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I. Introduction 

The measurement of nuclear quadrup~le coupling constants in the 

excited triplet state of organic molecules has only recently been 

... possible with the development of optically detected magnetic resonance 

(ODNR) techniques for observing electron spin transitions in zero field. 

'., Since this technique is highly dependent on the nature of the triplet 

state, a s~ort review of some of the important properties of the triplet 

state are given. 1 1 d . . 1 l-3 h T1ere are severa goo rev1ew art1c es on t e 

triplet state to which the reader is referred for a more complete 

discussion. The historical development of OD~ffi and a survey of 

experimental results is then given, followed by a section that deals 

.. -

with the sensitivity of OD~ffi and optically detected ENDOR in the framework of 

( intramole::!ular energy transfer processes. Specifically, the-effects of 

radiationless, radiative, and spin-lattice relaxation processes on the 

overall sensitivity of ODHR are considered explicitly. The 

remainder of this chapter deals with the form of the spin Hamiltonian 
... 

in zero-field follO\.Jed by an analysis of the excited mr* triplet states 

of 8-chloroquinoline ~md paradichlorobenzene. 

A. The Excited Triplet State in Organic Molecules 
·o 

The ground state of most organi6 molecules consists of a singlet 

electron configuration in which all the electrons have ·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 configurations 

produced when one electron in the highest bonding molecular orbital (rpA) 

is promoted to the lm11est antibonding molecular orbital (<P ) • Since . . B 

electrons have a spin of ~. there are four possible orientations for the 

two unpaired electrons, which, if we let a ~qual spin up and S equal 

spin down, may be represented as, 

a (1) a(2) s 
z 

= 1 s2 1 

a (1) B(2) s = 0 s2 = 0 
z 

S(l) a (2) s 0 s2 0 
z 

B (1) 8(2) s 
z 

-1 s2 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 ~unctions .to be eigenstates of S~ 

(1) 

and S . The spin functions a(l) a(2) and S(l) 8(2) are clearly eigen
z 

states of s
2 

and S 
z 

since s
2 = 1 for both and S = +1 and -1 respectively. z . 

We can generate the S = 0 component of the triplet spin state by apply-
z . . 

ing the lowering operator to the a(l) a(2) state which gives us the 

desired spin function, 

3'V = [l//2][a(l) 6(2) + S(l) a(2)] 
0 

(2) 

The remaining spin function is a·singlet 

l~, = {1//Z][a(l) 6(2) - S(l) a(2)] (3) 

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

respect to electron exchange. The spatial part of the excited state 

(2) 
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electron wavefunction may be represt•nted as a symmetric (+) and anti-

symmetric (-) linear combination of ¢A and ¢8 as: 

(4) 

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 function, 

and a triplet state with an antisymmetric spatial function and a symmetric 

spin 

B(2) + 6(1) a(Z)]I (6) 
3-

ljl = 

The repulsive electrostatic interaction between the two unpaired electron~ 
. 2 

gives rise to a term in the total Hamiltonian equal to e /r12 , "'here e 

is the electron charge and r
12 

is the vector connecting the two electrons. 

This term removes the degeneracy of the singlet and triplet states and , 

results in the singlet state going to higher energy "'hile the triplet 3tate 

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

of 

where 6
12 

is the exchange integral given by 

. . . 2 
6
12 

= <<j>A(l)¢
8

(2).!e /r
12

! ¢A(2)¢
8

(1)> 

-1 
For most organic molecules 2 6

12 
is 1000 to 10000 em As we will 

See in the discussion of the spin Hamiltonian, the inclusion of the 

(7) 

(8) 

electron dipole-dipole inte~action removes the three fold deseneracy of 
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the triplet state. This splitting is usually referred to as the zero 

-1 
field splitting and is on the order of D.l em An additional contri-

bution to the zero field splitting arises from the coupling of the spin 

and orbital electron angular momentum and is of the form A(L·S) vhere 

L and S are the spin and oribital angular momentum quantum numbers and 

A is a constant that depends on the particular molecule being considered. 

The effect of the spin-orbit Hamiltonian is to mix states of different 

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 weak electric dipole radiation to the ground 

state (phosphorescence), the intensity and polarization from each of the 

three triplet sublevels being a function of the spin-orbit coupling to 

both the excited and ground singlet states. 

Since the sensitivity of OD~m depends upon the number of molecules 

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. Phosphorescence (T1~s ) 
0. 

and fluorescence (s1~S0 ) comprise the radiative pathways and. proceed 

with rate constants on the order of 104 to 10-
2 

sec-! and 106 
td 109 

-1 
sec , respectively. The longer lifetime for phosphorescence results 

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

electric dipole radiation to the ground state. The molecules 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 

a rate constant of approximately 10
12 

sec-l 

2) Internal Conversion -- or radiationless passage between two 

electronic states of the same spin multipl·icity. This patln..ray also has 

' 12 -1 
a fast rate constant of approximately 10 sec 

3) Intersystem Crossing -- or radiationless passage from an elec-

(5) 

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 

4 12 -1 
is on the order of 10 to 10 sec . 

Although the exact mechanisms of intersystem crossing have not been-completely 

elucidated, it is generally found that.' at liquid helium temperatures 

(4.2°K) the individuaZ triplet spin sublevels of tbe lowest triplet states 

have unequal populations because of uneq~al intersystem crossing rates into 

the individual magnetic svhlevels via spin orbit and spin-vibronic coupZing 

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

exists for the electron spins.
4 

The various rate constants for energy 

transfer 2. the existence of spin alignment, and the spin lattice relaxation 

. f."ate bet·ween the triplet spin sublevels are all important factors in deter-

.mining the sensitivity of ODMR. 
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B. The Historical Development of ODNR 

The development of any field of science is difficult to trace 

since every advancement is dependent on the work of many previous re-

searchers; however, we will choose for the starting point of this dis~ 

cussion the ~xtensive study of the phosphorescence of organic molecules 

5 6 
by Lewis and Kasha ' in 1944. In their series of papers it was proposed 

that the phosphorescent state of these molecules corresponded to their 

lowest triplet state. This hypothesis was strongly supported shortly 

thereafter by magnetic susceptibility measurements 7 •8 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 

. 9 
hypothesis was not universally accepted. The most distressing aspect 

of the hypothesis was the f~ilure to 6bserve the predicted electron spin 

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

1958 h . 10' 11 d . h f w en Hutchinson and Nangum succee ed J.n observing t e ESR o 

naphthalene in its phosphorescent state and showed conclusively that the 

phosphorescent state was a triplet state. The experiment was performed 

on a single crystal of naphthalene doped in durene using conventional 

techniques in which the absorption of the microwave energy was monitored 

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 parameter caQusually 

be measured with r~ndornly oriented samples, the separation of the three 

levels of the triplet cannot be determined. 
12,13 

In certain cases 

(6) 



( 

0 0 0 9 

the fhree levels can be assigned but the assignment is difficult and the 

method has not been used often. The limited sensitivity of ESR and the 

difficulty of preparing single crystal samples has restricted the number 

of molecules investigated. Only a fe\v (-14) molecules in single crystals 

have been reported to date using conventional methods and they are all 

characterized by relatively long lived rr-rr* triplet states. 

The next major change in the existing paradigm occurred in 1965 

when Geschwind, Devlin, Cohen and Chinn
14 

reported the optical detection 

. . - +3 . 
of the ESR of the excited metastable E(2E) state of Cr in Al

2
o

3
. In 

this classic experiment they showed that the optical rf double resonance 

15 
techniques first suggested by Brossel and Kastler and widely used in 

16 
gases could also be applied to solids. The experiment was performed 

using a high re~olution optical spectrometer to monitor the change in 

intensity of one of the Zeeman components of t~e phosphores~ence 

- 1 4 -
[E(-E) + A2J as E was saturated with microwaves when the magnetic fields 

was swept through resonance. The resonance signal was observed by 

.modulating the micrmvave field and detecting the resultant modulation 

of the optical emission. Since optical rather than microwave photons 

are detected; the sensi ti vi ty · can be increased many orders of.magnitude 

over conventional techniques. As an example, at temperatures below the 

A point of helium the resonance could be observed directly on an oscil-

-loscope without the need for phase sensitive detection. The success in 

optically detecting the electron spin resonance of a metastable state 

led· several research groups to attempt to apply the same principles to 

the optical detection of the ESR of org~nic molecules in their lowest 

triplet state. 

(7) 
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In 1967 the first successful experiment was reported by Sharnoff 

for ~he ~M = 2 transition of naphthalene. 17 In this experiment a 

single crystal of biphenyl containing 0.1 mole percent naphtho.lene was 

placed in a micrmvave cavity where it was immersed in liquid heliun 

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 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 sho\-.'11 that the radiative 

matri~ ele~ents connecting any triplet sublevel wit~ 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. Nm-1 that this new method 

was shown to be appli<;able to these molecules the research centered 

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

information en a variety of phenomena associated with the triplet state~ 

Shortly after Sharnoff's paper, Kwiram
18 

reported the optical 

detection of the ~M = 1 and ~M = 2 transitions of phenanthrene in its 

triplet state. In this investigation the experimental methods were 

the same as those used by Sharnoff except that the microwave field ~as 

(8) 

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

nously at 50 Hz. The 50 Hz output of the photomultiplier was converted 
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(9) 

to DC by a phase sensitive detector and fed into a s{gnal averager. 

( The observed change in intensity of the phosphorescence at the three 
\ 

transition frequencies was used to assign the spatial symmetry of the 

triplet state. 

19 
Schmidt, Hesselmann, De Groot and van der Waals also reported 

the optical detection of quinoxaline (d 6) in 1967. Their experimental 

procedure was bascially the same as that used by Sharnoff, except that 

they modulated the magnetic field with and without amplitude modulation 

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

originates from the top spin component (out-bf-plane), and (2) from 

phosphorescence decay studies, that entry into the triplet state by 

intersystem crossing is also to the top spin component.· 

20 . 
In 1968 Schmidt and van der \.J'aals extended the almost zero field 

21 work (3G) of Hutchison's group by optically detecting the zero-field 

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

netic field. Sinc~'it is necessary to vary the microwave frequency i~ 

order to observe the resonance in zero external magnetic field, a helix 

was used to couple the microwave power to the sample. The observed 

signals were extremely sharp and in the case of quinoxaline (d
6
), showed 

f . 22 1ne structure. 

( 
\ 
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Tinti, El-Sayed, Maki and Harris23 extended the method of optical 

detection in zero field by incorporating a high resolution spectrometer 

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

of the phosphorescence spectrum of 2,3-d:ichloroquinoxaline. This method 

has since been called Phosphorescence Microwave Double Resonance (PHDR) 

spectroscopy. They shmved 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 and optical 

radiations. The observed structure of the zerofield transitions 'Was 

explained quantitatively in te~ of nuclear quadrupole-interactions 

24 in the excited triplet state in a later paper by Harris et al. and by 

van der Waals and coworkers 22 in which optically detected electron nuclear 

double resonance (ENDOR) was reported. Several other papers followed on 

the observation and interpretation of nitrogen ENDOR in zero fieldZS-ZJ 

and was extended to 35c1 and 37c1 by Buckley and Harris. 28 , 29 Optical 

detection of el~ctron-electron double resonance (EEDOR) was reported by 

30 
Kuan, Tinti and El-Sayed and was demonstrated to be a method of improving 

the signal strength of weak zerofield transitions if emission is from only 

one of· the triplet sublevels. · 
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Apart from the applications directly associated with magnetic resonance 

parameters, ODMR techniques have bee~ used to analyze the phosphorescence 

spectra. Phosphorescence Microwave Double Resonance (PHDR) spectroscopy tech-

nique has already proven itself to be extremely valuable in many applications sue] 

as determining the synrrnetry of the excited state, the pathways of inter- and 

. . 31 . 
intramolecular energy transfer for many molecules and other phenomena. 

Also, utilizing transient microwave excitation, these techniques 

have been successfully utilized in studying the coherent.interactions of 

excited triplet states with resonant.microwave fields. Theoretical 

aspects of the problem were first considered by Harril:) 43 followed by a 

number of experiments including the coherent modulation of the phosphor-

escence by microwave d . . . 44 h f . f . h f. ra ~at~on, t e orrnat~on o a sp2n-ec o rom an 

. . . 1 45 h . 1 d . f h . 46 . 1 k" 47 
exc~tea tr~p et state, t e opt~ca etect2on o ec oes, spln oc 2ng, . 

multiple spin echoes, 48 and adiabatic demagnetization. 49 Other experiments 

have recently been reported, in which the electron spin transitions a1;e 

so 
induced by coherent acoustic waves and heat pulses or incoherent acoustic 

51 waves instead of by a microwave field. These techniques hold the promise 

o£ providing a much more detailed picture of the spin-phon.on interaction in 

the excited state. 

One of the most promising applications of ODMR and P:HDR is the study 

· of exciton interactions in molecular crystals. Using PMDR, the coherent 

nature of energy exchange 

in an isotopically dilute 

between pairs of molecules as nearest neighbors 

·s2 
system has been observed. In addition~ 

t:he coherent migration of triplet Frenkel excitons in molecular crystals 

. . ~ 53 
h~s been observed and the density of states function in the band has been 

. . 53 
measured. 
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Recently, even the kinetics and quantum yield for the creation of 

mobile wavepackets in molecular crystals have been determined using these 

techniques. The methods have also been extended to ionic solids54 and 

there is every reason to believe .that the techniques will eventually be 

extended to surface states, molecules adsorbed on surfaces and semiconductors. 

In short, the potential uses still remaining to be exploited are many and 

varied. To date, however, techniques of ODMR and PMDR have developed into 

several basic areas: (1) the study of the electron distribution of organic 

molecules in their triplet state by analysis of their zero field, nuclear 

quadrupole and nuclear-electron hyperfine interactions; (2) investigations 

into the rates and mechanisms of intramolecular processes such as internal 

conversion and intersystem crossing; (3) as a tool to investigate the 

energy levels and dynamics properties of exciton bands in molecular crystals; 

(4) as a method of observing coherent phenomena in the excited states; and 

(5) as a method of examining spin-phonon interactions. Details of these 

areas can be found in the work of Sharnoff, Kwiram, van der Waals, Maki, 

El-Sayed, Harris and others.· 

The remainder of ~his article will deal with only the first of the 

above d:I'eas, and in particular, the measurement of the nuclear quadrupole 

coupling constants by analysis of the optically detected ESR and ENDOR 

spectra~ 
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II. General Considerations 

A. Sensitivity considerations in the Optical Detection of ESR 

One of the primary advantages of optical detectibn is the excellent 

sensitivity of about 10
4 

spins as compared to the sensitivity of about 

10" spins for conventional ESR. This greatly increased sensitivity per-

mits the detection of the ESR of molecules with very short excited state 

lifetimes. In this sectio~ a cursory analysis of the influence bf various 

properties of the excited state on the sensitivity with optical detection 

(13) 

are presented. Although many kinetic schemes can be constructed for various 

experiments, we consider experiments performed under conditions of continuous 

optical excitation while monitoring the change in intensity of the pnos-

--. . . 33' 55 phorescence as a function of the appl1ed m1crowave f1eld. Only the ~case 

in which the triplet state is populated by excitation of the sample into 

the first excited singlet state followed by intersystem crossing into the 

triplet state will be considered. For molecules ~vith reasonably high sym- ·-

metry (i.e., DZh' c2h, and c2v) different modes of populating the triplet 

--···- . 
state produce to varying degrees a different spin alignment. This-is 

___ illustrated in Figure 1 where the radiative and nonradiative pathways for 

energy transfer are 

depicted. Ts~ is the population of the lm;est excited 

sinelet state, ~~ J: X = x, y, z) is the steady state population of the 

correspondinG triplet levels, K1 x is the intersystem crossinc; rate constant 

:from S1 to T1 , .KX is the radin.tjve or phosphoresccmce rate constant f'or 

rela.:'Cation to S , K is the non-radiative decay or relaxation rate con~ 
0 IL"C 

stnnt from T1 to S
0

, Hx 1 ;c(X 1 J X2 ) is the spin Jattice reJ.axaLion rate 

constant anc.l P;xl;x~(X 1 f X:.:·) is the induced rate con~to.nt due to the 

applied micro'\o.'ave field (H1 ). Hhen the micrm-:o.ve · field docs not connect 

any two of the zero field levels of the triplet, the steady state popu-

lntion is ci vcn by settinG rx1;x2 = O. The npplication of the micro·,;o.ve 

field nt a frequency corrc~ponclinc to the enercy 
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( 
sepo.ration of tHo of the levels (i.e., v:: (F'X - Fy)/h) 

c.ausing .a redistribution of the population 

which in most cases results in a cho.nr;e in the phosphorescence intcnsit;:,r. 

Since optical, ro.tller than micro't.'o.ve, photons are detected, one expects 

the sensitivity to be improved in proportion to the ratio of the 

enerGies of the photon::.>, which, for a typical molecule, is approximo.tcly 

3 x 105
• The actual chance in the phosphorescence intensity, hmrever, 

is a complex function of the v<.rious relaxation channels and rate constants. 

The actuo.l improvement in sensitivity depends on the molecule 

under study. 

In order to derive n reasonably simple quantitative expression for 

the cho.nGe in intcnsi ty of the phosphorescence, the three follmring 

assumptions 1-Till be made: 

1) The splitting of the three triplet zero field levels by nuclear 

quadrupole and nuclco.r hyperfine interactions will be neGlected, 

2) Only the tvro levels connected by the H~ field 

will be considered; these are designated T · and T , and 
X y 

3) Only the steady state condition>d~Txfdt = d~7/dt = o,will be 

considered for both the case when H~ = 0 nnd H~ f 0. 

The first assumption 1dll predict too great a chance in intensity 

if the individual triplet level::.> are split by more than the frequency 

width of the JI ~ field, ::;ince in this case the li~ field will nllo·w 

an nddi tion:1l rclJ.xJ.tion pJ.thway for only a fraction qf the po.pulJ.tion of e.:J.ch 

triplet level at any civcn frequency. The second assumption will intra-

ducc nn error in the expression for the· percentace change in intensity 

f 
\ 

·:--·""- ~· .... -. . 
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--since the intcnsi ty contribution from the level not connected by the H 
1 

· 

field (Tz) is nec;lected. This assumption also requires that the spin 

lattice relaxation rate between T -z and Tx and bebreen Tz and 

be nec;lected. This is usually' valid since the experiments arc performed 

at or below 4.2° K. The third assumption requires that the experiment 

be performed usinc; C. H. microwave conditions or modulati!l.G the micro-

wave field with a frequency lowe'r than the total rate constant of the 

systcni. 

The differential equations describing the population of the levels 

shmm in Figure 2 are 

dN 
[w + P J X 

SlKlx - Nx [K + K +W + p J + N (9) dt = nx X xy xy y yx xy 

dN 
_X. = S K - N [K + K +H + p ] + N [\~ + p ] (10) 
dt lly y ny y yx xy X xy. xy 

With the definitions 

A = K + K +W + p 
nx X xy xy 

B = w + p 
yx xy 

c· = K + K + H + p 
ny y yx xy 

D ::: 'H '+ p 
xy. xy 

l:qunti.ons 9 and 10 may be rewritten 

N A+ N B 
X if 

(12) 

, .. 
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(12) 

1'hc steady state assumption allows us to write 

dN 
X 

SlKlx NA+ Nn 0 
dt = - = 

X y (14) 

dN 
J = s1Kly - N C + N D = 0 
dt y X 

(15)~ 

Upon solvinG Equations 14 and 15 for the population of the triplet. 

levels, we have 

N = 
sl[cKlx + BK1YJ 

X AC BD (16) 

and 

N = 
s1 [AK.l,.v + DKL'{ J 

y AC - BD (17) 

intensity of the phosphorescence detected with an optical 

spectrometer m~y be written 

I :: a,lN K + a..
2

N K 
X X Y y 

(18) 

where a.
1 

nnd a.2 arc constants that depend on the polarization of 

the emission, the orientation of the s.:.unplc, and the efficiency of the 

detection nystcm. · The nssumption will be m:..tde that a.
1 

= a.2, v.·hich 

nllows the frnct ion.::~.l ch:u1£ie in the intensi t;y of the phosphorescence 

upon application of the H1 field to be written 
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0 0 ' lJ ,(,~ v .:J 
d ,;;... 

(19) 

where I 0 is the intensity of the pllo:3phorcsccnce when P = 0. Hith xy 

this condition, it is convenient to define the p<trameters Given in 

Equation 11 as 

a ::: K + K +W 
nx X xy 

b ::: w yx 
(20)-

c == K + K + w ny y yx 

d ::: w 
xy 

If both of the trip1et levels arc monitored,. the fractional chanGe 

in intensity of the emission is given by 

I (K,,. (AK + BK ) + K,, (CE + DK ) Hac 
::: ...._y y X ..L:< X y . 

Lii [Khr(aK + bK ) + K_ (cK + dK ) JfAC 
~ y X -~ X y 

bd] l- 1 
BD] 

(21) 

In some cases it is possible to monitor only one of the triplet levels 

connected by the H1 field, in v:hich ca.se the change in intend ty of 

~lssion from the. T .. and T levels are given by 
X y 

f [CK + BK 1 [ac - b.d] I· lSI. _ 1x lv·· 
1 . x -~[c!\1 , + bl'S_ ](AC EDJj-,.._x. . Y . 

(22) 

e.nd 

(23) 

Thl.'CC: -
1 cases will · l.le disGu:>sed in. order to exO.!'!'linc the 

cf..f~ct of the ID!l{;nitude of the variou::; ro.tc constant::; on the ~c.nsitivit:t" 

or the ex-periment. 
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Case #1, TI1e Effect of Radiative. Decay 

For illustration purposes, we .assume that the non-

radiati vc and spin lattice relaxation rate con~tants may be ncc;lcctccl. 

The parameter::> clcfillctl in Equations 11 ami 20 become 

In the absence of the H
1 

field the steady state popuJ.otions are given 

by 

No 
y 

(25) 
= 

The steady state population of -r is given by EquC:tion 16 which for x· 

this example becomes 

N = 
X 

S
1

[K,. K + P (K"l. + K1 ) ) 
.1....X y xy .1....X J.Y 

(K K + P (K + K )J 
X y XY X y 

In the li1ni t that 1' . is much lnrcer than any of the rcla .. 'Gltion rate xy 

constant::;, the popul.::ttions of T and 
X 

-r nre equ.::tlizcd and the 
y 

{26) 

trnnsition is satur:J.ted. Clearly, the pmvcr required to equ.::tlize the 

populations is directly proportional to the reln...x:J.tion rate of the 
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(19) 

system and inver~ely proportional to the lifetime of the excited stutc. 

The population of T at saturation is gi vcn by · 
X 

and the corresponding population of -r is given b:r 
y 

and therefore, N s = N 8
• 

X y 

saturation is 

N s 
y 

The change in popUlation of -r upon 
X 

• 

' (27) 

(28) 

(29) 

Therefore, if KxKly = KyiS_x' there is no change in population. If 

t.hc emiz;sionn from -r and -r are moni torcd simultaneously, the . . X y . 

:fractional chanee in intensity is given by Equ.J.tion 21 whichJ for this 

example, reduces to 

'f:J.. 
:: l[K1y(AKY + BK) + Klx(CKx + DKY) Jt_'

1 
. · [Kl.y(AC -. BD) J . J 

.z:: I[Kh + Kly]lpxy(Kx + KY) + KxKy]l- 1 . 

{Klx + ~ J lPxy( \~ + Ky) + KxKyJ 

(30) 

(31) 

In sU.cb a case. AT = o· and no c.h::l.I1iJC in t}le intensity of emission 'trill 

be. observed. HOi'l"cver., if a hit;h rcsolu=J;io}l optic:J.l spcctromctc.r is 

. ' . . .· .•... · 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

- -.. 1 



i 
\ 

1. 

.. . ., (20) 

used1 it is often possible to monitor the emission from ju~t one of the 

triplet levels via its selective cmis~ion to the oricin or a vibr~tion 

of the cround state siil[;let mo.nifold. Consider for ex~plc, emission from T , 
X 

which case the cho.nc;e in intensity civen by Equation 22 becomes 

(32) 

In the limiting case where intersystem crossing proceeds primarily to 

l 

At saturation ,,.e have 

The effect of the ratio of the ro.dio.tive rate constunts 

(33) 

( K /K ) on the 
X y 

maximum ch:mge in intensity of the emission may be illustrated '.-lith the 

follmdng examples : 

0.1 

l 

10 

91 

50 

9 
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It is apparent than the maximum sensitivity is achieved if the level Hith the 

fast intersystem crossinG rate con.stant has the slcrvrer pho.sphoresccnce 

rate constant. 

Case #2, The Effect of Spin Lattice Rel~<ation 

The two rate const.:mts for spin lattice relo .. xation are not inde-

pendent and ro~ be related directly to the spin lattice rel~xation 

time T
1 

for any given temperature. 

The interaction bet,.;een the energy and the lattice may be repre-

sented schematically as 

SPINS LATTICE 

'x~ 
[N ] X A 

[N ] 
X a a 

W H vlba H 
yx xy ab 

T __ (N] 
~ [lb] y y 

The con.servntion of energy requires that for each transition from T 
X 

to 'y there be a corrcspondinc; lattice transition from ~ t.o X 
a 

and vice vcr.sa. The transition rate for .the lattice .. ~5--~- ~~Titten 

:Wb =.NA n a 

w ;::: 
bn 

{35) 

~here A is the transition probability. The spin lattice rel~xo.tion 

rate consto.nts ru.:Ly be written in terms of the population of the lattice 
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( 

(22) . 

W = \ol· = NA xy ba -b 
(36) 

W = W = NA yz ab a 

Since the lattice is at the temperature of the bath (liquid hclilir.i), 

the normalized population of the lattice is given by 

-o/2kt 
N 

e 
f = · -o/2kt o/2kt = 

a e + e 
(37) 

o/2kt 

\ 
e 1 -f = ""o/2kt o/2kt = 

e + e 

where 5 = (E - E ) 
X y 

and E and E are the energies of the x 
X y 

and y mar;nctic sublevels respectively. The spin lattice relaxation 

rates may nm.,r be 'vritten 

w xy 

·w 
yx 

'l'he spin lattice relaxation til:1e 

·and··· H and w ruay be 
xy yx 

w xy 

wyx 

= (l f) A 

= (f) A 

is defined by the expression 

= 

expressed 

1 - f 
= 

'l' 
l 

f = 
Tl 

l 
A 

in terms of Tl ·and 

(38) 

(39) 

f as 

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

cess of encrr:;y tr<1nsfer behreen the spin system and the l<1ttice exists 

which is usu:.tlly the c<1sc at the temperatures of the experiments (4.2° 

If Rnman or Orbach processes arc present, only 

the explicit temperature dependence of the rel~xation must be corrected 

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

level system in terms of only T 
1 

at a given temper<1ture. A short 

relaxation time Hill tend to produce a Boltzmann population distribution 

betl-;een the spin sublevels and will significantly reduce the spin 

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

is only in~~ersystem crossing to • and emission from -r and -r • 
X X y 

Again the non-radiative decay rate constants K and K . arc 
nx. ny 

and the populations of -r and -r when P = 0 are given by 
X y xy 

and 
N o == 

y 

s
1 

( ( K + H ) KJ , _) y . yx ~ ... 
KK +KH +KH 

X y _y xy _X yx 

K K + K H + K '.·! 
X y y XY _X 'Jr;< 

·f42) 

'· 



(24) 

In the limit that H = H = 0 xy yx 

No 
X 

N o 
y 

this reduces to 

= 

::: 0 

At hieh tempcro.turcs when H :::::: W . >> K , K , Klx' Equation 42 
xy yx X y 

becomes 

N o 
81[~x] 

= K X K + 
X y 

sl[Klx] 
No = y K + K 

X y 

(43) 

(44) 

Since the cha~c in population is monitored, it is clearly advant<:.seous 

to perform the experiments at the lo· . .;est possible temperature in order 

to decrease the thcrmaJ.ization of the spin levels and the resulting 

loss in sensitivity. 

Case //3, The· Effect of Non-!\adiatl.Ye Relaxation 

The final case to be considered is the effect of the non-radiative 

relaxation rate consto.nts K and K on the sensitivity of the 
n.x ny 

experiment. It is obvious that since only the ro.diJ.tive.emission is 

detected,· a lo.rce rate of depopulo.tiori by non-ro.diativc relaxation is 

not desirable, unless it produces enhanced spin alignment. !n the case of 

a sample that relaxes primarily through.nonradiative pathways, the sensitivity 

may be improved by ising conventional ESR techniques and monitoring the 

absorption of microwave 



( 

(25) 

power, or in extreme cases by monitoring the change in temperature of 

the sample. A quantitative measure qf the decrease in sensitivity may 

be calculated by substituting the appropriate rate constants into 

Equations 21, 22 and 23; however, the expressions are rather complex 

and therefore not particularly useful. 

It should be noted that although we have dealt with the rate 

processes in the discussion of sensitivity, the results can be used to 

measure the relative rate processes associated with the individual magnetic 

sublevels. Specifically, the measurement of intensity changes of phos-

phorescence under the influence of the microwave field can yield the 

relative intersystem crossing, radiative and radiationless rate constants 

to and from all three magnetic sublevels. Indeed, this approach has already 

been widely applied 56 in the limit that spin-lattice relaxation may be 

neglected and saturation of the transition is achived. The inclusion of 

the power factor, however, gives one an additional experimental nhandle'' 

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

B. Optically Detected ENDOR 

~e ·sensitivity of this experiment may be estimated if the assumption 

is made that there is no nuclear polarization. Since this assumption has 

yet to be thoroughly investigated, it is reasonable to expect that in 

some cases it will not be valid. Nuclear polarization may arise through 

eross relaxation bet\veen the electron and nuclear spin systems 

(the_ Overhauser effect), or it may be induced by saturation 
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0 0 
- '"'£ u ~ ..:1 u 

of "forbidden" transitions (simult::>.ncous electron-nucleo.r flips). It 

is. also possible tho.t selective intcr[;ystem crossinG mJ.y prefcrcntia~· 

popuJ.J.tc a particulo.r nuclcc.r spin level if there is strong hypcrfinc 

couplinG of the electron and nuclc.J.r imvefunctions. 

In the absence of nuclear polarization, the sensitivity of the 

optically detected EIIDOR siGnal may be Ulldcrstood by referring to 

Figure 3 in i1hich the -r and 1' triplet levels are nml' each com.;. 
X y 

posed of two levels. This splitting of the triplet levels is due to 

nuclear quadrupole and hyperfinc interactions as will be discussed in 

the following sections. The results obtained 'Ly consider-

ing the triplet levels as being split into only two nuclear sublevels 

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

nects only one nucleu.r suble:vel- in each of the t;.;o triplet levels, a .. .-·1d 

the EmJOR transition connects only two nuclear sublevels in one of the 

triplet levels. 

As has already been discussed, the seusitivit~- of the optic<1l 

detection technique is dependent on the various,relaxation path~<1ys 

from the triplet stnte. The same consideratimis apply in an ENDOR 
' 

experiment. Since the sensi ti vi ty of the EI'ill011 experiment will be 

referenced to the sensitivity of the ESR experiment, the explicit de-

pendence of the tripJ.et state populntions on the various rate const~ts 

need not be specified. For the system sho·.m in Ficure 3, the phospho· 

··~ 

rcscencc intensity mo.y then be i-rritten 

I
0 

= 2(N K. + N K ) 
X X y y 

(45) 

"'·here N ( N ) is no'' defined as. the popub.tion of eo.ch of the two levels 
X y 

·1n th~ t (t ) m3nifold. 
. X y . . 



0 0 J a 4 J o ~ 3 4 7 (27) 

··Upon s~tur~tion of the electron spin tru.n::;i tion (b H d) 1 this be-

comes 

(46) 

with the chance in intensity eivcn by 

6I == I - I = t (N - N ) (K - K ) 
S 0 X Y y X 

(47) 

If the ENDOR transition (a Hb) is also s~turated, the intensity is 

~iven by 

I = -
3
2 [(2N + N )K + (2N + N )K ] E X y X y X y (48) 

Since the ErmOH signal is detected by monitoring the chanGe in intensity 

of the ESR transition, the signal stren.:.,ath is given by 

ME = IE - IS "(49) 

= ~ [(N ~ N )(K K )J 
0 X y y X 

(50) 

anu the fra.ctional cll3.nge in intensity of the ESR siGnal upon saturation 

of the ENDOR tra.nsi tion is 

oi = cu ltU = ! 
E' s 3 (51) 

If the .Ermon transition ( c H d) is saturated instead of the tran-

sition from (a. H b), the sOJnc expre.ssion is obtained for the chp.nGe 

in intensity (Equations 50 and 51). 



0 0 8 (28) 

It is interestinG to note from ~quations 47 and 50 that t~c ESR 

signal o.nd the ENDOR sicnal al'-rays affect the intensity of the plto!;-

phorescence in the s::une direction. 

If the foroiddcn ESR transition from (b H c) is saturated and. 

if the two mmon transitions (a H b) and . ( c H d) occur at the same 

frequency, the change in phosphorescence intensity is given by 

= -
2
1 

[(N --N )(K - K )] 
X y y X 

(52) 

and the fractional chanc;c in intensity of the ESR signal is unity. 

As a final note, if the ESR transitions from (a H c) and (b H d) 

occur at the same frequency, the ENDOR transitions from (a H b) and 

{ c H d) must also occur at the same frequenc;-;' causing the change in 

intensit:,r of the ESR signo.l to be t;.Tice as lc.!"ge fr.n,,,..,t.;rn, !•7)J , ....... ":1.;"'- __ ,.. r 

ill = (N - N YK - K ) 
X y'' Y X 

(53) 

while the ENDOR transitions will not be ooserved since the populations 

of the nuclear sublevels are already equal. 

III. The Zero Field Spin Jbmlltonian 

The observed macnetic resonance spectra of the excited. triplet 

state of orcanic molecUle!; in zero external :macnetic field mcy be un-

derstooc.l in terms of a Hamiltonian of the formJ 

( 



( 

(29) 

where JI
38 

is the spin-zpin or zero field interaction between the h,ro 

unpaired electron::;, HQ ir; the nuclear qu.J.drupolc interaction, and 

R is the nuclear electron hypcrfine interaction. 
-1IF 

A. H
88 

-- 1'hc Spin-spin or Zero Field Split~ing IIamiltoni.J.n 

HSS is primarily due to the m:1enetic dipole-dipole interaction 

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

also be a contribution from the· spin orbit coupling behrcen the lowest 

triplet and other excited states; hOivcver, the contribution from the 

interaction bct>·reen other excited triplet .states of the same orbital type 

57 
shifts the three levels equally, and for our purposes will be !leglected. 

If the radiative lifetime for fluorescence and phospho::-escence is 

knmm, the m::!Gnitudc of the spin-orbit contribution to the zero field 

splittinG may be estimated by choosine a simple model in l'ihich the 

transition probability for phosphorescence is due only to the spin-

orbit coupling of one spin sublevel i\'ith only one excited sinelet 

state. In the fro.rnework of this model the transition probability for 

phosphorescence may be expressed as 

(54) 

where er is.th~ electron dipole moment transition operator, . 3
'irl is 

the first triplet state, is the Ground sinGlet state, and is 

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

phorescent triplet state is actuo.llJ~ a linco.r conbination of the pure 

triplet state, v:hich is spin forbidden for electric dipole radi.:ltion to 
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·,i_l .cl '"ll 0 u \;~ ,J l " 0 2 J 5 0 (30) 

the ground state, and an admixture of sinclet chnrnctcr due to spin-orbit 

couplinG. 3
11' 

1 
mny 

31jr o and . 1* o as 

·be rcpre::>cntcd as·a linco.r combination of 

1 1 

31jr 
l 

= (55) 

where 1 '¥ 
1
° are the Have functions for the first excited cinglet 

and triplet ::;tatcs respectively in the absence of spin-orbit cot:.pling. 

In organic molecules the spin orbit mo.trix element is gcneralJ.y sm<lll 

and C
2 

is Biven from perturbation theory as 

= 

where is the c!"lerg:,:r of l,J, ,. 
1 

is the energy of 

phosphorescence transition probability (Equation 54) is simply 

l 
'rp 

= 

while the fluorescence transition probability is given by · 

p ~ 

F 

SubstitutinG Equation 58 into Equo.tion 57, we have 

= = 

1 

-rF 

(56) 

3,r; 
Tl• The 

(57) 

(58) 

(59) 
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Within the limits of the model, the spin-orbit mG.trix clement is eivcn 

by 

1 

0 = (::)

2

(
1
E1 -

3
E 1) (60) 

Also from perturbG.tion theory the shift in enerr;y of the triplet zero 

field level coupled to 1
• may be written 

1 

58 As an example, for benzene, -rp = 30 sec, 

·I 1 E - 3 E I < Gooo crn- 1
, we have, 

l 1 -

= 

= 

3 x 10-8 sec 
--30 sec 

(61) 

3 X lo-s d -rF - sec, an as su.11ing 

. ·!i 
· Comp:::trecl to the measured zero field splittings of benzene 5~ of 0.1644 crn- 1

, 

0.1516 cm- 1
, o.nd 0.0128 cm- 1

, the spin-orbit coupling contribution to 

the zero field zplittins is clearly negligible. 

_ :An ·exm!lple 

60 
of the m:::tc;nituclc of the effect is given by p.:lr.:ldichloroben~cne for v.-hich 

Substi-

tutin.::; these vo.lucs into Equn.tion 61, we find thG.t 6 = 1. 5 x 10-2 cm..: 1
• 

29 
This is still small comp~ed to the observed zero field splittings of 

0.1787 cm- 1
, 0.1201 cm- 1

, o.nd 0.058lr cm- 1
• In o.ddition, since i-:e used 
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( the measured lifetime of the phosphorescence Hhich includes both the 

radiative and non-radiative tr~n::;ition probabilities, the actuc:;;l contri-

bution of spin-orbit couplinc; to the zero field splittinG is certainly 

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

splittinG of the zero field levels due to spinhorbit coupling usually 

accow1ts for only a small percentao;e of the observed zero field splittinG 

and therefore) we will con::;ider on the maGnetic dipole-dipole inter-

action in cxplo.inino; the observed spectra. The addition of a heavy atom 

however will increase the spin orbit coupling matrix element. 

The Hamiltonian for magnetic dipole~dipole interaction between two 

. d 1 .b . 61 unpalre e ectrons may e wrltten as 

= 3 ( s 1 ·_ r )( S2 • r) l 
rs { 

(62) 

where is the electron e factor, vrhich has been found to 

be basically isotropic for aromatic triplet states and equal to th<? 

free electron value of 2.00232, fje is the Bo1u.· magncton ( eh/ 2nc) , 

and r is the vector connecting the t>-ro electron spins S1 and 82. 

The Hruniltoni::m is of the same form as any dipole-dipole interaction, 

and in the case of the interaction between the two triplet state elec-

trons is --expressed as 

= S•D•S (63) 

which mo.y be written in a Cartesian a..xis system as 



0 I[~ 3 0 0 0 '.: 
,; 

= 

,; )i , 
5 "'2 

t:.,_ ,) ~ • ..:> --... 

D S 2 + D S S + D S S + 
XX X xy X y XZ.X Z 

D S S + D S 2 + D S S + 
yx y x yy y yz y z 

D S S + D S S + D S 2 

zx z x zy z y zz z 

The values of the D .. (i,j = x,y,z) are· eiven by averaees over the 
~J 

triplet state electronic wave function62 

D 
XX 

2 
- 3x > 
r5 

(33) 

(64) 

(65) 

and so on. D is a symmetrical tensor (D = D , etc.); therefore, xy yx 

in the principal axis system which diagonalizes the zero field tensor, 

the Hamiltonian becomes 

= -XS 2 

X 
YS 2 

y zs 2 
z 

where X = -D , Y = -D , and Z = -D 
XX yy ZZ 

(66) 

Since the Hamiltonian i:> traceless, X + Y + Z = 0, 

only two independent parameters are needed to describe the interaction. 

In conventional ESR the_ JlarniltoniM in the principal a..·ds system is 

usually rc\·rri ttcn by defining 

D = 
1 

(X + Y) - Z 
2 

nnd E = -~ (X - Y) 
2 

(67) 

with the axis convention that lxl < !Y.j :$1ZI. -Therefore, the three 

· comvoncnts of the l!:uniltoninn nrc eivcn by 



(34) .. 

. ~---- -- ----- - - - -.--- -

D/3 ( X = E 

y = D/3 + E (68) 

z = ~2/3 D 

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

can be written in diaconnl form as· 

= D(S 2 
- 2/3) + E(S 2 

- S 2
) 

Z X y (69) 

where the triplet electron representations X, Y, and Z are relntcd to 

the s z 
eic;enstatcs by: 

IX> = 1/[2 ( l-1 > ll>) 

/Y > = i/[2 <l-1 > + jl >) (70) 

jz > = lo> 

This form of the Hamiltonian is directly related to the cho.sen axis sys-

tem of the molecule and presents a clear picture of the orientational 
' 

dependence of the enerey. 

The usual selection rule in ESR of 6Sz = ±1 is not valid in 

zero mn(5netic field since the triplet sublevels are not eigenfu.r1ctions 

or s . z The probability of nJacnetic dipole trn.nsi tions 

between the triplet spin sublevels nrc eivcn by 

p = l<xl s IY> 12 
= 1 x ..... y z 

p = I <XI s lz> 12 = 1 (71) x-•z y 

I 
p = I <YI s lz > 12 = 1 

\ Y""Z X 



0 ·0 0 
(35) 

At this time we should point out an obvious feature about the form 

of the electron spin dipolar Hamiltonian. It is identical in form to the 

nuclear quadrupole Hamiltonian. In fact, the zerofield electron spin 
14 

Hamiltonian for triplet spins is identical to the ·N nuclear quadrupole 

. 2 . 2 
Hamiltonian save for the replacement of I operators for S operators. 

This means that nuclear quadrupole interactions in excited states will 

appear in zeroth order as satellite transitions split off the zerofield 

electron spin transition by the appropriate quadrupole interaction energy. 

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

by first order nuclear electron hyperfine interactions. 
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•. 

( B. HQ -- The Nuclear Qu.::tdrupole li.:uniltoni.::tn 

As is wellknown, nuclei with spins ~ 1 have non-spherical charge distri-

but ion and therefore an electric qu.J.drupolc rr.omcnt. The qu.:;.urupolc mo-

ment of the nucleus is positive or necative depending on whether the 

charge distribution is elongated or flattened alonG the spin axis and each 

allowed nuclear orientation alonG the spin axis has associated 

with it a potential energy due to the surrounding electric field. In 

the case of a molecule, the electric field is due to non-s electrons -

which produce a field c:;radient (Vi,) at the nucleus defined by · 

(i,j = x,y,z) (72) 

( 
where V is the electrostatic potential at the nucleus. 

In an arbitrary axis system the Ha.miltonian63 -is ·--· viri tten as 

HQ · = B { V (3I Z - I 2
) + (V + i V )(I Iz + T I ) zz z zx . zy - -z . -

+ (V - iV )(I Iz + Iz I ) + [lj2(v - V ) (73) 
zx · zy + + . xx\ . yy 

+ :1 V ] I 2 + [l/2(V - V ) - i V ] I_2
} 

xy + xx yy xy 

B 
eQ 

= 4I(2I- l) 'Where 

c = the electron charr,e (csu) 

Q = ·the quadrupole moment ( cm2
.) 

And I = the nuclear spin quantum number. 
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The Hamiltonian being a symmetric tensor and like the electron spin dipolar · 

-Hamiltonian can be trans.fiormed to an axis system such that V i,j = 0 for 

i ~ j, where the Hamiltonian is rewritten as: 

= V ) (I 2 + I 2) ] I 
yy + - { • 

Because the Laplace equation is s<.J.tisficd: 

v + v + v = 0 
XX yy ZZ 

and_consequently, only two independent parameters _are used 

(74) 

(75) 

to describe the interaction. The conventional nomenclature in nuclen.r 

quadrupole resonance spectroscopy defines the field gradient, qJ and 

the aS~l@Ctry parruneter1 ~~ by the relations 

eq = v zz 

v - v (76) 

ll 
XX IT = v zz 

with the convention 

(77) 

The standard form of the Hamiltonian, Equation 74, is rewritten as 

(78) 

where A = 4I(2I -1) 



( 

( 

\ 

·' 

0 0 . ~ u 
(38) 

This may also be written in the completely equivalent form 

= A [ (3I
2 
z (79) 

One shouldnote thesimilarity of Equation 79 to Equation 69. The Hamil-

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

states differing in I by ±2. The electric potential due to the relative 
z 

orientation of HQ to Hss can effect the "apparent" magnitude of HQ since 

HQ manifests itself as a perturbation on Hss" 

Because we will explicitly deal with 35Cl and 1 ~N quadrupole inter-

actions in excited states, we review the explicit form of the Hamiltonian 

for I = 1 and I = 3/2. 

The Hamiltonian for an I = 1 nucleus ( 1 ~N) is expressed in a more 

convenient form by transforming Equation 79 to the representation in which 

the energy is diagonal. In this representation, the Hamiltonian is in 

the same form as the electron spin-spin Hamiltonian, and is parttcularly 

convenient since it may be written in terms of the nuclear angular 

momentum operators as 

= 2 . 2 2 
-xi . - yi - zi 

X y Z 
(80) 

for a spin of I = 3/2 it is easier to use matrix notation, i.e. 

l-1/2 > l-3/2> 

l 0 Tl/.f3 0 

2! e qQ 
~· 

0 -l 0 1v.f3 

1l/.[3 0 -1 0 
(81) 

() ;J/Jj 0 1 
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The matrix may be rewritten as two separate 2 x 2 matricc~ by re-

arrnngin,: the order of the basis states as 

13/2> l-1/2> 1 112 > l-3/2 > 

1 rJ-f3 0 0 

n/-[3 -1 0 0 

0 0 -1 1J/J'3 

0 0 lJ/[3' 1' 

_The eigenvalues of the_Hamiltonian are simply obtained by diagon-

a1izing each of the 2 x 2 matrices ....... __ .. __ . _ 

The cigcnstates are 

where 

llti • 

13/2 >I = a)3/2 > +bl-l/2> 

f-1/2 >' = a 1-l/ 2 > - b 13/2 > 

(l/2 >' = all/2> - b]-3/2 > 

f ... 3/2~ I = a 1-3/2 > + b 11/2 > 

.. ' 1/2 
(2(1 + x2 + J1 + x~)J 

. •· . '• . 

. ., . 1¥ I I . 4 ......... 

(82) 

. (83) 

. (84) -. 

(85) 

I J 4 1 . 
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(40) 

b = x/{2(1 + x2 + fl + . ]1/2 x·- .. 

and X = TJ/3 
II 

In contrast to a nucleus with spin I = 1, 

e2 qQ and ~ cannot be determined. It should be 

noted, however, that the transition frequency is not particularly sensi-

tive to '11· The assumption that 11 = 0 and the transi-

tion energy is equal to (1/2) e2 qQ ,.,rill produce only a small error for 

small values of '11· 

c. H -- The Nuclear Electron Hyperfine Interaction 
lfF 

A nucleus with a spin ?_ 1/2, like an electron,. -~a-8-~-~~ a magnetic 

moment and the interaction of this nuclear magnetic moment with the_elec-: 

tron maenctic r::or:1e11t leads • to both an anisotropic dipole-dipole 

interaction and a Fermi contact interaction due to a finite electron 

spin density at the nucleus. 

The . component of the hyperfine interaction, due to the interaction 

of the nuclear and electron maenetic moments, is entirely analoeous to 

the zero field ll::uniltoniun with the replacement of one of the electron 
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spins with n nuclenr zpin nnd the nppropriate chance of constants. 

Hamiltonian 
62 

may be written as 

= 

(41) 

The 

(86) 

and is the nucleo.r g fnctor and n. ~-'n is the nuclear magncton. 

Since this is identical in form to Equation 62 for the zero field 

Hamiltonian, Equation 86 is expressed as 

= S•A•I. (87) 

which can be expanded in the same manner as Equation 64. The A matrix 

is symmetric and therefor.~, in its principal axis system,· it is· written 

as 

= A S I + A S I + A S I 
XX X X . yy y y zz Z Z 

. (88) 

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

distribution of the tmpaired spins 

= . (89) 

where. x = x,y,z. 

·-The Laplace equa~ion is again satisfied and therefore 

= 0 (90) 

The tmpnircd spin density at the nucleus.produces an addition~l 

contribution to the hypcrfine ll~rniltonian, the Fermi contact term. 
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0 0 (42) 

This will arize only from spin density in s orbitnls since the other 

orbitals hnve a vanishinG probnbility of beinG nt the nucleus. The 

Fermi contact contribution is usually considered to be isotropic CW"ld 

is 

where 

and 

•n:i tten as 

C(S I + S I + S I ) 
X X y y Z Z 

is the s electron spin density at the nucleus. 

The total hypcrfine Hamiltonian can -be written as 

where 

l)w = A' S I + A' S I + A' S I 
XX X X yy y y ZZ Z Z 

-~ - A + c, etc. 
XX XX 

(91) 

(92) 

(93) 

(94) 

··· t:f the three components of the total hyper fine Hamiltonian 

are measured1 the contribution due to the anisotropic and isotropic com-

poncnts ca.n be separated; hm:eve:r 1 the absolute sit:;ns will not generally 

be obtnincd. It should be pointed out thnt since the nuclei in \vhich 

we nre interested also have quadrupole mon;ents, the Fermi contact term 

wiil not be strictly isotro!_1ic since the nuclei are distorted, and con-

soqucmtly, the dipole-dipole and contact terms arc not completely separable. 

D. The Total llamiltonian1 Enerc;y Levels und Transition Probabilities 

-- --Th~ total lL:uniltonian for t-..:o molecules vrhich are 

· exrunp1es of the triplet state electrons interacting '"i th an I = 1 and 
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an I= 3/2 nuclc~r spin·- are considered. !n order to :.~implify the 

discussion we mo.l<.e the folla . .;in.g assumptions for both ca~es: 

1) The princip;1l o.xis system of HSS' HQ and t)u~ are coincident, 

2) Only the out-of-plillle component of the hyperfinc Hruniltoni~n 

need be considered, and 

3) The hypcrfinc interaction due to protons may be neglected. 

Assumptions 1 and 2 can be, in many cases, justified on the basis of the 

64 
single crysL;J.l ESR spectra and assumption 3 

on the fact that resolved ~raton hyperfinc splitting has not been 

observed in zero field ESR. 

An example of a molecule which is characterized by the interaction 

of one (I = 1) nuclear spin with the triplet electrons is the n:rc* 

state of quinoline (1-azanaphthalene). The spin Hamiltonian for this 

molecule may be \n'i ttcn as 

H 

where 

and 

= 

= 

xs 2 

X 

xr2 
X 

= A S I 
XX X X 

where x is the out-of-plQDe axis. 

YS 2 
y 

yi 2 
y 

zs 2 

z 

zi 2 

z 

For illustr.:~.tion 26we will use for the basis st.:~.te's the product 

:functions !11 v > = T x v:hich form a set of eigenfW1ctions that 
J..l v' 

(95) 

(96) 



'T o.nd X are the electron .:J..."'ld nuclear 
!-1 v 

spin function while 1-1 and v correspond to x,y and z. 

The complete Hamiltonian is, of course, a 9 x 9 matrix. Since we· 

are only considerinG the A 
XX 

element of the hyperfine 
28 

intcractio:1, 

(44) 

a satisfactory solution is obt::l.incd by pertur.b::l.tion theory. As is sho·,.,·n 

in Fic;urc 4, the encrc;y of the st::l.tes jzz > and jZy> nrc shifted by 

an runount (3 1 vrhcre 

= 
A 

XX 

2 

E - E y z 

while the states / Yz > and I Yy > are shifted by an amount -i3. 

In our axis system the triplet state energy levels would be ordered 

(9'/) 

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

The eigenvectors of the states 1-rhich are coupled by A are 
XX 

jzz >' = (1 13) lzz > ~ /Yy > 

jzy>'· = (l 13) jzy> f) /Yz > · 

jYz >' = (1 13) I Yz > + 13 I Zy > 
(98) 

fry>' = (1 13) I Yy > + 13 I Zz > 

The probJ.bility for micrmmve tran~;itions between the triplet state 

~aenctic sublevels is given by 

(99) 

where Hru,(t) is the m:.1cnetic dipole tr:.1n.sition opcr:ltor defined by 

= H1 (t) -f1 (y ·I+ y ·s) 
n e 

(l.OJ) 

·• 



0 

and H
1

(t) is the magnitude of the time-dependent magnetic field. The 

electron spin magnetic dipole transit_ion operator will connect states 

(45) 

with ~l -f ~2 and v
1 

= v2 , while the nuclear spin operator will connect 

states with ~l = ~2 and v1 -f v
2

• However, the mixing of the basis function 

by A allows the observation of "forbidden" simultaneous electron and 
XX 

nuclear transitions. This is clearly shown by considering the transition 

from jxz>' to jYy>'. The intensity of the transition is given by 

(101) 

(102) 

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 5J the spectra expected for the three zero field tranoi-

tions are shmrn in terms of the components of the totu.l Hawiltonian. It 

is clear that the sepa.ratio':l of the quadrupole satellites for both the 

-r .... -r and ,. __. -r transitions is 2(z - y) and 
X Z X y 

therefoi:e only one of the three possible nuclear quJ.drupolc transitio!ls 

equal to (3/4) c
2

qQ (1 - lJ/3) is observed. The value of the hyperfinc 

couplinG constant A 
XX 

is easily obtJ.ined from the scparaticm of the 

two allo;vcd components of each of the three transitions. If we had 
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(46) 

chosen to use A or A as the only hypcrfinc interaction instead · 
yy zz 

of Axx' the spectra would be the srune as that sho·.m in Figw;e 5 if a 

cyclic perturbation is applied to our lnbeline. 

AlthouGh in this simple example all the pnrn.meters in the Enmil-

tonian c~n be determined from the three zero field transitions, in 

practice this is usually not the case. This can be due to such problems 

as poor resolution of the spectra or the failure to include enoUGh terms 

in the Ho.miltoninn to adequately describe the interactions. 'Ynerefore, 

it is usually advantac;eous to ulso perform an electron nuclear double 

resono.ncc (ENDOR) experiment to iJnprove the resolution and confirm the 

assic;nmcnt of the spectra.. The ENDOR transitions are shmm in Figure 4 

by the double arrm·rs. Let 

us consider the intensity of the El\JDOH transition. As an exa"llple we 

will trent the transition from I Yy > 1 to I Yz >' 

I RS 

I RS 

Since 

I [c1- P} < Yyj+I3<Zz!Jl HRF(t) I [<1·-o)/Yz>+ o/zy>]l 2 

[ (1 

li 
.l 

- 13) 2 
Y H + 213 ( 1 - 13) Y H

1 
+ 13 2 Y H1] 

2 
. n 1 . · e n 

is a constant, "'e. \-rill drop it and mny no'.v \'t'Ti te 

I ~ I~ r e 
2 [o 2 

( 1 - ~ ) ] + 4 r ern [ 0 ( 1 - 0) 3 "!- 13 
3 

( 1 - 13 ) J 

(103) 

(104) 

+ rn2 
{ (1 - 13) 4 

+ 0
4 

+ 20
2 

(l - ~) 2 ] {105) 

,, ... 
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0 0 

-~-- ·~ ....... p 1 X 10-2 .. _Since is u::;uo.lly on the order of for nrr* triplets, . - -·-. -- .. 

... 

we can rco.sonnbly 

In contrast, 

approximate Equo.tion 61+ by 

I ~ 40 2 
Ye 2 + 40 yeyn + Yn 

2 

if there were no hj~crfine'coupling as in the· T 
X 

(lOG) 

manifold in our example, the intensity would be given by 

(107) 

·The ratio of the intensity of the Er'IDOR transitions due to 

the electron maenctic dipole operator to those due to the nuclear magnetic 

dipole operator is approximately 4f3 2 y 2 /y 2 and therefore, unless e n 

r 2 is greater than 11{3 2 y 2 

n .e 
the electron dipole moment transition 

. . . 
operator will be the major source of the intensity in E~IDOR t~ansitions. 

As an example, for 1 4 N the ratio of y /Y- = 8.6 x 106 and there
. e n 

fore, {3 must be less than 1.57 x lo-3 for the nuclear magnetic dipole 

transition operator to be compn.rable to the electron ·mo.gnetic dipole 

transition operator in producinG intensity in the ENDOR transitions. For 

a typical separo.tion of T - T of 1000 1-lliz this would corre.spond to 
z y 

an extremely smnll hyperfine element, A of only 1.5 HH:::.,. v.·hich is 
XX 

much smo.ller tho.n nny out-of-pln.ne hypcrfine clements reported.for o.z.a-

nromo.tics. 

As an example of a molecule with one I = 3/2 nuclear spin, we will 

3 * consider the excited 1f7T st~te of chlorobenzene. The spectrum produced in 

this case is somewhat: more complicated to calculate because of the lack of a 
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0. '·0· ~J 

1 

1 

1 

1 

bo.sis set for both the electron o.nd rn.lcleo.r .cpin function::;. The simplc::;1 

method 1-rith on~ one hypcrfi·ne conponent is to use the bo.sis set !~1 v> 1 

-rl-1 xv 'trhere ~l corresponds to X, Y and Z and v to 3/2 1 1/21 -1/2 

and -3/2. He will further o.ssurne that T) = 0 and therefore · both 

HSS and HQ arc ac;ain diae;onal. . In this example the out -of- plane com

ponent of the hypcrfinc tensor (Ax:<) couples the basis sto.tes in the 

-r manifold uith tho.se in the -r manifold for which the nuclear sp~ns z y -

differ in their Iz q_un.ntum number by ± 1. This is easily seen by 

expanding the hyperfine Hamiltonian as 

·.The states in the Hamiltonian that are coupled by A 
XX 

may be represented graphically as 

Hyperfine 
Element 

-3/2 J"3/2 A -1/2 
XX ---

A ------. 

lj2~A: 3/2 

. (lo8) 

;~since the dccenero.te nuclen.r levels n.re not coupled by the smne 

l'.y·perfine clement, 't:e may still usc non-dccenero.te perturbation theory 

to calculate the cncrc;y levels n.nd transition moments. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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/ This. spin system has a total spin th~t is n h~lf inteccr 

(49) 

(5/2) 1 it is a Krruncrs doublet, ~d therefore all the enercy levels nrc 

two-fold decener~te. The hyperfinc couplinG will never rc-

move the deGeneracy of the ± nuclear levels in zero field and con.se-

quently we have only six levels to consider. 

The energy level diar.;rrua resultinG from a pcrtm·bation treat;:;::ent of the 

hyperfine interaction is siven in FiQITe 6,· and the predicted spectra in Fic;urc 

The use of the A component of the hyperfine tensor instead of the 
yy 

A component produces an identical energy level diagram and spectra 
XX 

with the appropri~te relabeling. The use of the A coraponent of the zz 

hyperfine tensor mixes the nuclear sublevels in the T manifold ',.;ith 
X 

those in the T manifold having the same I quant\~ n~~ber, y z 

T 
Hyperfine 

T 
X Element J.. 

3/2 3/2 A zz 3/2 

l/2 1/2 A zz 1/2 

-l/2 -l/2 A . zz -1/2 

-3/2 -3/2 A zz -3/2 

therefore, no nuclear qu~drupole satellites due to the electron mo.cnctic 

moment transition operator nrc observed. 'l'he resultinG enerGY level din.-

grrun, eonsidcrinG only the A component of the hyperfinc tensor is civen zz 

in FiGUl'C 8 nnd the predicted spectra in Fi(;Ul'C 9· 

The EI\'DOH trnnsi tions penni tted by the electron dipole 1noment 

transition operator 1 con;.iclcring only the Axx l1Y}1erfinc element, 
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are shown by the double nrra,.;s in Fic;urc 6 ~ The analysis of the Er·:non 

spectra follo1.;:::; the same method as thu.t for a spin one nuclcu:.;) "i th 

the same expression for the intensity of the transitions inuuccd by the 

electron magnetic dipole moment transition opcrJ.tor and the nuclear mac;-

netic dipole moment transition operator. When only the A zz hyper fine 

element is present, the electron wacnctic dipole transition operator is 

ineffective in producing El'IDOR transitions and conseg_uently the inten-

sity of any observed ENDOR signal is due solely to the nuclear magnetic 

dipole transition operator. 

Some generalizations can be made at this point concerning the appearance 

of "forbidden"satellites whose separa,tionis in the zeroth order is the 

pure nuclear quadrupole transition frequency of the molecules in an excited 

triplet state. (a) For a nuclear spin I ~ 1 (e.g. 14N)~ a hyperfine. 

element, A •. , associated with a direction i gives intensity into a e-z-.·rrrultaneous 
~]_ . 

electron-nuclear [Zip in the plane normal to i. Thus at least two nuclear 

2 hyperfine elements must be finite to obtain independently both e qQ and 

n. (b) For a nuclear spin I= 3/2 (e.g. 35Cl), a nuclear hyperfine element 

paraZZel to the principal axis of the field gradient (i.e., A ) does not zz 

introduce mixing between electron-nuclear states that admit intensitu into 

forbidden satellites. (c) For a nuclear spin I = 3/2~ a nuclear hyperfine 

element perpendicular to the principal axis of the field gradient introduces 

intensity into forbidden satellites whose separation in zeroth order is the 

pta>e nuclear quadrupole transition frequency; however~ e
2qQ and .n can never 

be obtained independently in the absenc_e of an external magnetic field. 

~!though we will not discuss the observation in anydetail, we should point out 

t'h"at in many cases it is possible to obtain the sign of the nuclear qua-

.cJ:tupoJ,:e moment from a.n analysis of the zerofield spectra. This feature is 
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(51) 

Although we have not treated explicitly the case where two nuclei 

are present on the same molecule, both having nuclear spin I ~ 1, the 

generalizations (a)-(c) hold with one additional £eature being mani-

fested, that is the possibility of simultaneous multiple nuclear-electron 

spin flips. As we will see in the following sections, in 8-chloroquinoline, 

simultaneous chlorine-nitrogen electron spin transitions are observed. and 

are easily identified. In addition simultaneous multiple nuclear ENDOR 

transitions are expected and, indeed, observed. 

IV. EXPERIMENTAL NETHODS 
. . . . 

A. Opt~.cally.Detected Magnetic Resonance 

The basic experimental arrangement is shown in Fiaure 10. The 

65 
sample is mounted inside a helical slow wave structure which is attached 

to a rigid stainless steel coaxial line suspended in a liquid helium de\var. 

The exciting light is supplied by a 100-watt mercury short arc lru~p. The 

spectral region of interest selected by either an interference filter 

6o 
centered at 3100 ~. or a combination of Corning glass and solution filters. 

The phosphorescence is co~lected at a 90° angle to the exciting.iight and is 

focused t~ough an appropriate Corning filter (to remove scattered. light} 

onto the entrance slit of a Jarrel-Ash 3/4 meter spec-

trometer. The light at the exit slit 

is detected with an .Et-11 6256S photomulti-

0 
plier cooled to -20 C. whose output is connected 

to an electrometer through an adjustable load resistor. The output of the 
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used, or if the microwave field is amplitude modulated, connected to the 

signal--channel input of a PAR model HR-8 lock-in a."llplifier. 

The microwave field is generated by a Hewlett-Packard micrO\vave 

sweep oscillator Hodel 8G90B, amplified-with a traveling wave tube and 

fed consecutively through a directional coupler, band-pass filter, and 

an isolator to the rigid coaxial 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 drives 

the y axis of an x-y recorder while the ramp voltage from the micro"ave 

sweep oscillator drives the x axis. 

The temperature of the sample is usually lowered to approximately 

0 
1.3 K by pumping on the liquid helium with three Kinney model KTC-21 

vacuum pumps operated in parallel. 

The experiment is performed by monitoring the change in emission 

of the sample while varying the frequency of the modulated microwave 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 OD~ffi exper-

iments with the exception that the microwave field (H
1

) is not 

modulated. The radiofrequency field (H
2

) is supplied by a sweep oscillator 

that covers the region from 0.1 to 110 HHz. The output is modulated by a 
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linear gate that is driven by a square wave generator which also drives 

the reference channel of the lock-in amplifier. The RF is then amplified 

by two broad-band distributed amplifiers, a 4 watt unit and a 20 watt 

unit, and connected to the ENDOR coils. These amplifiers 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 resistance 

network in a Helmholtz arrangement. This configuration maintains an 

even rf level over a broad-band of frequencies since it looks entirely 

resistive. The x axis of the recorder is driven by the ramp voltage from 

the rf sweep oscillator and the y axis from the output of the lock-in 

amplifier. 

c. Variations of the Basic Experiments 

The optical detection of magnetic resonance permits several additiona,l 

parameters to be experimentally ad~usted. These include the energy and 

bandwidth of the phosphorescence that is monitored as well as the energy,.' 

bandwidth and intensity of the exciting light. In addition, the power of 

the microwave field H
1 

may be adjusted over a wider range than in experi-

ments in which the absorption of microwave power is monitored. This is 

due to the fact that saturation gives the maximum signal strength using 

optical detection techniques, while with absorption experiments the sig-

nal strength will decrease as the power is increased above that needed for 

saturation. 'The advantage of this is that the signal strength of wea..l<:. 

"forbidden" transitions may be improved bythe application of large H
1 

fields without a decrease in the signal strength of the allowed transitions. 

Some of the most useful variations of the basic experiment are 

listed in Table IV. If a high resolution spectrometer is employed to I 

isolate the phosphorescence emission, the optically detected ESR may be 

·-
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used to simplify the phosphorescence spectrum by amplitude modulation 

of __ the II
1 

field while saturating an ESR transition. The modulation 

of the phosphorescence is detected with a phase sensitive amplifier 

while sweeping the optical spectrum. Since only two of the three triplet 

levels are coupled by the H
1 

field, only the emission from these two 

levels will be detected. Therefore, by repeating the experimertt while 

saturating the remaining two ESR transition-s, three P:t<IDR spectra are obtained~ 

each including only the emission from two of the three zero field levels. 

The information obtained from the analysis of phosphorescence spectra 

is extremely useful by itself in characterizing the triplet state, and 

complementary to the information obtained from the analysis _of the ESR 

spectrum. 

In ENDOR experiments the radiofrequency field H
2 

_may also be adjusted. 

These experiments are usually performed by saturating an ESR transition 

while varying the frequency of the H
2 

field. Either the Hi or H
2 

fields 

may be modulated; however, it is usually preferable to modulate the H
2 

field since, in this case, only the change in intensity of the phospho-

rescence due to the ENDOR resonance is detected with a lock-in a1nplifier. 

On the other hand, if the H
1 

field is modulated,_ there is a constant sig

nal due to the ESR transition which changei in intensity when the H
2 

field 

is swept through resonance. A useful modification of this technique is 

achieved by modulation of the H
2 

field while simultan~ously saturating 

an ENDOR transition and sweeping the H
1 

field. In-this case, only the 

ESR transitions that connect energy levels simultaneously coupled by the 

H
1 

and the H
2 

fields are detected. This method is useful in analyzing 

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

due to different isotopes and/or nuclei may be isolated. 
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0 0 u 0 
If both an ESR and an ENDOH transition are saturated while modulating 

the H
2 

field and scanning the phosphorescence spectrum, it is possible to 

isolate the contribution to the phosphorescence spectrum from molecules 

containing different nuclear isotopes. As an example, if the phosphores.,. 

35 
cence from a molecule such as chlorobenzene is monitored and a Cl ENDOR 

transition saturated while modulating the H
2 

field, only the contribution 

h h f 1 1 . . h 135 . to t e phosp orescence spectrum rom mo ecu es contalnl.ng t e C lSOtope 

will be detected. The same experiment may then be repeated detecting only 

h . . . . h 137 . t e contr1.butlon from the molecules contal.nlng t e C lSotope. 
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V. The ODMR Spectra Qf 8-chlor~quinoline 

The zero field spectra of 8-chloroquinolinc is characterized by 

the interaction of the triplet electrons with both a nitrogen (I=l} 

and a chlorine (I=3/2) nucleous. The addition of the chlorine atom 

to quinoline does not appreciably change the lifetime of the phosp~o-

rescence (see Table 2). Both quinoline and 8-chloroquinoline show 

emission primarily from only one of the triplet sublevels and have 

essentially the same zero field, nitrogen quadrupole and nitrogen hyper-

fine interactions. 

Although a great deal of information concerning the pathway of 

intramolecular energy transfer (i.e., intersystem crossing, radiative 

rate processes, etc.) can be obtained from an ·analysis of the microwave-

induced phosphorescence intensity changes, we wili restrict the results 

and discussion to the salient features of the ODNR spectra in zero field. 

Two of the three electron spin tr~nsitions, those associated with 

the T ~ t and T ~ T manifolds were observed with both a continuous 
Z y X y 

microwave field while monitoring the intensity of the phosphorescence and 

with 5 Hz amplitude modula_tion of the microwave field and phase sensitive 

(56) 

detection of the component of the phosphorescence at the modulation frequency •. 

The T ~ T transition was only observed iri an 
X Z 

EEDOR 

--- - __ j 

experiment. This was performed by simultaneously s~turating the T ~ t 
X y 

transition with a c.w. micro\,•ave field and amplitude modulation of a 

second microwave field which was swept through the T ~ T transition. 
X Z 

This was necessary since emission originates almost entirely frOm only 

the T spin manifold~ In all cases the phosphorescence intensity increased 
y 

when the microwave field coupled the respective electron spin manifolds. 

The lifetime of the emission from the T manifold was found to be 0.11 sec. 
y 
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while the lifetimes of both T and T levels are each more than one second. 
X Z 

With the assumption that the radiative lifetimes of the triplet levels are 

ordered the same as the total lifetimes and the observation that the phos-

phorescence intensity increased while saturating both the T + T and 
X y 

T + T spin manifolds, from Equation 147 the steady state population of the z y 

T level must be less than the population of either the T or the T levels. 
y X Z 

The spectra obtained with amplitude modulation of the three ESR transitions 

are shmm in Figure 12. At low microwave powers only the "allowed" 

component of each spectrum was observed. As the microwave power was 

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

observed. The 35Cl ENDOR resonance observed~while saturating the 

T + T transition is shown in Figure 13. This transition was also 
z Y. 

observed w·ith both a continuous and amplitude modulated rf field. 

The phosphorescence of 8-chloroquinoline in durene is due to the two 

. 67 
distinct sites, the more intense phosphorescence origin at 4795 A and 

a weaker origin at 4792 A~ In order to isolate the emission from the site 

0 

at 4795 A, the ODMR spectra were obtained with the entrance slit of the 

spectrometer adjusted to 100 microns or less. 

The ODHR spectra observed may be considered as due to two distinct 

molecular isotopes since approximately 75% of the 8-chloroquinoline 

molecules will have the 3 5Cl isotope and 25% the 3 7 Cl isotope. We will 

initially limit our consideration to only the 8-chloroquinoline molecules 

that have the 35Cl isotope. 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 short in-plane axis. In order to simplify the analysis of the spectra, 

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

(2) The principal axis systems of th~ spin-spin, nuclear quadrupole, and 

hyperfine interactions are coincident. 

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

will be considered. 

(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 68 aL 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 second a:.;sumption is quite severe, but is reasonable for our 

purposes since slicht non-coincidence of the tensor elements will only 

produce a small perturbation of the observed spectra in zero field. 

In addition, the x axis is fixed by symmetry to be 

perpendicular to the plane and in quinoline it has been found. that the 
6·4,. '69 

z axis of Hss is 1-d.thin a few degrees of the moleeuln.r z a.-xis. It is 

also reasonable to expect the principal nuclear quadrupole axis for both 
63, 

the nitrosen and chlorine atoms to be along the molecular z axis. 

(59) 

The third ascwnption is based on the measured value for the nit1.·ogen 

hyperfine interaction for the excited triplet state of quinoline for vrhich 

64 
Axx >> Ayy, Azz' and on the observation of chlorine hyperfine interactions 

in organic free radicals in which the principal chlorine hyperfine element 

70, 71 
has been found to be the out-of-plane element. In addition, since 

in zero field the hyperfine interaction is an o_ff-diagonal term in the 

spin Hamiltonian, the magnitude of the effect of the interaction on the 

observed spectra is in first order inversely proportional to the enerwr 

separation of the triplet manifolds that are connected by the respective 

hyperfine element. _·:·---~-----=·In_. the case of 8-chloroquinoline even if· 

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

spectra would still be three times lart;er for the ~ than the Ayy or Azz 

components •. Therefore, only the Ax.x component of the hyperfine tensor 

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

accm.mt for the major featm·es of the spectra. 

'l'he fourth assumption is made on the basis that a finite value of 

the chlorine nsynlltletry parxncter is a srr.<:1ll pcrtm·b<ltion that is not 

-Cll'sily rcsolv<:1ble nnd not necess<:1ry to explain the main fe<ltures of the spectra. 
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With these assumptions, the spin lf<lmiltonio.n mo.y be written 

where 

1Iss = -XS 2 
X - YS 

2 
y - zs 2 

z 

H N = -xi 2 I 2 zi 2 

\1 X Yy z 

N }~ HHF = ~ 3xix) 

llq_ Cl. ~ e2qQ [ 3I 2 
12 z ¥] 

HHF 
Cl = ~cy;xix) 

(60) 

(109) 

(110) 

In the same mo.nucr as discussed in section III-D the basis states of 

the spin Hamiltonio.n are chosen to be the product fllilctions I u, v ,'rT > == 

.,.. X X · .\11. ch d.: "co~·~l.: ~c"" }f u N and II,... Cl. •u' V' W' ,.,. · .J..""o ~ ..... _._._. . ..., SSJ "'Q "'l • 

electron spin function, Xv (v = x,y,z) is the nitrogen spin function and 

Xw (w = ± 1/2, ±3/2) is the doubly dee;enero.te chlorine spin func.tion. 

The total spin of the system is 7/2 and therefore a Krruncrs doublet; 

. -~onsequently, there are only 18 enere;y levels for each of the rnolecule.r 

isotopes. 

The similo.rity of the excited triplet state of 8-chloroquinoline 

and quinoline lco.ds to the assigruncnt of the order of the triplet energy 
72 

levels of B-chloroquinolinc as being the same as those of quinoline. 

; With our axis system, the elements of IIss are ordered Y > Z > X. 

The . ni troGcr1 nucleai· quo.drupolc enerc;y levels are e.lso assur::ed to be 

in.the smtc order as those reported for the ground state of pyrazine and 
.73, 7-~ 

pyridinl: · and thus N 1 for HQ , x > y > z. 
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··-
- Since the chlorine nuclear quadrupole coupline con::::tant (e2 qQ) is 

negative for all covalently bonded Cl atoms, the cnerc;y of the chlorine 

spin functions arc ordered x±l/2 > x±3; 2• 

In order to treat the out-of-plane hypcrfinc perturb:J.tion due to both 

the ni tro[;en nnd chlorine spins, we will assuJ~e thut the contribution 

from each may be considered separately. This is of course not strictly 

correct, but is satisfactory for the purpose of illu~tration, and in 

fact, for the value of AxxN and Axx.Cl used in fitting the spectra, gives 

values for the enerGY levels very close to those obtained by dLlGOnalizing -

the total spin Hamiltonian. 

An energy level scheme usinG the perturbation method discussed in 

scctl.on III-D appropriate for 8-chloroquinoline is given in Figure 14 . 

. There are essentially six types of ESR transitions observed: 

. A) electron spin, 

B) electron t.nd 14N spins, 

C) electron and 35Cl spins, 

D) electron and 37Cl spins 

E) electron, 14N and 3sCl spins 

F) electron, 14N and 37Cl spins. 

Since the chlorine nuclear quadrupole intero.ction is far lar~er than 

the nitroc;en nuclear quadrupole interaction2 the vo.rious types of tra.."lsi-

tions are easily identified. In Tnble 3 the measured and calculated 

frequencies arc listed accordinG to their t:,rpc (A.,.B, etc.). In analyzirl{; 

the spectra, the ranc;nitudc of the com}loncnts of the spin H2...'niltonio..n were 

first obt.:~.incd by. perturbation theory and the ·fi,nal results by computer 
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diaeonaliz.ation of the spin Ha.miltonian. . The 14N and 35cl out-of-plane 

hyperfine clement~ 1-rcre found to be approximately 19.5 and 15 1·:ilz 

respectively. With only one nitroc;en hyperfine element only one nitrogen 

quadrupole tr::lilsition is observed corre.spondir1[; to the. in-plane ·Xz -. Xy 

transition 1-:hich was found to be 3. 2 ± • 2 NJiz. With our assUI:1ption that 

the asymmetry pCLro.mctcr may be·neglectcu the 35Cl nuclear quadrupole 

couplinG constant was found to be·. -68. 4 ± 0. 6 HHz. 

(62) 

The calculated frequencies listed in Table 3 were obtained by analycis 

of the components of the observed spectra due to the 35Cl molecular isotope; 

The transitions associated '-lith the molecules possessinc; the 

N were then obtained by using the same values for HSS' ~ and 

37 . . . 
Cl isotope 

N 
Hm, and 

correcting HQCl for the difference in the nuclear quadrupole moments 

Cl 
and .HHF . for the difference in the magnetogyric ratio of the t'.\0 chl~ri.:c 

isotopes. All calculated frequencies were obtained by collecting all transitions 

within 0. '/5 NHz of another and weighting each by its electron ma~netic 

moment transition probability. 

It,is difficult to make a comprehensive analysis of the 

electron distribution in the excited triplet state without a measure of 

all the car:ponents of the h:y-perfine tensor~ T~e --~:imil_arity _ ......... . 

of the nitroc;cn nucleCJ.r quadrupole 

and hypcrfine interactions in 8-chloroquinoline.and quinoline and the 

observation that the chlorine nuclear qu:1.drupolc couplinc con:>tant is 

npproxiz:~ately the· sCJ.rue ns that reported for the ground state of . 

6-chloroquinoline (69.256 !·!Hz) 7~nd 7-chloroquinoline (69.362 1-~Iz) 71 

supports the as5umption that the excited triplet stJ.te of 8-chloroquinoline 

is essentially the 5n...-uc ns thn.t of quinoline. 
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VI. 'l'hc ODf>IFI. Spectra of Paradicl~lorobcnzcnc 

A detailed analysis of the CDMR spectra of paradichlorobenzene 
29 

(DCB) has been previously reported. In this section those results are 

summarized with special attention to the determination of the chlorine 

nuclear quadrupole coupling constant. The DCB ODrffi 

spectra is a function of the particular trap emissioh 

monitored and the host material. We will limit this discussion to the 

shallow trap emission in neat DCB. 

As was the case \.,ti th 8-chloroquinoline, the observed ODNR spectra 

of DCB is due to the interaction of isotopically distinct molecular 

species. The fractional natural abundances of the 35cl and 37cl isotopes 

are approximately 3/4 and l/4, respectively. Since there are two chlorine 

nuclei per molecule, the fractional distribution of the molecular species 

are: 

I = 9/16 

II = 6/16 

UI = 1/16." 

superposition of the 

ODNR spectra due to each of the three molecular species. 

Th~ T -1- T (high frequency) transitions observed using amplitude 
X y 

modulation is shO\o.'ll in Figure 15. The remaining two electron spin transi-

tions (T -+ T and T -+ T ) have essentially the same structure as the 
X Z Z y 

spectra illustrated for ·the T -+ T transition: hm,·ever, the signal-to-
x· Y . . . 

noise ratio of the T + T transition ~as substantially lower. z y . . . 

ln Table 4 the possible ESR transitions involving the triplet 

electrons and one or more chlorine nuclei are listed as to type (A,B,C, 

b,E, or F) and the molecular species (I, II or III} which can undergo 

each trpe of transition. The intensity of the transitions involving the 
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electron and one chlorine spin (8 and C) and those involving the 

electron and two chlorine spins (D, E and F) must be considered 

separately. The ratio of the intensities of the transitions invoiving 

a single 35c1 spin (type B) to those .involving a si:lg.le 37c1 spin (ty?e C) 

should be three to one on the basis of the ratio of 35c1 to 37cl. The 

ratio of the intensities of the transitions involving t,,,.o chlorine spi;<s 

is likewise I :I :I = 9:6:1. 
D E F 

The structure of the T + 't electron spin multiplet shmm in 
X y 

Figure 15 is labeled according to the classification given in Table 1. 

Since the nuclear quadrupole moment of 35c1 is larger .than that of 37cl 

the outer pair of the four strong satellites are assigned as type B 

( 35cl) and the inner pair as type C transitions c37cl). As can be seen, 

the ratio of the intensity of the transitions labeled B and C is approxi-

mately 3:1 as predicted. The outermost satellites in Figure 15 are assigned 

t6 simultaneous double chlorine transitions (labeled D and E on the 

spectra). The intensity of these transitions is approximately in the pre-

dieted ratio of 9:6. The transitions corresponding to simultaneous double 

37c1 transitions (type F) are not observed consistent with the small 

natural abundance of the molecular species responsible for these t·ransitions. 

The inner.pair of satellites (labeled E in Figure 15) may be considered 

as simultaneous electron and35cl and 37cl transitions. The higher fre-

quency satellite represents a simultaneous electron spin transition, a 

35cl (+ l ~) and a 37cl (_+ -
2
1 

+_+ -
2
3

) transition \-Jhile the lo...;er frequency . - 2 -2. 

satellite represents the opposite chlorine transitions. These transitions 

are' . "'separated by the difference between the 35cl and 37cl nuclear 

qtiadrupole coupling constants. Naturally these occur for only those 
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molecules that have one 35cl and l>ne 37cl isotope. Since the matrix 

elements for these double chlorine transitions are of a different form 

than those associated with the other double chlorine transitions, the 

intensity of the inner satellites labeled E in Figure 15 may not be com-

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

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

required several orders of magnitude greater microwave power to obtain 

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

Chlorine nuclear transitions were observed via optically detected 

ENDOR by saturating the ESR transitions associated with the , 4 , or 
X y 

'x 4 'z manifolds. Both the 35cl and 37cl ENDOR resonances were observed 

while saturating either ESR transition. Figures 16a and 16b illustrate· 

the 35cl ENDOR resonances associat~d with the 'x 4 'y and 'x 4 'z 

transitions, respectively. 

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

was saturated while sweeping the , . 4 T microwave transition. Since only 
X Z 

the ENDOR time dependent magnetic field was amplitude modulated and the 

change in phosphorescence intensity detected with a lock-in amplifier 
. . . . 

only the ESR transitions that. involve at least one 3S~i spin transition 

were detected. The spectrum obtained from this experiment is sho~~ 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 

~era-field transi.tions are 9iven in Table 6, while the 3 Scl and 37 Cl 

E:NDOR transitions are listed separately in Table 7 . 

... ··. 

(65) 
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6 
Following the discussion in Section III the observed spectra arc 

explained in terms of a Hamiltonidi1 of the form: 

(111) 

where the summation is over the chlo.rine nuclei and H = A s I . 
. HF XX X X 

The omm spectra were simulated by use of a computer program that 

diagonalized the spin Hamiltonian and calculated the transition frequencies 

and intensities. The spin Hamiltonian parameters used in simulating 
.._., 
.... ne 

spectra observed while monitoring the x-trap emission are listed in 

Table 5 along with the approximate values of HSS for the y trap and the 

79 
values reported for benzene. The best value obtained for the 35cl 

nuclear quadrupole coupling constant was -64.50 HHz (37cl =. -50.84 HHz) 

and for the 35cl hyperfine interaction A = 22 ~lliz (37cl: A = 18.3 ~lliz). 
XX XX 

The experimental and calculated ESR frequencies for the x trap of DCB 

are listed in Table 6. With the parameters used in the spin Hamiltonian 

all of the calculated transition frequencies are within experimental error. 

However, a small error in the calculated frequencies is introduced since a 

weighted average of the transitions corresponding to a particular type 

was made. 

The observed and calculated chlorine ENDOR transitions associated with 

the t ~ T and T ~ T multiplets are listed in Table 7. Because of the 
X Y X Z 

large linewidth of the ohserved ENDOR transitions and because many ENOOR 

transitions are expected in a small range of frequencies it is difficult 

to explicitly assign the observed spectra to any particular calculated 

transition. An additional complication arises when one considers the 

transition moments associated with the individual transitions. · Since they 



7 
vary, one should weight the calc\.ltatcd spectra according to the sq•.1a.rc 

of the ENDOR transition moments ~nd compare these sp~ctra with the 

observed. However the observed spectra are obtained under saturating 

conditions, and therefore inte~sitics are practically meaningless. We 

'compared only the range of calculated ENDOR frequencies listed 

in Table 4 with the experimental results. 

78 
From a second order pertur~ation analysis of th~ DCB ODMR spectra 

2 
it has been shown that with the assumption that e qQ is negative, D is 

positive or x < z, y. This result is entirely consistent with previn:ls 

11; •79 61 
experimental and theoretical · studies of aromatic molecules 

in nn* triplet states. Indeed this· i.s what is observed for the lm,·est 

nn* triplet state of benzene. -:[T1 The ordering of the interaction al.ong 

the two in-plane molecular axis is however not immediately apparent .. 

(67) 

From the analYsis of the spectra of DCB utilizing phosphorescence micrmvave double 

resonance (PMDR) spectroscopy the component of the electron spin-spin 

interaction along the molecular y (or short in-plane axis) has bee~ 

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

'39 spin-spin tensor. 

_Since the zero-field splitting parameters D and D* {D* = (D
2 

+ 3E2 )~) 
l . 

are primarily a function of the size of the n system involved in the 

. t. :G2 h 1 f th t f botl DCB d b exc1ta 1on, t e va ue o ese parame ers or 1 an enzene 
,..., 

~hould be similar if DCB is a nn* triplet. As can be· seen in Table S" 

the values of D and D* for both traps of DCB differ 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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· zero-field splitting parameter E · . .-hich is a measure of the anisotropy 

of the triplet electron distribution ~n the molecular plane is, however, 

quite different for both molecules. If the benzene molecule possessed 

DGh symmet~y in the excited state, E must be zero by symmetry. The finite 

value of E for benzene has been explained by de Groot and van der l'laals 

the basis of a distortion of the benzene ring from the 
59,77 

on 0
6h 

to 0 2h. 

A quantitative analysis of the E value of DCB is difficult since 

accurate wavefunctions are not available for the thlorines. However, 

from a simple consideration of the perturbation of the triplet electron 

distribution in benzene due to the addition of two para-chlorines, it 

is expected that the T level will be lowered and the T level raised in z . y 

energy. Since the E value of DCB is larger than the E value of benzene, 

this model predicts that in DCB the T level is higher in energy than the 
y 

T level. This of course gives the opposite sign of E for DCB as com
z 

pared to benzene, and is consistent with the ordering of the triplet energy 

levels previously obtained from analysis of the phosphorescence microwave 

double resonance spectra. It is interesting 

to note that in 1,2,4,5 tetrachlorobenzene (TCB) 

the inclusion of chlorine interactions would predict the T level to be 
z 

higher in energy than the T level; consequently, the E value would have 
y 

the same sign as benzene. Other substituted chlorobenzenes should have E 

values bet\-:een DCB and TCB. The importance 

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

the presence of the chlorines acting as perturbations on the excited state 

of benzene raises the possibility that the s}rrrJnetry of the excited state of 

DCB and TCB is different than that of the excited state of benzene. As has 

(68) 
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been discussed the sign of E in pa~t answers this interesting question. 

The absolute value of the chlorine nuclear quadrupole coupling con-

. 2 
stant (e qQ) in the excited state of DCB is significantly reduced compared 

to the corresponding value for the ground state. '\<lith the assumption that 

2 
the asymmetry parameter (n) may be neglected, the value of e qQ for the 

35 c1 nuclei of DCB in it~ excited triplet state at 1.3°K lS -64.5 MHz. 

The measured pure nuclear quadrupole resonance frequency of DCB in its 

ground state at 4.2°K is 34.831 f.l.Hz'2.'thich, if n is assumed to equal zero, 

2 
corresponds to a value of e qQ of ~69.662 NHz. The assumption that n may 

be neglected is justified on the basis that e
2

qQ is hot changed signifi~ 

cantly for small values of n and for the ground state of DCB at room tem-

'·80 2 
·perature n is only 0.08. · Indeed, from the explicit dependence of e qQ 

on the assumption that e
2

qQ is simply twice the pure NQR transition 

frequency causes a positive error in e
2

qQ of less than 5% for n 2 0.5. 

The increase of 52 KHz. in the pure NQR frequency of· the ground state of. 

0 
DCB upon lowering the temperature of the sample from 77 K (v = 34.779 NHz) 

0 :81 
to 4.2 K (v = 34.831 f.l.Hz) is consistent with Bayer's theory which 

treats the temperature dependence of the NQR frequency in terms of the 

molecular torsional motions. Hare important, however, is the fact that 

the small change in the pure NQR transition frequency indicates that there 

is no major physical change in the environment of the chlorine nuclei in 

DCB upon cooling. Therefore, the difference in e
2

qQ between the ground 

and excited states of DCB is ~learly due to a change in the electric field 

9radient (q) at the chlorines upon excitation. The magnitude of the 

decrease in the absolute value of e
2

qQ upon. excitation is interesting 

(69) 
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because: 

. 2 
a) the absolute value of e qQ in the triplet state of DCB is 

significantly less than the value reported for the ground state of anx 

63 
chlorine bonded to an aroma tic molecule; and b). the decrease in 

2 . as I e q..Q I upon excitation to the lowest 31rrr* state of 8-chlol·oquinoline 
... 

42 
and 1,2,4,5 tetrachlorobenzene - is far less than the decrease in 

In contrast to the electron spin-spin and hyperfine interactions 

2 
which are a function of only the triplet electrons, e qQ 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 
following the analysis of Bersohn the field gradient in OCB 

can be considered as arising from a hole in the chlorine p orbital and 
z 

a partial hole in the chlorine p orbital. The total contribution is due 
X 

to two axially symmetric tensors whose major axes are perpendicular. In· 

Table 8 the contributions to the field gradient are expressed in terms of 

the number of holes in the p and p chlorine orbitals. The difference 
X Z 

in e
2

qQ for the excited and ground state may be written, 

(112) 

(70) 

where qTand qG refer to the.field gradient at the chlorines in the triplet 

and ground states of DCB respectively. Equation 112 may be expressed in 

terms of the number of holes in the p
2 

and px orbitals as· 

2 
t;.,e qQ = e 1o -o .] -L: T G 

l[c; -6 ]Q 
2 T G 

(113) 

where o and o are the fraction of p electron holes in the carbon-chlorine T G · z · . 

sigma bond in the triplet and ground state, respectively, while 6Tand cG 
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are the fraction of px electron holes in the n bond for the triplet and 

ground states, respectively. Since Cie
2

qQ is negative, one of the 

(71) 

following conditions must be met: a) aG > aT, or b)oT > oG. If aG is 

greater than aT, the number of holes has decreased along the carbon-chlorine 

bond, and therefore the chlorine nuclei are more successful in cowpeting 

for electrons in the excited state. However since the sigma electrons are 

not involved in the excitation, this effect should be very small. If 8 
T 

is greater than oG, the out-of-plane chlorine p orbital has lost electrons. 
X. 

An increase in the number of holes in 

likely explanation of the decrease in 

the p orbital would be the most 
X 

2 
e qQ since the chlorine px orbitals 

are allowed by symmetry to interact with the carbon p orbitals. The 
X . . 

increase in the number of holes in the chlorine p orbital can come about 
X 

from either an increase in the double bond character of the e-el bond or a 

go 
"bent" e-el bond. Bray, Barnes and Bersohn has shoWn that although the 

overlap of the carbon and chlorine p orbitals is reduced with a bend e-el 
X 

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

quently increasing the number of holes in the p orbital of chlorine (8 ) 
X T 

relative to the number of holes in the pl~ orbital in the ground state <o.G). 

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

2 
possibilities the interpretation of the change in e qQ as arising from a 

bent e-el bond is reasonable in view of other experimental results. 

The. phosphorescence of DCB to the ground state in the 0-0 band is 

from all three triplet levels which requires that DCB has less than D
2

h 

symmetry in its 31r1r* state: 39 Finally the measured ~alue of the out-of-

plane chlorine hyperfine interaction for the 3nn* state of s...:..chloroquinoline 

(15 !'-liz) is approximately the same as that observed for the 31nr* state of 
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DCB (22 MHZ). However in 8-chloYoquinoline the chlorine nuclear quadru ... 

pole constant is essentially unchanged upon excitation. In view of these 

2 observations it seems reasonable to interpret the change in e qQ as 

(72) 

arising from a bent e-el bond. 

As we can see, ODHR offers marty new possibilities for the measurement 

of the nuclear quadrupole coupling constants in excited triplet states. 

The excellent sensitivity obtained with optical 

detection coupled with the accuracy of the measurement 

in zero field provides a new technique to 

obtain a detailed knowledge of the electron distribution and molecular 

geometry in excited states. We fully expect that these techniques will 

be applied to a variety of problems associated with organic molecules, 

inorganic molecules, semic·onductors and various color centers in ionic 

solids. It has not been our intention to be exhaust.ive in this chapter, 

but rather to lay down a basic working knowledge of the theory and 

experimental methods to allow these techniques to be easily ad9-pted to 

other questions and problems • 
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E..xci tat ion 
Light 

1) c.w. 

2) c.w. 

3) Chopped 

4) c.w. 

5) c.w. 

6) c.w. 

7) Sweep 

.-L 

"'' v 
2 J 

TABLE 1 

7 (77) 

Techniques of Optical Detection of ESR 

Optical 
Spectrometer 

No 

Yes 

Optional 

Optional 

) 

Optional 

Sweep 

Yes 

Microwave 
, Nodulation 

No 

No 

No 

A.M. 

F .H. 

A.M. 

A.M. 

Advantages 

measure absolute cha.'1ge in 
total er:1ission 

Heasure absolute change in 
emission of particular vi
bronic bands 

Improvement in S/N over ~~ethods 
1 and 2 by narrcr..: band phe.se 
sensitive detection of the 
phosphorescence 

detect only the cha!1ge in · 
emission from either the total 
effiJ..SSlon or a particular vi
bronic band 

detect the derivative of the 
spectrun} helpfUl in resolv
ing spectra 

detect only the emission fro~ 
2 of the 3 sublevels ~hile 
sweeping the optical spectrum 

useful in studying the p3th
.,.·ays of intersyste.:1 crossing 
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TABLE 2 

Spin Hamiltonian po.rruoetcrs and triplet lifetimes of the 3 rcrr¥.· 

stnt~s of 8-chloroquinoline and quinoline. 

8-chlor;quinolir.e 

in durene (l.3°K) 

y (HHz) 1414.5 . 

z (!>lliz) 555.5 

X (HHz) -1970.0 

Db (MHz) 2399·5 
b 

E (HHz) -429.5 

Axx N (HHz) 
'· 
19.5 

· Cl 
Axx (HHz) '15. 

e2qQ( 14N) d (1·11Iz) 4.27 

e2 qQe 5cl) (wrz) -68.4 

-rx (sec) ~1 

,. (sec) 0.11 y· 
,. 

z (sec) ~1 

a dato. from reference 72 

quinoline 

in durcne (1.3)°K) 3 

1528.5 

528.0 

-2056.5 

2556.75 

-500.25 

22.c 

5.0 

0·32 

2.7 . 

b with the definitions D = - 3/2X and E = - l/2(Y-Z) 

c data. from reference 64 . 

d with the asr;tu:iptionD c 2 qQ( 14 N) = .4/3(y-z) 

e data from reference 26 

. ..... 

(78) . 
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Transition 
.Type 

A 

B 

c 

D 

E 

F 

.,. -:..·. 

0 0 (80) 

. - - TABLE .. 4 .... 

ESn 'l'rnnsi tions in Pnrut.lichlorobcnzc:nc 

Simultaneous Tro.n~;i tio:1s Molecular Species 

Electron Spin I, II, III 

:Electron and 3sCl Spins .I, II 

Electron and 37Cl Spins II, III 

Electron . ) 
35Cl and 3 ~Cl Spins I 

Electron, 35Cl and 37Cl Spins II 

Electron, 37Cl and 37Cl Spins III 

·• 
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0 0
. 

c) 

TABLE 5 

Zero-Field Spliti}inc Parmilctcr.s (.i.mz) 

Paraclichlorobcnzcnc ·X-
t 

Benzene -h.; 

X 'l'rap (1.3°K) Y Trap (Lf.2°K) In Bc:n:~cl~c-ds (1. 95°:;) 

X -2988.75 

z 61G.07 

y 2372.68 

n* 4~83.1.3 

E * .,.878.31 
~-

4733.8 D 

e2qQ -64.5 

A e5 C1) 
XX 

22 

-2967.7 

654.4 

2313.1t 

4451.6 

-829.5 

4677.7 

-3159·8 

1769.4 

1385.0 

4739·7 

+192. 2 

. 4793.2 

* In order to be consistent \vith the standard ESR definitions ,,.,.e tave 

defined 

D = -3/2 X and E = 1/2 (Z-Y) 

t Data fror!l reference 77· expressed in our axis system. 

~-

Phosphorescence oriGin: 

(81) 
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. TABLE 6 _ .... _ ·--· __ __ . __ _ 

Measured and Calculated ESR Transitions of 

the 3 Jcn·X· Sto.tc of Paradichlorobenzenc (X Trap) 

}.1easurcd · Calculated 
Frequency (l,mz) ·G Frequency C1assifico.tio:1 -

a) 'T _. 'T 
·x y 

5lt-26. 7 1.ox- 5426.91 D 
5419.6 l.O·Y.-. 5419.56 E 
5394.56 0.41 5394.62 B 
5387.86. 0.41 5387.79 c 
5368.73 0.64 5368.89 E 
5362.20 0.34 5362.14 A 
5355.13 0._25 5355.12. .E 

·5336.67 0.24 ·. 5366.50 c 
5329.74 0.28 . 5329.75 B 
5303.8 .1.0*- 5304.11 E 
5296.5 1. O-K-_ 5297· 35 D 

( b) 'T ... "r 3636.03 .07 3636.13 B X .Z 

3629.65 .18 3629.56 c 
3611.18 .24 36il.04 E 
3604.19 .25 3604.10 A 
3597.69 .31 3597 .1~3 E 
3578.90 .22 3578.89 c 
3571.83 .34 3571.99 B 

c} "r -+ "r 1791.1 1.5 1791.13 B 
z y 1758.2 1.0 1758.05 A 

1724.5 1.5 • 1726.55. B 

* Estir:1ated value of the standard deviation a .. 



TABLE ]· 

Heasurcd nnd Calctilo.tccl Chlorine .CI-IDOH 'l'ransi tions of 
3• 

the J(J\.X· State of FarudiclJloroben~cne ·(x Trap) 

J.1easured Frequency 
in f•Jil?. (J:.05) 

1" 
X 

35Cl 32.06; 32-9~ 

37Cl 25.12; 26.oo 

T 
X 

3sCl 31. 75; 33.13 

37Cl 24. 94; 26.19 

-+ ·-r 
y 

-~ T 
z 

Na.nifolcl 

Nanifold 

Calculated Frequency 
in J;:Jfz (ranee) 

31.56.- 33.03 

24.94 - 26.09 

31. 53 - 32 . 94 

24.79 25-90 

(83) 
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Chlorine 
Orbital 

p 
X 

p 
z 

TABLE 8 

Contributioi13 to th:: Chlorine 1':-..lclcar 

Quadr\.tpole Cm.:2:ine Cons tetnt 

Contribution to 
No. of v v v 
lloles x.:: _";!X_ zz 

0 oq_ -ogj2 -og/2 

0 -cc.:/2 -og/2 oq 

v = (o ·- cj2)q 
XX 

v = -lf':: 5 + c)q 
yy ; '- \ 

v - (cr - c/2)q zz 

. { 
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Fir;urc Cetption::; 

Fi£;. 1 Relaxation pathvrays and rate constants for the triplet sta.te. 

Fig. 2 Rela.xa.tion path\.;ays a.nd rate constants considering only two 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

' .. 

of the three triplet levels (see text). 

Population chetn&e predicted for ESR (b H d) and ENDOR (n. H b) 

transitions. 

EnerGY level diae;ram for the triplet and one I = 1 nuclear 

spin consiucring only the A hyperfine component". 
XX 

ODHR spectra predicted for the energy level diagram shmm in 

Fig. 4. 

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

spin considerinG only the ~ hyperfine component. 

ODHR spectra J?red.icted for the energy level diagram shm-m in 

Fig. 6. 

Energy level diagrruri for the triplet and one I = 3/2 nuclear 

spin considerinG only the A zz hyperfine component. 

omrn spectra predicted for the enerc;y level diagr:lJ!l shmrn in 

Fig. 8. 

, 



Fig. 10 

Fig. 11 

.. 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

(86) 

Experimental arrangement used in performing OD~ffi experiments in 

zero field \vith amplitude modulation of the microwave fie-ld. 

Experimental arrangement for optically detected ENDOR in zero 

magnetic field. An enlarged view of the sample and ENDOR coil 

schematic is shown on the left. 

The T 7 T , T 7 T and T 7 T optically detected ESR 
X y X Z Z y 

transitions in 8-chloroquinoline using relatively high microwave 

power. The T 7 T transition was obtained by performing an 
X Z 

EEDOR experiment. 

Optically detected 35Cl ENDOR observed while satu~ating the 

T 7 T multiplet. 
y z 

Energy level diagram for 8-chloroquinoline. 

ODMR of the T 7 T multiplet of paradichlorobenzene. 
X y 

35Cl ENDOR resonance associated with the T ·7 T and T 7_T 
X y X Z 

electron spin transitions. 

35cl ENDOR pumping of the T 7 T multiplet. 
x· y 



~--. ~· 

... 
·-· ~ 
... · (;""". 

-~ 

. 

. INTERSY ST2M 
CROSSING. 

) 
,....~ 

J 
. NON 

RADIATIVE SPIN LATTICE MICROWAVE POPU- RADIATIVE TRIPLET 
RELAXATION RELAXATION ·: ·COUPLING LATION R:::LAXAT!ON LEVEL· 

~ ./ A __J...__ A ~--··· (.·· · . ·'\ I I I r-- ------a I 1 ,---- --, 

[Nx] 

Wy~j IWxy I · i Wyxl !Wxy 

~~~ 

II 'Pxy 

~/ [Ny] 

Wzxl IWx.z 

[Nz] 

Knz 

~ 

So ' ~ 

c 
0 

"!~, 

c 
Tx· ~ 

(,.J 

C: 

r·Ty ., 

Tz 

'\ 

.~ 

c 
"J 

,....., 
00 
--.J ._.,. 



0 .~u· ,. u 

( 

.. 

r'-. 

i 
'· 

0 0' 8 

~ 
)~ 

(\_ 
~~ -- ··· .. -=::=:===:::::':;'-

/"' 

/ 

(88) 

0 
CJ) 



· .. 

( 

·>< 
z 

f"'. z z: 
ouo 

/ r-tt-I, <r\-a: f.l ~~ 
::,:) r-

l!... <i 
~ocr: 
(/) 1-

0 

( ·~··· 

·~ 

.z 
+ r() 
).( 

z 
C\J 

>-z 
--:-
)( 

z 

>< 
z, 

.0 

(\j 

, .. 

(89) 

.. 

~ 

z 
·:~ (\J 

~ >~ z z 

~ .. 

0 

.~·, . '· 



f'.. 

X v 

>~ X X 

• • 

-~- -

I 

• 

NX v 

. -
I 

- -
f- r--

- -- -- - - - -
-·-- -- - - - -

'-- -- - - ·- --- ---·- -- - -
. _, __ - --- --- - -

X xx ... ... -t 
"< N )C ,.. 

. 

. . 

- - -
- --

I , 

- -+-

-< v 

-<-< 
NX 

v 

I 

I 

I 

I 
-- - - -- - - -
- - - - - - - -

v___,.~ 
... .; 

-< -< -< + ... + 
'< N X 

I I 
"t:> tv 

- - -
- - -

- -
_,... 

~ ... 

N 
v. 

. 
-y 

I .. 

~1 
N NN 
+ + + 

'< NX 

+ + 
"tt> tv 

I 
Ul 
Ul 

I 
0 

I 
::r:. 
""<1 

II 

l> 
X 
X 
()') 
X ...... 
X 

rn 
z 
Pl 
:::0 
G) .-< 

(90) 

\ 



. r:" .. 

( 

o) Tx "-'- Tz 
V0 = Z-X 

b) Tx -o"\.., Ty 

llo = Y- x 

I 
I 

(91) 

v0 ·!·( z- y) -~ (i 

------------L-----------L---.~~~~--------~--~----

c) Ty --:-> '"(z 

v0 = z ·- Y 

•.. 

v -{3 21
0 0 V0+ (z- y) -/3 

/ 
.A ~ 
)r. .. :··t.)l·.· ... 
'J. . ·. -.. , .. 

( . 

t I • ._ 



· .. ( 

it • 

X 
+ 
~ 
1\J 

v 
X 

I 

VI 
~ :v 

X 
+ 

...;;:: 
N 
y 
X 
I 

~ 
.v ,. 

0- o·· ;J 

--\,"l 

0 

----~ 

-·::. 
: "\.;/ 

-< -< 
-t- -t 
I;;"' 

~ ~ 
~" y 

.-;: -< 
I 

~ ~ ~ 
v v 

/ " /· 
.... 

~r------------1-------------------~ 
( 

( 

~--------------------~----------~ 
~----------------~--

~--------..:. .. -·ioo-• 

1- - - - - ---~ - - - - - - - - ...: - - -' - - - .... : - - - - - - -

~------- ------

~-- '7------
.! 

i---;:,, 
1\/ 
! .. 

_ ............ 

N N 
t- + 
~ 
N ~-
v v 
N N 

I I 

~ -;;. 
v v 
' 

... ... 

- -- -- -· 
t- ----- - -i 

. ~ • 

X 
+· 
l> 

I· 

~~~===-~> 

-< ·-!:. 
I ~ .. 

)> ::-:--
I 
(>I .. ' .,' .. 
~ .... -;--

"tt> l;) 

N 
I 

l> 
+ 
~ 
.l> 

'"tV 
. 

. . 

N 
+ 
l> 
+ 

:r: 
(/) 
(/) 

I 
0 

" l> 
X 
X 
()'} 

X ..... 
X 

(92) 

.. 



0 0 0 
(93). 

t,· . ;_.: ~- T'y 

r- · .. =Y-X ...... . 

( 

i 

\, 

.· 

t~ \ 
v. 

1 
I 
I __ _J._.._______ --l-_ _.__ .. _______________ ..,..J..-o_ 

··0- 3/4# ~-~;(·-7f4P Vo-::/J] 

: 

-.--* L"z 
I 

= z- y 

I 
I 

' 
?/. - o·. + s'/:,., fJ •. j (.. 

(· 

~ .. ·. 

I. 
J 
f 

J 

I . 
I 
I 



,-... 
-.j" 
0\ 
'-" 

-
'rq' 

N 

0 

i'?· 

---~ . 
. ":.:} 

0 

0 

-~ 

. 

(_ 
...__ ... 

. -

Hss H0 HHF = Azz Sz Iz 

"" ,-.J 

IZ) 

I 
I 

I 
I 

\ 
\ 
\ 

IZ+I/2) IZ-'1?) 

'. I z + 3/2), I z- 3j: 

I 

IY+ I/2),1Y-1/2) ~-
1 

I 

I IY) / 

~ 

\ 
\ 

\ I 
\IY+ 3f2).1Y-?r'2);1 

I 
I 

I 

IX+ '12),1X-If2 > 

IX) ·,' 

I 

\IX+3f2). IX-3/2 

( 
"; .... _.~ 

ENERGY 

+A 

Z-A 

Y+A+/3/4 

Y-A+ 9/4{3 

~ 

X+A-/3/4 

X-A-9/4 /3 
. . 

·~ 
(~ 

~ 
-~-. 

'fv ~--

, _ _/ 



('·· 

··".··. ~- ... 
{ 

o o u.o 4 J.u 2 4 

o) Tx~'lz 
v0 = Z- X 

b) Tx~1Y 
v0 = Y- X 

c) Ty~Tz 

v0 = Z - Y 

,. 

.... '"' 

• 

(95) 

2. 
. . 

.: 

J,)rr 
,. 



:' 
\ 

·. 

.~ 

( 

0 0 I 3 
ESH EXFTRIMENT 

OPTICAL 
SPECTROMETER 

PHOTO 
MULTIPLIER 

LOAD 
..__.__-,.----J RESISTOR 

ELECTROMETER 

SIGNAL CHANNCL 

LOCI< IN 
AMP OUTPUT 

. Hg ARC 
LAMP 

FILTER 

LIQUID 
HELIWil 
DEWAR 

FREQUEf'!C~· • 
COUNTER 

I 

i MICROWAVE 
AMP 

ISOLATe:~; 

BAND p;·: :· 
FILTEi< 

DIRECTi- · 
COUh 

MICRO'NA\ . 

·'.liCROWAVE 
. r SWEEP 

SWEEP OUTPu~: __ j GENERATOR 

(96) 

REFERENCE 
CHANNEL AM r·c '_ATION 

-----t-------

Y AXIS 

X-Y 
RECORDER 

X AXIS 

___ _;,. 1::.- .. r 

SQUARE 
WAVE 
osc 



,....._ 
r--. 
0'\ 
"-../ 

~ 

.;; 
~ 
d 
!'~ 
'T 

:::) 

""''~ 

0 

0 

........ ,... 

u.:cr-<c· .... : . .-;E 
DSC::..~.:.TGR 

~/s:.:I.?LE 
,I, 

~
\ >.t:Y (0~r EI\;OOR COiLS ) ?"-.!_) f ( \ (L• 0. 5f-LH) 

( ?J-? \' ) ' 
~-»\.___/. 

! \ I 

,,~·i ! 
' "'~. : 2::: ::A I 
' ;-w.-N...-J 

-:-o ..... so.n.. 
RF' DSCI' • ,- ---~. Cn 

........ _ ...... 

r 
I 

I 

I 
! 

~----... 

FILTERS ----------.. 

I 

i Hgi•RC 

0 
Lt.:I.P 

LDt.D 
RESISTOR 

'-, 

=:LECTRGMETER 

CHA~JNEL 

LOCK IN 

/.MP 

ENOOR EXPERIMENT 

20 WATT 
DIST 
AMP 

tt.:CKO-

4 WATT 
OIST. 
AMP·· 

Wt.\/E 1-----l 
A.V.P 

ISOLATOR 

PASS 
FILTER 8
BA:'I!D 

D:RECTIO.;t.L . 
COUPLER 

_R~F_ERE!;q:_~---'~
CHANI~EL 

! 

I 

RF' 
SWEEP 
osc 

I L:.it.P 
,OUTPUT 
i 
I ; ~~~tl i 

I I 
I : 
! I 

I 

I 
I 

I 

j X AXIS 

I 
10UTPUT 

l__ v A>r.s l:cRo<e 
-·-

.. ,_ ' . 
I 

I 

..... 

/ 

l'iBi,. 7l7·102o 

,, 

.~ 

'• <.~ 

.,....,.. 

./~ _. 

~ 

... ..... -~ 



0 {'l '. v ~ ... i· JJ. d •. ';! . ·o·· ~ .e-,v ~ti I· S 
. (98) 

\. 

L--L.------~--~--Jl-------~~-------L----~ 
3Yt0 3.3GO 3300 3400 3420 

2480 2500 2:>20 2540 2560 
( 
\ 

L---J-~----L------~--------L----~-~--~ 
820 8•10 860 880 900 

frequency (~l H~l 

XOL7tG-(.(lGG 

/· 
I I"· 

, .I ~f 



( 

.. 

( 

.. 

0 0 

(/) 

c 
(}). 

-:-
c 

.• 

0'> 0) r- <.0 LO ~- C'0 
r0 1'-'J ['() ('() r<l r") !") 

6 

L_J 
0 0 . . 
C\J -
r0 r0 

Rf Frequency (MHz) 

I 
0 . 
0 
('() 

·:J I .. 

(99) 

I 
0 
(5) 
C\J 



r, 
... 

0 0 

lis:; 

·?_) u t:~ 3 0 :1. ~· 4 7. 

llg' llci llf/,. II,~~· 

IYJ lf?X> .• ----··----
IY.!. 'h> ,J(~~rt>: .. ----··--·

r·--·'-< 
I \1_~· V~>--------· . 
I 
I 
I 
I 
I 

IY> I 
-·--{ 

I 
I 
I 
I 
I 

I IY~ ~/;>Y.> ---·-------· 
~ IY! 3.'?2/r(;.:_,l(~·:(>.: . ..----

\b:,~:vzz~. -----

IZ.!. f/2 Y.> 
li~ liz> ,_JL:JI,~·L>-:----·· 

,.......:.::-:.-(' - ·-----
: \ll..!_l_/2_7._> _____ _ 
I 
I 
I 

'I 

_;_:;I z~>_; 
I 
I 
I 
I 
I 

I (Z! 3/z >:> 
I I v ..._, ']7 • ·.-.. ="------~:::;:-_-_-_ L.!Z.::...::_ ~{ ~ •.. "'-. --"...!/. -

\IZ.!. ~il.L ... -'----

IX i If?. x>,_-------
Jxtll;>> ,_::t'-;_~~I.L)'>.::.. _______ _ 

..---~ . 
I \ (XI I/;> 7..r ________ _ , ~----, , 

I "· . I 
_ _l2_, 

I 
I 
I 
I 
I 
I 
I JX• ~.'?X'> 
I I .. , > 'I\ .. \ '.·) " L..!..'\! ·ri ~- ·-·'- ,.. __ _ --- -< 

\.~.! ~/? ?>-:....._-----~--

' 

[N(I!GY 

y. A. X. 7/'1 fl ' 
y • r. • y • 7/'1 {I • a 

y • A • z .. 7/'l {J • a 

Y-11• ~·3ft\ {1 
y- (H y < 2./'i fJ t Cl. 

Y-f.-•z • 3/•1 {1• a 

Z-tfl-tx-7/.;/J. 
z +/,ty-7/'l {1 -cL 

Z+A+z-7/r, {3-a 

z- A,>:- 3;,. n 
Z - A • )'- :'/-1 /] - c 

z - t. • z - :v11 fJ - a 

X• A•• 
X+fH y 

X• A+ z 

/ i \( 
I I 1 

(100) 



':'lo. 

t • 

' ' 
~\,~--.. ---->"· 

.--.;.._ ,_,, 
., 
'· 

) ' ~ --. ) . 
.. . ' ' . 

A Cl 

Cl 

B 

c c 

.E 

D f.' 
,;.J 

.... ---..,_ 

' . . 

5.36 G Hz TRANSITION 
AM MODULATION· 

B 

') 

2 

0 

c 
c 
c~ 

.,t., 

eN 

0 

.i\: 

~ ....... 

·-
CD 

\ 
1 I 

s.3oo 5.325 s.35o 5.375 .s.4oo 5.425 '""' 
~ 

Frequency (G Hz) ~ 
'-' 



/ 
I 

.. 

( ' 

0 0 O.t~3024 19 

32.06 32.96 
Frequency (M Hz) 

(\ 

31.75 33.13 
Frcc;uency (M Hz) 

Cl 

Cl 

¢ 
Cl 

(102) 

Cl 33 ENDOR 

SATURATE 53GGHz 
TRAN Sl f!ON 

Cl
35 

ENDOR 

SATURATE 3.6 G Hz 
TRANSITION 



0 0 0 0 4 J 0 2 4 2 0 
(103) 

( 

( 

.. 

( ) 

., <. j 



'-

[ .... 

o u ~ 0 4 3 0 2 ~ 2 1 

.-----------LEGAL NOTICE ----··------"'""""i 
This report was prepared as .. an account of work sponsored by the 
United S~ates Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any pf 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express ot implied, or assumes 
any legal liability or responsibility for the accuracy, c~mpleteness 

·or usefulness of any information, apparatus, product or process 
disclosed,·· or represents that its use would not infringe privately 
owned rights. 
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