq.

experiments level anticrossing

Once of the most promising épplications of magnetic resonance is the
investigation of exciton interactions in crystals. Wolf and his co-workers

using:conventional ESR techniques have observed energy exchange between

pairs of naphthalene (hg) molecuies as nearest neighbdrs'in an isotopically

dilute éyStem,36 and triplet excitons in pure crystals of naphthalene and

37

anthracene single crystals. ‘SHarnoff has reported the ODMR of tripleﬁ

-

excitons in a single crystal'of‘benzophenone;38 however, his results have

39

been'questioned.3h Recently, however, Francis and Harris~” have used ODMR

td observe coherent migration of triplet Frenkel excitonsvin molecular

_crystals and have measured the density of states functions of the exciton band.

ﬁ In‘cpnclusion, ODMR has developed into three basic areas: 1) the study
of thé electron districution of organi; molecules in their triplet state by
analysis of the zero field, nuclear guadrupole and hyperfine interactions,
2)’investigations into the ihtiamolecular as well as intermolecular path-
ways and rates of energy transfer in trap molecules by analysis of the ODMR
signal as a function of time for various vibronic bands in the phosphorescence
spectrum, and.3) as a tool to investigate the energy levels ahd dynamic
properties.of exciton bands in molecular crystals,

.The following discussion, however, will be restricted to the first

\

of the above areas.
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+ II. General Considerations

' A.  Sensitivity Considerations in the Optical Detection of ‘ESR v “

We'will consider experimentsvperformed ﬁnder conditions of continuous
opfical excitation.while mohitoring the change in intensity of the phos-
phoresCenée as a function of the applied microwave field. rA‘similar
'analysis dfbsome of these processes has reciently appéared in print (see

referénce hO);f‘Ohly the case in‘which‘the triplet state is populated by
excitation Qf'the'éampie into ﬁhe first excited singiet_state followéd by
intersysten crossing into the triplet Staté will_bevconsidered. For |
moleculés with reasonably’high‘symmetry'(i.e., Déh, Cops, and Cgv) different
modes of populating thé triplet state.mgy produce different spin alignménts;
h0weVer; the saﬁe cOnsiderationsfapply in calculating the sensitivity
iéchieved uéing ODMR. |

The‘radiative and-non-fadiative.pathwéys for_energy_transfér ére
depicted in Figﬁ;'re 1, whéré[SZX is the population of the lowest excited
singiet éﬁaﬁe,ENgyx-= X,¥,2) is fhevsteady state populafion of the
'éorresponding triplet levels, K;X is the intersyétem crossing ratevconstant
‘from S; to‘Tl,.Kx is the radiétive or phosphorescence rate constant for
rélaxgtionlta SO, Knx is tﬁe non-radiative decay or relakation rate cohe
S£ant,ffom Tl to‘So,vlexg(xl %'xgj is .the spin laﬁticé relaxation rate

constant and Pyiy=(Xy # Xz) is the induced rate constant due to the

C

appliéd'microWave'field (Hy).  When the microwave field does not connect
any two. of the zero field levels of the triplet, the steady state popu-
lation is given by setting Pxixz = O. The application of the microwave

field at a frequency corresponding to the energy



separation of two of the levels (i.e., v = (B - Ey)/h) will introduce

~a new pathway for relaxation causing redistribution of the population

which in most cases résﬁlts in a change in the phosphorescence ihtensityu

_Since'optical,'rather than microwave, photons are detected, one would

expect the sensitivity to be improved in proportioh to thr ratic of the

_eneréies of the photons, Which, for a typical molecule, is approximat:ly

3 x_lOS. The actual change in the phosphorescence ihténsity,'however,
is a complex function of the variéué relaxation rate constants. There-~
fore, the aétual improvement'in sensitivity will depend on the molecule
under Study.

,In'bfderﬁto derive_a reaSonabiybsimple‘quéntitative expiession for
the'chanée inkintensity of the phosphorescence; the‘fhreé following
assgmptions will be made: | B

'l)’ The splitting of thé_threé'tripiet'zero field levels by nuclearvv
quadrupole and nuclear hyperfine interactions will be neglected,

2) Only the two levels éonnecte@ by the H, field (jx and f&)
will be considered,‘and | |

3) Only the steady state condition dly/dt = dNy/dt = O will be
considered for both‘the case when H, = 0 and H, # 0.

..rhe first assumptioﬁ will predict too great a change in intensity
if the indivicdual triplet levels are split by morevthan the frequency
width | of the H, field, since'in this case the»Hl field will allow
an additioﬁal_relaxation pathway for only a fraction of the population of each
tripiet_level at any given-fréquency; The second assumption will intro- |

duce an error in the expression for the percentage change in intensity



14~

since the iﬁténsity contribution from the level not connected by the H,
field (TZ) is neglected. This_assumptidn also requires that tﬁe spin
lattice félaxation rate between T, and Ty and between Ti and Ty
be négléctéd.vahis is usuéliy valid since the éxperiments are performed
at or_beiow'h.2°'K.. The th;rd aésumption requires ﬁhat the experiment
'bé.performed‘using C. W. microwave conditions or modulating the micfo—'
Wéve fiéld_with-a frequency lower than ﬁhe.total rate constant.of the

. system. .

The:differential,equatidns'déscfiﬁiﬁg thé populationiof the levels

shown in Figure 2 are

X _ q- _ . _ _ .
® - S % [Knx}+ Ky + Wy Pyl + N [wyx + Pl (9)
Y sk ow e x B |
B Y = sk, -N K +¥X +w_+P J+N W _+p ] 10
. dat . Sy Y oy y yx Xy© X xy  xy (10)

With the definitions

s
]

K _+K +W_+ P
. nx XXy Xy

B = W. +P |
L2 E xy | |
S s (1)
+ K +W_+.P

y T lyx T xy

KA

D = W __+P
Xy

4

Equations 9 and 10 may be rewritten

rralie Slle - NA+ N&B - | (12)
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¥ - - NC | :
3% SlKJy _1\1y foD , (12)

The steady state assumption allows us to write

X = - =
T = 5K, -NA+ NyB 0 (14)
: dNy -
T = lely - NyC +ND = O (15)

Upon solving Equations 14 and 15 for the population of the triplet
levels, we have

- 8y leky, o+ BR ]

Nx = AC - BD (16)

and
"N - .sl[AKl_y + Dle] | (17)
y T TAR-®
The intensity of the phosphorescence detected with an optical

spectrometer may be written

I = a,NK + OLENyKy . - (18)
v\rhere_.oul and a, are constants that depend on the polarization of

the emission, the orientation of the sample, and the efficiency of the
1 = %ps which

allows the fractional change in the intensity of the phosphorescence

detection system. The assumption will be made that a

upon ‘application of the H, field to be written



6.

I-1I, I o '
AI =. Io = 'f - l . . (19)

where I, is the intensity of the phosphorescence when P&y = 0. With
this condition, itfis'¢onvénient,to define the'parameters given in

Equation 11 aé

a = K _+K +W
nx - Tx 0 xy
'b=Wyx . ..
: ' s . (20)
¢ = K +K +VW : : = ’
oy Yy oy
4 = W_
xy.

If both of the tfiplet.levelsyare monitored, the fractional change

in intensity of the emission is givén by

k.. (AK& + BK ) + K, (CK_+ DK )][ac - bd]
Ax (aK +bK) + le(cK + dK )][Ac - BD]

-1 (21)

In some cases it is possiblé to monitor only‘one of the triplet levels
connected by the Hl'fiéld,in which case the éhange in intensity of
.emission from' the T and Ty';levels are given by

' bd ]

+ DK [ac - o
AL, ‘[cK + bKi TAC - BD] | 1 . (22)
a.n. - .
[AK, + DK J[ac - bd] | | |
[aKl +aK ]EAC =3 o | (23)

Three.limiting cases will now be discussed in order to examine the
‘effect of the magnitude of the various rate constants on the sensitivity

of the experiment.

(o
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Case #1, The Effect of the Radiative Rate Constants

For this case the additional assumption is made that the non- -
radiative and spih lattice relaxation rate constants may be neglected.

.The parameters defined in Equations 11 and 20 become

A = K +P a = K
p'e Xy x
B = P b = 0
Xy
(2k)
C = K +P ¢c = K
xy y
D = P 4. =0

In the absence of the H, field the steady state populations are given

by o -
/Ni? = _sl(le/Kx)_
o (25)
NSO = 8 (K /K

The steady state population of Tx is given by Equation16 which for

this example becomes

. Sl[leK& + ny(le.+ Kiy)] (26)
x _ [K,xKy + ny(Kx + K&)]

Iin the limit that P&y is much larger than any of the relaxation rate

.‘éonstants, the populations of. T, and Ty are equalized and the

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

populations is directly proportional to the relaxation rate of the
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'system and inverselyIproportional-to the lifetime of the excited state.

The population of . Ty at saturation is given by

s _"Sl[le + Kly]

N = - (e7)
x .
, [Kx + Ky]
.and the corresponding population of Ty is'given by |
s Sl[le + KlyJ | _ R
N° .= . . (28)
y - Ik + k1 .
and therefore, Nks =:N&S{ The change in population of 'Tx upon
seturation is
, 8 . 0. Sl[KxKly_ ” Kyle]
AN = Noo=Npo= (K + K ) (29)
o - Kx - .

Therefore, 1f K Kly K Kﬁx’ there is no change in population. If

the emissions from Tx and Ty are monltored simultaneously, the

fractlonal change in intens1ty is given by Equatlon 21 which, for this

. example, reduces to

o [Kl(AK +BK)+K(CK +DK)]I |
AL =l | 1y(AC - BD)] | , A(3O).

-1 ~(31)

|

( | _ I[Kb( +:Kly][ny(Kx + Ky) + KxKyJ
[le'+ Kﬁy][?xy(xx + Ky),+>KiK&]

And'therefore, AT =0 and no change in the inteneity of emission will

be observed. However, if a high resolution optical spectrometer is
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used, it is often possible to monitor the emission from just one of the
triplet levels via its selective emission to the ofigin or a vibration
of the ground state singlet manifold. Consider for example, Tos in

which case, the change in intensity given by Equation 22 becomes

K P (¥, + K, ) +K K,
Alx - K? Xy lx 1y 1xy -1 (32)

1% ny(Kx + Ky) + KxKy

' In the limiting case where intersystem crossing proceeds primarily to

Ty Y(Kix>> Kly Equatioh‘32 reduces to -

P K KK
AL = -1 '

X P (K +K)+ KK (33)

Xy X y. Xy
At saturation we have
| s [ % |
AIX “\x + kI 1 ' (34)
X W

The effect of the ratio of the radiative rate cdnStants (K&/Ky) on the

maximum change in intensity of the emission may be illustrated with the

- following examples:

‘ L 8
K x/Ky | AIx (%)
0.1 : | : ol
1 - 50

10 9
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Therefore, the maximum sensitivity is achieved if the level with the
fast intersystem crossing rate constant has the sloWer phosphorescehce
rate constant. Unfgrtunately,'the»opposite is usually found to be

the'éase.A

Case #2, The Effeét Qf‘Spin‘Lattice Relaxation

:_'The two rate éonstantsifor spin lattice relaxation are not inde-
'ﬁendentlénd may be rglaﬁed‘diregtly to the spin 1attice.relaxation
timé T, for anyvgivenltemperature,

:The interaction betWeén the energy and the lattice may bé repre-

sented schematically as

SPINS .~ . ... - LATTICE
Tx » A _ [Nx] . ‘ : x_a, T _ v _[Na]

T.y -~ | [Ny] }_ : X o ‘, _‘ [.Nb]

‘The conservation of energy requires that for each transition from T
“to 'Ty there be a corresponding lattice transition fromv X.b to Xa

and vice versa. The transition rate for the lattice may be written

. W

= NA
- ab a (35)
W

'ba = TGA

where A is the transition probability. The spin léttice relaxation

rate constants may be written in terms 6f,the_population of the lattice

as

P LI, T evpnp
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ny_-= Wfa - NBAf

Wy = Wy = NA

)

Since the lattice is at theltemperature of the bath (1iquid helium);

the normalized population of the lattice is giveu by

-a/2k£ :
N = = £
a o-O/aKt | B2kt
&/2kt
= 2 1-f
N 572kt 5/2Kt
e + e

'(37)

where O = (Ex - E) and Ex and Ey are the energies of the x

Yy

and y magnetic sublevels respectively. The spin lattice relaxation

rates may now be written

W = .(1'f £) A
wyx = (f) A

()

The spin lattice reiaxation time is defined.by.the expression

=]
i}
il
ST

W
Xy yx

. - | _1-¢f
9 S L .v‘wxy T

W= o

£
yx T

s

| (59) |

1

Therefore, *ny and Wyx may be expfessed in terms of T and f as

(ko)
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9 In the derivation of Equation 40 it is assumed that only a direct pro-

cess of energy transfer between the spin system and the latticevexiéts

which_is usually-thé case at the témperatures'of the experiments. (4.2°

to 1.3°K); In the case that Raman or Orbach processes are present, only

the éxplicit temperature dependence of the relaxation must be'cbrrected'

so that the spin(ldttice relaxation may always be defined for a two

level system ih‘termS'of.only T

1

‘at a given temperature. A short T

1

relaxation time will tend to'produce a Boltzmann.popﬁlation distribution

between the spin sublevels and will therefore generally reduce the spin

alignmeht., This can be seeén by considering the simple case where there

is only intersystem crossing to 7, and emission from Ti"and Ty.‘

Again the non-radiative decay rate constants Knx and K . are

assumed to be negligible{ The}parameters defining this model are

A = K +W_+P | a = K +W
B = W _ +P S N
yx Xy oy
C = K +W__+ P c = K +W
Yy  yx  xy Yy yx
D = W_ +P A = W
xy Xy Xy

.a,nd

and T. when P =0 are given by
| y o xy . |

s, [k, + W K]
KK + KW +K
Xy yXxy X

yx
sl[(wxy) le]

KK +KW _+ K
Xy yxy. X

¥

(1)

B

(42)

®
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In the limit that W =W_ = O this reduces to
- xy yx e

o sl[le]
- N =
e S L x K, _
| S (43)
¥° = o
Yy
: 3 z . . >> . R - .
At high ﬁemperature; when ny _Wyx . K> Ky, K,,» Eauation 42
becomes
N° - Sl[le]
X K& + K&
- [ (bh)
N‘o - 'Sl le]
y T KK

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

loss in s¢nsitivity.

Case #3, The Effect of Non-Radiative Relaxation

| The final cése.to_be.considered is the effect of the non-radiative
relaxation rate COnstapts _Khx' apd K&y .on the SenSitiviﬁy of the
'y _ v 'expériment. It is obvious thét since only the radiative emission is
" detected; a large rate'qf depopulation by non-radiative relaxation is
not desirable.‘vIn the case of a sample that relaxes primarily through

_ non-radiative'pathways, the sensitivity may be improved by using con-

ventional ESR techniques and monitoring the absbrption'of microwave
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powér, or‘in-éxtremevcases‘by monitoring the change in temperature of
the'éémplé._ A‘quantitative measure of the decrease in sensitivity may
be calculated by SUbstituting the appropriate rate constants into
Equatiohs 21; ez, énd 23; however the expréésions are rather complex
and therefore not particularly useful. |

- It should Bé noted that although we have dealt with the rate -
processes in the discussion of sénsitivityvthé'results can bé used to
measure the relative fate processes associated with the individual mag-
nétic sublevéls. Specifically, the measurement of intensity éhaﬁges.
Of'phosphorescence under the influence of the microwave fieldléan yield
in favérable cases the reiative intgrsystem croséing, radiative and' 
radiationless rate'constants to and from all three magnetic.sﬁblevels.
Indéed; this approach has alieady been applied by El-Sayed and co-
workershl_in the limit that_spinflatticé.relaxatiqn may be neglected‘and
‘saturation of‘thé‘transitibn is achieved. The.incluSiqn of the péwer factor,
howevef gives Qﬁe aﬁ additiohal experimentalv”handle"‘from which tq
extréct information (cf. Equations 21, 22, and 23).

B, Optical Detection of ENDOR

The sensitivity of-this expériment may be simply estimated ifvthe
assumption is made that there ié no nuclear polarization. Since this
aséumptionvhas'yet to be thoroughly investigated, it is reasonable to
- expect that in some cases if will not be valid. Nucléar'pdlarization
may arisé through cross'rélaxation between the eiectroh énd_nuclear

spin systems (the Overhauser effect), or it may>be induced by saturation
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of "forbidden" transitions (simultgneous electron-nuclear flips). It
is also possibie thst selective intérsystem crossing may preferentially
pOpulate's particular nuclear spin level if there is strong hyperfine .
| cdﬁpling of the electron and nuclear wavefuncfions.
_ In thé absence of nuclear polarizution, the sensitivity of the
' optidaily detected ENDOR signal may be understood by referring to
Figure 3 in which the xx"and Ty' triplet levels are now each com-
posed of two levels. This splitting of the triplet levels is due to .
huclear;quadruPOIé and hypérfine”intefactions as will be discussed in
the section on the spin.Hamiltonian. The results obtained by consider-
ing the tripiet;levéls as being split into only two nuclear sublevels .
are independentrof the number of sublevéls if the ESR transition con-
nects ohly one nuclear sublefel in each of the two triplet levels, and
' the ENDOR tranSition commects Only'two'nuclesr subleveis in one of the
tripléﬁ.levels. |

As has already been discussed, the_sensitivity of the optical
detection téchniqus is deﬁendent on the various relaxation pathways
from‘the‘tripiet staﬁe. The same considerations apply in an.ENDOR
experiment. Since the sensitivity of ths ENDOR experiment will be
reférenced to the sensitivity of the ESR éxperimsﬁt, the explicit de-
pendsnce of the triplet state populations on the»various rate constants
need‘noﬁ'be specified. Fof the system shown in,Figure 3, the phosphe-

- rescence intensity may then be written

| I, = 2(NXKX + ;NyKy) | ‘ _(45),
" where N, (N&) is now defined as the population of each of the two levels

in the T (T&) manifold.
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UponJSaturationvof the electron spin transition (b & d), this be-

' 3N, + I\ W+ M\
A Ry L e L8 (46)

with the change in intensity:given by

comes

Al = I-I = %(Nfo)(Ky -_K#) . (¥7)

If the ENDOR transition (a &b) is also saturatéd,_the intensify is .

given by

o |
1, - £ (e + Fy)Kx + (QI\Ty + Nx)Ky] K (48)

;'Since-the ENDOR signal.is detected by monitoring the change in intensity
of the ESR transition, the signal strength is given by

AL, = I -Ig | |  (b9)

PG SICEER #) (50)

_ and'theifraqtional change in intensity of the ESR signal upon saturation

of the ENDOR transition is

R R

If the ENDOR transition (c od) is saturated instead of the tran-
sition from (a &b), the same expressibn is obtained for the change

in intensity (Equations 50 and 51).
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It is interesting fo‘note'frdm Equations 47 and 50 that the ESR
signal and the ENDOR signal always affect the intensity_of the phos-
phorescence in the same direction.

If the forbidden ESR transition from (b ec¢) is saturated and
if fﬁe two ENDOR transitions (a ob) and {c &d) ocrr at the same

'f_f%equency, the change in phosphorescence intensity is given by
AL, = (N, - N)(K -K)] (52)
E e X Yy Vy. X

and the fractional change in inténsity of the ESR signalbis unity.
As a final note, if the ESR transitions from (a ec¢) and (b «d)
occur at the same frequency, the ENDOR transitions from (a ©b) and

_;{E fﬁd) must also occur at. the same frequency causing the change in

N

-intensity of the ESR signal to be twice as large (Equation 47),
AL = (,Nx - Ny)(Ky - K) | (53)

while the ENDOR ﬂransitions will not be observed since the populations

of the nuclear sublevels are already equal.

. ;fZIII.' The Zero Field Spin Hamiltonian

The observed'magnetic resonance Spectra'of the excited triplet
state of organic molecules in zero external magnetic field may be un-

derstood in terms of a_HamiltOniah of the form,

H = HSS+HQ,+H'HF ,
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the first triplet state, lw

08

where H is the spin-spin or zero field interaction between the two

SS

unpaired electrons, H, is the nuclear quadrupole interaction, and

Q

HHF :is the:nuclear electron hyperfine interaction.

A.. Hyo -- The Spin-spin or Zero Field Splitting Hamiltonian

- Hssv“is primarily dne'to'the.magnetic dipole-dipole interaction>
between the unpaired electrons‘in‘the excitedltriplet state. VThere can
also be a contribution from the spin orbit coupling between the lowest
triplet and other”excited states; however, the contribution from the
interaction hetween other excited thiplet states will shift the three
ieveis eQually, and may therefone be neglected. %2

If the radlatxve llfetlme for fluorescence and phosphorescence is
known, the magnitude of the spin-orbit contrlbutlon to the zero field
splittlng may be estlmated by choosing a simple model in which the

transitlon probablllty for phosphorescence is due only to the spln- '

»orbit coupling of one spin sublevel with only one' excited singlet

state. In the framework of this model the transition probablllty for

phosphorescence may be expressed as

P, ~ |<3¥, | er |1W°>|? = ?; o : -‘(Sh)

.where er is the electron dipole. moment tran51t10n operator, 3Wl is

is the ground singlet state, and p is

the phosphorescence.radiative'lifetime. The wave function for the phos-

o

phorescent triplet state is actually a linear combination of the pure

triplet state, which is spin forbidden for electric dipole radiation to



-29

the ground state, and an admixture of singlet character due to spin-orbit

coupling. 3¢1 may therefore be représented as a linear combination of

3, '3, O 1, © ' |

AR A S A (55)
where BW;) and lw;’ are the wave functions for the first excitea singlet
and triplet states respectively in the absence of spin-orbit coupling.

In organic'molecules the spin orbit matrix element is generally small

so C; =1 while C, 1is given from perturbation theory by

,H

O o_
<Myg| Tso [Pv> 5

,lEl - 3El| o | lEl - .3El ..

- (56)

is the energy of ¥ and °E

1
where °E 8 1

L is the energy of 3¢1. The

phosphorescence transition probability (Equation 54) may now be written

L

Tp

n

o o 2
|<c, v, + ¢, v | ef |y, > (57)

n

o |
2 | <M, | e [Pyy>]®

‘while the fluorescence transition probability is given by

1

. ) ‘2 l
Pp = |<hy, | ef [y > = e (58)

Substituting Equation 58 into Equation 57, we have

F _ &% .
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(4k)

(45)

(46)
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Within the limits of the model, the spin-orbit matrix element is given

. o AT
5=5F-Fl
o 5

by

(lEl‘- ?‘El) ()

AiSo_from perturbation theory the shift in energy of the triplet zero

field level coupled to- 1Wi may be written
IR 82 [ (1 . v _
LA =& —m———— = — E. - "E (61)
Py - PRl (Tp) . '1)_ _ _

: L - . .
As an example, for benzene, 3 TP = 30 sec, Tp = 3 x 10 8 sec, and assuming

. llEi»Q'3Ei| < 6000 cm~, we have,

3 x 1078 sec
30 sec .

A (6000 cm=*)

6 x 10~Sem™?

~ Compared to the measured zero field splittings of benzene  of 0.16LkL cm Y

' 0.1516 cm™*, and 0.0128 cm™?, the spin-orbit coupling contribution to

the iéro field splitting-is clearly negligible. The addition of a heavy
atom will increase theAspin orbit coupling matrix'element. An example
of the'magnitude of the effect is given by paradichlorobenzene 2 for which

=16 ms., 7T, =3x107°sec, and [|'E - B < 7800 cm~', Substi-

Tp F

‘tuting these values into Equation 61, we find that A = 1.5 x 107% cm-1.

v , . : 46
This.is_still small compared to the observed zero field splittings of

0.1787 cn™*, 0.1201 em™*, and 0.0584% em™. In addition, since we used
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the measured lifetime of the phosphorescence which includes both the

- radiative and non-radiative transition probabilities, the actual contri-

bution of spin-orbit coupling to the zero field splitting is certainly

‘smaller. For organic molecules in their excited triplet: state, the

sp;itting.of_the zero field levels'dﬁe'to épin-orbiﬁ coupl.ng usuelly
accgunts for only a éﬁall perceﬁtage of the observed zero field splitiing
and thérefofe,'wé will consider on the magnetic dipoleFdipole inter-
action in explaining fhé observed spectra. |
:ThevHamiltonian for the‘magnetic'dipolé-dipole'interaction be-

b7

tween two unpaired electrons may be written ' as

_ 2, 2 ¥81°82  3(81°1)(S2-r)
Hog = 8P [ 3 7 rs ' (62)
where ‘gé‘ is the electron g 'factbr, which has been found to

" be basically isotrdpic for aromatic triplet states and equal to the

free electron value of 2.00232, B, 1is the Bohr magneton (eh/2mc),
and r is the vector éonnecting the two electron spins S; and Sz,
The Hamiltonian is of the same form as any dipole-dipole interaction,
and in the 'case of the interaction between the two triplet state elec-.

trons may be expressed as

Hyg = S+D-S (63)

" which may be written in a Cartesian axis system as
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H = D S24+D SS +D._SS +
SS XX X Xy Xy XzZX2

D, SS +D_S?+D_SS + - (64)
yyx U Twy T yzyz - | _

'D. 88 - +D SS +D S22 °
X 2 X zy 2y 22 2

Yy

ij,(i,j = x,y,2z) are given by éverages over the

triplet state electronic wave function

The values of the D

N -V r® - 3x° ‘
Pk T BE P
(65) -
o1 ene =3y
Dy = g P {( e

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

the Hamiltonian becomes

= 2 - ‘ 2 - 2 ' .
Hgg = XS, - ¥8,° - 25, | (66)
where. X é V'Dxx’ Y = -Dyy’ and Z = "Dzz
Since the Hamiltonian is traceless, o X+Y+2=0,

only two independent parameters are needed to describe the interaction.
In conventional ESR the Hamiltonian in the principal axis system is

usually rewritten by defining
1 _ ' 1 ‘
D = 3 (X+Y) -2 and E = -3 (X -Y) (67)

with the axis convention that [X| < Y| < |Z]. Therefore, the three

'Zcomponents of the'Hamiltonian are given by
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X =_D/3-E‘ o
Y = D/3+E | | ~ (68)
z = -2/3D

Thus, for the triplet state,vthe zeroAfield spin-spin interaction

can be written in diagonal form as

HSS' = D(Szé - 2/3) + K(8,% - 5?) B | (69)

where the triplét electron representations X, Y, and Z are related to

the -Sé eigenStates by:

-' Nz (]-1> - [1>)

K> - |
> = N2 (|-1>+ |1>) - (70)
|Z> = .|O> | ' -

This form of the Hamiltonian is diféctly relatéd to the-chbsen axié sys-
tem.of the molecule and presents a élear'picttre of the orientational
dependence of the energy. |

The usual selection rule in ESR of AS, = *1 is not valid in
zero magnetic field since the triplet sublevels are not eigenfunctions
of 8, -The;probability of magnetic dipole transitions

between the triplet spin  sublevels are given by

Py * |<x_|__sz |Y>k_| = 1 |
- 2 _ '
Peoz = 1<XI'8, [2>]% =1 (71)
- 712 -
Posy = | <y| S, |z>]% = 1
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B, .H -- The Nuclear Quadrupole Hamiltonian

Q

A nﬁéleus with aispin > 1 will have é noh-spherical charge distri-

bution and therefore an electric gquadrupole moment. The guadrupole mo-

meht of the nucleus may bevpositive<or negative depending on whether the
chargé~distribution is eiongated or flattenéd along the spin axis. Each
aliowed nuclear orientation along the spin axis will have asséciatéd
with it a potentiai ehergy due to the surrounding eiectric field. 1In
the cése of a free molecule,vthe'electric field is due to non-s electrons

which produce a field gradient (V;,4) at the nucleus defined by

o3y

'vi;j - 5,5 .(i,J = X,¥,2) | | (72)
where f is the electrostatic potential at the nucleus.
In an arﬁitrary akis'system the Hamiltonianu9 may'be written as
Hy = B {ng(3Iz2 ST (v + 1 sz)(I_IZ LI
+ ‘(vzx -1 sz)(I+Iz +LI) + .[1/2(Vx'x - Vyy) (73)

AV TS L2ty - Vo) -1V ] 12}

eq.

Where. B= = E3153ﬁ7i7
e = the electron charge (esu)
'Q = the quadrupole moment (cm®)
and ' I = _the nuclear spin gquantum number.

o
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The Hamiltonian is a symmetric tensor and by-transforming to an axis

system such that Vi 5 = 0 for i % J, the Hamiltonian may be rewritten as:
s , o : .

| Hy = B{vzz(g.[f - 1%) + [y/2(v - vw)(IJr'2 . I_'z)]}v ()

Since the Hamiltonian only includes interactions due to cnarges exterual

to the nucleus,}the Laplace equation 1is satisfied and therefore:

VXX+VW+VZZ = 0 . | (75)

Consequently, it is only necessary to specify two independent paramefers
to describe the interaction. The conventional nomenclature in nuclear
quadruﬁole reSonanee spectrdscopy defines the field gradient, gq, and

 the asymmetry parameter,-n, by the relations

eq = sz

v v (76)

T] = u

Viz
with fhe convention
‘ . —~\
Pl s gy IS 1V, | (=
The standard form of the Hamiltonian, Equation Tk, may now- be

written as - |

Hy = A [(31_;{ SP) + /2 (1,7 + I-_Z)] (78

2

: ’ - .__€e"qQ '
where A = I -0 .



- -36-

This may also be written in the completely equivalent form
2 2 2 2 ’
By = AGLA-) e 73] L (1)

The Hamiitonién‘matrix,therefore'consists'of diagonal terms and off
diagdnal'terms coﬁnectiﬁg states differingiin I, by *2.

- At this point we will consider the explicit form of the.Hamiltonian
for . I =1 and I= 3/2 since interactions due to both spins were .
observed in the course Of"thié work. = - |

The Hamiltonian for an I = 1 nucleus may be expressed in a more
~convenient form by'transforming-Equation 79 to the
fepiéseﬁtation'in whicﬁ the energy is diagonal. In_this reppesentation
the'Hdmiitohianvis in the same fbrﬁvas the spin—spin Haﬁiltonian, and
Vis pérﬁiqularly convenient since‘it may be writtén in terms:of~the

nuclear angular momentum operators as

Hy = 1 % - nyZ - 2L % | o (80)

which is in the same form as the zero field Hamiltonian (Equation 66).

~For a spinof I = 3/2 it is more convenient to use matrix notation.

The Hamiltonian matrix for I = 3/2 may be written as

s> le> e |-ye>
i_ -6 _ n/f3 | o
SR SR R S W3
o= g - A3 0 -1 0 (81)
0 A3 0 1
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The‘ matrix may be rewritten as two separate 2 x 2 matrices by re-

arranging the order of. the basis states as

| [3/2> |-1/2> |'1/2> [-3/2>
. | 1| A3 0 L0
Tl | - "3 -1 o 0
. e - ,
O 0 -1 ws
0 0 WAE 1

The eigenvalues of the Hamiltonian may now be obtained by diagon-
alizing each of the 2 x 2 matrices with the result that there are only -

~. - two energy levels, both of which are doubly degenerate

- .

e i’

2 1/2
E%Q_ (l + 1]/3)

E¢3/2 . ‘
' 1/2 _ (83)

. .Eil/2 - -_ei_c@(l * "/3)

The eigenstates are

L | ' 3/2>' = al3/2> +p|-1/2 >
DR |-1/2>' = a|-1/2 > - b|3/2 >
‘ | -0 (84)
|l1/2>' = a|1/2> - b|-3/2>
1-3/2>" =

“al-3/2> + bl1/2 >

.where

’ +JIL + x2 .
[2(1+ x2 + 1 + x2) e | (85)

[
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o
||<

x/[?(l N /i‘;“;zlL/2 |

/3.

and . b
- . , o,

In contiéétfto a nucleuslwith"spin I = 1, we cannot determine both
eZqQ and' 1 by‘measﬁring only the transition energy since the levels
are twofold degenerate. It is therefoie necessary to apply a perturbation such -
as & Zeeman field to remove the degeneracy of the *- levels in order
to completely measure the nuclear'quadrupole interaction. It should be
npted,bhoﬁeyer, that the t:ansition frequency is not particularly’senéi-
tive to 7. The assumption that n = 0 and therefore that the transi-
,ﬁiop_eneréy is equal to (i/2)e2qQ will;bfoduCé only a small error for .-
small values of . 1. Fprthermore, an oscillating magnetic field alqng ;
thé ‘VZ' axis will npt‘induce.magnetic_dipole ﬁransitions between the

t-3/2 and ;‘1/2 nuclear ievels if = 0.

C.  HHf -- The Nuclear Electron Hyperfine Interaction

A nucleus with a spin >1/2, like an electron, will have a magnetic
maméntQ. The'interaétion of this nuclear magnetic moment, with the elec-
fron-magnetic ﬁoment, will 1éad to both an anisotropic dipole-dipole'
interaction and. the Fermi contact interaction due to’a finite eléctron : -f
spin'dénsity at the nucleué. | |

V The éomponent of the hyperfine intéracﬁion, due to the‘interaction_
" of the nuclear and electron magnetic moments, is entirely analogous to

the zero field Hamiltonian with the replacement of one of the electron



spins with a nuclear spin and the appropriate change of constants. The

HamiltonianhBrmay be written as

eenn|r’ TS5

HY = - g B.8p [I 3 3(I'r)(s’r)] ) (86)

.and gn is the nuclear g factor and Bn_ is tke nucleal magneton.
Since this is identical in form to Equation 62 for the zero field

Hamiltonian,'Equationb86 may be expressed as
H'ID-[FD = SAI (87)

which may be expanded in the same manner as Equation 6L4. The A matrix
is symmetric and therefore, in its principal axis system, may be written

as,

\

| Hgg = A_ST + A ST +A SI (88)
- X WYy zzizz _

where the hyperfine elements are given by the average over the spatial

distribution of the unpaired spins

. v 2 L.a.
o . - 3 fa 7NN
Ax = gegnaean <% > (89
where X =-x,y,z“'
The Laplace equation is again sdﬁisfiéd and theréfore,
A_+A_+A =0 - . | (90)

XX Yy zz.

The”unpairéd spin density at the nucleus will produce an additional

contribution to the hyperfine Hamiltonian, the Fermi contact term.
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. This will:arise only from spin density in s “orbitals sincé the other
orbitals have a vanishing prdbabilityiof being at the nucleus. The
.Fermi contact contribution is usually considered to be isotropic and

may therefore be written as

HEF = c(s, I, + ST +5T) (91)
where"'

¢ = (8x/3)r rm%|v (0)]® | (92)

and  |Ws(O)|2 is the s electron spin density at the nucleus..

The total hyperfine/Hamiltonian-may now beIWritten‘as

L . L e vv-» ' . 1 ‘l . » o
B = AgSy * ARSI ¢ A ST | (93)
where
A = Axx +C, ete. - v(9h)v

VXJC'
| Therefore, if ﬁhe three components of the toﬁal hyperfine_Hamiltonian
ar@ méasured, the contribution due to fhe ahisptrobic and isotropic com-
ponénts can be'separated;_however, thevabsolute signs will not generally
be;obtained; It should be poinﬁed out.that since fhe nuclei in which
;wé ére intérésted also have Quadrupole moments; the Fermi contact term
will not‘be strictly isotropic since the nuclei are distgrted, and con-

sequéhtly, the dipole-dipoig and. contact terms are not completely séparable.

D. The Total Hamiltonian, Energy Levels and Transition Probabilities

”_Infthis section the total Hamiltonian for two molecules which are

examples of the triplet state electrons interacting with an I =1 and |



(50)

(51)

functions [uv>= 7

an I = 3/2 nuciear spin will be considered. In order to simplify the

diécussion we will make the following assumptions for both cases:

SS’-HQ and HHF are coincident,

2) Only the out-of -plane component of the hyperfine Hamiltonian

1) The principal axis system of H

need be considered, and

-3) The hyperfine interaction due to protons may be neglected.'

Assumptions i and 2 can be, in many cases, jﬁstified on the basis of‘the
single érystal ESR spectra,so and assumption 3. .

on the fact'that_resblved proton hypérfine splitting has not been
observed in zero field ESR.

| An examble of a molecule which is characterized by the interaction
of one (I = 1) nuclear spin with the triplet electrons is the st
state of quinoline (l-azénaphthalene). The spin Hamiltonian for this

molecule may be_writteh as

. _v_ | ; o . | |
Ho= Hog+Hy + By (95)
where
HSS=-X82-Y32-ZS2
| x Oy "z |
- o (96)
- 2 2 o2 ’
HQ = -,XIx ny zI‘z
and

HﬁF A S I
v XX XX
where x is the‘out-of-plané-axis.

For illustrationsl we will use for the basis stétes the product

u Xy which form a set of eigenfunctions that
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diagohalize :HSS' end HQ. Tu and iv' are theAelecthQn end nuclear
:spinvfuhctioh while H and v correspond to x,y and z.

The eomﬁlete Hamiltonian is of course a 9 x 9 matrix. Since we
are only considering the Axx' element of the hyperfine interaction?p
a8 satisfectory solution is obtained by perturbation theery. As is shown
in Figure k4, the energy of the states lZzI> ahd IZy>> are.shifted by

an amount B, where

Yy Z

while the states }Yz>> .and lyy > are shifted by an amount -p.

In our axls system the trlplet state energy levels would be orderedv

Z > Y >X and the nuclear quadrupole energy levels ordered x >z > y.

The elgenvectors of the states which are coupled by A are
|2z > = (1 -B) [2z2>-B|Yy>
zy >t = (L -8) lgy> - |z > -
S o o . (98)
lyz>r = (1 -B) |vz2> +8]| 2y > :
‘IYy>'= (L-8) |[ty>+p |2z>

The probablllty for mlcrowave transitions between the trlplet state

magnetic sublevels is glven by
I = l<'i~11V1|HRF(t) '“2"2,‘>_|2 | (99)
where -HRF(t) 1s the magnetic dipole transition operator defined by

.HRF (t) = H (t) A :(Yn-I + ye~s). | ' | (;Loo)
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and Hi(t) “is the magnitude of the time dependent magnetic field.

‘The electron spiﬁ magnetic dipole transition operator will connect
states_with My # W, and v, = v,, while the nuclear spir operator will
connect states with My = My and ?i % Ve However, the mixing of the
basis function by A ~allows thevobservation of "forbidden" simulﬁaneéus
electron and nuclear transitions. This is clearly shown by considering

the transition from |Xz>” to 13yﬁ>i The intensity of the transition

is given by

I o~ |'<xZ |YeHl(t) | {(1 - B) |Y‘y->.+b B |zz>1|% © (1201)

{

1o~ BEr FH(8)F I (102)

It should be noted that it isfnecessary to have a hyperfihe interaction
in brdér to observe the nuclear quadrupole satellites since the hyper-

fine‘term'is'the”only’méthod of coupling the electron and nuclear spin

" Hamiltonians.

in Figure 5, the»speétra expected for the three zero field transi-
' tipné»are shown in terms of the components of the total Hamiltonian. It
is clear that the separation of the quadrupole satellitesvfor both the

T =T and T - T_ transitions is 2(z - y) and

X . 2z b'4 y . o ‘
therefore only one of the threevpossible nuclear quadrupole transitions
equal to (3/&) eZq@ (1 - n/3) ' is observed. The value of the hyperfine

coupiing constant Aix is easily obtained from the separation of the

two allowed components of each of the three transitions. If we had



chosenft§ use Ayy 6r ',AzZ as the only hyperfine interaction instead
of Axx,_,the spectra would be ﬁhe-same as that shown in Figure 5 if aA
cyclic perturbation is applied to our labeling.

'Althbugh”in ﬁhis simple example ali.thé parameters_in the Hamil-
tonian'can-be“détérmined from the three zero field.transitiéns;:in
practice this is'ﬁéﬁally not the caseg This can be due to such problems
a& poor resolution of tﬁe spectra or the failure to include enough terms
in the Hamilﬁonian to adequately describe the interactions. Therefore,
it is ﬁsﬁally édvanfageous td é1so perforﬁ an elecﬁron nuclear double
.resongﬁcé (ENbOR)'experimént to improve the resolution and confirm the
assighmént of the'épeét:a. Thé ENDOR transitions are shown in Figure 4
by the.doubie arroﬁs; o | ” o

Because épectra'have been_assignedvincérreqtly by failing to con-
sider thé.proper form bf the mégnetic dipolé trz'a.n‘si’c,:i._onioperator,e2 let
us consider the ihtenéity>of the ENDOR transition. As an example we

will treat the transition from |Yy>' to |¥Yz >’

I = |[(1 - [|3)f< Yy|+.s<2z|]| Hopce) | [(1 -B)|Yz>+ 8 |2y >]12 (103)

'~ 2 : 2 2 - '
R R R AR R S AN |  (20k)
Since ”Hlv_is a‘¢onstant, we-wiil drop it apd may now write
~ Wy 2{g20(7 _ ' : ; Y3 L B83 (71 ;
1~ Pl (L - 8] + brgr, [pL - 877+ 6% (2 p)|

#,.rrbf»_['(l -p)* + Bt 4287 (1 - 8)2] I Co(08)
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Since B 1is usually on the Qfder of 1 x 1072 for mu* triplets,

we can reasonably approximate Equation 64 by
N 2.2 : 2 o
I up Te +;l+B LOR SN o o | - (106)

‘In contrast, if there were no hyperfine coupling as ir. the o

manifold in our example, the intensity would be given by
I ~ 7 (107)

Therefore, the ratio of the intensity.of the ENDOR transitidns due to

the eiectrbh magnetic dipole operator to those due to the nuclear magnetié

dipole operator is approximately - 4B~ Yéz/rng and ﬁherefore, gnless

fng is greater than Mﬁzreg " the electron dipole moment transition

opérator will be the'méjor'éourcé of the intensity in'ENDOR transitions.
As an example, for %y the ratio of Ye/Yn = 8.6 x 10° and thére-_

fbre;x.B must be less than 1.57 x 10~ for the nuclear magnetié dipole

transition bperaﬁor to be comparable to the electronvmagnetic dipole

transition operator in producing intensity in the ENDOR transitions. For

a typical separation of T - Ty of 1000 MHz this would correspond %o

Z
an eXﬁremel& small hyperfine element, Axx of gnly 1.5 MHz,.whichuis
much smaller than.any out-of-plane.hyperfine eleménts reporfed for aza-
aromatics. | |

| 'Next,asvanséxamblé of a moiecule ﬁith one I ;‘3/2 nuclear sbin we wilil
’ C ' conside

‘the nn* state of chlorobenzene.v_The spectrum produced in this case is

somewhat more complicated:to calculate because of the lack of a convenieut



basis:set for both the electron and muclear sbin_fuqctions. The simplest
method with only onevhyperfine compongnt is to use the ﬁaSis set Iu v> =
ST X where u . corresponds to X, Yand Z and v to 3/2, 1/2, -1/2
and ;3/2.' We will'further'assume that 71 =0 and theﬁefore both

'HSS and HQ are again diagonal; In this example the out?of-plane'com-
| pongnt_of the h&perfine tenspr (Axx) éouples the basis stafes_in the

Té manifold withsfhose in the 'Ty manifold for which the nuclear spins

differ.in their IZ quantum number by + 1. This is easily seen by

expanding the hyperfine-Hamiltonian as
WS = 1/2[Axxsx (;r++1:_)] . (108)

The statés-in the Hamiltonian that are coupled by Axx

may be represehted'graphically as

.,Hyperfihe

.  _£!' S - Element : o 'Azg>
3/e——\3/2 A, 1/2

| SR A
| 5;/2'—__{\[3/2 A= — -3/2
| .—3/2—.—f-'—'\f3/2 AQQ; -1/2

'1/;24;[3/21&“' | 3/

-Since the degenerate nucleér levels are not coupled by the same
hyperfine élement, we may still use non-degenerate perturbation theory

to calculate the energy levels and transiﬁion moments.



Since this spin system has a total spin that is a half integer
(5/2), it 18 ‘4 Kramers doublet, and therefore all the energy levels are
two-fold degenerate. The hyperfine coupling thérefbre, will never re-
move the degeneracy of the * nucléar levels in zero field and conse-
quently we have only six levels to:éonsider;

The energy level diagram resulting from a perturbation treatment of the
hyperfine interaétion is given in Figure 6, and the'predicted spectra in Figure
The use of the Ay& cbmponent of the hyperfine tensor instead of the
Axx ébmponent produces an identical eﬁergy level diagram and spectra
with the appropriateArelabeling. The us¢ of the Azz component of the
hyperfine tensor mixes the nuclear sublevels in the ‘Tx manifold with

thoSe in thev Ty .manifbld having the same Iz quantum number,

Hyperfine

15 | Element fz
32— 3o 3/2
12 —1/2 4 7 1/

-1/2 ——— -i/2 A — -1/2

-3/2 ————-3/2A  —— -3/2°

theréfofe;.nolnuclear quadrupole satel;ites:due to the eiectron magnetic.
moment»transitioh operatqr are obsefved. Thevrésulting energy-lefel'diar
gram,‘conéidering_only the A 7z component of the hyperfine tensor is given
‘1n Flgure 8 and the predlcted.spectra in Flgure 9.

The ENDOR tranS1tlons permitted by the electron dlpole moment

-transition operator, considering only the'Axx hyperflne element,
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_féré-shown bybthevdouble"arrows in Figure 6, The analysis of the.ENDbR

| ébectra'foildws the‘same method as that for a spih one nucleus, with'
the saﬁe ekpression fdrvthe intensity of the transifions induced byvfhe
electrén magnetic dipole moment transition operator and the nuclear mag-
netic dipo}e-moment transition bpefator. When>ohly the Azz- hypeffihe
eléménﬁ'is-present; the electron magnetic dipole transition operator is
ineffective in.producing ENDOR transitions and COnsequentiy the inten-
sity of ahy observed ENDOR signal is due solely to the nuclear magnetic
dipole transition operatoi. -

Some genéralizatibns'can be made at this“point concérning the ap-
_pearance of "fbrbidden" satellites"whoée,Separation'is in zerof‘h order is
: théfbﬁfe'nuclear quadrupole trénsitibn frequency of thé molécule in an
ia

- excited triplet state. (a) For a nuclear spin I =1 (e.g. "*N) a

hypérfine'élément,associated with d'directidn.'i, Aii’ gives intensity
inﬁd'a Simultaneous‘electron-nuélearfflip in the plane normal to i.
Thﬁs, at least two huclear hyperfine elements must be'finite‘to obtain
independently both e%qQ and . v(b) For a nuclear spih I-= 3/2

(e.g. ~5C1), a nuclear hyperfine elément parallel to the priﬁéipal axis

- of the field gradient,(i.e., Azé).does‘not introduce miXiné bétyeén
.electron-nuclear states that admitAintensity into fOrbidden satellites.
(c) Fofva nuclear spinv.I = 3/2, a nuclear hyperfine element perpen-
dicﬁiar to the principal axis of the fiéld gradient introduces_inﬁensity
into forbidden sateilites whose separation in zeroth order is the pﬁré
nﬁciear quadrﬁpole transition frequency; howeﬁer, ean and 1 can

never be obtained independently in the absgnce of an external magnetic

field.
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Althoﬁgh we have not treated explicitly the case where two nuclei
are present.on the samé molecule, botﬁ having nucleér spin I 2 l; the
generalizations (a)-(c) hold‘with one additional feature Being manifested,
that is the possibiliﬁy of simultaneous multiple nuclearfeleqtron spin
flips. As we will see in_the following sections, in 8-chloroguinoline,
simulfaneou; chlorine-nitrogen electron spin transitions are dbserved
and aie easily identified, In addition simultaneous multiple nuclear

ENDOR transitions are expected'and, indeed, observed.

IV. The ODMR Spectra of 8-chloroquinoline

TheIZero'field spéctra of 8-chloroquinoline is cﬁaracterized by thé
intéraction of the triplet electrons with both a nitrogen (I=1) and a
chlorine (I=3/2) nucleoué.‘ The_additidn of the chlorine atam to quinoline
doeé nét appreciably change‘ S ' the iifetime of the phosphores-
cence (see Table 1). Both quinoiine and 8-¢hloroquinoline show emission |
primariiy from only ohe of the triplet Sublevels and have essentially the
samé'iero fiela, nitrogén-quadrﬁpéie andvnitrogen hyperfine interactions.

Although .a greét deal of information concerﬁihg the pafhway of intra-
moleéﬁlar energy transfer (i.e., intersystem drossing, radiative rate
processes, étc.)»can be obtained from an anﬁlysis of the microwave-induced
phdsphorgséence intepsity changes, we will restrict the results and dis-

cussion to thé salient features of the ODMR spectra in zero field.
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A. Experimental

The basic experimentalAarrahgement is shown in Fligure lO.v A single
crystal of 8;chloroquin§line doped in durene (~ 107> molé/molé) is mounted
inSide_a helical slow Wéve structurgowﬁich‘is attached to-a figid stainless
steel qoé#ial line suspended in a liquid helium dewaf. The exciting light
is supplied by a 100-watt mefcury short arc lamp. The spectral region of
inferest selected by either an intérférence filter Centeréq at 3100 4,
or a combination of Corning glass and solution filters.sl

' The phosphorescence at a 90 degre: angle to the exciting light is. |
focused through an abpropriéte Cdrhing filter (to remove scattered light)
and onto.the entrance slit of a Jarrel-Ash model 48-490, 3/4 meter épec—
trometer. | | "‘

The light at the exi£.slit iS detected with a EME 6256S'photomultiplier :

.vvcooled to JEO;C. “The outpui of the photomultiplier is connectéd
tb an electrometer thfough an adjustable load\reSistor; The output of the
electfometer'is either moﬁitbred directly if c.w. micfowave power is used,
or ifvthe microwave field is amplitude modulated,v .connected to the
éignél éhannei input of a PAR model HR-8 lock-in amplifier.

i'The mic;éwave field is;generated by a Hewlett Packard microwave

sweep’oscillator'Model 86908, amplified with a traveling wave tube and

' fed consecutively through a directional coupler, band-pass filﬁer, and

an iSolator'to'the rigidncoakial line 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
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drives the y axis of an x - y'reqofder while the ramp voltage from the
microwave sweep oscillator drives the x axis.

The ENDOR experimentvis-performed by applying an additional radio-
frequency field. This is achieved by use of a Hewlett Packard radio
freqﬁency'sweép oscillator model 8601A, the output of which is modulated
by a lineaf gate and‘amplified by twp broad ﬁand distributive amplifiers.
Thg output of the final amplifier is applied to the ENDOR coil which
consists of a bridge T constant resistance network in a Helmholﬁz arrange-
ment. .

The EEDOR experiment is perfdrmed.by combining the output of two
microwave oscillators ﬁhich afé.isoiated_ffom each other into the same
helix. |

. The temperature of the saﬁple is : ' loweréd to approximately

1.3°K by pumping on the liquid helium.

B. ‘Results

Two of the three electron spin tranSltions, those associated with
the T, %y and T ™ Ty manifolds were 6bserved with both a continuous
nmicrowave f;eld'while monitoring the intensity of the phosphorescence and
with S Hz amplitﬁde.modulation of the micro&ave field and phase sensitive
detecfion of the component of the phosphorescence at the modulation
frquency. |

.The T, = T, transition was only observed while performing an EEDOR
experiméﬁt. This was.perfOrméd by»simulfaneouély.saturating the Ty g

transition with'a é.w;_microwave field and amplitude modulation of a
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second mieroﬁave field which was swept through the Ty - fz'transition.
Tﬁis was.necessary sihce emission originates almost entirely'ffom only
the'Ty,spin manifeld.
ih all cases the phosphorescence ihtensity increased when the

microWave field coupled the respecti&e electron spin manifolds.

The lifetime of the emission from the 7 manifolq‘was'found’to_be‘
0.11 seconds while the lifetimes of both T, and T levels are each more
than one second. 'With'the assumbtion that the radiative lifetimeé of

the triplet levels are ordered the same as the total lifetimes and the

.observation that the phosphorescence intensity increased while saturating

both the T_ - Ty and T, ™ Ty'spin manifolds, from Equation 47 the steady

stete pepuletion of the Ty level must be less than the population of

eithervthe T, Or the TéA;evels. |

The spectra obteined with amplitude modulation of the three ESR
transiﬁiens are shown in Figure 11. At low microwave powers'enly ﬁhe
”eliowed"-compohent of each spectrum was observed. As the microwave power

was increased, 'forbidden" satellites split off the major transition were

- observed.

The 350; ENDOR resonance observed while saturating the TZ - Ty
transition is shown in Figure 12. This transition waé‘alsd observed

with both a continuous and amplitude modulated rf field.

€. Discussion

The essential features of the QDMR of_8—chloroquinoline have been

previously r'e;‘)orted.?7 It has subsequently been reporfedse.that the
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phosphorescence of 8-chlorogquinoline in durene is due to the two distinct

sites, the more intense phosphorescence drigin at 4795 R and a weaker

;origin'at M792'K. In order to isolate the emission from the site at

4795 K; the ODMR spectra were obtained with the entrance slit of the

spectrometer adjusted to 100 microns or less.

‘The ODMR sbectra observed may be cohsidered as due to two distinct
ﬁOlecular isotopes.since approximately 75% of the 8-chloroquinoline
molecdles will have the 25C1 isotope and 25% the >7Cl isotope.

We will initially limit our consideration to only the 8—chioroquineline
molecules that have the ?501 isotope. The molecular axis systen we‘will
use is defined with x, the out-of-plane axisy y, the long in-plane axisy
and z, the short‘infplane axis.

In order to simplify the analysis of the spectra we Wiil make thei
fellowing assumptions{

l) The contrlbutlon of the proton hyperfine interaction will be
neglected |

2) The principal axis.systems of'the‘spinfspin, ndclear quadrupole,
and hyperfine interactions are coincident. |

3). Only the out-of«plane hyperfine element for both nltrogen and chlorine
~ will be considered..
) The chlorine asymmetry parameter is assumed to be zero.

The first assumptlon is JuStlfled on the basis of the small contribu-
53 due to the proton hyperfin
interaction in zero fleld.v 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 consideration, which

is beyond the scope of this,infestigation.‘
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' The second assumption is quite severe, but ié reasonable for our

purposés sincevsiight non;coincidence of the ﬁénsor elements_will only . e
produce - a small perturbatioh.of the observed spectra in zero field.

| | " In addition, the x 'agis' is fixed by symmetry to be
perpendicular to the plane and in quinOlinevit has been found that the
z axis of Hssjis within a few degrees of the molecular =z axig?’sgt is
also regsdnable to expect the principal nuclear qﬁadrupole axis for both
the'nitrogen and chlorine atoms to be along thé molecular 2z axis.h9

The third assumption is based on the measured value for the nitrogen

hyperfiné interaction for the exclited triplet stéte of quinoline for which
Ax# >> Ayy) Azz?hénd on the observation of chlorine hyperfiné interactions
in'orgaﬁic free radicals in which the princiﬁal chlorine hyperfine element

L R , : 6
has been found to be the out-of-plane element?"57

In addition, since
in zero field‘thé hyperfine‘intgraét;on is"an off-diagonal term in.the

spin Hamiltonian, the magnitude of .the effeét of ﬁhe interaction-op the
observed spectra is in first Qrder iﬁveisely proportional to thé énergy
separaﬁion of the triplet manifolds that are connected by.the respective
hyperfine»element. Therefore, in the case of-8-chloroquinoliné even if

the hyperfine interaction was isotropic, the effect on the zero field

spe¢tra would still be three times larger for the A, than the.Ayy or A,,

will be included for both the chlorine and nifrogen atoms since this will

_account for the major features of the spectra.

The fourth assumption is made on the basis that a finite value of

the chlorine asymmetry parameter is a small perturbétion that is not

' easilyvresolvable and not necessary to explain the ﬁain features of the spectra.
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With these assumptions, the spin Hamiltonian may be written

Cl

' N, ., N .c1,"
H = Hgg + HQ + Hyp o + HQ + Hyp (109),
where
= 2 2 2

Hogg = -X8;° - YSy - ZSZ

N _ 2 2 o2
HQ = ,erx; - ny - zIz
V= A Y1 |

= A Oxlx) (110)

cl. _ €°qQ 2 15
T [312 - TI]
HoCl o a Cla g

HF Ayx x x>

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

the S?#ﬁHamiltbnian are chosen to be the product functions I u,v,w> =

Ty XV? Xws Which diagonalizes Hgg, HQN and HQCl,' 1, (0 = x,y,2) is the
electrén:spin function, X, (v = x,y,2) is;the nitrogen spin function and

Xy (w = trl/e; i3/2)_is the doubly'degénerate chlorine spin function.

The total spin 6f_the systém is 7/2 and therefore a Kramers doublet.
Conseqﬁently there are only 18 energy levels for each of the molecular
isotopeé.

| ...'The similarity of the excited triplet state of 8-chloroquinoline

and qﬁinqline leads to the_aésigﬁmenf ofvthe order of the triplet energy
levels:of 8-chloroquinoline as being the sam§ as those of quinoline.5
Theréforé, with bu} axis system, the elements of Hgg are 6rdered Y>2zZ>X.

. The nitrogen nuclear quadrupole energy levels are also assumed to be

. in thé same order as those reported for the ground state of pyrazine and

60 ..
59’_and therefore, for H N

qQ’ x>y>z,
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Since the chlorine nuclear quadrupole coupiing censtant (eZqQ) is
negative for all covalently bended Cl atoms, the energy_of the.chlorine
spin fﬁhetions'are ordered X41/p > X£3/2. v -

In order to treat the out-of-plane hyperfine perturbatidn due to both
the niﬁrogeﬁ and ehlorine spins; we will assume that the contribution =
from each.may be censidered separetely. This is of course not strictly
cofrecf but is satisfactory fer the purpose of illustration, and in
fact, for the value of Axx A Cl used_in fitting the spectra, gives
values for the energy levels very close to those obtained by diagonalizing
the total spin Hamiltonian.

) An energy level scheme'using the perturbation methed discussed in
-sectlon III-D approprlate for 8- chloroqulnollne is given in Figure 13

i There are essentially six types of ESR tran51tlons observed

“A)‘electron spln,;:

B) electron and *N spins,_'

) elect#oh end 3SCl spins,

D) electfon and >7¢1 spins

E) électroﬁ, 1N and ~5C1 spins

F) electron, “*N'and >'cl spins.

Since the chlorine nuclear quadrupole interaction is far larger than

the nitrogen nuclear quadrupole interaction, the various types of transi-.
tions are easily identified. In Table 2 the measured and calculated

‘freqﬁencies are'listed aecording to their type (A,B, etc.). In analyzing
the spectra, the magnitude of the components'of the spin Hamiitonian were

first obtained by the perturbatipn method and final results by computer
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diagonalization of the spin Hamiltonian. The T4y and’3$Cl out-of-plane
hyperfine elements were fonnd to be approximately 19.5 and 15 MHz
respectively. With onl& one nitrogen hyperfiné elenent only one nitrogen
quadrupc;e transition is observed corresponding to the in—plane Xy ﬁ'xy
transiticn which was found to be 3.2 + .2 MHz. With our assumption that
the asymmetry parameter may be neglected theYBSCl nuclear quadrupole
coupling constant was found to be -68.4 +.0.6 Miz. |

" The calculated frequencies listed in Table 2 were ottained by analysis

of the components of the observed spectra due to the 3501 molecular isotope.

"The transitions associated with'the-molecules:Possessing the ~7c1 isotope

were then obtained by using the same values for Hgo, HQN and HHFN and

vcorrecting'HQ01 for the difference in the nuclear quadrupole moments

and HﬁFCl for the difference in the magnetogyric ratio of the two chlorine
isotopes. | ' ‘

A1l calculated frequencies were obtained by collecting all transitions
w1th1n 0.75 MHz of another and welghtlng each by its electron magnetlc
moment transition probablllty ‘

‘Although it is difficult to make a comprehensive analysis of the
electron distributicn in the'excited triplet state nithout a measure of
all the ccmponents of the hyperfine tensor, it is reasonable to make a
few general observations. The similarity of the nltrogen nuclear gquadrupole
and hyperfine,interactions in 8-chiproquinoline and quinoline and the
observation that the chlorine nuclear quadrupole coupling constant is
approximately the samevas that ‘reported for the ground state of

61,62
6-chloroquinoline (69. 256 MMZ) and 7- chloroqulnollne (69.362 MHz) Further

.supports the assumption that the excited triplet state of 8-chloroqu1nollne

is essentially the same as that of quinoline.
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Spin Hamiltonian parameters and triplet lifetimes of the

states of 85chloroquinoline and quinoline,

8-chloroquinoline
in durene (1.3°K)

in durene (1.35°K)

quinoline
a

Y (MHz)
Z (MHz)
X (MHz)
’ﬁ?(MHzf
| ﬁb(MmZ)
A (iz)
A ot (mz)

eqQ(**m? (uptz)

ean(3?01)(MH2)

7, (sec)

Ty (sec)

T, (sec)

ik, 5
555.5
-1970.0
2399.5
-429.5
19.5
15.

’.h;27_

-68.4
>1
0.11

21

1528.5

528,0

~2056.5
255675
~500.25

0.32

2.7

® data from.reference 58.

b

¢ data from'réfgrénce 54

a

.with'the assumptions eZqQ(**N) = L4/3(y-z)

€ data from reference 26

with the definitions D = - 3/2X and E = - 1/2(Y-Z)
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'Méasured and calculated ESR transitions of the 3 e* state of

of 8-chloroquinoline

2) Txﬁ4 “y

b) T

c) 1

-

-

.
Z

T

Measured
frequency
(+0.5 MHz)

Calculated
frequency

3422,
3419.
3416.
3415.
3412,
L 3388.
. 3385,

NOHFMDHEWRHERWUMINT

.7 2554.8

2&95.0'

Classification -

HaoaRo"eP"HUOEHOQOH .tlet&j_'ﬁU"jb.‘l>bﬂhjU’=Jt!jQij.

Ham"HoHOD PR QHE

-
s}

-
=
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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. 4 = Energy level diagram for the triplet and one I =1 nuclear
Spin COnsiderihg'ohly the A*%'hYperfine'component.
Fig.YS >ODMR spectra predicted for the energy level‘diagram shown in

Fig. 4.

Fig. 6 - Energy level diagram for the triplet and one I = 3/2 nuclear

épin considering only the AXx hyperfine component.

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

Fig. 8 Enérgy level diagram for the triplet and one I = 3/2 nuclear

spin considefing only the Azz hyperfine éomponent.

Fig. 9 ODMR spectra. predicted for the energy level diagram shown in

. Fig. 8.
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Fig,'lo' Experimental arrangement used in performing ODMR experiments

in zero field with amplitude modulation of the microwave field.
, . ' ¥ » .

Fig. 11 The T Ty, Tx - Tz'and Tz - ry optically detected ESR
transitions in 8-chloroquinoline using relatively high microwave
power. The T ™ Tz transition was obta.ned by performing an
-EEDOR experiment.

Fig. 12 Optically detected ?SCl ENDOR observed while saturating the
T - 1 multiplet.

y Z . .

Fig. 13 Energy level diagram for 8-chlorogquinoline.
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LEGAL NOTICE=

This report was prepared as an account of wOrk sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility. for the accuracy, completeness. or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not Iinfringe privately owned rights.




Al
s ]

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA

' BERKELEY, CALIFORNIA 94720





