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OPTICAJ~Y DETECTED MAGNETIC RESONANCE OF MOLECuLES 

IN EXCITED TRIPLET STATES 

Michael J. Buckley 

Department of Chemistry, University of California, and 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 

Berkeley, California 94720 

ABSTRACT 

The sensitivity of optically detected magnetic resonance (ODMR) as a 

function of the intramolecular energy transfer processes is developed along 

with the explicit form of the spin Hamiltonian used in ODMR with zero external 

magnetic field. The main features of the optically detected ESR and ENDOR 

spectra in zero field for molecules with one I = 1 or I = 3/2 nuclear 

spin is presented. 

The optically detected ESR spectra of the 3 rrrr* state of 8-chloroquinolin(~, 

the 3 rirr* state of pyrazine and the 3 rrrr* state of paradichlorobenzene are 

reported~ In addition the 35Cl and 37Cl ENDOR spectra are reported for the 

excited triplet states of 8-chloroquinoline and paradichlorobenzene. The 

observed ODMR spectra are interpreted in terms of a spin Hamiltonian incor-

porating the electron spin-spin, nuclear quadrupole and nuclear~electron 

hyperfine interactions. 

The 3 rrrr* state of 8-chloroquinoline is found to have essentially the 

same values for the electron spin-spin interaction as the 3 rrrr* state of 
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* quinoline. The chlorine nuclear quadrupole coupling constant of the 3 n:n: 

state of 8-chloroquinoline is approximately the same as the values reported 

for the ground state of similar molecules, indicating that the chlorine 

electric field gradient is not significantly changed upon excitation. 

* The large electron spin-spin interaction measured for the 3 nn: state 

of pyrazine is explained in terms of the one-center contribution to the 

interaction. Analysis of the nitrogen hyperfine interaction gives the ap-

proximate values for the spin density of 0.28 and 0.35 for the nitrogen 

* n: and n orbitals respectively. 

The ODMR and phosphorescence microwave double resonance (PMDR) spectra 

of paradichlorobenzene are consistent with the hypothesis that the excited 

·. * 
state is a 3 n:n: state and that the symmetry of the excited state is B 

2u 

From the assigned orientation of the electron spin-spin tensor, the spin 

density appears to be localized primarily on the four carbon atoms that are 

not bonded to the chlorines. The small value of the chlorine out-of-plane 

hyperfine element leads to the conclusion that the chlorines do not parti-

cipate significantly in the excitation. On the basis of the PMDR spectra 

and the reduced value of the chlorine nuclear quadrupole coupling constant 

as compared to the value for the ground state, it is further hypothesized 

that the C-Cl bonds are bent and that the molecule possesses C2h rather 

than D2h spacial symmetry in the excited state. 

\1. 

• 
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I . · INTRODUCTION 

Since the success of optically detected magnetic resonance (ODMR) of 

the lowest triplet state of organic molecules is highly dependent on the 

nature of the triplet state, a short review of some of the most important 

properties of the triplet state is given in this section. There are several 

very good review articles on the triplet state to which the reader is re

ferred for a more complete discussion. 1~3 The second half of this section 

is devoted to the historical development of ODMR and a survey of previous 

.experimental results. 

A.· .Tne EXcited~Tri;elet State .in Organic Molecules 

The gro:unl state of most organic 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. 

We will primarily be concerned with the excited electron configurations 

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

is promoted to the lowest non-bonding molecular orbital (~B). Since 

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

two unpaired el~ctrons, which, if we let a, equal spin up and 13 equal 

spin down, may b~ represented as, 

a.(l) a.(2) s = 1 s2 l z 
a.(l) 13(2) sz 0 s2 0 (l) 
13(1) a.(2) sz = 0 s2 = 0 

13 ( l) a(2) sz = -1 s2 l 
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This representation, however, is not satisfactory since the electrons obey 

Fermi-Dirac statistics and therefore the total wave function (orbital 

times spin) must be antisymmetric with respect to electron exchange. 

In addition, we would like the spin functions to be eigenstates of S2 

and Sz. The spin functions a.(l) a.(2) and 13(1) 13(2) are clearly eigen

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

We can generate the Sz = 0 component of the triplet spin state by apply

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

desired spin function, 

3
\jr

0 
= [1/ /2] [a.(l) 13(2) + 13(1) a.(2)] (2) 

The remaining spin function is a singlet 

1 1¥ = [1/ /2] [a.(l) 13(2) - 13(1) a.(2)] (3) 

. . 

and, :i.n contrastto the triplet spin functions, is antisymmetric with 

respect to electron exchange. 

The spacial part of the excited state electron wavefunction may be 

respesented as a symmetric (+) and antisymmetric (-) linear combination 

( 4) 

Since the total wavefunction must be antisymmetric, there are only four 

allowed representations of the total wavefunction; a singlet state with 

a symmetric spacial function and an antisymmetric spin function, 

l! =~l/J2][¢A(l)¢B(2) + ¢A(2)¢B(l)~ ~1//2] [a.(l)a.(2) - 13(1)13(2) ]) 

(5) 

; 
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and a triplet state with an antisymmetric spacial function and a symmetric 

spin function 

The repulsive electrostatic--in:t~ra_ction_"Q~i;}'le~n the_ two _unpair_ed 

electrons gives rise to a term in the total Hamiltonian equal to e2/rl2, 

where e is the electron charge and rl2 is the vector connecting the 

two electrons. This term removes the degeneracy of the singlet and trip-

let states and results in the singlet state going to higher energy while 

the triplet state is shifted to lower energy with an energy separation 

between the two states of 

where 5l2 is the exchange integral given by 

For most organic molecules 
-.l 

is 5000 to 10000 em 

(7) 

(8) 

As will 

be discussed in the section on the spin Hamiltonian, the inclusion of the 

magnetic dipole-dipole interaction in the Hamiltonian removes the three 

fold degeneracy of the triplet state. This splitting is usually referred 

-l 
·to as the zero field splitting and is on the order of 0.1 em 

An additional contribution to the zero field splitting 

arises from the coupling of the spin and orbital electron angular momen-

tum and is of the form A(L•s) where L and s ·are the spin and orbital 

angular momentum quantum numbers and A is a constant that depends on 
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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 impor

tant effect of this is to permit the triplet state to undergo weak elec

tric dipole radiation to the ground state (phosphorescence), the intensity 

from each of the three triplet:subievels being a·function of the spin 

orbit coupling to both the excited and the ground singlet states. 

Since the sensitivity of ODMR 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 as shown in Figure 1. Phosphorescence 

(T~ ~ S0 ) and fluorescence (S~ ~ S0 ) comprise the radiative pathways 

and proceed with rate constants on the order of 104 to 10-2 sec-~ and 106 

to 109 sec-~, respectively. The longer lifetime for phosphorescence re

sults from the fact that the triplet state is spin-forbidden for electric 

dipole radiation to the ground state. 

The molecule may also lose energy through three non-radiative path-

ways. 

1) Vibrational Relaxation or passage from a non-equilibrium 

vibrational energy distribution in a given electronic state to the Boltz

mann 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 10~2 sec.-~ 

2) Internal Conversion -- or radiationless passage between two 

electronic states of the same spin multiplicity. The pathway also has 

a fast rate constant of approximately 10~2 sec.-~ 

• 
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3) Intersystem Crossing -- or radiationless passage from an electronic 

state in the singlet manifold to an electronic state in the triplet mani- ... 

fold or vice versa. This pathway is slower than the other two and is on 

the order of 104 to 1012 sec.--1 

The lowest triplet state may be populated either by direct excitation 

into the triplet manifold followed by vibrational relaxation to the lowest 

vibrational level of T1 or by excitation into the singlet manifold followed 

by intersystem crossing into the triplet manifold. The latter is usually 

more efficient due to its larger cross section. 

Although the exact mechanisms of intersystem crossing are not completely 

understood, it is generally found that at liquid helium temperatures 

(4.20° K) the triplet sublevels of the lowest triplet state have unequal 

populations and consequently, a state of alignment exists for the electron 

4 spins. 

The various rate constants for energy transfer, the existence of 

spin alignment, and the spin lattice relaxation rate between the triplet 

spin sublevels are all important factors in determining the sensitivity 

of ODMR as will be shown in sectian II. 

B. The Historical Development of ODMR 

The development of any field of science is difficult to trace since 

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

however, we will choose for the starting point of this discussion the 

extensive study of the phosphorescence of organic molecules by Lewis and 

Kasha5' 6 
in 1944. In their series of papers it was proposed that the 

,,,. 

... 
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phosphorescent state of these molecules corresponded to their lowest 

triplet state. This hypothesis was strongly supported shortly there

after by magnetic susceptibility measurements7' 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 

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

the hypothesis was the failure to observe the predicted electron spin 

r.esonance· (ESR) of the phosphorescent state. The problem was resolved in 

1958 when Hut~hison and Mangum
10

' 11 succeeded in observing the ESR of 

naphthalene in its phosphorescent state and showed conclusively that the 

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

by using conventional techniques in that the absorption of the microwave 

energy was monitored while varying the applied magnetic field. The sample, 

consisting of a single crystal of durene containing 2 to 5 mole percent 

naphthalene, was maintained at liquid nitrogen temperature while irradiating 

with a mercury arc lamp. The resonance signal was observed to decay with 

the same lifetime as the phosphorescence upon extinguishing the exciting 

light, proving that the phosphorescent state was being detected. The 

observed resonance spectra showed that the triplet state was already split 

into three levels in the absence of a magnetic field which explained the 

failure of previous experiments using randomly oriented samples to detect 

the resonance. 

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 can usually be measured with randomly oriented 
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samples, the separation of the three levels of the triplet could not be 

determined. 
. 12 13 

In certain cases ' the three 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 

14 molecules have been reported to date using conventional methods and they 

are all characterized by relatively long lived ~-~* triplet states 

(see Table 1) • 

The next major change in the existing paradigm occurred in 1965 when 

Geschwind, Devlin, Cohen and Chinn14 reported the optical detection of the 

ESR of the excited metastable E (2E) state of cr+3 in Al203 • In this 

classic experiment they showed that the optical rf double resonance 

techniques first s~gested by Brossel and Kastler15 and widely used in 

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

using a high resolution optical spectrometer to monitor the change in 

intensity of one of the Zeeman components of the fluorescent light 

[ E (2E) ~ 4 A2J as E was saturated with microwaves when the magnetic 

field was swept through resonance. The resonance signal was observed by 

modulating the microwave field and detecting the resultant modulation of 

the optical emission. Since optical rather than microwave photons are 

detected, the sensitivity may be increased several 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 
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led several research groups to attempt to apply,the same principles to 

the optical detection of the ESR of organic molecules in their lowest 

triplet state. 

In 1967 the first successful experiment was reported by Sharnoff for 
' 17 

the 6M = 2 transition of naphthalene. In this experiment a single 

crystal of bipheeyl con'iaining 0.1 mole percent naphthalene was placed in 

a microwave cavity where it was immersed in liquid helium maintained at 

1.8° K. The crystal was irradiated with the appropriately filtered light 

from a mercury arc lamp and the phosphorescence isolated with a detector 

consisting of a linear polarizer and a low resolution spectrometer. The 

microwave field was modulated at 4o Hz and the signal detected by feeding 

the output of the photomultiplier into a phase sensitive amplifier. In 

this experiment it was shown that the radiative matrix elements connecting 

any triplet sublevel with the ground singlet electronic level are functions 

of the magnetic quantum numbers of that sublevel. 

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

organic molecules entered a new phase. Now that this new method was shown 

to be applicable to these molecules the research centered around improving 

the basic techniques and using this new tool to gain information on the 

various phenomena associated with the triplet state. 
18 

Shortly after Sharnoff's paper, Kwiram reported the optical detec-

tion of the 6M = 1 and 6M, = 2 transitions of phenanthrene in its trip-

let state. In this investigation the experimental methods were the same 

as those used by Sharnoff except that the microwave field was not modulated 

while the exciting and emitted light was chopped antisynchronously at 50 Hz. 
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The 50 Hz output of the photomultiplier was converted to DC by a phase 

sensitive detector and fed into a signal averager. The observed change 

in intensity of the phosphorescence at the three transition frequencies 

was used to assign the spacial symmetry of the triplet state. 

Sclmlidt, Hesselmann, De Groot· and van der Waals also reported the 

optical detection of.quinoxaline (d6 ) in '1967. Their experimental procedure 

was basically the same as that used by Sharnoff, except that they modulated 

the magn~tic 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-of-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'l96B Schmidt and van der Waals extended the almost zero field 

work (3G) of Hutchison's group
21 

by optically detecting the zero-field 

transitions of molecules in their triplet state at zero external magnetic 

field. Since it is necessary to vary the microwave frequency in order to 

observe the resonance in zero external magnetic field, a helix was used 

to couple the microwave power to the sample. The ooserved signals were 

extremely sharp and in the case of quinoxaline (d6 ), shewed fine structure 

which was tentatively explained on the basis of a first order nitrogen 

nuclear quadrupole and second order nitrogen hyperfine interactions. The 

22 structure was explained quantitatively in a later paper in terms of a 

Hamiltonian incorporating these interactions. 
' 23 

Tinti, El-Sayed, Maki and Harris 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-dichloroquinoxaline. They showed 

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

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

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

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

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

both the microwave and optical radiations. The observed structure of the 

zero-field_transitions was explained quantitatively in a later paper24 

in which the first optically detected electron nuclear double resonance 

(ENDOR) for nitrogen was also reported. Several other papers followed on 

the observation and interpretation of nitrogen ENDOR in zero field25 , 26 
\ 

and was extended to 35Cl and 37Cl by Buckley and Harris27• Optical de-

tection of electron~electron double resonance (EEDOR) was reported by 

Kuan, Tinti and El-Sayed28 and was demonstrated to be a method of improving 

the signal strength of weak zero-field transitions if emission is from 

only one of the triplet sublevels. 

Several interesting physical phenomena have been reported recently, 

including such areas as level anticrossing, 5l transferred hyperfine 

and nuclear quadrupole interactions from host to guest molecules52 and 

the prediction of microwave modulation of the phosphorescence. 53 

As a consequence of the newness of this field most of the ODMR studies 

to date have been on molecules previously reported using conventional tech

niques (see Table 2). However, molecules with short triplet lifetimes 

which cannot be observed by conventional methods have received considerable 
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attention and the resonances of several new molecules have been reported 

(see Table 3). 

One of the most promising new applications of magnetic resonance is 

the investigation of exciton interactions in crystals. Wolf and his co-

workers using conventional ESR techniques have observed energy exchange 

between pairs of naphthalene (h8 ) molecules as nearest neighbors in an 

isotopically dilute system, 29 and triplet excitons in pure crystals of 

naphthalene and anthracene single crystals.54 Sharnoff has reported the 

ODMR of triplet exitons in a single crystal of benzophenone34- 35 ; however, 

his results have been questioned51 and to date no other reports have been 

published of the ODMR of exCitons in molecular crystals.* 

In conclusion, ODMR has developed into three basic areas: 1) the 

study of the electron distribution of organic molecules in their triplet 

state by analysis of the zero field, nuclear quadrupole and hyperfine 

interactions, 2) investigations into the intramolecular as well as inter-

molecular pathways and rates of energy transfer in trap molecules by 

analysis of the ODMR signal as a function of time for various vibronic 

bands in the phosphorescence spectrum, and 3) as a tool to investigate 

the energy levels and dynamic properties of exciton bands in molecular 

crystals. 

* Recently, however, Francis and Harris76 have used this technique to 

measure the density of states functions of triplet Frenkel excitons in 

molecular crystals and have observed. coherent migration. 



Table 1 
.. ~. 

Single Crystal ESR Studies 

.. Molecule Host Crystal T(°K) D(GHz)* E(GHz)* Ref. 

Anthracene Diphenyl 77 +2.1453 - .253 55 

Benzene Benzene>-d6 1.95 +4.740 - .192 93 

Diphenylmethylene Benzophenone 77 ±12.1430 + -5750 46-48 

Diphenylmethylene 1,1-Diphenylethylene 77 ±11.8837 - .4473 46-48 + 
Fluorene Fluroene ± 2.9140 +1-3341 41 

Fluorenylidene Diazafluorene 77 ±12.2683 - .8478 47,48 + 
Isoquinoline Durene 77 ± 3.0099 + -35o8 43 

Mesitylene B-Trimethylborazole 77 ± 1.8586 + .7195 78 

Naphthalene-he Durene 77 + 3.0069 - .4107 10 11 40 41 ' , ' 
Naphthalene-he Biphenyl 77 + 2.9739 - .4632 10,11,40,41 

+ 2.9799 - .4617 10,11,40,41 
Naphthalene-de Durene-dl4 77 + 3.038o7 - .4176 10,11,40,41 

+ 3.0279 - .4ol7 10,11,40,41 

Phenanthrene Biphenyl 78 ± 3.01079 +1.3963 21 
± 3.0111 +1.396110~11,40,41 
± 3.0219 +1.4oOO 10,11,40,41 

Phenanthrene Fluorene ± 3.0129 ~.4000 10,11,40,41 

Phenazine Diphenyl 90 + 2.2304 - .3298 49 

Pyrene-hlo Fluorene 100 ± 2.0326 + .9479 44 

Pyrene-dlo Fluorene room ± 1.9717 + .9479 45 
temp 

Quinoxaline Durene 77 ± 3.0189 + . 5456 42 

Quinoline Durene 77 ± 3.0878 + .4857 43 
I"! 

2.9679 + .1289 Tetramethylpyrazine Durene 77 ± 50 

!'·· * The zero field splitting parameters D and E are discus3ed in 

Section III, pp. 33-40. 
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Table 2 

. OD.MR of Molecules Previously Observed by Conventional Techniques 

Molecule · Reference 

Naphthalene 17 

Q,uinoxaline 19 

Quinoline 39 

Phenanthrene 18 

Isoquinoline 39 

Tetramethylpyrazine 20 

Table 3 

New Molecules Observed using ODMR 

Molecule Host T(°K) D(GHz) E(GHz) Ref. 

Benzophenone a 4.2 + 4.557 - .630 34 ------
+ 4. 4309 - .. 4977 35 

2,3 dichlo~oquinoxaline Durene 1.6 + 2.9849 - .5271 24 

8-chloroquinoline !)Durene 1.7 + 2.9550 - .4295-b 26 
1.6 + 2. 9526b - . 4248 36 

Pyrazine - h4 Paradichloro- 1.3 + 9.264 - .18o 37 
benzene 4.2 +10.170 - .216 38 

Pyrazine - d4 Paradichloro- 4.2 +10.204 -.206 38 
a benzene 

Pure crystal 
;,;\ 

b 
For the second trap 
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II. SENSITIVITY_ CONSIDERATIONS IN OPTICAL DETECTION 

In this section the basic proceduresused in the optical detection 

of ESR and ENDOR in zero magnetic field are reviewed. Quantitative 

expressions are. derived for the change in phosphorescence intensity as 

a function of the various relaxation rate constants for the triplet 

state and the strength of the applied microwave field~ 

A. ESR 

I 

The experiments were all performed under conditions of continuous 

optical excitation while monitoring the change in intensity of the 

phosphorescence as a function· of the applied microwave field. 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 with reasonably 

high synmietry (i.e., Dct., C2h' and C2V) different methods of populating 

the triplet state may produce different spin alignments; however, the 

same considerations apply in calculating the sensitivity achieved using 

ODMR.63,66,67 

The radiative and non-radiative pathways for energy transfer are 

depicted in Figure 2, where s1 is the population of the lowest excited 

singlet state, Nx (x= x,y,z) is the steady state population of the 

corresponding triplet levels, K1 x is the non-radiative relaxation rate 

constant for relaxation to S
0

, KX is the radiative or phosphorescence rate 

constant for relaxation to 8 0, WxlX2 (x1 l=x2) is the spin lattice relaxa

tion rate constant and Px1 x2 (x 1 l=x2 ) is the induced rate constant due 
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Figure 2 

Relaxation Pathways and Rate.· Constants for the Triplet State 
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to the applied microwave field. (H1 ). 

When the microwave field does not connect any two of the zero field 

levels of the triplet, the steady state population is given by setting 

P XlX
2 

= 0. The application of the microwave field at a frequency corres

ponding to the energy separation of two of the levels (i.e., v = Ex-E~h) 

will introduce a new pathway for relaxation causing redistribution of the 

population which in most cases results in a change in the phosphorescence 

intensity. 

Since optical, rather than microwave, photons are detected, one would 

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

energies of the photons, which, for a typical molecule, is approximately 

3 x 105
• The actual change in the phosphorescence intensity, however, 

is a complex function of the various relaxation rate constants. There-

fore, the actual improvement in sensitivity (if there is an improvement) 

will depend on the molecule under study. 

In order to derive a reasonably simple quantitative expression for 

the change in intensity of the phosphorescence, the three following 

assumptions will be made: 

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

quadrupole and nuclear hyperfine interactions will be neglected, 

2) Only the two levels connected by the H1 field ( T' and T ) will 
X y 

be considered, and 

3) Only the steady state condition dNx(dt = dN /dt - 0 will be y . 

considered for both the case when H1 = 0 and H1 f 0. 

The first assumption will predict too great a change in intensity 

if the individual triplet levels are split by more than the frequency 
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width. of the H~ field, since in this case the H1. field will induce 

an additional relaxation pathway for only a fraction of the population of each 
j 

triplet level at any given frequency. 

The second assumption will introduce an error in the expression for 

the percentage change in intensity since the intensity contribution from 

the level not connected by the H1 field (T) is neglected. This assump
z 

tion also requires that the spin lattice relaxation rate.between T and 
z 

T and between T and T be neglected. This is usually valid since the X . . . Z y 

experiments are performed at or below 4. 20°K. 

The third assumption requires that the experiment be performed using 

C. w. microwave conditions or modulating the microwave field with a 

frequency iower than the total rate constant of the system. 

The differential equations describing the population of the levels 

shown in Figure 3 are 

dN 
X 

.dt = s1 .. K- - . N (K + K .. + W + P J + N [W + p ] -"lx . x . nx x xy xy y yx xy 

dN 
__l = S ~ - N (K + K + W + P ] + N (W + P ] dt . 1 y 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 + w + p 
ny y yx xy 

D - w + p 
xy xy 

Equations 1 and 2 maybe rewritten 

(1) 

(2) 

(3) 

... 
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Figure 3 

Relaxation Pathways and Rate Constants for only 'l'wo of the Three 

Triplet Levels (See Text) 
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d.N 
X 

SlKlx - NA+ NB 
dt = 

X y 
(4) 

d.N 
_J_ - s ·~ - N C + N D 
dt l y y X 

(5) 

The steady state assumption allows us to write 

d.N 
X 

sl~ NA +NB 0 dt = - = 
X y 

(6) 

dN 
._1..:: s rs_· - N C + N D = 0 
dt l y y X 

(7) 

Upon solving Equations (6) and (7) for the population of the trip-

let levels, we have 

Nx - Sl [CIS_x + B~y] 
AC .. BD 

The.intensity of the phosphorescence detected with art optical 

spectrometer may be written 

I = a 1N K + a 2N K 
X X Y Y 

where a 1 and a 2 are constants that depend on the polarization of the 

emission, the orientation of the sample, and the efficiency of the 

detection system. The assumption will be made that a1 = a 2, which 

(8) 

(9) 

(10) 

allows the fractional change in the intensity of the phosphorescence upon 

application of the H1 field to be written 



~ 
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I - I I AI 0 
1. (11) = =- -I I 

0 0 

where Io is the intensity of the phosphorescence when P = o. With this 
xy 

condition, it is convenient to define the parameters given in Equation 

3 as· 

a=K +K +W 
nx x x:y 

b = w 
yx 

c=K +K +W 
ny y yx 

d = w . xy 

(12) 

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

in intensity of the emission is given by 

AI= 
[K_ (AK + BK) + K (CK + DK )][ac- bd] -ly Y X lx X y (13) [ K_ (a K + b K ) + K

1 
( cK + dK ) J [AC BD J - l 

-~y Y X X X . y 

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

connected by the H1 fiel~ in which aase the chang~ in intensity of 

emmission from the T and T levels are given by 
X y 

[CKlx + BKly] [ac bd] 
AI - 1 

X LcKlx + bKly][Ac - BD] 

(14) 

[A~ + DJS.x] [ac - bd] 
and AI - 1 y LaiS_y + dKlx] [AC - BD] 

(15) 
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Three limiting cases will now be discussed in order to examine the 

effect of the magnitude of the various rate constants on the sensitivity 

of the experiment. 

Case #1, .The Effect of the Radiative Rate Constants 

For this case the additional assumption is made that the nonradiative 

and spin lattice relaxation may be neglected. The parameters defined in 

Equations 3 and 12 become 

A = K + p a K 
X xy X 

B p b 0 
xy (16) 

c K + p c K 
y xy y 

D = p d = 0 
yx 

In the absence of the H
1 

.field the steady state populations are given by 

No 
X 

= 
(17) 

The steady state population of rx is given by Equation 8 which for this 

example bec.omes 

N = 
X 

s
1

[KlxK + P (K_ + K_ ] y xy -l.x -~y ·. 
[K K + P (K + K )J 
xy xy x y 

In the limit that P is much larger than any of the relaxation rate xy 

constants, the populations of rx and r y are equalized and the 

(18) 
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transition is saturated. Clearly, the power required to equalize the 

populations·is directly proportional to the relaxation rate of the system 

and inversely proportional to the lifetime of the excited state. 

The population of T at saturation is given by 
X 

N s 
X 

= 
sl[Klx + ~J 

[K + K ] 
X y 

and thecorresponding population of -r is given by 
y 

and therefore, 

N s 
y = 

s1[~ + KlyJ 

[K + K ] 
X y 

The change in population of T upon saturation is given by 
X 

~N 
X 

N s 
X 

KK -KK... 
X ly y-J.x 

Klx(K + K ) 
X y 

Therefore, if K Kly. = K K... , there is no change in population. 
. X y~J.x 

If the emissions from r and T · are monitored simultaneously, 
X y 

the fractional change in intensity is given by Equation 13 which, for 
'· 

this example, reduces to 

~I = 
[~(AKY + BKx) + Klx(CKx + DKY)] 

[Kly(AC BD)] 

[Klx + Kly][p (K + K) + K K ] . xy x y xy 
[Klx + Kly] (p · (K + K ) + K K ] 

xy x y xy 

- 1 

- 1 

(19) 

(20) 

(21) 

(22) 

(23) 
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And therefore, A I 0 and no change in the intensity of emission will 

be observed. · 

However, if a high resolution optical spectrometer is used, it is 

often possible to monitor the emission from just one of the triplet 

levels via its selective emission to the origin or a vibration of the ground 

state singlet manifold. Consider for example, ~ , in which case, the change 
X 

in intensity given by Equation 14 becomes 

A I _ Kx [ Pxy(l<J.x + Kly) + KxKy] 
X Klx P (K + K ) + K K . - l ( 24) 

xyx y xy· 

. . . 

In the limiting case where intersystem crossing proceeds primarily to 

T x ( JS.x >> Kly) Equation 24 reduces to 

AI = 
X 

At saturation we have' 

AI s 
X 

= 

P K + K K 
xy X X y 

P (K + K ) + K K 
xy x y xy 

K 
X 

K + K 
X y 

- 1 

- 1 

The ·effect of the ratio of the radiative rate constants (K /K) 
X y 

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

with the following examples: 

K /K X y A I(%) 

0.1 91 

1 50 

10 9 

(25) 

(26) 

... 
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Therefore, .the maximum sensitivity is achieved if the level with the 

fast intersystem crossing rate constant has the slower phosphorescence 

rate constant. Unfortunately, the opposite is generally found to be 

the ca.se. 

Case #2, The Effect of Spin Lattice Relaxation 

The two rate constants for spin lattice relaxation are not independent 

and may be related directly to the s.pin lattice relaxation time T1 for 

64,65 
any given temperature. 

The interaction between the energy and.the lattice may be represented 

schematically as 

SPINS LATTICE 

rx [N ] X [N ] 
Jf' X a II' a 

w w 
wba w . YX- xy ab 

Ty 
,if [N ] ~ "If [~] y 

The conservation of energy requires that for each transition from r x 

to ry there be a corresponding lattice transition from~ .to Xa 

vice versa. The transition rate for the lattice may be writtep 

w ab N A 
a 

W = N A ba o 

where A is the transition probability and Na and Nb are the 

populations of Xa and Xb respectively.·· 

and 

(27) 
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The spin lattice relaxation rate constants may be written in terms 

of the population of the lattice as 

w yz wab = NA 
a 

(28) 

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

normalized population of the lattice is given by 

N a = 
e -'0/2kt 

e ~'0/2k~ + e '0/2kt 

e '0/2kt 

-S/2kt . S/2kt e · + e . 

f 

1 - f 

where o = (Ex - Ey)/2 and Ex and Ey are the energies of the 

(29) 

T and 
X 

T levels respectively. The spin lattice relaxation rates may now be y 

written 
W = (1 - f) A xy 

wyx (f)A 

The spin lattice relaxation time is defined by the expression 

T 
1 

1 
W +W xy yx 

1 
= A 

(30) 

(31) 

Therefore, w xy and Wyx may be expressed in terms of T
1 

and f as 

w 1 - f = xy Tl 
f (32) 

w yx Tl 
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In the derivation of equation 32 it is assumed that only a direct process 

of energy transfer between the spin system and the lattice exists which 

is usually the case at the temperatures of the experiments (4.2° to l.3°K). 

In the case that Raman or Orbach processes are present, .only the explicit 

temperature dependence of the relaxation must be corrected so that the 

spin lattice relaxation may always be defined for a two level system in 

terms of only Tl at a given temperature. 

A short Tl relaxation time will tend to produce a Boltzmann 

population distribution between the spin sublevels and will therefore 

generally reduce the spin alignment. This can be seen by considering 

the simple case where there is only intersystem crossing to T y 
and 

emission from r and r • Again the non-radiative relaxation rate 
X y 

constants . Klx and Kly are assumed to be negligible. 

The parameters defining this model are 

A = K +W + p a = K + w 
X xy xy X xy 

B w + p b = w yx xy yx 
(33) 

c = K +W + p c = K +W y yx xy y yx 

D = w + p d = w xy xy xy 

and the populations of rx and T when P = 0 are given by y xy 

Sl[(K + W )Klx] 
No = l. ~ 

X KK +KW +KW 
X y y xy xyx 

. sl [(Wx)Klx] 
(34) 

and N o :::: 
y KK +KW + K W 

X y y xy xyx 
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In the limit that W = W = 0 this-reduces to 
x.y yx 

No 
sl[KlxJ 

= 
X K 

X 

No = 0 
( 35) 

y 

At high temperatures when W :::::: W ))K , K , Klx' Equation 34 becomes xy yx x y 

No 
sl [Klx] 

= + K X K 
X y 

Sl[Klx] 
(36) 

No 
y K + K 

X y 

Since the change in population is monitored, it is clearly advantageous 

to perform the experiments at the lowest pos·sible temperature in ord.er 

to decrease the thermalization of the spin levels .and the resulting loss 

in sensitivity. 

Case #3, The Effect of Non-Radiative Relaxation 

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

relaxation rate constants Klx artd ~ on the sensitivity of the 

experiment. It is obvious that since only the radiative emission is 

detected, a large rate of depopulation by non-radiative relaxation is 

not desirable. In the case of a sample that relaxes primarily through 

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

conventional ESR techniques and monitoring the absorption of 

microwave power, or in extreme cases by monitoring the change in 
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temperature of the sample. A quantitative measure of the decrease in 

sensitivity may be calculated by substituting the appropriate rate 

constants into Equations 13, 14 and 15; however the expressions are 

rather complex and therefore not particularly useful. 

B. ENDOR 

The sensitivity of this experiment may be simply 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 cross relaxation between the electron and nuclear spin 

systems (the Overhauser effect), or it may be induced by saturation of 

"forbidden;' transitions (simultaneous electron nuclear flips). It is 

also possible that selective intersystem crossing may preferentially 

populate a particular nuclear spin level if there is strong hyperfine 

coupling of the electron and nuclear wavefunctions. 

In the absence of nuclear polarization, the sensitivity of the 

optically detected ENDOR signal may be understood by referring to 

Figure 4 in which the T 
X 

and r triplet levels are now each composed 
y 

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

quadrupole and hyperfine interactions as will be discussed in the 

section on the spin Hamiltonian. 

The results obtained by considering the triplet levels as being 

split into only two nuclear sublevels are independent of the number of 

sublevels if the ESR transition connects only one nuclear sublevel in 
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each of the two triplet levels, and the ENDOR transition connects only 

two nuclear sublevels in one of the triplet levels . 

As has already been discussed, the sensitivity of the optical 

detection technique is dependent on the various relaxation pathways 

from the triplet state. The same considerations.apply in an ENDOR 

experiment. Since the sensitivity of the ENDOR experiment will be 

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

pendence of the triplet state populations on the various rate constants 

need not be specified. For the system shown in Figure 4, the phosphores

cence intensity may then be written 

I = 2(N K + N K )· (37) 
0 X X y y 

Upon saturation of the electron spin transition (bAd), this becomes 

with the change in intensity given by 

AI = Is- JQ = ~{N - N ) (K - K ) • 
X y y -~ 

(39) 

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

given by 

= _g
3 

[ ( 2N + N ) K + ( 2N + N ) K ) 
X y X y X y (4o) 

Since the ENDOR signal is detected by monitoring the change in 

intensity of the ESR transition, the signal strength is given by 
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~IE = IE - Is (41) 

~ [(Nx- Ny)(Ky- Kx)J (42) 

and the fractional change in intensity of the ESR signal upon saturation 

of the ENDOR transition is 

1 
3 

(43) 

If the ENDOR transition ( c~d) . is saturated instead of the transi-

tion from (a~b), the same expression is obtained for the change in 

intensity (Equations 4Z and 43). 

It is interesting to note from Equations 39 and 42 that the ESR 

signal and the ENDOR signal always affect the intensity of the phospho-

rescence in the same direction. 

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

if the two ENDOR transitions (~b) and· (ct-td) . occur at the same 

frequency, the change in phosphorescence intensity is given by 

~ IE· = _! [ ( N - N ) ( K ;.. K ) ] 2 X y Y X 
(44) 

and the fractional change in intensity of the ESR signal is unity. 

As a final note, if the ESR transitiom from (a~) and (b+->td) 

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

(~d) must also occur at the same frequency causing the change in 

· intensity of the ESR signal to be twice as large (Equation 39). 

~I (N - N )(K - K) 
X y y X 

(45) 

while the ENDOR transitions will not be observed since the populations 

of the nuclear sublevels are already equal. 
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III. The Spin Hamiltonian 

The observed magnetic resonance spectra of the excited triplet 

state of organic molecules in zero external magnetic field may be under-

stood in terms of a Hamiltonian of the form, 

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

unpaired electrons, HQ is the nuclear. quadrupole interaction, 

and 11rF is the nuclear electron hyperfine interaction. 

This section is devoted to a review of the explicit form of each 

term of the Hamiltonian and the resulting energy levels and transition 

probabilities. 

A. The Spin-Spin or Zero Field Splitting Hamiltonian 

HSS is primarily due to the magnetic dipole-dipole interaction be

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

also be a contribution from the spin-orbit coupling between the lowest 

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

interaction between other excited triplet states will shift the three 

levels equally,and may therefore be neglected. 56 

If the radiative lifetime for fluorescence and phosphorescence is 

known, the magnitude of the spin-orbit contribution to the zero field 

splitting may be estimated by choosing a simple model in which the 

transition probability for phosphorescence is due only to the spin-

orbit coupling of one spin sublevel with the nearest excited singlet 

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

phosphorescence may be expressed as 
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(l) 

where e~ is the electron dipole moment transition operator, 3 1/t 1 is 

the first triplet state, 1 1/t 
0 

is the ground singlet state, and rp is 

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

phorescent triplet state is actually a linear combination of the pure 

triplet state, wh1ch is spin forbidden for electric dipole radiation to 

the grol.iild state, and an admixture of singlet character due to spin orbit 

coupling. 3 '11 may therefore be represented as a linear combination of 
. l. 

3 1/t l. and 1 1/t 1 as 

(2) 

where 3 1/t 1 and 1 1/t 1 are the wave functions for the first excited singlet 

and triplet states respectively in the absence of spin-orbit coupling.· 

In organic molecules the spin orbit matrix element is generally 

.small so cl. ·~ 1 while c2 is given from second order perturbation theory 

by; 

= < 11/1 l.l Hsol 31/t l. > 

ll.El. - 3Eo 

(3) 

where is the energy of and is the energy of The 

phosphorescence transition probability (Equation 1) may now be written 

(4) 

while the fluorescence transition probability is given by 
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Substituting Equation 5 into Equation 4 , we have 

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

by 

Also from second order perturbation theory the shift in energy of the 

triplet zero field level coupled to ~ 1/t ~ may be written· 

68 
As an example, for benzene, rp 

I ~El. - 3 E0 I = 6000 em -l. .' Therefore, 

.1 3 X 10-8 
sec. 

= 30 sec. 

6 X l0-5 cm -l = . 

-8 = 30 sec., TF = 3 x 10 

(6ooo em -~) 

sec., and 

(5) 

(6) 

(7) 

(8) 

56 
Compared to the measured zero field splittings of benzene of 0.1644 em-~, 

6 -l. . -1 
0.151 em , and 0.0128 em , the spin-erbit coupling contribution to 

the zero field splitting is clearly negligible. 

The addition of a heavy atom will increase the spin orbit coupling 
69,70 . 

matrix element. An example of the magnitude of the effect is given by 
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. . .· ~,n s 
parad1chlorobenzene for which rp = 16 ms., TF = 3 x 10- sec., and 

i .. 3 . . -1 ! E1 - E
0

1 = 7800 em . Substituting these values into Equation 8, 

we find that A= 1.5 x 10-
2 cm~1 • This is still small compared to the 

observed zero field splittings of 0.1787 cm-1, 0.1201 cm- 1
, and 0.0584 

-1 
em In addition, since we used the rnea.sured lifetime of the phospho-

rescence which includes both the radiativeand non-radiative transition 

probabilities, the actual contribution of spin orbit coupling 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 spin orl::lit coupling.accounts for only a 

small percentage of the ()bserved zero field splitting and therefore, we 

will consider only the magnetic dipole-dipole interaction in explaining 

the observed spectra. 

Th~.Ha.miltonian for the magnetic dipole-dipole interaction between 

77 
two unpaired electrons may be written as 

\9) 

where g is the anomalous electron g factor, which has been found to 
e . 

be basically isotropic for aromatic triplet states and equal to the free 

electron value of 2.00232, 6 is the Bohr magneton (eh/2mc), and r e . 

is the vector connecting the two electron spins s1 and S2 • 

The Hamiltonian is bT the same form as any dipole-dipole interaction, 

and in the case of the interaction between the two triplet state electrons 

may be expressed as 

(10) 

l 
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which may be written in a Cartesian axis system as 

= D S 2 + D S S + D 8 S + 
XX X x:y X y XZ X Z 

Dyx.S S + D S 
2 

+ D . SYS + y x vy y yz z (11) 

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 given by averages over the 
l J 

triplet state electronic wave functiozl7 

! 2 13 2 <r 
2 2 

D = - 3x > 
XX 2 ge r5 

. (l2) 

D = ! g 2~2 <:~> 
xy 2 e . 5 r 

and so on. Dis a syzmnetrical tensor . (D = D , etc.); therefore, in 
xy yx 

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 

(13) 

Since the Hamiltonian satisfies LaPlace's equation, X + Y + Z = 0, 

only two independent parameters are needed to describe the interaction . 

In conventional ESR the Hamiltonian in the principal axis system is 

usually rewritten by defining 

1 
D = 2 (X + Y) - Z and E = l 

-2 (X - Y) (14) 
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with the axis convention that !XI~IYI~lzl. Therefore, the three com-

ponents of the Hamiltonian are given by 

X == D/3 - E 

Y == D/3 + E 

Z =-2/3D 

(15) 

The Hamiltonian may be rewritten by substituting the definitions of 

D and E (Equation 14) into the Hamiltonian (Equation 13) J 

HSS == - (D/3 -E) f3x 2 - (D/3 + E) Sy-·2 + 2/3 D Sz 2 

== D(2/3 Sz2- l/3(Sx_2 + Sy2)) + E(8Jc:2 - Sy-·2) 

since 3,c 2 + Sy-·2 2 2 
S ·"' Sz , 

we may write 

However, for the triplet state S2 == 2; therefore:, 

The Hamiltonian may also .be expressed in equivalent form using the 

raising and lowering operatGrs as 

(16) 

(17) 

(18) 

(19) 

(20) 

The D and E parameters are defined by the average over the triplet state 

wave function 

(21) 

1 
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~ = l/4 g2 /]2 .·<·. 3Y
2 

- 3x
2 >. . 

.. e s 
. r . 

(21 Cont.) 

The Hamiltonian in matrix form with the basis states chosen to be eigen-

.. values of Sz may now be expressed as 

ll > lo > l-1 > 

D/3 0 E 

Hss = 0 -2/3D 0 (22) 

E 0 D/3 

This form is generally appl~cable and may be used with any interacting 

nuclear spin. In certain cases the simpler form may be used in which the 

basis states are eigenfunctions for both the Hamiltonian and Sx, Sy and Sz. 

lx > jy > lz > 

..:x 0 0 

Hss = 0 -Y 0 (23) 
0 0 -Z 

where 

.X> 1/.{2 < I 1>- ll >) 

y> i/.[2 < I 1>+ jl >) (24) 

z > = lo > 

This form of the Hamiltonian is directly related to the chosen axis system 

of the molecule and presents a clear picture of the orientational depen-

dence of the energy. 
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The resulting energy level diagram and nomenclature for both repre-

sentations are shown in Figure 5 . 

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

magnetic field since the triplet sublevels are not eigenfuctions of Sz. 

The nonvani;hing matrix elements for magnetic dipole transitions between 

the triplet magnetic sublevels are given by 

p = I< Yl ~ lz >12 = l 
y-+ z 

p = I< xl ~ X-+ Z 
lz >12 = l (25) 

p = I< XI Sz IY >12 = l 
X-+Y 

Therefore the three microwave transitions are polarized along the x, y and z 

directions as shown in Figure 2. 

B. ~ -~ The Nuclear Quadrupole Hamiltonian 

A nucleus with a spin ·~ l will have a non-spherical charge distri-

but ion arid therefore an electric quadrupole moment. The quadrupole 

moment of the nucleus may be positive or negative depending on whether 

the charge distribution is elongated or flattened along the spin axis. 

Each allowed nuclear orientation along the spin axis will have associated 

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

the case of a free molecule, the electric field is d11e to non-s elec-

trons which produce a field gradient at the nucleus defined by 

v .. . ~, J ( i, j x, y, z) 

The Hamiltonian is derived by expanding the expression for the 

(26) 

' 
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Figure 5 

Energy Levesl and ESR Transitions for the Triplet State 
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electrostatic potential energy of a nucleus of finite dimensions in the 

field of its surrounding electrons in terms of the nuclear multipole 

moments. The electrostatic dipole moment vanishes by symmetry and the 

first term in the expansion giving rise to deviations from a simple point 

charge interaction is the quadrupole term. The explicit derivation of 

the Hamiltonian is given in several sources and will not be repeated 

here.58:..62 

In an arpitrary axis system the. Hamiltonian may be written as 

HQ. = B ·{v (3I 2 
- I 2

) + (V + i zz z zx 

+ (V - i V )(I+I + I I+) + zx zy z z 

+ i V ] I+2 + (l/2(V - V ) :x:y .· XX yy 

where B eQ 
= 4I(2I-l) 

e = the electron charge (esu) 

Q = the quadrupole mement (cm2
) 

and I = the nuclear spin quantum number. 

v )(r_I + I I_) 
zy z z 

[l/2(V - V ) 
XX yy 

- i Vx:y] I-
2

} 

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

system such that V = 0 for i /= j, the Hamiltonian may be re-
i, .j 

written as: 

Since the Hamiltonian only includes interactions due to charges 

(27) 

external to the nucleus, the LaPlace equation is satisfied and therefore: 

V +V +V 
XX YY ZZ 

0 (29) 

,. 
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and it is only necessary to specify two independent parameters to describe 

the interaction. The conventional nomenclature in nuclear quadrupole 

resonance spectroscopy defines the field gradient, q, and the asymmetry 

parameter ~ by the relations 

eq = V zz 

TJ = v ·'- v 
XX yy 

v zz 

with the convention 

The three· components of the field gradient are then given by 

v = eq zz 

v = -V (1 -zz n) 
XX 2 

and v = -V (1 + n) zz 
yy 

2 

(30) 

(31) 

(32) 

The asymmetry parameter ~ may take on values from 0 to 1· and in the case 

where ~ = 0, the field gradient has axial symmetry and, 

v = v xx· yy = -l/2 v zz •. 

When ~ has its maximum value of 1, 

v 0 
XX 

V = -V 
yy zz 

(33) 

(34) 
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'.Dhe asymmetry parameter will vanish by.symmetry whenever the nucleus is 

at a sight of three-fold or higher symmetry since this requires that 

V =V 
-~ yy 

The standard form of the Hamiltonian, Equation 28 , may now be 

w:r:itten as 

(35) 

wht=re A 

This may also be written in the completely equivalent form 

The Hamiltonian matrix therefore consists of diagonal terms and off 

diagonal· terms connecting states differing in Iz by ± 2. 

At this point we will consider the explicit form of the Hamiltonian 

matrix for I = l and I = 3/2 since interactions due to both spins were 

observed in the course of this work. 

The Hamiltonian for an I = 1 nucleus may be expressed in matrix form 

as 

ll > lo > l-1 > 

l 0 ., 
HQ = A· 0 -2 0 (37) 

,.,.., ., 0 l 

where A· = e2~Q • 

A more convenient form of the Hamiltonian is obtained by transforming the 

HamiltQnian to the representation in which the energy is diagonal. In this 
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representation the ijamiltonian is in the same form as the spin-spin 

Hamiltonian, Equation 13 ' 
and in matrix form, 

IX> IY > lz > 

-X 0 0 

H = A• 
Q 

b -Y 0 

0 0 -Z 

The energy is given by 

X -A(l +'7) 

Y = -A(l -'1) 

z = -2A 

and the eigenstates are 

IX> = (1//"2)( 11 > + I -1 >) 

IY > = (i//"2)(11 >- l-1 >) 

lz > = lo > 

may be written; 

(39) 

(40) 

This form of the Hamiltonian is particularly convenient since it may 

be written in terms of the nuclear angular momentum· operators as 

H =-xi 2 
- yi 2 

- zi 2 

Q X y Z 
(41) 

which is in the same form as the zero field Hamiltonian. 

In Figure 6 a, the energies and polarizations of the pure nuclear 

quadrupole transitions, for a spin 1 nucleus, are given. The three 

magnetic dipole transitions are polarized along the X, Y and Z axis as 

are the zero field transitions. · 
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The Hamiltonian matrix for I = 3/2 may be written as 

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

·r 0 TI/J3 0 

0 -1 0 '1/,(3 

11/J3 0 ·.;.1 0 (42) 

0 '1/J3 0 1 

The matrix may be rewritten as twci separate 2 x 2 matrices by 

rearranging the order of.the basis states as 

13/2 > · I -1/2 > 1 1!2 > l-3/2 > 

1 TI/J3 0 0 

'1//3 -1 0 0 
(43) 

0 0 -1 'I/J3 
0 0 11/J 3 1 

The eigenvalues of the Hamiltonian may now be obtajned by diagon-

alizing each of the 2 x 2 matrices with the result that there are only 

two energy levels, both of which are doubly degenerate (see Figure 6b). 

The eigenstates are 

13/2 > 1 = a 13/2 > + b 1-l/ 2 > 

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

ll/ 2 > 1 = all/ 2 > - b 1-3/2 > 

1-3/2 > 1 = a 1-3/2 > + b ll/ 2 > 

(44) 

(45) 
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where 

l +Jl + x2 
a 

. 2) Jl/2 [2(1 + x 2 + Jl +X . 

x/[2(1 + x 2 + Jl + x~ l/2 b = 
(46) 

and X "ff/3 • 

In contrast to a nucleus with spin I = 1, we cannot determine both 

e 2 qQ and ~. by measuring only the transition energy since the levels are 

twofold degenerate. It is therefore necessary to apply a perturbation such as a 

Zeeman field to remove the degeneracy of the ± levels in order to com-

pletely measure the. nucle.ar quadrupole interaction. It should be noted, 

however, that the transition frequency is .not particularly sensitive to 

"f/. Th~ assumption.~ "f/ = 0 and therefore that the transition energy is 

equal to (l/2)e2 qQ will produce only a small error for small values .of 

"f/ as shown in Figure 7. Furthermore, an oscillating magnetic field 

along the Z axis will not induce magnetic dipole transitions between the 

± 3/2 and ± I/2 nuclear levels if ..,., = 0. 

c. J.iHF -~ The Nuclear Electron Hner:t'ine Interaction 

A nucleus with a spin ~ l/2, like an electron, will have a magnetic 

moment. The interaction of this nuclear magnetic moment, with the 

electron magnetic moment, will lead to both an anisotropic dipole-dipole 

interaction and the 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 magnetic moments, is entirely analogous to the 
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Parameter 
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zero field Hamiltonian with the replacement of one of the electron spins 

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

Hamiltonian may. be written as 

~ [ I· S 3 (I· r )( S • r ) ] --gagR --
et-Je n'4'1 3 s · r r 

(47) 

where gn is the nuclear g factor and an is the nuclear magneton. 

' Since this is identical in form to Equation 9 for the zero field 

Hamiltonian, Equation 47 may be expressed as 

~ = S·A·I (48) 

which may be expanded in tha same manner as Equation 11 • The A 

matrix is symmetric and therefore, in. its principle axis system, may 

be written as, 

dJD = A S . I + A S I + A S I LliF XX X X yy Y Y ZZ Z Z 
(49) 

/ 

where the hyperf'ine elements are given by the average over the spatial 

distribution of' the unpaired spins. 

(50) 

where X = x, y, z. 

The.LaPlace equation is again satisfied and therefore, 

A +A +A =0 
XX yy ZZ 

(51) 

The unpaired spin density at. the nucleus will produce an additional 
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contribution to the hyperfi:he Hamiltonian called the Fermi contact term. 

This will arise only from spin density in s orbitals since the other 

orbitals have a vanishing probability of being at the nucleus. The Fermi 

contact contribution is usually considered to be isotropic and may there-

fore be written as 

J = C(S I + S I + S I ) 
~lrF X X Y y Z Z 

where 

·. c = ( 811"/ 3) 'Y 'Y 1'121 "' ( 0) 12 e n s 

and !lfls(0)! 2 is the s electron spin density at the nucleus. 

where 

The total hyperfine Hamiltonian may now be written as 

=A' S 
XX X 

I + A' S I + A' S I 
X yy y y ZZ Z Z 

A' =A + c, etc. 
XX .XX 

Therefore, if the three components of the total hyperfine Hamil-

(52) 

(53) 

(54) 

(55) 

tonia.n are measured, the contribution due to the anisotropic and isotropic 

components· can be separated; however, the absolute signs will not gener-

ally be obtained. It should be. pointed out that since the nuclei in 

which we are interested also have quadrupole moments, the Fermi contact 

term will not be strictly isotropic since the nuclei are distorted, and 

consequently, the dipole-dipole and contact terms are not completely 

separable. 
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D. The Total Hamiltonian, Energy Levels and Transition Probabilities 

In this section the total Hamiltonian for two molecules which are 

examples of the triplet state·electrons interacting with an I=l and an 

I=3/2 nuclear spin will be considered. In order to simplify the dis-

cussion we will make the following assumptions for both cases: 

1) The principal axis system of H88 , HQ and HHF are coincident, 

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

need be considered, and 

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

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

the single crystal ESR spectra, 43 and 

assumption 3 on the fact that resolved proton hyperfine splitting has· 

not been observed in zero field ESR. 

Example #1, I=l 

An example of a molecule which is characterized by the interaction 

* of one (I=l) nuclear spin ;.rith the triplet electrons is the TI'TT state 

of quinoline·(l-azanaphthalene). The spin Hamiltonian for this molecule 

b 'tt f th . t . . F. s· 22,24 may e wr1 en or e ax1s sys em g1ven 1n 1g. ·. as 

H = Hss + HQ + HHF (56) 

where 

HZF = -X~2 yc. 2 zs 2 
'7 z 

HQ 
2 Y\2 ·2 

·= xix ziz 
(57) 

and 

HHF = A s 1 
XX X X 

... 
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Figure 8 

Hamiltonian Matrix for Triplet Plus One I = 1 Nuclear Spin 
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We will use for the basis states the product functions 1~ v > = T~ 

x", which form a set of eigenfunctions that diagonalize H88 and HQ. 

and X11 are the electron and nuclear spin function while'~ and v corres-

pond to x, y and z. 

The complete Hamiltonian is a 9 x 9 matrix as shown in Figure 8, 

where we have also included the in-plane hyperfine elements for complete-

ness. Since we are only considering the Axx element of the hyperfine 

interaction, we can solve the energies exactly by diagonalizing only two 

2 x 2 matrices. However, a satisfactory solution is obtained by second 

order perturbation theroy. As is shown in Figure 9, the energy of the 

states I Zz > and I Zy > are shifted by an amount {3, where 

A 2 
Q .XX 
fJ = ~...;.;,.....-

Ey - Ez 

while the states IYz > and IYY > are shifted by an amount ~(3. 

(58) 

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

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

The eigenvectors of the states which are coupled by A are 
- . - . . XX 

lzz >' = (l - {3) Zz > f31 Yy > 

IZy>' = (1 - {3) Zy > f31 Yz > 
(59) 

IYz >' (l - {3) I Yz > + !31 Zy > 

IYy >' = (1 - {3) I Yy > + ,Bl Zz > 

The probability for microwave transitions between the triplet state 

magnetic sublevels is given by 

(60) 
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where ~(t) is the magnetic dipole transition operator defined by;. 

(61) 

~d H1(t) is the magnitude of the time dependent magnetic field, Yn is -

the. nt.~:~:r) gyromagnetic ratio ( g:Pn)and 'Ye is the electron gyroma,>;netic 

ratw\~ • 

The electron spin magnetic dipole transition operator will connect 

states with 1-'l. /= 1-12 and v1 = v 2 , while the nuclear spin operator will 

connect states with 1-1 1 = 1-1 2 and v1 ~ v2 • However, the mixing of the 

basis fUnction by A will allow the observation of "forbidden" simul-
. XX 

taneous electron and·nuclear transitions. This is clearly shown by 

considering the transiticn from IXz >' to IYy>'. The intensity of the 

transition is given by 

(62) 

It should be noted that it is necessary to have a hyperfine interaction 

in order to observe the nuclear q11.adrupole satellites since the hyper-

fine term is the only method of coupling the electron and nuclear Hamil-

tonians. · 

In Figure lO,the spectra expected for the three zero field transi-

tions are shown in terms of the components of the total Hamiltonian. It 

is clear that the separation of the quadrupole satellites for both the 

r -+ r and r -+ r transitions are separated by 2(z - y) and therefore 
X Z X y 

only one of the three possible nuclear quadrupole transitions equal 



a) Tx--.: Tz 
v0 = z-x 

b) 'Z""x __.. Ty 
Vo= Y-X 

c) '(y-. '(z 

110 = Z- Y 

. I. 
I 
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Figure 1.0 

ODMR Spectra Predicted for the Energy Level Diagram Shown in Figure 9 
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to (3/4) e2qQ (l - n/3) is observed?4 The value of the hyperfine coupling 

constant A is easily obtained from the separation of the two allowed 
:XX 

components of each of the three transitions. If we had chosen to use 

A or A as the only hyperfine interaction instead of A , the spectra 
~ zz :XX 

would be the same as that shown in Figure 10 if a cyclic perturbation is 
. . . 

applied to our labeling. 

Although in this simple example all the parameters in the Hamil-

tonian can be determined from the three zero field transitions, in 

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

as poorresolution of the spectra or the failure to include enough terms 

in the Hamiltonian to adequately describe the interactions. Therefore, 

it is usually advantageous to also perform an electron nuclear double 

resonance (ENDOR) experiment to improve the resolution and confirm the 

assignment of the spectra. The ENDOR transitions are shown in Figure 9 

by the double arrows. However, spectra have been assigned incorrectly 

because of a failure to consider the proper form of the magnetic dipole 

26 
transition operator. Therefore, let us consider, as an example, the 

intensity of the ENDOR transition from I Yy >' to IYz >'; 

I ::::: I ( ( l - /3) < Yy I + /3 < Zy lj I ~( t) l[< l - f3) I Yz > + ,8 I Zy > ]1 2 ( 64) 

I ::::: ((1 - ,8) 2 
')' H1 + 2,8 (l - {3_ ) i' H1 + {3

2 I' H11 2 (65) · n e n 

Since H1 is a constant, we will drop it and may now write 

I:::: 4Ye
2 [J32

(l-J3)] + 4 'Ye 'Yn[,B(l-/3) 3 +{33 (l -/3)] 

+ y: {<l -/3)4 +/34 + 2/32 (l- ,8)21 (66) 
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Since S is usually on the order of 1X10-2 for mr* triplets, we 

can reasonably approximate Eq. 11 by 

I ~ 
2 4S y y + y 

e n n 
(67) 

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

manifold in our example, the intensity would be given by 

2 I R:: y 
n 

(68) 

Therefore, the ratio of the intensity of the ENDOR transitions due to 

the electron magnetic dipole operator t.o those due to the nuclear magnetic 

. 2 2 2 dipoie operator is approximately 4~ y /y and therefore, unless 
e n 

4a2; 2 . t / 2 . 1 t t •t. ~ y 1s greater han 1 y , the electron d1po e momen rans1 10n 
n e 

operator will be the major source of the intensity in ENDOR transitions. 
. . . 6 

·. An example, for 14N the ratio of y /y = 8. 6><10 and therefore, S e n · 

must be less than 1.57)<10-3 for the nuclear magnetic dipole transition 

operator to be comparable to the electron magnetic dipole transition 

operator in producing intensity in the ENDOR transitions. For a typical 

separation of T -T of 1000 MHz this would correspond to an extremely 
. z y 

small hyperfine element, A of on_ly 1.5 HMz, which is much smaller . XX 

than any out-of-plane hyperfine elements reported for aza-aromatics 

Example #2, I=3/2 

An example of a molecule characterized by the interaction of the 

. * unpaired electrons with one I=3/2 nuclear spin is the TI'IT state of 

chlorobenzene. The ESR spectrum in this case is somewhat more difficult 

to calculate due to the lack of a basis set that _diagonalizes both H88 

and HQ. for an arbitrary value of the assymetry parameter. This problem may 

be avoided by making the reasonable assuinption that the chlorine assymetry 
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parameter equals zero. In this case both H88 and HQ are diagonal with 

the basis set I J...1. v > = -rJ...I.xV where T and x represent the electron 

and nuclear spin functions respectively, while ll corresponds to X, Y, 

and Z and v to 3/2, 1/2, -l/2and -3/2. 

For this example, again only the out-of-plane component of the 

hyperfine tensor (Axx) will be considered and therefore the spin Hamilto

nial'l. may be written 

Since only the Axx component of the hyperfine tensor is being considered, 

tR•F may be written as: 

(69) 

Therefore, the basis states in the Tz manifold are coupled to those 

in the T manifold that differ in their nuclear spin quantum number (I ) 
y . z 

by ±1. 

In order to make the Hamiltonian real it is convenient to redefine 

the electron spin basis states as, 

I -r > 
X 

I -r > = y 

(1/~2) ( 1-1> - I + 1>) 

(1/~2)( 1-1>+ I +1> ) 

1-r >= lo> . z 

(70) 

The complete spin Hamiltonian including both the A and A hyperfine 
XX ZZ 

elements is shown in Fig. 11. The hyperfine Hamiltonian may be treated 

as a perturbation of the eigenstates of H88 and HQ by non-degenerate per

turbation theory since the degenerate nuclear levels are not coupled 

by the same hyperfine element. 
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CJ 
X X X X Y Y Y Y Z Z Z Z 

3/2 -1/2 -3/2. +1/2 3/2 -1/2 -312 +1/2 1/2 -3/2 -1/2 3/2 
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Azz 

x-A +1/2 
Azz 

Xi-A +3/l. 
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X-A -1/2 
Azz 

-312 Y+A V312 
Azz Axx 

+1/2 Y-A Axx ./3i2 
Azz Axx 

+3/2 Y+A ./312 
Azz Axx 

-1/2 Y-A Axx 13i2 
Azz Axx 

13/2 Axx Z-A Axx 

/3!2 Z+A 
Axx 

13!2 Axx Z-A 
Axx 

13i2 Z+A 
Axx 
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Figure 11 

Hamiltonian Matrix for the Triplet Plus One I = 3/2 Nuclear Spin 

Considering only the Axx and Azz Hyperfine Components 
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Hss Ho HHF = Axx Sxlx ENERGY 
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Energy Level Diagram for the Triplet and One I = 3/2 Nuclear Spin 

Considering only the ~ Hyperfine Component 
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ODMR Spectra Predicted for the Energy Level Diagram Shown in Figure 12 
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Considering only the A Hyperfine Component . zz 
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ODMR Spectra Predicted for the Energy Level Diagran1 Shown in Figure 14 
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The basis states .that are coupled by A may be represented graphically 
XX 

l•' 
Hyper fine 

T 
:L· E-lement z 

3/2 13/2 A 
~ 

1/2 
XX. 

A 
~ XX 

-1/2 13/2 A 
-3/2 XX 

-3/2 /3/2 A 

===-=-===-=-
-1/2 

XX 
A ---- XX 

1/2 /3/2 A 3/2 
XX 

The effect of the perterbation treatment is that, to second order, 

the energy of the ±3/2 nuclear levels in the T manifold are shifted to 
y 

higher energy by an amount 3/4 ~' where ~ is given by 

Axx2 
= 

Ey - Ez 

and the ± 3/2 level in the T manifold is shifted to lower e:1ergy by an z 

equal amount. 

The ±1/2 levels of the T manifold are shifted to high~r energy y . 

by an amount 7/4 B while the ±1/2 levels in the T manifold are shifted 
z 

an equal amount to lower energy. The resulting energy level diagram 

is shown in Fig. 12. Since this spin system has a total spin that is 

a half integer ( 5 I 2 ), it is a Kramers doublet, and therefore all the energy 

levels are twofold degenerate in the absence of an external magnetic field. 

·• 
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The hyperfine coupling therefore will never remove the degeneracy of thE 

± nuclear levels and consequently there are only six energy levels to 

consider. 

In Fig. 13 the spectra corresponding to the three ESR transitions 

is shown.. The "allowed" structure on each transition is split into two 

components separated by 8 for both the T -¥f and .the T -¥f transitions 

and 28 for the T -¥f transitions. y z 

X Z y Z 

The "forbidden" transitions, sho.wn by the dotted lines in Fig. 13, 

correspond to simultaneous electron nuclear flips. The separation of 
. ') 

the two forbidden satellites in each ESR transition is. equal to e'-qQ+8, 

2 ·a 2 e qQ-~ and e qQ for the T ~ , T -¥f and T -¥f transitions respectively. 
X Z X y y Z 

It is interesting to note that if only the perturbation due to the 

A component of the hyperfine tensor is considered, the results may be 
yy 

obtained by an appropriate relabeling of Figs. 12 .and 13. Hm·rever, if 

only the A component is considere~the nuclear sublevels in the T 
ZZ X 

manifold are mixed with those in the T manifold having the same value y 

of the I quantum number; 
z 

T 
X 

3/2 

1/2 

-1/2 

-3/2 

therefore, no satellites 

Hyperfine 
T Element y 

3/2 A zz 3/2 

1/2 A 1/2 zz 

-1/2 A zz -1/2 

-3/2 A . zz -3/2 

due to nuclear transitions are observed. The 

resulting energy level diagram, co.nsidering only the A component of zz . 

the hyperfine tensor is given in Fig. 14 and the resulting spectra in 

Fig. 15. 
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The ENDOR transitions permitted by the electron dipole moment 

transition operator, for the case with only the Ax:x hyperfine element, 

are shown by the double arrows in Figure 12. The analysis of the ENDOR 

spectra follows the same method as that for a spin one nucleus, with 

the same expression for the intensity of the transitions induced by thf~ 

electron magnetic dipole moment transition operator and the nuclear mae;-

netic dipole mement transition operator.· When only the A hyperfine zz 

element is present, the electron magnetic dipole transition operator i~: 

ineffective in producing ENDOR transitions and consequently the intensj_ty 

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 ap

pearance of "forbidden" satellites whose separation is in zeroth order 

the pure nuclear quadrupole transition frequency of the molecule in an 

excited triplet state. (a) For a nuclear spin I = 1 (e.g. 14N) a. 

hyperfine element associated with a direction i, A •. , 
J.J. 

gives intensity 

into a simultaneous electron-nuclear flip in the plane normal to i. 

Thus, at least two nuclear hyperfine elements must be finite to obtain 

independently both e2 qQ and ~· (b) For a nuclear spin I = 3/2 

(e. g. 35Cl), a nuclear hyperfine element parallel to the principal axh 

of the field gradient (i.e., Azz) does not introduce mixing between 

electron-nuclear states that admit intensity into forbidden satellites. 

(c) For a nuclear spin I = 3/2, a nuclear hyperfine element perpen-

dicular to the principal axis of the field gradient introduces intensity 

into forbidden satellites whose separation in zeroth order is the pure 



.•. 

~··· 

nuclear quadrupole transition frequency; however, e2 qQ and 11 can 

never be obtained independently in the absence of an external magnetic 

field. 

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 feature being manifested, 

that is the possibility of simultaneous multiple nuclear-electron spin 

flips. In addition, simultaneous multiple nuclear ENDOR transitions are 

expected and, indeed, observed • 
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Dl. EXPERIMENTAL EQUHMENT AND PROCEDURE 

In this section the procedures and equipment used in performing 

·both the ESR and ENDOR experiinents are given. In addition, some varia-

tions of the basic experiments are listed and their advantages discussed. 

A. The ESR Experiment 

The basic experimental arrangement is shown in Figure 16. The 

sample is mounted.inside a helical slow wave structure72 which is attach-

ed to a rigid stainless steel coaxial line suspended in a liquid helium 

dewar. The exciting light is supplied by a PEK 100-watt mercury short 

arc lamp mounted in a PEK M9l2 lamp housing. The output of the lamp is 

0 8oo 0 filtered by either an interference filter centered at 2500 A, 2 A or 

3100 A; ora combination of Corning glass and solution filters.73 

The phosphorescence is collected at a 90 degree angle to the exciting 

light and focused through an appropriate Corning filter (to remove scat-

tered light) and onto the entrance slit of a Jarrel-Ash model 48-490, 

3/4 meter spectrometer. The spectrometer has an f number of 6.5 and 

is equipped with adjustable curved slits. The resolving power of the 

spectrometer is greater than 30,000 with a dispersion of 8.2 A/mm in first 

order. The spectral range in air is from 1900 to 16,000 A. 
The l~ht at the exit slit is detected with an EMI 6256s photomulti-

plier mounted in an EMI dry-ice cooled housing .. A Fluke 4l5B power supply 

is used to maintain the cathode of the photomultiplier at -1800 V. The 

output of the photomultiplier is connected to a Keithly model 610 CR 
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B. The ENDOR Experiment 

The experimental arrangement usually employed is shown in Figure Yl . 

An enlarged view of the sample, helix, and ENDOR coils is shown in Figure 

18. The optical and microwave equipment is the same as that used in the 

ESR experiment with the exception that the.microwave field (H1) is not 

modulated. The radiofrequency field (H2) is supplied by a Hewlett Packard 

model 860lA sweep osciliator ·that cover.s the ·region froi!l 0 .l to llO MHz. 

The output is modulated by an E G & G model LGlOl/N linear gate. The gate 

is driven by the 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-, 74 

a four watt unit (see Figure 19} and a 20 watt unit (Figure 2o), and con

nected to the ENDOR coils. · These amplifiers have the advantage that they 

operate over the range of l to 50 MHz without the need of adjustment. A 

series of these amplifiers was designed and constructed in collaboration 

with Bob Smith and Bill Gagnon of Lawrence Radiation Laboratory for use 

in pulsed nuclear quadrupole resonance experiments. Since these amplifiers 

are a significant advancement in high power broad-band amplifiers, the 

schematics are shown in Figures 21-26. The largest unit will produce 

10,000 watt pulses of RF with a 20 percent duty cycle. 

The ENDOR coil consists of a "bridge T" constant resistance network 75 

in a Helmholtz arrangement as shown in Figure 18. 

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 ampli-

fier. 
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·~ 

Figure 26 

10,000 Watt Distributive Amplifier Schematic 



C. Variations of the Basic Experiments 

The optical detection of magnetic resonance permits several additional 

· parameters to be experimentally adjusted. 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 H1 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 weak 

"forbiddenu transitions may be improved by the application of large H1 

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 isolate 

the phosphorescence emission, the optically detected ESR may be used to 

simplify the phosphorescence spectrum by amplitude modulation of the H1 

field while saturating an ESR transition. The modulation of the phospho-

rescence is detected with a phase sensitive amplifier while sweeping the 

optical spectrum. Since only two of the three triplet levels are coupled 

by the H1 field, only the emission from these two levels will be detected •. 

Therefore, by repeating the experiment while saturating the remaining two 

ESR transitions, three spectra are obtained, each including only the 

emission from two of the three zero field levels. 



-84-

electrometer through an adjustable load resistor. The output of the elec

trometer is connected to the signal channel input of a PAR model HR-8 lock

in amplifier. 

The microwave field is supplied by a Hewlett Packard sweep oscillator 

model 8690B equipped with plug-in units to cover the range from 0.1 to 18 

GHz. The output is connected to a Servo Corp. traveling wave tube ampli

fier (1 to 12 GHz at 1 watt, #3003, 1 to 2 GHz at 20 watts, #2210; and 2 

to 4 GHz at 20 watts, #2220). The output of the amplifier is then fed 

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

isolator to the rigid coaxial line on which the helix is mounted. 

The microwave sweep oscillator is amplitude modulated with a Hewlett

Packard model 211 AR 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 a Hewlett Packard model 7004B recorder 

while the ramp voltage from the microwave sweep oscillator drives the x 

axis. 

The. temperature of the sample is usually lowered to approximately 

1. 3° K by pumping on the liquid helium with three Kinney model KTC-21 

vacuum pumps operated in parallel. 

The ESR 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 18o degrees relative to the signal obtained for an in

crease in emission intensity. 
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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 H2 may also be adjusted. 

These experiments are usually performed by saturating an ESR transition 

while varying the frequency of the H2 field. Either the H1 or H2 fields 

may be modulated; however, it is usually preferable to modulate the H2 
' 

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 amplifier. 

On the other hand, if the H1 field is modulated, there is a constant sig

nal due to the ESR transition which changes in intensity when the H2 field 

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

achieved by modulation of the H2 field while simultaneousl~ saturating 

an ENDOR transition and sweeping the H1 field. In this case, only the ESR 

transitions that connect energy levels simultaneously coupled by the H1 

and the H2 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. 

If both an ESR and an ENDOR transition are saturated while modulating 

the H2 field and scanning the phosphorescence spectrum, it is possible to 

isolate the contribution to the phosphorescence spectrum from molecuJes 

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

cence from a molecule such as chlorobenzene is monitored and a c135 

ENDOR transition saturated while modulating the H2 field, only the 
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contribution to the phosphorescence spectrum from molecules containing 

the c135 isotope will be detected. The same experiment may then be re-

peated detecting only the contribution from the molecules containing the 

. 37 
Cl_ isotope. The difficulty in this experiment is that only small, if 

any, variations in the phosphorescence spectrum would be expected and con-

sequently, the maximum resolution of the optical spectrometer must be em-

ployed~ This severely limits the signal to noise ratio of the ENDOR 

signal. 

.. 



Excitation 
Light 

1) c.w. 

2) c.w. 

3) Chopped 

4) c.w. 

5) c. w. 

6) c.w. 

7) Sweep 

TABLE rr 

Techniques of Optical Detection of ESR 

Optical 
Spectrometer 

No 

Yes 

Optional 

Optional 

Optional 

Sweep 

Yes 

Microwave 
Modulation 

No 

No 

No 

A.M. 

F.M. 

A.M. 

A.M. 

Advantages 

measure absolute change in 
total emission 

Measure absolute change in 
emission of particular vi
bronic bands 

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

detect only the change in 
emission from either the total 
emission or a particular vi
bronic band 

detect the derivative of the 
spectrum, helpful in resolv
ing spectra 

detect only the emission from 
2 of the 3 sublevels while 
sweeping the optical spectrum 

useful in studying the path
ways of intersystem crossing 
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V. RESULTS AND DISCUSSION 

A. The rrrt* state of 8 - Chloroquinoline 

One of the primary objectives of our research is the measurement 

of nuclear quadrupole coupling constants of nuclei in molecules in 
. . 

their excited triplet state. In particular we are interested in measur-

ing the nuclear quadrupole coupling constants of chlorine since this is 
. . 

probably the most thoroughly investigated of all nuclei for molecules 

in their ground state. The zero field detection of the electron spin 

resonance and chlorine ENDOR of 8-chloroquinoline in its :n::n:* state has 

been obserVed and the spectrum interpreted in terms of a spin Hamiltonian 

which includes the 14N, 35Cl, and 37Cl hyperfine and nuclear quadrupole 

interactions. In addition, chlorine satellites have been observed in the 

ESR and chlorine ENDOR observed for the :n::n:* state of. 2-3 dichloroquinoxaline. 

The sample consisted of a single crystal of durene doped with ap-

proximately 0.1 mole percent 8-chloroquinoline grown from the melt. The 

sample was mounted inside a helical slow-wave structure with a 2 mm 

inside diameter. The helix is matched to a rigid coaxial line which is 

supported vertically inside a liquid helium dewar which was maintained 

at 1. 7° K by pumping on the liquid helium. 
0 

The 3100 A region of the 

mercury short arc lamp was used as the exciting source, the sample be-

ing irradiated with light through the open helix windings. The 0 - 0 

band of the phosphorescence of 8-chloroquinoline was detected at a 9Q 0 

angle to the exciting source and .isolated with the Jarrell-Ash optical 

spectrometer. All ESR experiments were performed by using continuous 

... 
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microwave power. The resonance was detected by monitoring the change 

in intensity of the phosphorescence as a function of microwave power. 

The apparatus used for both the ESR and ENDOR experiments is essentially 

the same as that shown in Figures 16 and 17 except that the output of 

the electrometer was plotted directly since no modulation was used. The 

ENDOR experiments used the arrangement shown in Figure 18 which allowed 

both the nitrogen and chlorine resonances-to be observed without having 

to change coils. 

Two of the three electron transitions, those associated with the 

-r .... -r and -r .... -r electron spinmanifolds, were observed with y Z X Z 

satisfactory resolution. The -r .... -r multiplet is centered at 860 y z 

MHz while the -r .... -r multiplet is centered at 3483 MHz. In both 
X Z 

cases, under steady state exciting light conditions, the 0-0 band phos-

phorescence emission ihcreased when the microwave field coupled the re-

spective spin manifolds. At low microwave power (10 ~ watts) the strong 

"allowed" electron transitions were found. As the microwave power was 

increased (100 ~ watts), "forbidden" satellites split off the major tran-

sitions by ~3 MHz were observed. At higher powers (100-1000 ~ watts) 

"forbidden" satellites saturated and an additional multiplet of satellites 

were observed split ~25-4o MHz from the center section. Figure 27 illus-

trates a :microwave power study of the -r .... -r transition. 
X Z 

basic pattern was observed for the -r -+ T transitions. 
y z 

The same 

37Cl ENDOR were observed by monitoring the change in the phosphorescence 

intensity of the 0-0 band while saturating one of the T -+ T microwave y z 

transitions iri the outer satellite multiplet and simultaneously sweeping 
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the rf frequency. An example of an optically detected 35Cl ENDOR in 

zero field is shown in Figure 28. All observed frequencies,and rela-

tive intensities are given in Tables 5, 8, and 9. Measurement of the 

transition frequencies with an accuracy better than ~.4 MHz was gen-

erally not possible due to the line widths associated with the indivi-

dual lines (""' LO MHz) and their overlap with other transitions. 

The structure of the zero field transition T -. T and 
y z T -+ T 

X Z 

and the accompanying ENDOR observed in 8~chloroquinoline can be under

stood in terms of the spin Hamiltonian·already developed, 

H (1) 

where H
88 

is the zero field splitting Hamiltonian 

= -(XS 2 + YS 2 + ZS 2
) X y . Z (2) 

_ _N Cl ~ Cl · 
and HQ' HQ. , and ~' HffF are the nuclear quadrupole interaction 

and electron-nuclear hyperfine interaction for nitrogen and chlorine. 

Equation l may be simplified by the following assumptions. 

Fi t th t th d · t f llN"_ . and H..c~ rs , we assume a e y an z componen s o _liF _liF 

may be neglected. This is justified insofar as the EPR measurements of 

Maki et al. 42 ' 4 3 on quinoline have shown that A > A , A for the 
XX yy ZZ 

14N hype:rfine interaction. Moreover, since the perturbations due to 

reasonable in-plane components for either 14N or 35
'

37Cl would b.e much 

smaller than those due to A , they can, to a first approximation, be 
XX 

ignored. We shall also assume that the principal axes of the tenso:r 
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Optically Detected 35Cl ENDORObserved While Saturating the 

Microwave Transition at 826.2 MHz in the ~ ~ ~ Multiplet 
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N 
interactions H88, HQ.' and Hg1, . coincide. It is reasonable to assume 

that the principal axis of 
N Cl 

HQ. and HQ. would be close to the direction 

of the nitrogen lone pair orbital and along the C-Cl bond respectively 

(approximately along the Y molecUlar ·axis). Furthermore, in quinoline 

the nitrogen lone pair direction and the Y axis of H88 are within a 

few degrees of each other. 42 , 43 We assume that 8-chloroquinoline does 

not deviate appreciably in this respect. With these approximations we 

can write* 

c 

- xi 2 
- yi 2 

- zi 2 
X y Z 

Hg
1

(11) = e2 qQ.(Cl)T}[I+2 + I_2 ]/24 

~ - Axx(N)IxSx 

(3) 

(4a) 

(4b) 

( 5) 

H_c~ = A (cl) (l/2i) [I+s . - I_s J (6) 
-liF XX X X 

With this coordinate system the nitrogen and molecular axis are 

coincident, the chlorine x axis is along the molecular" x axis, 

the chlorine y axis along the molecular z axis and the chlorine z 

* We have defined Ix as (l/2i) [I+ - I_] rather than the conventional 

(1/2) [I+ + I_]. In our definition the Hamiltonian matrix is thus real 

so long as A (Cl) yz and A (Cl) = 0. zy We could have reversed the molecular 

x and y axes and used the standard convention but we-chose to have the 

axis syst¢m for quinoline25 , 26 and s..:chloroquinoline the same. 
\ 
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axis is along the molecular y axis. Therefore we will designate the 

' out of plane chlorine hyperfine component as A , the component along 
XX 

the molecular y axis as A and the component along the molecular zy 

z axis as A • In order to simplify the following discussion we will yz 

initially consider only the 35Cl isotope. 

. The product functi~ns < u f v I± = 

functions which diagonalize 

+ 
~ x. -x form a set of eigen
u f ·-v 

H~1 (excluding H~\ T)) ) • 

·+ 
~u' x.f- and Xy are the electron, chlorine nuclear and nitroge~ spin 

functions respectively. u and v correspond to x, y and z while 

+ 
x.f- take on values +3/2, -3/2, +1/2, and -1/2. With this choice of 

N Cl basis functions, only Hffi;., HHF and the parameter containing the Cl 

Cl field gradient asymmetry, HQ. ( T)), are off-diagonal in the Hamiltonian 

matrix. An energy level diagram appropriate to the ~ ~ ~ transition y z 

in 8-chloroquinoline is given in Figure 29 with the zero field energies 

arranged in the order E >E >E. 
Z y X 

is to mix 

+ 
the states < u f v 1- differing in f by ±2; thus, T) cann0t give intensity 

to "forbidden" transitions between the different spin manifolds. However, 

HQ.Cl( Tl) since couples states that are also coupled to states in a dif-

ferent electron spin manifold by ~' T) may give rise to small fre

quency (~10 kHz) shifts and intensity variations via the interaction ~ith 

C.1 HHF· Since these variations are very small, T) cannot be obtained reli-

ably from our data. Therefore, the 35Cl first order nuclear quadrupole 

splitting between < Z 3/21 ± and < Z 1/21 ±, or 
+ 

< Y 3/21- and 
+ 

< Y 1/21- will be written in terms of one parameter 35Q.', by defining 
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(7) 

In the case of the nitrogen quadrupole interaction it has been 
26 . 

shown that in the approximation A (N), A (N) = o; e2 qQe 4 N) and 
. yy zz 

11 cannot b.e obtained separately therefore, we shall use the measured 

parameter v with the assumption that both the nitrogen asymmetry 

parameter, 11, and the nitrogen quadrupole coupling constant, e2 qQ( 14N), 

are positive. 
. N 

The principal result of HHF acting as a perturbation is that the 

levels < z 3/2 zj±, < z 3/2 Yj±, < z l/2 zj±, and < z 1/2 Yj± shift 

to a higher energy by an amount ~ = A 2 (N)/(Z-Y) and the levels 
XX 

< Y 3/2 zj±, < Y 3/2 Yj±, < Y 1/2 zj±, and < Y 1/2 Yjoh shift to lower 

energies by an equal amount ( cf. Figure 29) ~ 

H...C~ is .the mix the states in the • and -IfF . y 

I
+. 

the plus and minus sign, < - corresponds 

Similarly, the result of 

T manifolds. The order of z 

to the components of Kramers 

pair which are not split in zero field. Table 6 lists the states mixed. 

under these perturbations. Cl Because HHF mixes states involving two or 

more basis states in the same electron spin manifold, Cl HH:F cannot be 

adequately treated by first order perturbation theory. Therefore computer 

diagonalization of the Hamiltonian matrix was employed. It was found 

that under the perturbation ~' · the states shifted to a first approxi-

mation by energies related to multiples of ~ =A 2 (Cl)p(Z-Y). An XX . 

analysis of the problem revealed that this approximation was good to 

within 0.3 MHz over a reasonable range of A (Cl) 
XX 

values. We should 
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emphasize that this is only an approximation but is empirically* verified. 

Since we resolve no splittings in the spectra direct:cy attributable of 

~' the j3's are employed to treat ~· as a "pseudo" first order 

perturbation. 

From an inspection of the states mixed by ~ and ~ (See table 

6) four types of transition between the electron spin manifolds can be 
. . 

classified using the electron magnetic dipole moment transition operator. · 

These can be described as: (a) electron·spin transitions only, (b) 

s:imultaneous electron and nitrogen spin transitions, (c) simultaneous 

electron and chlorine spin transitions, and (d) simultaneous electron, 

nitrogen and chlorine spin transitions. The approximate transition 

energies are given in Table 5 in terms of the spin Hamiltonian parameters. 

It should be noted that with the approximation that both the chlorine and 

nitrogen in-plane hyperfine elements can be neglected,. the -r manifold 
X 

is not mixed with '[ 
y 

or -r ; thus, the basis functions z 
+ I u f v >- are 

not perturbed. The primed states in the tables and figures correspond to 

the perturbed basis functions. With the above approximation it is immedi-

ately apparent from table 5 that all parameters except A (Cl) 
XX 

can be 

obtained easily with reasonable accuracy. For example, A (N) 
XX 

can be 

estimated from the energy difference between the transitions <Y 3/2 X I' ~ 
< Z 3/2 Xi' arid the degenerate pair < Y 3/2 Zi' :< Y 3/2 Yi' ~ < Z 3/2 Zl': 

< Z 3/2 Y I' while v _ (HN) can be obtained to a first approximation from 

* The use of empirical connotes the observation of' the. shifts resulting 

in the ccimputer diagonalization of the Hamiltonian matrix over a range 

of A (Cl) values. 
XX 
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the difference in the transition energies < Y 3/2 Z I '--+ < Z 3/2 Y j 1 and 

< Y 3/2 Y I'--+< Z 3/2 Z I 1 • This region of the electron spin transitions 

~ --+ ~ is shown in Figure 27. In a similar fashion the 35Cl field 
y z 

gradient parameter 35Q' can be estimated from transitions associated 

with either the ~ --+ ~ or ~ --+ ~ manifolds. For instance, the 
X Z y . Z 

transitions < X 1/2 X I --+ <Z 3/2 X I' and < X 3/2 X I-+ < Z 1/2 X I ' or 

I 
f I 

< y 1/2 X -4 < z 3/2 X I . and < Y 3/2 xl '--+<Z 1/2 xl' may be used. In 

fact all parameters except A . (Cl) 
XX 

can be obtained from many different 

combinations of transitions as shown in Table 5. Table 7 lists the values 

and standard deviations obtained by averaging many of the different combi-

nations possible in Table 5. The difficUlty in obtaining an accurate 

measurement of A (cl) is reflected in the large error assigned to its 
XX 

value. 

A • th f . 1" 25 ' 26 . : 1" 25 d 2 3 d" hl s ~n e cases o q~no ~ne, q~noxa ~ne an , - ~c oro-

quinoxaline24 optica.lly detected ENDOR is predicted ::_n·8-chloroquinoline. 

The intensity of the ENDOR transitions can be accounted for solely in 
·~ 

terms of the electron magnetic dipole transition operator. Thus, ENDOR 

is expected between nuclear levels in only the T and T manifolds 
y z 

since within our approximations, the t . manifold is not mixed with 
X 

other electron spin states. Three different types of ENDOR are pre

dicted' and can be described as: (a) nitT'ogen spin transitions only, 

(b) chlorine spin transitions only, and (c) simultaneous chlorine and 

nitrogen spin transitions. In addition the ENDOR transitions should be 

associated with specific microwave transitions between· the ~ --+ ~ or y z 

'! ~·.~ T manifolds. Table 8 lists the observed ENDOR· transitions and 
X Z 
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assigns.each of them to one of the above classifications in addition to 

the microwave transitions with which they are associated. Indeed all 

three types are observed and excellent agreement between the transition 

energies andassociatedmicrowave transitions is obtained. These data 

provide a sensitive test of the uniqueness of the assignments made in 

Table 5 and the parameters used to obtain the transition energies. 

Although we have dealt specifically with 35Cl, we can explain and 

assign transitions associated with 37Cl nuclear quadrupole and nuclear 

electron hyperfine interactions. The observed microwave transitions and 

assignments are listed in Table 9 along with the ENDOR transitions for 

the low frequency -r ..... -r microwave transitions. y z Naturally the inten-

sity of these transitions are a factor of three lower than the correspond

ing 35Cl transition because of their relative isotopic abundance. Al

though the difference between the 35Cl and 37Cl nuclear quadrupole moment 

is clearly observed, the difference in the nuclear magnetic moment can-

not be observed since the splittings arising from the chlorine hyperfine 

interaction is not sufficiently resolved. 

The value of the chlorine coupling constant 

68.4 MHz is approximately the same as that reported for the ground state 

of 6-chloroquinoline (69.256 MHz) and 7-chloroquinoline (69.362 MHz), 79,8o 

indicating that in the nn* · triplet state the electron environment of 

the chlorine nucleus is not changed significantly from that of 

the ground state. 

Although our analysis of the observed spectra accounts for the 

major features of the dat~there are several minor discrepancies which 

= 
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cannot be understood within our approximations!" First, it appears that 

we must consider finite A (N), A (N),· A (Cl) and A (Cl) values 
. yy zz yz zy 

to fit all transition energies more accurately and to account for the 

line widths. Secondly, at maximtim power (cf. Figure l(f)), six pairs of 

satellites appear in the -r -.. -r multiplet centered at "'3.339, 3.367, 
X Z 

3.373, 3.398, 3.404 and 3.431 GHz. These satellites may be due to 13C 

or 1H interactions or alternatively guest-host interactions. The possi-

bilities should be distinguishable by isotope substitution and/ or small 

Zeeman perturbations. 

In order to find out if the observation of the interaction of the 

chlorine nuclei is generally observable, we repeated the experiments of 

Tinti23 et ai. on 2-3 dichloroquinoxaline. The power dependence of the 

-r -.. -r transition is shown in Figure 30. As can be seen, at minimum y z 

power (Figure 30a) the resonance shows only the structure due to the 

nitrogen hyperfine and quadrupole interactions. As the power is increased 

(Figures 30b and 30c), the chlorine satellites split approximately 35 MHz 

from the center section are observable and increase in intensity, until 

with maximum power (-vlOO mWatts) the chlorine satellites are almost as 

strong as the center or "allowed" section and transitions split approxi-

mately 70 MHz from the center section due to simultaneous electron and 

two chlorine spin transitions are observed. In addition 35Cl and 37Cl 

ENDOR resonances were observed while saturating the -r ~ -r multiplet. z 
* Since the completion of this experiment the weak emission from a second 

site of 8-chloroquinoline in durene has been identified.36 The zero field 

splitting for the two sites are different (Lill = 2.4 MHz and 6E = 150 MHz) 

which may increase the experimental line width and perhaps partially ex

plain the anomalous power dependence of the ESR transitions. 

" 
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T ~ T Multiplet of 2-3 Dichloroquinoxaline y z 
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. No attempt was rriade to make a quantitative analysis of the spectra 

since there are two chlorine nuclei and two nitrogen nuclei in addition 

to the triplet electrons. Since this system has a total spin of 6, it 

is not a Kremers doublet and therefore, a 432 x 432 matrix would have to 

be diagonalized in order to fit the spectra. However, the two lines in 

the center section of the spectra that could not be assigned and the small 

splitting observed in the 14NENDOR (see Reference 24) are most likely 

due to the hyperfine interaction of the chlorine nuclei. 
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Table 5 
Energies and assignments of observed frequencies involving electron. 14N, and 35cl tr<lnsitions 

------- ---·- ·--~-·. .. - -·------·· 
Obsei·ved Relative t Classifi-Transition Energy* frequency intensity cation . (Ml!z) 

- -·---··'---·---···-- ···-··· - -
(Y3/2XI , ..... (Z3/2XI' Z- Y+ 2{3 } 859.3 1.9 a 

• (Yl/2 XI ,__. (Z 1/2 XI ' Z- Y+ 6{3 a 
~Y3/2ZI ,...,. ~Z3/2ZI' z- Y+ 2a+ 2{3 a 
Y3/2 Yl ,_. Z 3/2 Yl' z - y + 20' + 2{3 

860.1 2.7 a 
t1/2ZI ,_. (z1/2ZI' z- Y+ 2a+ 5f3 a 
Y 1/2 Yl ,_. (Z 1/2 Yl ' z - y + 20' + 5{3 a 
t3/2ZI ,_. ~Z 3/2 Yl' z- y -11-+ 20'+ 2{3 

} 857.3 1.6 b 
Y1/2ZI '-' Z 1/2 Yl' z- Y-v_+ 2a+4f3 b 

(Y3/2 Yl ' ..... (z 3/2 Zl' Z-Y+v-+2a+2{3 } 863.8 1.3 b 
~Yl/2 Yl ,_. t 1/2ZI' z- Y+v-+ 2a+ 6{3 b 
Y3/2Xi•- Z1/2Xl' z- y- (Q' /2) + 4(3 

! 826.2 
c 

Y3/2 Yl , ..... Z1/2 Yl' z- y- (Q' /2) + 20'+ 3(3 2 c 
(Y3/2ZI ' ..... (Z 1/2 Zl' Z- Y- (Q' /2) + 20'+4(3 c 
(Y1/2XI , ..... ~Z3/2XI' Z-Y+ (Q'/2)+ 4(3 

!895.0 
c 

(Y1/2ZI , ..... Z3/2Zi' z- Y+ (Q'/2)+ 2a+3(3 1.8 c 
(Yi/2 Yl''--'t3/2 yl' Z- Y+ (Q' /2) + 2a+ 4(3 c 
t3/2ZI•-- Z1/2YI• z- y- (Q' /2) -II-+ 20'+ 3{3 822.8 1.9 d 
Y3/2Yi''--' Z1/2ZI' z - y- (Q '/2) + 11- + 20' + 4(3 829.2 1.7 d 
~Y1/2ZI ' ..... ~Z 3/2 Yl' z- Y+ (Q'/2) -v-+ 2a+ 3{3 891:6 1.8 d 
Y1/2 Yl,..... Z 3/2ZI' Z- Y+ (Q'/2) +II_+ 20'+ 4(3 898.1 1.5 d 
~X3/2XI --~Z3/2XI' Z-X+{3 a 
X3/2ZI ..... Z 3/2ZI' Z-X+a+{3 a 
&3/2 Yl ..... t 3/2 Yl' z-x+a+f3 3384.7 2.8 a 
X1/2XI ..... Z1/2XI' Z-X+3(3 

1/2ZI _. Z1/2ZI• Z-X+a+3{3 a 

~Xl/2YI -~Zl/2 Yl' Z-X+a+2{3 a 
X3/2ZI ..... Z3/2 Yl' Z- X- 11- + a+ (3 }3381.9 2 b 
X1/2ZI --+~Z1/2 Yl' Z -X -II-+ Ql+ 2(3 b 
X3/2 Yl ..... Z3/2ZI' z -X+ v-+ a+ (3 } 3388.7 1.0 b §1/2 Yl -rl/2ZI' z -X+ v-+ a+ 3{3 b 
X1/2XI ..... Z3/2XI' Z-X+ (Q'/2)+{3 

~3419.5 
c 

Xl/2ZI ..... Z3/2ZI' Z-X+ (Q'/2)+ a+ (3 2.1 c 
Xl/2 Yl ..... Z3/2 Yl' Z -X+ (Q' /2) +a+ (3 c 

3/2XI ..... Zl/2XI' Z -X- (Q' /2)+ 3{3 
!3350.8 

c 

rMI Tl/2ZI' Z-X-(Q'/2)+ a+3{3 2.8 c 
X3/2 Yl ..... Zl/2 Yl' Z -X- (Q' /2) + a+ 2(3 c 
Xl/2 Yl ..... Z3/2ZI' Z-X+ (Q'/2)+ v_+a+(3 3422.7 0.8 d 
X1/2ZI _. Z3/2YI' Z-X+ (Q'/2) -11-+0'+(3 3416.5 1.6 d 
X3/2YI ..... Zl/2ZI• Z-X-(Q'/2)+ 11-+0'+3{3 3354.3 1.2 d 

(X3/2ZI --(Zl/2 Yl' Z-X-(Q'/2) -v-+a+ 2/3 3348.1 2.1 d 
-~-------- --·· ------------------------ - -.- ··-- ------- .... ·- -- - .. ----

* 11- = 3e2qQ(14N)(l -1) /3) /4 ; Q' = e2qQ(35cl)(l- 7)2/3) 1/2 • 
t Relative within the same classification only. 
a Electron spin transition. 
b Simultaneous electron and nitrogen spin transition. 
c Simultaneous electron and chlorine spin transition. 
d Simultaneous electron, nitrogen, and chlorine spin transition. 



{(Z3/2Zf±, 

{(Z3/2 Yf ±, 

{(Z1/2Z[ ±, 

{(Z1/2Y[±, 

Axx(N) and Axx(Cl) 

{(Z3/2Xj±, 

j(z3/2zl±. 

I< Y3/2 yf±: 

I± indicate Kramers pairs. 

Parameter 

X 

y 

z 
IAxx(N)[ 

IAyy(N)j 

JAzz(N)I 

IAxx(Cl) f 
IAyz(Cl)[ 

iAzv(Cl) I 

I v_(N) I 
1 Q'c35c1) 1 
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Table 6 
Basis states mixed by Axx(N) and Axx(Cl) 

(Y3/2Y[±} 

(Y3/2zl±} 

(Y1/2Yf±} 

( Yl/2Z I±} 

(Z1/2X)"'. 
(Z1/2YI±; 

(Y1/2zl±, 

Table 7 

(Yl/2Xl±, 

(Z3/2 Y['~', 
(Yl/2 Y!'~', 

Spin-hamiltonian values for 8-chloroquinoline 

Value 
(MHz) 

-197o.oa) 

555.5a) 

1414. sa) 

19.5 

b 

b 

15 

b 

b 

3.2 

68,4 

Standard deviation 
(MHz) 

± 0.5 
± 0.5 

± 0.5 

± 1.0 

- 10.+ 15 

± 0.2 

± 0.6 

(Y3/2Xj'~'} 

(Zl/2Zi"/ 

<YJ/2Zi '~'I 

Number of combinations 
used from tables 1;4 

7 

7 

7 

3 

12 

20 

17 

a) Obtained from the convention x+ y + z -- 0. and assuming the same order of the zero field levels as in quinoline. 
b) Date does not provide reliable values. 

.. 



ENDOR * Transition 

(Z 3/2 Yj• ~ (Z 3/2Zii 

(Z 1/2 Yl' -:' <Z 1/2Z I· 

(Y3/2YI' -"(Y3/2ZI• 

(Yl/2YI• -<(Y1/2Zj• 

(z I/2XI• ·__. <z 3/2X I· 
(z I/2Zi''-'(Z3/2Z I' 
(Z 1/2 Yl' ~ (Z 3/2 y I· 

<n12xl• .... (y :!/2x I• 
( l'l/2 z I• ~ (Y ::/2 z I' 
(Yl/2YJ• .... (Y3/2Y!' 

(z l/2ZI• ~(z 3/2YI• 

(z 1/2 Yl' .~ (z 3/2Z I• 
(Yl/2ZI' ..:.(Y3/2Yj' 

(Y1/2Yi' ~ (Y3/2Z I· 
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Table 8 
Enei·g'ies and assignments of 14N and 35cl ENDOR 

J\'1 icrowave 
transition 
saturated 

(MHz) 

. 857,3 

826.2 

822.8 

829.2; 826.2 

829 .. 2 ;826.2 

822.8 ;826.2 

ENDOI~i 
energy 

V

v_+ (3 

V-

V_ + (3 

(Q'/2)- 2(3 

(Q' /2)- 2(3 

(Q' /2) -{3 

(Q' /2) + 2 (3 

(Q' /2) + (3 

(Q' /2) + 2 (3 

(Q' /2)- V-- 2(3 

(Q' /2)- V- -{3 

(Q'/2) -V_+{3 

(Q' /2) + V-- 2{3 

Observed 
ENDOR 

frequency 
(MHz) 

3,2 

33,5 

.33,9 

33.:; 

31.5 

37.5 

Relative 
· intensity 

10 

11 

2 

2;11 

2;2 

7;2 

Classifi
cation 

a 

a 

a 

a 

b 

b 

I; 

b 

b 

b 

c 

c 

c 

c 

* We do not see ENDOR while saturating microwave transition in the T x _.Tz multiplet. Since EN DOH is not pre-
. dieted in the Tx manifold and presumably some relaxation mechanism interferes in the Tz manifold. the observed 
ENDOR is assigned to the T y manifold. 

i v_ = 3e2qQ(14N)(l-7)/3)/4; Q• =e2qQ(35cl)(1-7)2/3)1/2, 
a 14N nuclear spin .transition. 
b 35cl nuclear spin transition. 
c Simultaneous 14N and 35cJ nuclear spin transition, 
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Table 9a 
Energies and assignments of observed frequencies involving electron, IAN. and 37cl transitions 

Observed 
Helative:i Classifi-Transition Energy* frequency 

(i\!Hz) intensity cation 

(V3/2xl• -· -:z I/2xl· z- v- (Q' /2) + 4{3 a 
(Y3/2 vi•- (Zl/2 vi• z- v- (Q' /2) + 2a+ 3{3 833.0 1.5 a 
(Y3/2ZI• -(Z1/2ZI• Z- V-(Q'/2)+ 2a+46 a 
(Y1/2Xj• -•tZ3/2XI' z - y + ( Q' /2) + 4{3 

! 
a 

(Yl/2Z I• - (z 3/2ZI' Z- V+ (Q' /2)+ 2a+ 3{3 887.9 1.3 a 
<i't/2 vi·- <z 3/2 vi • z- V+ (Q' /2) + 2a+ 4{3 a 
\ Y3/2 z I' - (Z 1/2 vi' Z- Y-(Q'/2)-V_+ 2a+3/3 829.2 1. 7 b 
(Y3/2YI•-(zt/2ZI• Z- Y- (Q'/2)+ V-+ 2a+ 4{3 835.9 1.1 b 
(V1/2zl• -iZ3/2vl• Z- V+ (Q'/2)- V-+ 2a+ 3{3 884.1 1.9 b 
<v1/2 VI'- (Z3/2ZI· Z- V+ (Q'/2)+ V-+ 2t:l!+ 4{3 891.6 1.5 b 

(X1/2XI - (z 3/2XI • Z -X+ (Q'/2)+{3 .a 
(X1/2Z j - ~z 3/2z.l • Z-X+(Q'/2)+a+{3 3412,0 1.9 a 
·:X1/2 Yl -· (z 3/2fl • z.;.X+ (Q'/2)+a+f3 a 
(xa/nl - iz 112xl • Z -X-: (Q'/2)+ 3{3 a 
(X3/2Z I - (Z l/2ZI I z -X- (Q' /2) +a+ 3{3 3358.0 2.1 a 
(X3/2 vi -· (z 1/2 vi • z -X- (Q'/2) +a+ 2{3 a 
(X 1/2 Yl -· (Z3/2ZI I Z -X+ (Q'/2) + V-+ a+{3 3416.5 1.2 b 
~X1/2ZI -- (z 3/2 vi • Z -X+ (Q' /2) -v_+ a+ {3 3409.2 0.8 b 
(X3/2 Yl -- iz 1/2Z I • Z -X- (Q' /2) + v_+ a+ 3{3 3361.5 0.8 b 

(X3/2Zi ..:. (z 112 vi· Z -X- (Q' /2)- V- +a+ 2{3 3354.3 1.2 b 
-------------------- ·- ---~ ----:--- ·-·-------------· ------·---------------- -~----------- ·--. ----------

Table 9b 
Energies and assignments of observed frequencies invoh·ing electron, 14N. and 37cJ transitions 

ENDOH Transition 

Microwave 
transition 
saturated 

(MHz). 

ENDOR 
energy • 

(Yi/2X I I - (Y 3/2X I' 833.0 (Q"/2)+ 2$ 

'Y1/zzi·-·:Y3/2YI' 835.9 (Q'/2)-v-+{3 

(Y1/2Yi•-(Y3/2ZI• 829.2 (Q'/2)+v--2f3 

• Q• ~ e2qQ(37cJ)(1-1)2/3)1/2, v- ~ 3e2qQ(14N)(1-1)/3) 
t Relative within the same classification only. 
a Simultaneous electron spin and 37 Cl nuclear spin transition. 
b Simultaneous electron spin, 14N. and 37cJ nuclear spin transitions .. 
c 37 Cl nuclear spin transition. 
d Simultaneous 37Cl and 14N nuclear spin transition. 

Observed 
ENDOR 

frequency 
(MHz) 

26.8 

24.0 

31.5. 

Relative :t 
intensity 

Classifi
cation 

c 

d 

d 

ii 
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B. The 3 nn* State of P¥razine 

Since pyra~ine is an example of the class of molecules in which an 

electron is excited from a non-bonding (n) orbital to an anti-bonding 

( n*) orbital, it has b.een the subject of considerable interest for many 

81-84 
years. The purpose of our investigation is to gain a measure of 

the electron distribution in the excited nn* state of pyrazine by 

measuring the electron spin-spin, nitrogen hyperfine and nitrogen nuclear 

quadrupole interactions. 

In contrast to nn* triplets, where because of the Pauli Principle 

the unpaired electrons may not be on the same atomic centers, in nn* 
. . 

triplets the unpaired electrons are in orthogonal orbitals and therefore 
. . 

may reside on the same atomic center. The nn* triplet therefore has 

large one..;center contributions to both the spin-orbit and zero field Hamil-

tonians. Experimentally, this results in both a short lifetime for the 

excited nn* state due to the larger spin-orbit coupling contrbution and 

higher frequency ESR transitions due to the larger electron spin-spin 

interaction. 

Both of these effects have contributed to the failure to detect 

triplets using conventional absorption techniques. Since the sensitivity 

of experiments in which the absorption of energy is monitored is 

directly dependent on the concentration of spins, the short lifetime re-

sults in a reduction in sensitivity directly proportional to the shorter 

lifetime of the excited state. With ODMR on the other hand, the sensi-

tivity is dependent on the number of photons detected per unit time 

which is approximately equal to the steady state population divided by 
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the lifetime. Since, to a first approximation, the steady state 

population is proportional to the lifetime, the sensitivity using 

optical detection techniques is independent of the lifetime of the 

excited state. 

The sample consisted of a single crystal of paradichlorobenzene 

(pDB) doped with 1% pyrazine h-4 or d-4 grown from the melt. The 

starting material was recryst~ed, vacuum sublimed and zone refined. 

The experimental a:rrangement was essentially the same as that shown 

in Figurel6. The sample was maintained at 2.0° K while being irradi

ated with the 3100 A region of the mercury arc lamp. The 0-0 band of 

.the pyrazirie phosphorescence was detected at a 90° angle to the exciting 

light. The microwave sweep. oscillator was amplitude modulated at 40 

Hz for the D + lEI and D - lEI transitions while a Hewlett-Packard 

model 3200B Rf oscillator was used without modulation for the 2E transi

tion. 

The D + lEI and D - lEI transitions for pyrazine-h4 and -d4 

are shown in Figures 31 and 32, and the power dependence of the 2E 

transition in Figure 33. The large linew:i.dth of the three zero field 

transitions is primarily due to the large hyperfine interaction. As 

discussed in Section III, the main features of the spectra can be ex

plained by a second order perturbation treatment. The high f~equency 

or D + lEI transition (see Figures 31B and 32B) should be shifted to 

a higher energy by an amount a = Azz 2 / (Ex - Ey) while the D - IE I 

transition (see Figures 31A and 32A) should be shifted to lower energy 

by an equal amount and the 2E transition (see Figure 33) shifted to 

higher energy by an amount 3a.. The measured values of D and E 
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Pyrozine - h4 
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XBL 7012-7363 

Figure 31 

Pyrazine-h4 ODMR of the D + E (a) and D - E (b) Zero Field Transitions 
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Pyrozine -d4 © 

A. 
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XBL 7012-7364. 

Figure 32 

Pyrazine-d.4 Om.ffi of the D + E (a) and D - E (b) Zero Field Transitions 
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Power Dependence of the 2E Transition of Pyrazine-d4 
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for pyrazine-h4 are lnl = 9.3959 GHz, lEI = 0.1126 GHz 

pyrazine-d4 lnl = 9~5782 GHz and lEI = 0.1286 GHz. 

and for 

The high field optical detection of the pyrazine-h4 ESR has been 

reported by Sharnoff37 with the values D = + 9.264 GHz arid 
. . 38 

E = -O.l8o GHz, while Cheng and Kwi~a.m have reported the low field 

and zero field optical detection of the D + lEI and D - lEI transi

tions. The values they report are, for pyrazine-h4, D = ± 10.1698 GHz, 

E = + 0.2155 GHz; and for pyrazine-d4, D = + 10.2043 GHz and 

E = + 0.2057 GHz. In addition, Hochstrasser and Lin85 have observed 

the zero field splitting of pyrazine in the optical spectra by use 

of a large Zeeman field. They report the value D = + 0.3 cm-1 (9 GHz) 

which is consistent with the ESR studies. 

The discrepancy between our results and Sharnoff's are most likely 

due to the lower accuracy inherent in his high field experiments; while 

the difference between our results and those of Cheng and Kwira.m are 

believed to be due to differences in sample preparation. Chenge and 

Kwiram performed their experiments shortly after the crystal was grown 

from the melt, while our experiments were performed approximately one 

year after growing the crystal. The sensitivity of pDB to its recent 

thermal history will be discussed in more detail in the section on the 

ESR of that molecUle, but most likely the sample used by Cheng and 

Kwiram contained an appreciable concentration of the triclinic (or high 

temperature) form of pDB. The environmental difference between the 

monoclinic and triclinic forms of pDB are believed to account for the 

approximately lo% variation in the values of D. 
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On the basis of the optical spectra, the spacial symmetry of the 

86 state of pyrazine has been assigned as B3u in D2h using an 

axis system with the N-N axis as the y(Blu) axis, the other in-plane 

axis as z(B ) lU and the out-of-plane axis as x(B3u). ·The three 

triplet levels transform as the product of .the space and spin represen-

tations and therefore the total symmetry of the triplet levels may be 

expressed as, 

T = B X B = A 
X 3U 3g u 

T B x B B (8) 
y 3U 2g lU 

T B X B = B z 3U lg 2U 

In contrast to ESR experiments using a magnetic field, experiments 

at zero magnetic field do not give any information as to the sign of D 

and E. The experiments of Cheng and Kwiram using a magnetic field 

have established that D and E must be of opposite signs. This re-

quires that the energy levels be ordered Ez <~<Ex or vice versa. 

A simple analysis of the electron spin-spin interaction centered on the 

nitrogen predicts that Ex and ~ are positive and Ez negative 

which requires that D be > 0 and E < 0. In addition, the excited 

nitrogen atom fragments are isoelectronic with the > C: fragment in 

diphenylmethylene and fluorenylidene47 in which D is >O and E < 0 

using our axis system. This assignment of the orde:~ of the energy 

levels is further supported by Sharnoff:, except that he gives the op-

posite signs for D and E with the same ordering of the energy levels. 

The energies of the triplet levels for pyrazine-h4 are therefore: 
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X 3.2446 y = 3.0194 z -6.264o GHz 

and for pyrazine-d4, 

X 3.1213 y = 3.0641 Z - -6.3854 GHz 

An accurate interpretation of the zero field values is of course 

dependent on an ab initio calculation of the excited nrr* state of 

pyrazine. However, several conclusions can be drawn from a simple 

analysis of the spacial dependence of the zero field interaction for 

two unpaired electrons in orthagonal p orbitals located on the same 

atomic center. 

The approximate equivalence of the X and Y triplet levels re-

quires with this model that the electron density in the lone pair and 

rr* orbitals on the nitrogen atoms be approximately equivalent. This 

would imply that the electron in the rl orbital does not spend much 

time on the carbon atoms. 
Considering only the nitrogen one-center contributions to the zero 

field splitting, the small ratio of E/D indicates a small amount of 

s character in the nitrogen lone pair orbital. Sternlicht,87 on the 

basis of sp2 hybridization calculated a ratio of E/D of-0.5 while 

the measured values are tor pyrazine-h4, E/D =·0.0120 and for 

pyrazine-d.4, E/D =-O.Ol34. Without any s character in the lone pair 

orbital the value of E would of course be zero. 

The nitrogen hyperfine interaction has been obtained by fitting 

the spectra to a Hamiltonian incorporating the zero field, nitrogen 

hyperfine and nitrogen nuclear quadrupole terms. Due to the large line 
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widths it was not possible to obtain an accurate measure of the nitrogen 
. 88 

quadrupole coupling constant and therefore the ground state values 

were used in fitting the spectra. The values obtained for the nitrogen 

hyperfine interaction are 
I 

A:xx "" 70 MHz 

I 

· Pyy "" &_) MHz 

It must be emphasized that these are only approximate values and 

subject to. an error on the order of ± 20%; but are essentially the 

same as those reported by,Cheng and Kwiram. These values give for 

the isotropic component of the hyperfine interaction ac = 60 MHz and 

for theanisotropic cOmponents 

= 10 

Ayy 20 

The anisotropic hyperfine coupling may be interpreted with the aid 

of the tables given by Asycough. 89 One electron in a p orbital will 

contribute an amount 2A (A = 47.8 MHz for l
4 N)89 in the direction of 

the orbital and an amount -A in the other two orthagonal directions 

to the anisotropic hyperfine interaction. The triplet electrons are in 

the n* and lone pair orbital on the nitrogens with electron densities 

Pn and P1 respectively. In our axis system we may express the con

tribution of each of the triplet electrons to the anisotropic hyperfine 

components as, 
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A = (2Aprr AP ) 
XX L 

A = (2Ap1 Aprr) (9) yy 

A ( -Ap - Ap ) 
zz rr . L 

The spin. densities and p
1 

may be obtained by solving Equation 9, 

which gives us, 

Prr = l:_ (A - A ) 
3A XX zz 

PL = l:_ (A - A ) 
3A yy zz 

(10) 

Substituting the measured values of the anisotropic hyperfine tensor 

we find that Pn: = 0.28 and p1 = 0.35 for both nitrogen atoms. 

Hirota, Hutchison and Palmer94 have shown that the experimental 

results for naphthalene bear out McLachlan's95 theoretical prediction 

that the spin density of the lowest triplet state is approximately the 

same as the negative ion. 

Our results for the 3 nrr* state of pyrazine are consistent with 

this since our value for the spin density of the electron in the 

orbital on the nitrogen atoms (0.28) is almost identical with the 

experimental value for the pyrazine anion of 0.278.96 

The theoretical isotropic hyperfine interaction due to one electron 

in a nitrogen 2s orbital is 1540 MHz. 89 Since this contribution should 

dominate over the induced polarization of the s electrons by the 

triplet electrons in p orbitals, we will assume that only the direct contri-

bution need be considered in interpreting the observed isotropic hyperfine 

, •. 

~ ... 

. .,.. 
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interaction. Therefore,· the triplet spin density in the nitrogen 2s 

orbital ps is given by 

== (60/154o) 0.04 (11) 

The coefficient of the nitrogen 2s atomic orbital in the nitrogen 
1 

lone pair molecular orbital is therefore equal to (0.04) 2 = 0.20~ 

This gives us for the wave function of the nitrogen lone pair orbital 

1jr == 
L 

(12) 

This small amount of s character in the lone pair orbital is con-

sistent with the zero field values and indicates a bent bond with an 

a.rigle > 120 o • 

A quantitative estimate of the angle may be obtained by using the 

equation given by Higuchi91 for the bond angle 

rfl + cos e~l! [ -2 cos e J! 
1jr L == L ( 1 - cos 8 J ¢ 2S + ( 1 - cos 8) .· 12py 

where is the lone pair orbital and 8 

Therefore, from the measured value of the isotropic hyperfine 

interaction we have 

0.20 (13) 

which gives us an angle of 157°. It should be noted that calculations 

of the ground state of pyrazine by Clementi92 indicate a small s 

character (~15%) for the lone pair orbital using a fixed geometry with 

8 = 120°. 
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Cheng and Kwira.m38 raised the question of the possibility of 

population inversion of the triplet levels of pyrazine. This question 

can of course be answered if a conventional ESR experiment can be 

performed. Alternatively an analysis of the change in phosphorescence 

intensity upon saturating the three zero field transitions will supply 

the same iriformation. 

It is necessary to know the lifetimes of the individual triplet 

levels in order to answer this question, but in the case of pyrazine 

the assignment is reasonably straightforward. 

Since the -rx level transforms as ~ (Eq. 8) it is symme.try 

forbidden to directly couple via the spin-orbit Hamiltonian with an 

excited singlet state. Therefore if we neglect the triplet character 

of the ground state, the -r level may only gain the admixture of single 
X 

singlet character necessary for electric dipole radiation to the ground 

state by spin-orbit coupling through an intermediate state. Consequently 

the 'r level should have the smallest amount of singlet chai-acter and 
X 

therefore the longest lifetime. With this assignment of the 
. 90 

'r 
X 

level 

and the experimental observation that the -r z 
level has the shortest 

lifetime, the rate constants for the three levels are 

k = 2.5 sec- 1 

X 

k 10 sec- 1 

y 

k = 167 sec-1 

z 

where the rate constants are equal to the inverse of the lifetimes. 

.•. 
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As was shown in 13ection II (see Eq. 39) the change in intensity of 

the phosphorescence upon saturating the ESR transition between any two 

of the three triplet levels is given by 

(N. - N.)(K. - K.) 
l. J J -"1. 

where i,j = x, y, z and Ni are the steady state populations of the 

three triplet levels. 

Since the ODMR of all three zero field transitions gave an increase 

in the phosphorescence intensity,it is clear from Eq. 14 that the popu

lations of the triplet levels must be in an order opposite to that of 

their rate constants (i.e., Nx > N > N ). Therefore the populations 
y z 

are inverted and we have a necessary but. not sufficient condition for 

stimulated emission. It should be noted that our assignment of the 'L' 
X 

level as the level with the longest lifetime is only necessary to pre-

diet a popUlation inversion between the ~ and -~ levels. 
X y 

The 

assignment of the ~ level as the level with the shortest lifetime z 

is sufficient to establish that N < N , N and therefore a population 
Z X y 

inversion certainly exists for the D + E and D - E zero field 

transitions. 

. "':'". 
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c. The 3
rtrt State of Paradichlorobenzene 

This section is divided into two parts. In the first, the ODMR 

spectra of paradichlorobenzene (pDB) are presented and the results in-

terpreted in terms of a spin Hamiltonian incorporating the electron spin-

spin, chlorine nuclear quadrupole and chlorine hyperfine interactions. 

In the second'part, the phosphorescence microwave ·double resonance tech-

nique is used in investigating the vibrational structure of the phospho-

rescence spectrum of pDB. The vibrational structure of the phosphorescence 

spectra is assigned by analysis of the relative change in intensity of the 

phosphorescence upon saturation of the three zero field transitions. Both 

the ESR and phosphorescence spectra are shown to be consistent with a 

distortion of the excited state due to a bending of the C-Cl bonds into 

a trans configuration. 

1. The ODMR Spectra of Paradichlorobenzene 

Investigations of the first excited triplet state of benzene and 

substituted benzenes has been the subject;of considerable interest.107 -109 

The absorption and phosphorescence spectra of the first excited triplet 

state of pDB by Castro and Hochstrasser71 and by George and Morris97 have 

raised several questions? 

1) Is the spacial symmetry of the excited triplet state of 

pDB B2U as proposed71 or B1 u as is benzene,98 

2) Do the chlorines participate significantly in the excitation? 99 

3) Is the molecule distorted in the excited state?7l 
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4). Is the electric field gradient at the chlorines changed 

significantly upon excitation to the first triplet state? 

ODMR in zero field has been shown to be a powerful tool for studying the 

electron distribution of organic molecules in their first excited triplet 

state. Analysis of the parameters used in the spin Hamiltonian that 

satisfactorily accounts forthe ODMR spectra of pDB should supply the 

information necessary to answer the above questions. 

Experimental 

The starting material (Eastman Organic white label) was degassed and 

zone refined for 100 passes. Single crystals of pDB were easily grown 

by the Bridgeman technique. The experimental arrangement used in the 

ESR experiments is essentially the s~e as that shown in Figure 16. The 

sample was excited with the 2800 ~ or 3100 A region of the mercury arc lamp 

by use of the appropriate interference filter. 

The majority of the ESR spectra were obtained by square wave amplitude 

modulation of the microwave oscillator with a frequency of 10 to 20 Hz 

and a modulation depth of ~ 25 db. The Hewlett Packard microwave sweep 

oscillator was modified by replacing the timing capacitor used for the 

range with the fastest sweep time with an assembly. which permittei switch

ing between e:x:ternal capacitors. With this arrangement sweep times as 

long as several thousand seconds were possible, permitting the use of 

sweep rates as low as .025 MHz/sec. 

Frequency ~odulatiori of the microwave field was also employed in the 

course of this work. This was achieved by combining the sine wave output 

of the lock-in amplifier and the ramp output of an Exact model 255 function 
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generator through the + and - inputs of an operational amplifier. The 

output of the operational amplifier consisted of a positive ramp voltage 

with a superimposed sine wave. The magnitudes of the ramp and sine wave 

voltages were independently adjusted to give the desired sweep width and 
.. 

modulation excursion. The modulation rate (i.e., the frequency of the 

sine wave) used was varied between 10 and 20 Hz. The time constant of 

the lock in amplifier was varied from 0.3 to 30 seconds depending on the 

sweep rate of the microwave oscillator. 

In addition, experiments were performed without modulation of the 

microwave field in which case the absolute change in intensity of the 

phosphorescence was monitored. The effective time constant of the elec-

trometer was varied by changing the external load resistor. 

The experimental arrangementused in performing the ENDOR experiments 

is shown in Figure 17 and the sample arrangement in Figure 18. The Hewlett 

Packard RF sweep oscillator was also modified to permit sweep t:iJ:nes as 

long as 2000 seconds by use of an external timing capacitor. 

The measurement of the ~ 5Cl pure nuclear quadrupole resonance of the ground 

state of pDB at 4.2°K was achieved with the use of a marginal oscillator described 

b F d H . 100 y ayer an arr~s. The sample coil was extended by placing the leads 

to the coil inside a section of stainless steel tubing bent at a right 

~ngle in order to support the coil in a liquid helium dewar. The dewar 

used in this experiment was constructed by inserting a narrow mouth 

commercial dewar inside a larger wide mouth dewar. The outer dewar was 

filled with liquid nitrogen and the inner dewar with liquid helium. This 

arrangement held helium for about 30 minutes with the sample in place. 
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Zeeman modulation was achieved by a selenoid wound around the outer 

dewar. 

The ODMR spectra in zero field 

The ODMR spectra of pDB in zero magnetic field have been obs'erved. 

while monitoring the emission from two distinct traps. However, only 

the ODMR spectra due to the shallow (or x) trap will be discussed. The 

chlorine nuclear quadrupole and hyperfine structure of the ODMR spectra 

observed for the deep (or y) trap were the same as those for the x trap; 

however, the zero field values were about 5% lower. 

The observed ODMR.spectra of pDB are due to the interaction of 

three isotopically distinct molecular species. The relative natural 

abundances of the 35Cl and .37Cl isotopes -are approximately 3/4 and 1/4 

respectively. Since there are two chlorine nuclei per molecule, the 

fractional distribution of the molecular species are 

I 35Cl 35Cl = 3/4 X 3/4 = 9/16 

II 35Cl 37Cl = 2(3/4 X 1/4) = 6/16 (1) 

III 37Cl - 37cl = 1/4 X 1/4 = 1/16 

The spectra obtained vdll therefore be considered as the super

position of .the ODMR spectra due to each of the three mol.ecular species. 

The ~x ~~z (high frequency) transitions observed using amplitude 

and frequency modulation are shown in Figures 34 and 35 respectively. 

The resonance observed for this transition without modulation of the 

microwave field is shown in Figure 36. The two remai~ing electron spin 
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Figure 34 

ODMR of the -r -+ -r multiplet of paradichlorobenzene with amplitude 
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transitions observed using amplitude modulation are sh~'n in Figures 

37 (-r -+ T) 
X y and 38 

In table lO the possible ESR transitions involving the triplet 

electroqs and one or mare chlorine nuclei are listed as to type (A, B, 

c, D, E, or F) and the possible molecular species (I, II, or III) which 

can undergo each type of transition. The intensity of the transitions 

involving the electron and one chlorine spin (B 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 involving 

a single 35Cl spin to those involving a single 37Cl spin is given by 

== 3 (2) 

Likewise the ratio of the intensities of the transitions involving two 

chlorine spins is: 

= 9:6:l ( 3) 

The structure of the -r -+ -r electron spin multiplet shown in 
X Z 

Figure 34 is labeled according to the classification given in Table lO. 

Since the nuclear quadrupole moment of 35Cl is larger than that of 37Cl, 

the outer pair of the four strong satellites are assigned as type B 

e5 Cl) and the inner pair as type C transitions e7 cl). As can be seen; 

the ratio of the intensity of the transitions labeled B and C is approxi-

mately 3:l as predicted. The ratio of the outermost satellites in Figure 

34 are assigned to simultaneous double chlorine transitions (labeled D 

and Eon the spectra). The intensity of these transitions is also approxi-

mately in the predicted ratio of 9:6. 
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Figure 38 
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The transitions corresponding to simultaneous double 37Cl transitions 

(type F) are not observed as would be expected from the small natural 

abundance of the molecular species resp6nsible for these transitions. 

The inner pair of satellites (labeled E in Figure 34) may be considered 

as simultaneous 35Cl and 37Cl transitions, the higher frequency transi

tion representing a 35Cl flip up and a 37Cl flip down, while the lower 

fr~quency transition represents a 37c1 flip up and a 35Cl flip down. 

Since the matrix elements for these double chlorine transitions are signi-

ficantly different from those associated with the other double chlorine transi-

tions, the intensity of the inner satellites labeled E in Figure 34 should not 

be .c:!c:>~~!'ed to th~ ~n_!;_~!l..~~ty_ of the outer satellites labeled D and E. 

Chlorine ENDOR transitions were also observed by saturating the ESR 

transitions in the D - E and D + E manifold. The 35Cl and 37Cl ENDOR 

resonances observed by saturating the D - E transition are shown in 

Figures 40 and 41 respectively, and the 35Cl and 37Cl ENDOR resonances 

observed by saturating the D + E transition in Figures 42 and 43 

respectively. 

As an extension of the Cl ENDOR experiments a :55Cl ENDOR transition 

was saturated while sweeping the D - E microwave transition. Since only 

the ENDOR time dependent magnetic field was amplitude modulated and the 

change in phosphorescnece intensity detected with a lock in amplifier · 

only the ESR transitions that involve a 35Cl spin transition are detected. 

The spectrumobtained from this experiment is shown in Figure 44. As can 

be seen,satellites assigned as simultaneous electron and 37Cl spin transi-

tions (labeled C in Figure 34) are not observed, which confirms the 

assignment of the chlorine satellites. 
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Figure 42 
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ENDOR Pumping of Microwave Transition 
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The pure nuclear quadrupole resonance specti'I.ll!lof pDB in its ground 

state is shown in ~igure 45. Due to the long spin-lattice relaxation 

time it was difficult to avoid saturation and consequently the signal 

strength is reduced compared to that obtained at room temperature. 

The Spin Hamiltonian 

The observed spectra may be satisfactorily explained in terms of 

a Hamiltonian of the form 

(4) 

where the summation is over the chlorine nuclei. With the axis system 

defined as x, out-of-plane; z, along the C-Cl bond direction; andy, 

the other in-plane axis , we have, 

Hss = -XS 2 
- YS 2 

- ZS 2 
X y z 

2 

HQ = ~ (3I 2 - 15/4) ( 5) 12 z 

and ~ A S I 
XX X X 

The chlorine nuclear quadrupole asymmetry parameter has been assumed 

to be zero since it is only a small off-diagonal term in the spin HamiltoniUl 

and could therefore not be determined within the experimental accuracy 

of our measurements. In addition the chlorine hyperfine interaction was 

found to be characterized satisfactorily by considering only the out-of-

plane hyperfine interaction. Since these experiments were performed in 

the absence of an external magnetic field, no information is obtained 
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Pure NQR resonance of the ground state of paradichlorobenzene 



-139-

from the ESR spectra as to the relative orientation of H88, HQ and HHF· 
Therefore, on the basis of single crystal ESR studies of other molecules 

in nn* triplet states, 27, 42 it was assumed that the axis systems are co~ 

incident. In addition, Zeeman studies of the pure nuclear quadrupole re-

sonance of pDB in its groimd state have shown that the chlorine nuclear 

quadXupole pr~n~ip~l ~1~3~~~--is within one degree of the C-Cl bond direc-
·. .. . 110 lll 

tion as determined from x-ray studies. ' We have also made the assump-

tion_that the hyperfine interaction due to the four protons may be neglected. 

This is justified on the basis that the interaction would cause only a small 

broadening and shift of the transitions and could not be resolved within our 

experimental accuracy. Furthermore, no resolveable hyperfine interaction 

, attributable to protons . has been reported to date for ODMR experiments with 

zero external magnetic field.* The basis states used in calcUlating the spin 

Hamiltonian and the effect of HQ and HHF on the transition frequencies 

and intensities have been treated in detail in sections III and V-A and will 

therefore not be repeated here. 

The total spin of the system is 4 and therefore we do not have Kramers 

degeneracy and must consider the 48 separate energy levels of the excited 

triplet state. The ODMR spectra were simulated by use of a computer program 

(see Appendix) that diagonalized the spin Hamiltonian and calculated the 

transition frequencies and intensities. The spectra were fitted by cal

culating the spectra for the 35Cl-35c1 species of pDB. After the best 

fit to these transitions was obtained, the nuclear quadrupole coupling 

consta.Ilt of 35Cl was multiplied bythe ratio of the 37Cl nuclear quadrupole 

* However, Hutchison and his group have observed the proton hyperfine 

interaction in the 3 nn* state of naphthalene using conventional ESR techniques. 124 
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1J2 
moment to the 35Cl nuclear quadrupole moment (0.78815) in order to 

obtain the 37 Cl nuclear quadrupole coupling constant. The 37 Cl hyperfine 

interaction was obtained in a similar fashion by multiplying the 35Cl 

liYPerfine interaction (Axx) by the ratio of Y37 Cl to Y3scl (o. 8322) . 

The elements of H88 used in simulating the spectra observed while monitor

ing the x trap emission are listed in Table 11 along with the approximate 

values of H
88 

for the y trap and the values reported for benzene.93 The 

best value of the 35Cl nuclear quadrupole coupling constant was -64.50 

MHz e7Cl ::: -50.84 MHz) and for' the 35Cl hyperfine interaction A == 22 
XX 

MHz e7cl; Axx = 18.3 MHz). The experimental and calculated ESR frequencies 

for the x trap of .pD13 are listed in Table 12. With the paraineters used 

in the spin Hamiltonian all of the calculated transition frequencies are 

within experimental error. Iri order to observe the simultaneous chlorine 

and electron spin transitions. it was necessary to use a large microwave 

field (approximately one watt). Since there are several transitions dif-

fering slightly in frequency that correspond to a particular type of tran-

sition (A, B, c, etc.)>assigning one average frequency to•a transition is 

difficult since the magnitude of the time dependent magnetic field and the 

relaxation rate constants are not known. Therefore a simple weighted 

average of the transitions corresponding to a particular type was made 

which introduces a small error in the calculated frequencies. 

The observed and calculated chlorine ENDOR transitions are listed 

in Table 13. The ENDOR resonances associated with the D - E multiplet 

are due to transitions in the x and z triplet levels whereas those 

observed while saturating the D + E multiplet are due to transitions in 
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the y and z triplet levels. In addition to the linewidth of the ENDOR 

transitions the large time dependent magnetic fields used in the ENDOR 

experiments (approximately twenty watts) makes the proper weighting of 

the calculated ENDOR frequencies unknown. Therefore only the range of 

calculated ENDOR frequencies is listed in Table 13. 

Discussion 

. . 11 94 113-116 
From previous experimental ' and theoretical studies of aromatic 

molecules in nn* triplet states it is almost certain that in pDB the 

largest component of the electron spin-spin tensor in its principal axis 

system is along the molecular axis normal to the plane (x). Indeed this 

is what is observed for the nn* triplet state of benzene. 93 The ordering 

of the interaction along the two in-plane molecular axes is not immediately 

apparent~ From the analysis of the PMDR spectra of pDB (which is treated 

in the following section) the component of the electron spin-spin inter

action along the molecular z (or long in-plane axis) is assigned as the 

larger of the two in-plane components of the hyperfine tensor. 
1 

Since the zero field splitting parameters D and D* (D* = (D2 + 3E2
)
2) 

are primarily a function of the size of the 1C system involved in the 
117 ·. . 

excitation; the value of these parameters for both pDB and benzene should 

be similar if pDB is a n1C* triplet. As can be seen in Table 11 the values 

of D and D* for both traps of pDB differ from the corresponding values for 

benzene by only a few percent which confirms the assignment of the excited 

triplet state of pDB as a nn* state. 
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The zero field splitting parameter E which is a measure of the 

anisotropy of the triplet electron distribution in the molecular plane 

is however quite different for both molecules. If the benzene molecule 

possessed D6h symmetry in the excited state, E must be zero by symmetry. 

The finite value of E for benzene has been explained by deGroot and van 

der Waals101 on the basis of a distortion of the benzene ring from the 

symmetric D6 h benzene with bond lengths of 1.427 A to a compressed D2 h 

benze~e with four long bonds (1.448 A) and two short bonds (1.381 A). 
102 Godfrey, Kern, and Karplus · have evaluated the integrals exactly and 

have explained the observed zero field splitting by use of a symmetrical 

structure for the benzene molecule and adjusting the extent of configura-

tional mixing. They also calculated the effect of adding a substituent 

_ a~()l'lg ()ur z axis wi~-~--~-~~ec_~~o~s in_ a P:x orbital and found that if the 

benzene configurations are assumed to maintain the same relative weights 

as undistorted benzene and if the small matrix elements between the charge 

transfer and the benzene configurations are neglected, the values of D, 

E and D* decrease linearly in magnitude with increasing charge transfer. 
As will be discussed in the next section, 
the value of the zero field splitting parameter E for pDB is of the 

102 opposite sign as that predicted by Godfrey, Kern and Karplus. The 

largest in-plane zero field axis in pDB is along the molecular z axis 

while the theoretical studies predict the largest in-plane zero field 

axis along the molecular y axis. 

The discrepancy between the zero field splitting of pDB and that 

predicted on the basis of treating the chlorines as a small perturbation 

of the excited state of benzene raises the possibility that the symmetry 

..,:: 
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of the excited state of pDB is different than that of the excited state 

of benzene. In any case the zero field tensor of pDB is consistent with 

a triplet spin distribution.in which the spin density on the two carbon 

atoms to which the chlorines are bonded is much smaller than the spin 

density on the other four carbon atoms. 

The value of the chlorine nuclear quadrupole coupling constant 

(e2 qQ) in th~ excited state of pDB is significantly reduced compared to 

the corresponding value for the ground state. 

With the assumption that the asymmetry parameter TJ may be neglected, 

the value of e2 qQ for the 35Cl nuclei of pDB in its excited triplet state 

at 1. 3 o K is -64. 5 MHz. The measured pure nuclear quadrupole resonance 

frequency of pDB in its ground state at 4.2°K is 34.83lMHz which, if TJ 

is.assumed to equal zero, corresponds to a value of e~qQ of -69.662 MHz. 

The assumption that TJ may be neglected is justified on the basis that 

e2 qQ is not changed significantly for small value of TJ and for the ground 

o8
108 

state of pDB at room temperature T] is only 0. . Referring to Figure 

7, it may be seen that the assumption that the pure NQR transition fre

quency v equals l~2qQj causes a positive error of less than 5% for 

T] $ 0. 5. 'l;'he sign of. e2 qQ is not obtained from either the measurement of 

the pure NQR transition frequency or the spin Hamiltonian; however,from 

other theoretical and experimental studies e2 qQ for Cl is known to be 

negative for covalently bonded compounds. 

The increase of 52 KHz in the pure NQR frequency of the ground state 

of pDB upon lowering the temperature of the sample from 77°K ( v = 34.779 
118 

MHz) to 4.2°K (v = 34.831 MHz) is consistent with Bayer's theory 
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which treats the temperature dependence of the NQR frequency in terms of 

the molecular torsional motions. The small change in the pure NQR transi-

tion frequency indicates that there is no major physical change in the 

envirormient of the chlorine nuclei in pDB upon cooling. Therefore the 

difference in e2 qQ. between the ground and excited states of pDB is clearly 

due to a change in the electric field gradient (q) at the chlorines upon 

excitation. In contrast to the electron spin-spin and hyperfine inter

actions which are a function of the triplet electrons only, e2 qQ. is 

independent of the spin of the 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 therefore following the analysis of 

Bersohn103 the field gradient in pDB can be considered as arising from 

a hole in the Pz orbital and a partial hole in the px orbital. The total 

contribution is due to two axially symmetric tensors whose major axes are 

perpendicular. In Table 14, the contributions to the field gradients are 

expressed in terms of the number of holes in the Px and Pz chlorine 

orbitals. 

The difference in e2 qQ. for the excited and ground state may be written, 

(6) 

where <1_r and % refer to the field gradient at the chlorines 
·-- -· -- -

in the triplet and ground states of pDB respectively. Equation 6 may 

be expressed in terms of the number of holes in the· p and p orbitals as 
Z X 

(7) 

- j 

.... : 
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negative,: one of the following three conditions must be met, 

oT > oG' ;or c) crG > crT and oT > 5G. If 
__ ...,.ed,... - - --

crG is greater than crT' the number of holes has decreased along the carbon

chlorine bond, and therefore the chlorine nuclei are more successful in 

competing for electrons in the excited state. However since the sigma 

electrons are not involved in the excitation,this effect should be very 

small. 

If 5~ is greater than oG' the out-of~plane chlorine P orbital has 
- -

lost electrons. An increase in the number of holes in the px orbital 

would be the most likely explanation of the decrease in e2 qQ. since the 

chlorine p orbitals are allowed by symmetry to interact with the carbon 
X 

p orbitals. The increase in the number of holes in the chlorine P 
X X 

orbital can come about from either an increase in the double bond charac-

ter of the C-Cl bond or a "bent" C-Cl bond. 104 Bray, Barnes and Bersohn 

have shewn that although the overlap of the carbon and chlorine P 
X 

orbitals is reduced with a bent C-Cl bond, the chlorine P orbitals may 
X 

overlap with the carbon sigma system, consequently increasing the number 

of holes in the Px orbital of chlorine (oT) relative to the number of 

holes in the Px orbital.in the ground state (5G). From the analysis of 

the zero field tensor it appears that the triplet electrons do not have a 

large spin density on the carbon atoms bonded to the chlorines. Therefore 

an appreciable increase in ~ bonding seems unlikely. This leaves us with 

the possibility of a bent C-Cl bond. This would require a small value 

for the chlorine hyperfine interaction since the C-Cl P overlap is rex 

duced. The interpretation of the observed chlorine hyperfine interaction 

is limited since only one of the three components of the hyperfine tensor 
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was measured. The magnitude of the chlorine hyperfine interaction is a 

function of both the spin density on the chlorine and the ring carbon to 

which it is bonded.l05,l06 However, we will limit our discussion to a 

simple analysis in which only the spin density on the chlorine is con-

sidered to contribute to the hyperfine interaction. The theoretical 

hyperfine interaction due to one unpaired electron in a carbon P orbital 

is 280 MHz. 89 Neglecting any isotropic contribution to the measured hyper-

fine interaction, the spin density in each chlorine p orbital is, 
X 

p ~ 22/280 = .08. 

where p is normalized to two. Although this is a very crude approxi-

mation, it is clear that the chlorines do not participate significantly 

in the excitation. This small value for p is also consistent with a 

bent G-Cl bond rather than an increased double bond character since in 

the latter case a significantly larger value of p would be expected. 

Since all three of the parameters obtained from the spin Hamiltonian 

support the hypothesis that the C-Cl bond is bent, it seems the most 

reasonable conclusion. The molecule in the excited state may therefore 

exist in a cis (c2V) or trans (D2h) configuration. In order to resolve 

this question, the phosphorescence spectra have been analyzed by investi-

gating the relative changes in the vibronic structure of the phosphorescence 

upon inducing ESR transitions between the three triplet sublevels. The 

result of this analysis is given in the following section. 
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Table 10 

ESR Transitions in Paradichlorobenzene 

Transition 
·Type Simultaneous Transitions Molecular Species 

A . Electron Spin· I, II, III 

B Electron and 35c1 Spins I, II 

c Electron and 37c1 Spins II, III 

D Electron, 35c1 and 35c1 Spins I 

E Electron, 35c1 and 37 Cl Spins II 

F Electron, 37Cl and 37c1 Spins III 
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Table 11 

Zero Field Splitting Parameters (MHz) 

Paradichlorobenzene + Benezene-h4 
X Trap (1. 3°K) " Y Trap (4. 2°K) In Benzene-d6 (1.95°K) 

X -2988.75 -2967-7 -3159-8 

y 616.07 654.4 1769.4 

z 2372.68 2313-4 1385.0 

n* 4483.13 4451.6 4739·7 

E* 878·31 829-5 -192-2 

* 4733·8 4677·7 4793-2 D 

* In order to be consistent with the standard ESR definitions we 

have defined 

D = -3/2X and E = l/2(Z - Y) 

+ Data from reference 93 expressed in our axis system. 

i 
I 

~" I 

"I 

I 
~· ' 
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Table 12 

Measured and Calculated ESR Transitions of 

the 3:n::n:* State of Paradichlorobenzene (X Trap) 
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Table 13 

Measured and Calculated Chlorine ENDOR Transitions of 

the 3nn* State of Paradichlorobenze (X Trap) 

Measured Frequency 
in MHz (±.05) 

Calculated Frequency 
in MHz (range) 

T - T Manifold 
X Z 

31. 56 - 33. 03 . 

37cl 25.12; 26.oo 

T _,. T Manifold 
X y 

35c1 31-75; 33.13 

37 Cl 24.94; 26.19 

31.53 - 32-94 

24.79 - 25.90 
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Table 14 

Contributions to the Chlorine Nuclear 

Chlorine 
Orbital 

p 
X 

p 
z 

Quadrupole Coupling Constant 

No. of 
. r- Contribution to --, 
v v Holes XX yy 

·a oq -og/2 

a -ag/2 -ag/2 

Total Contribution 

V = (5 - a/2)q 
XX 

V = -1/2(5 + a)q yy 

vzz (a - o/2)q 

v zz 

-oq/2 

aq 
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2. The PMDR Spectrum of Paradichlorobenzene 

The experimental technique is essentially the same as that used in 

the ODMR experiments except that the phosphorescence spectrum is scanned 

while saturating one of the three microwave transitions. The microwave 

field is amplitude modulated and the resulting time-dependent change in 

intensity of the phosphorescence converted to DC by means of a lock-in 

amplifier. With this technique only the change in emission of two of 

the three triplet levels is detected while saturating any one of the 

three microwave transitions. 

In addition to the previously reported exciton phosphorescence71,97 

of pDB (origin= 27890 cm- 1
), emission from a shallow trap which will be 

referred to as the x trap (origin = 27868 cm- 1
) and a deep trap which 

will be referred to as the y trap (origin = 278o7 cm- 1
) was observed. 

The pDB sample was found to be extremely sensitive to its recent thermal 

history. In order to observe the weak exciton phosphorescence it was 

necessary to cool the sample slowly to the temperature of liquid helium 

over a three hour period. The emission of both the exciton and the x 

trap was observed at 4.2°K with approximately equal intensity. Upon 

cooling the sample to 1. 3°K only the x trap emission was observed. If 

the temperature of the pDB crystal was lowered to 4.2°K rapidly (approxi

mately 20 minutes), exciton emission was not observed, but the emission 

from the y trap was observed in addition to that from the x trap. Upon 

cooling the sample below 4.2°K, the intensity of the x trap emission 

increased while the intensity of the y trap emission decreased until at 

1.3°K only the x trap emission was observed. The y trap emission is 



-153-

119 120 
believed to be due to triclinic inclusions in the monoclinic pDB lattice. 

This was tested by preparing a sample of pDB which contained approximately· 

0.01 mole percent paradimetqylbenzene as an impurity. F 
. 121 

ranc~s has 

found from laser man studies that this impurity forces the pDB to re-

main in its triclinic crystalline form •. Since the same phosphorescence origin 

as well as the same ESR transition frequencies (±20 MHz) were observed for both 

the y trap and the triclinic form of pDB,the y trap is due to triclinic jnelusions 

An example of the usefulness of the PMDR technique is the resolution 

of the emission from the x and y traps. In Figure 46 is shown the first 

300 A portion of the phosphorescence spectrum of pDB at 1.95°K which is 

composed of both x and y trap emission. Since the ESR transition fre-

quencies are slightly different for the two traps, the contribution to 

the phosphorescence spectrum due to only one of the traps may be obtained 

by saturating\the ESR transition associated with the particular trap 

molecules while monitoring only.the component of the phosphorescence 

emission that is changing in amplitude at the modulation frequency. An 

example of the spectra obtained from this experiment is shown in Figure 

47. The emission from the y trap is no longer observed and the phospho-

rescence spectrum consists of only emission from the x trap. 

In addition to resolving the emission from different molecular sites 

in the crystal, the use of the PMDR technique simplifies the analysis of 

the vibrational structure of the phosphorescence, and in favorable cases 

gives the orientation of the electron spin-spin tensor and the spacial 

symmetry of the excited state. 

The phosphorescence spectrum of the x trap of pDB at 1.35°K obtained 

using 10~ slits is shown in Figure 48. In order to obtain a reasonable 
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signal to noise ratio for the PMDR experiments, it was necessary to use 

50~ slits resulting in a lower resolution spectrum. In Figure 49 the 

phosphorescence spectrum using 50~ slits (49a) and the PMDR spectra 

obtained with the same slit width while saturating the T -+ T (49b) 1 X Z 

-r --+ -r (49c) and -r -+ -r (49d) transitions are shown. All of the 
X y y Z · 

vibronic transitions increase in intensity for each of the PMDR experi-

ments. Since a lock-in amplifier was used, any decrease in intensity 

while monitoring the emission to a vibrational level of the ground state 

would have caused the PMDR transition to go negative rather than positive. 

The relative increase in intensity of the vibronic band at 0-0 + 1583 cm- 1 

(denoted by * in Figure 49) compared to the origin is striking. The 

relative increase in intensity of the vibronic band is greatest while 

saturating the T -+ T transition (49c) While the relative increase 
X y 

in intensity of the origin is greatest for the -r --+ -r transition (49b). 
X Z 

The other vibrations that h~e been assigned as a behave in a manner 
g 

similar to the origin and therefore it is clear that the vibration at 

0. 0 158. 3 - 1 . t . b -t . . 1y . l 1 , 97. - + em ~s no an a v~ ra ~on as prev1ous ass~gne s1nce 
g 

all vibrations with the same symmetry should maintain a constant intensity 

ratio within all three PMDR spectra. This vibration is therefore assigned 

b
3
g symmetry since from laser Raman studies both a b

3
g and an ag vibration 

are observed at this energy.122,l23 

Analysis of the polarization of the absorption spectrum (S
0

-+ T
1

) 

of pDB shows that the transition is primarily out-of-plane polarized 

which has been interpreted by Castro and Hochstrasser 71 as implying 

B2 u symmetry for the excited state. The three levels of a B2U triplet 

transform as 

...... 1 

I 
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T B3g x B2U B 
X lU 

T B X B - A (8) 
y 2g 2U u 

T B X B B 
z lg 2U 3U 

As is shown in Table 15 the emission to the b vibrations must 3g 

originate primarily from the T triplet level since the emission is 
y 

primarily x polarized. Since the largest relative intensity of the b
3 _g 

vibrations are obtained upon saturation of the ESR transition at ~ 3.6 GHz 

(see Figure 49c) that is between the frequency of the other two ESR transi-

tions ( ~ 5.3 and 1.7 GHz1 the T level must be the lowest or middle 
y 

triplet energy level. The possibility of the -r level as being either 
y 

the highest or middle energy level is ruled out since this would require 

a larger value of E and correspondingly smaller value of D than is the-

oretically reasonable. As discussed in the previous sectio~the T 
X 

level is almost certainly the lowest in energy and therefore the energy 

of the triplet levels must be ordered, 

The fact that·the intensity of the entire phosphorescence spectrum 

increases for all three PMDR experiments requires that the triplet level 

which emits to the ground state with the fastest radiative rate constant 

have the smaller initial population. This further requires that the 

population and radiative rate constants of the triplet levels be ordered 

respectively N > N > N 
X y Z 

and K > K > K 
z y· z 

or vice versa. 
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Since there is a moderate amount of in-plane polarization, the 

contribution to the radiative rate constants of the three triplet levels 

due to other additional spin-orbit coupling must be included. The 

resulting polarization of the emission from the ~riplet levels to the 

ground vibrational states is given in Table 15. The emission intensity 

from any one triplet level may be written, 

= (9) 

where L in the intensity of emission from triplet level -r. with 
~ ~ 

population N., ctnd K~ is the radiative rate, constant for emission 
~ ~ 

from -r. with j polarization. The phosphorescence that .is monitored 
~ 

is a summation of the emission from each of the triplet levels to a 

particular vibronic band (i.e., ag' b2g' or b3g). The intensity of the 

phosphorescence in terms of the synnnetry of the vibronic level that is 

monitored for the case of a B2u triplet is given by 

I a N~+Nrc 
g X X . z z 

~ = Nrc+N~+NKz (10) 
XX yy z z 2g 

Ib = N~ + Nrc 
XX yy 3g 

Upon saturation of one of the three microwave transitions, the 

population of the two levels connected by the microwave field are 

equalized (see Section II). The change in intensity of the phosphorescence 

is proportional to 

-:-.;.--

... 
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(N. - N.)(K. - K.) 
~ J J ~ 

(Jl) 

However, if only the emission to a particular vibronic band is monitored, 

the emisSion from both of the levels that are connected by the microwave 

field may not be observed. In this case, the change in intensity of the 

phosphorescence when triplet levels i and j are connected by the micro-

wave field and the emission from level i is not monitored is 

(N. - N .)K. 
~ J J 

(12) 

In.Table 16 the change in phosphorescence intensity is predicted for 

the 3B state of pDB upon saturating any one of the three zero field 
2U . 

transitions while monitoring the emission to a particular vibration of 

the ground state with a , b or b symmetry. With the assumption that 
g 2g 3g . 

the populations are ordered N > N > N ~nd that all radiative rate 
X y Z 

constants.from T 
z 

are greater than those from -r which are greater 
y 

than those from -r 1 the change in phosphorescence is predicted to in
x 

crease for six of the cases but decrease for the other three. Since the 

phosphorescence was observed to always increase, this assignment is clearly 

incorrect. However, if the molecule is distorted from D2h to C211 symmetry, 

the distinction between the x and z axes is lost and the triplet levels 

transform as 

T = B xA B 
X g u u 

T = A xA = A (13) y g u u 

T = B xA = B z g u u 
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and the vibrations ag, b
2
g and b3 g transform as ag' ag and bg respectively. 

The intensity of emission to the vibrational levels in this case is 

I a - N K xz + NKY+ N K xz 
X X yy z z g 

(14) 

Ib = N K y + N K xz +NKY 
g XX yy z z 

·In table 17 the change in intensity predicted for the distorted 

molecule is given. As can be seen in this case, the intensity of the 

phosphorescence always increases. If the molecule is distorted only 

two basic types of vibrational structures will be observed since both a g 

and b vibrations transform as a in C h" As can be seen in Table 18 
2g g 2 

the intensity ratio of the vibronic structure of the phosphorescence for 

the three PMDR experiments shows only two distinct types of vibrations. 

If the molecule is distorted,the transitions will be equally polarized 

along the x and z molecular axes. From the values of the squared direc-

tional cosines of pDB listed in Table 19, equal polarization along the 

x and z molecular axes gives a polarization ratio along the crystal axis 

of Ic/Ib = 1.5 as compared to the value of I/~ = 3.4 for polarization 

along the molecular x axis only. The measured polarization ratio of 

Ic/Ib for the absorption origin is 2.997 and 3.1, 7l which is not in-

consistent with the conclusion that pDB is distorted in its excited triplet 

state into a trans configuration. 

In summary, the observed ODMR and PMDR spectra of pDB are consistent 

with the hypothesis that the excited triplet state of pDB is a rrrr* state 

and that the symmetry of the excited state is B2 u· From the assigned 

orientation of the zero field tensor, the spin density appears to be 
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localized primarily on the four carbons that are not bonded to the chlorines. 

The small value of the chlorine out-of-plane hyperfine element leads to 

the conclusion that the chlorines do not participate significantly in the 

excitation. 

On the basis of the PMDR spectra and the reduced value of the chlorine 

nuclear quadrupole coupling constant as compared to the value for the ground 

state, it is hypothesized that the C-Cl bonds are bent and that the molecule_ 

possesses C2 h rather than D
2
h spacial symmetry in the excited state. 

The assignment of the symmetry of the excited triplet state of pDB 

as a B · state is somewhat disturbing in view of the small participation 
2U 

of the chlorines in the excitation and the accepted assignment of the first 

excited triplet state of benzene as a B
1
u state. 

Therefore two experiments are proposed to remove many of the assump-

tions made ih the preceeding discussion. The measurement of the ODMR 

spectra in a magnetic field would give the orientation of the principal 

axis systems of H88, HQ and ~ and in addition permit the measurement 

of the two in-plane components of the chlorine hyperfine tensor. The use 

of a polarizer to separate the components of the phosphorescence spectra 

while performing the PMDR experiments would permit a more detailed analysis 

of the vibrational structure of the phosphorescence and consequently an 

unambiguous assignment of the symmetry of the excited triplet state of pDB. 
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Table 15 

Polarization of the Phosphorescence 

to the Ground State Vibrational Levels 
"'' 

3B2u Polarization 
Levels X y z 

't' h b3g a 
X 2g g 

Symmetry of 
't' b3g b2g blg Ground State 

y Vibrations 

't' a blg b2g z g 



'( 

Vibrational 
Symmetry 

a g 

* 
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Table 16 

Predicted change in intensity of the phosphorescence 

for a molecule in a 3B2u state when~monitoring the 

individual vibronic bonds of the phosphorescence*. 

Microwave Transition Saturated 
't" -+ T 

X y 

(N -N )If y X X 

<o 

(N -N ) (I<! -J?) 
X y y X 

> 0 

(N -N ) (!(' -!&") 
X Y Y X 

> 0 

'f -+ T 
X z 

(N -N )(!(C -If) 
X Z Z X 

> 0 

(N -N ) (If _!(C) 
X Z Z X 

> 0 

(N -N )!<! 
Z X X 

<o 

T -+ T 
y z 

(N -N )!(C 
y z z 

> 0 

(N -N ) (If-!&") 
y z z y 

>o 

(N -N )I(C z y y 

< 0 

The change in intensity is based on the assignment N > N > N and 
X y Z 

Ki>If->If- • 
Z y X 
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Table 17 

Predicted change in intensity of the phosphorescence 

* for a distorted (c2h) excited state. 

Vibrational Microwave Transition Saturated 
Symmetry T -+ T T -+ T T -+ T 

X y X z y z 

a (N -N )(~-rz) 
g X Y y X 

(N -N )(I(CZ_I(CZ) 
X Z Z X 

(N -N ) (I(Cz -KY) 
y z z y 

>o > 0 > 0 

b (N -N ) (I(CZ -iY") (N -N ) (KY-iY") (N -N ) (~-rz) 
g X y y X X Z Z X y z z y 

>o > 0 > 0 

* The change in intensity is based on the assumption N > N > N 
and ~ > ~ > ~ or vice verca. x y z 

Z y X 

e· i 
I 

.>' 

! 
'i 



- -1 v(±5cro ) 

27868 
27823 
27556 
27538 
27504 
27247 
27115 
26938 
268o8 
26793 
26759 
26686 
26570 
26502 

- 26487 
26453 
26285 
26241 
26054 
26016 
2598o 
25695 
25542 

* 

* 

.6-v 

45 
312 
330 
364 
621 
753 
931 

1061 
1075 
1109 
U82 
1298 
1366 
1382 
1415 
1583 
1627 
1814 
1i352 
1888 
2173' 
2326 

Table 18 

Analysis of the PMDR Spectra of the X Trap · 

Phosphorescence of Paradich1orobenzene ( 1. 3 °K) 

* Intensity of PMDR 

While Saturating 

--

61 43 
6 7 

33 32 
7 7 
8 10 

10 20 
19 10 
13 8 
17 14 
16 12 
19 18 
10 "7 
2 10 
4 5 

12 11 
12 14 
17 101 
3 15 
5 7 
4 8 

13 32 
5 :!..0 
6 31 

" 
77 
13 
79 
10 
15 
15 
26 
23 
35 
20 
31 
15 
1 
8 

24 
28 
35 
0 

13 
16 
33 
14 
17 

Intensity. 

. Ratio 

I Afc .. --~~;-1 TYPE 

1.42 0.56 I 
0.86 0.54 I 
1.72 0.41 I 
1.00 0.70 I 
o.8o 0.67 I 
0.50 1-33 I 
1.90 0.38 I 
1.63 0.35 I 
1.21 o.4o I 
1-33 o.6o I 
1.06 0.58 I 
1.43 0.47 I 
0.20 10.0 II 
o.8o 0.63 I 
1.09 0.46 I 
0.86 0.50 I 
0.17 2.89 II 
0.20 - II 
0.71 0.54 I 
0.50 0.5 I 
0.41 0.97 I 
0.5 0.71 I 
0.19 1.82 II 

Ground state values are given in :parentheses (See reference 123). 

.. .4 

* Assignment 

Trap origin 
Lattice (41 Bg) 
b2g (306) 
ag (327) 
312 + 46 
2 X 312 
ag(744) 
3 X 312 
755 + 313 
ag(1081) 
ag(ll03) 
ag(ll74) 
b3g(1293 

b~~(1577) 
1 3 + 46 

1583 + 753 

! 

I 

~ 
.....;j 
I 
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Table 19 

Squared Directional Cosines of the Molecular 

* .Axes with Respect to the Crystallographic Axes 

Paradichlorobenzene (133°K) 

Molecular Axis Crystallographic Axis 
a b c 

X 0 0.231 Oo778 

y 0.472 0.412 0.116 

z 0.537 0.357 0.106 

* From reference 71. 

• 
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APPENDIX 

Program ODMR 

A. Description 

This Fortran IV program written for the CDC 6600 computes the elec

tron magnetic dipole allowed transition frequencies and probabilities as 

well as the energy levels for a spin system consisting of the triplet 

electrons and an arbitrary number of nuclei in the absence of an exter

nal magnetic field. The present form of the program accepts up to 4 

different nuclear spins and will solve a spin Hamiltonian matrix up to 

48 x 48. The number of nuclear spins may be increased to any necessary 

ntimber by changing the dimensions of the appropriate matrices. 

The program calculates the spin Hamiltonian matrix by evaluating 

the individual contributions from H88, ~ and HHF (see section III). 

The basis states of the spin Hamiltonian are the eigenstates of Sz 

for both the electron and nuclear spins. In order to allow for non

coincidence of the axis systems that diagonalize Hss, liQ and HHF, 

a rotation of the nuclear quadrupole and/or nuclear hyperfine Hamiltonian 

axis systems about the y axis of Hss is provided. 

The individual matrix elements of H88, ~ and HHF are evalu

ated and collected into groups depending on the operators involved, such 

as Sziz, Szi+ etc. (see comment cards). The completed spin Hamil

tonian is then diagonalized by subroutine HDIAG which was written by 

Marjorie Merwin, M.I.T., and converted for CDC 6600 operation by Bill 

Dempster, LRL Berkeley. The matrix multiplication necessary to compute 

the transition probabilities is performed by the Compass subroutine 
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FEMME (also written by Bill Dempster) which is approximately 5.5 times 

as fast as an equivalent Fortran subroutine. The frequencies and inten

sities, as-well as the energy levels they connect, are then printed in 

order from the highest frequency transition to the lowest. In addition, 

the transitions are collected into groups differing in frequency by 

0.05 MHz (see cards A-ll and A-279) and the weighted average of the 

transition frequencies and the summation of their intensities printed. 

ENDOR transitions due only to the electron magnetic dipole operator 

are sorted into the triplet manifold in which they occur and also 

printed. 

An option is provided to suppress printing of the matrix elements 

of the total spin Hamiltonian (OPl) as well as an option which permits 

only the weighted average of the transition frequencies to be printed 

(OP2). 

B. Input Variables 

Use one set of data cards for each calculation. For a definition 

of the terms used see section III. 

CARD #1 (Format 3Fl0. 3') 

Col l-10 

ll-20 

;[' 21-30 

CARD #2 (Format 3Il) 

Col 1 Number of nuclear ·spins 

Col 2 If set equal to zero, the input spin Hamiltonian is not 

printed 

Col 3 If set equal to zero, the complete list of transition 

frequencies is not printed 
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CARD #3 (Format 7Fl0.3, 2F5.0) 

This card is necessary for each nuclear spin 

Col 1-10 nuclear spin quantum number (Iz) 

11-20 Vx:x. 

l 21-30 v ~ yy 

31-40 Vzz 

41-50 Ax:x. 

l 51-60 Ayy HHF 
61-70 Azz 

71-75 Rotation angle for HQ about y axis of Hss (in degrees) 

76~80 Rotation angle for HHF about y axis of Hss (in degrees) 

6789 Card 
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r>.Rr:r.R~.f1 or.>.~P II~tPIJT,OUTPIJT,TAP~='~=l~!PUTI 
[I(M[IJ<; i(i'.' 6\ (481, A(48,481, T~ ( 48,4flltF !V~ ( 48,4RI 
) l .. FNSI Y' C:l ( ':>'1(•,41, XXX( 3'" ,41 
f1,! W ~~-s l'l ~I X" I 5 i , Y ~~I 5 I , Z" I ~I , B f 5 I , r: I 5 I , Pl-i! 5 I , X! 5 I , J?. I '5 I , t< 2 I" I , I Y I~ I 
'\.i ''[ I·JS T l~' T Z ( 5 I , X,', C '3 I , A X X f ~ I , A YY ( 5 I , OA C 5 I , fl S C ':i I , S I 'i I , S?. ( 5 I , A ZZ C 51 
-~ l "~l' N<; I C ~J C C 5 I, C2 (?I , TH ( 5 I , Q ( 'i I 
ffl1JT-VALt:~ 1 rf !A,Yli'I(),CEl,T'<I 
j[t,L .J2,'<2 
''FF=S0~ Tl ?. I 

F' f' S=O .r 1 
J '"~ CN'TPillf 

0'll <;FCO~r (lAP) 
F EAfl 7?.0, X'~( 11 ,Yt·Hll,lM( ll 
IF C U'F, ~I 710, ?" 

20 Coi.JNT l~'lJF 
nr, :.r· L=l ,L· 
RILI=r•.•:-

30 Cf~~,T l'~UF. 

'':l t.(• _l=1 ,5 
IJ(I.l=l· 

40 C'ONT_P•Itif 
o·o 5Ci i'= 1, 6rr 
f)J 50 J=l ,4 

r ·1 r r, ·,, =C .c-
50 Cf)~t'r !l>iUf 

•X ( l 1=.1 
T Y I 1'} =J 
:-J=-,3"l:!"( 11/2. 
l= (\'M·( 1)-XM( 111/2 o 

PEArl ?3C, 1\,ilPl,nnz 
"ll=~'+.l 
'1,0 l>ll. I=?,"'! 
F'[;Af')_ 74r,, X( I I ,x~ (! I,YMC Il ,ZI"I I), AXX( I I,AYYC II, All( 

THF=(7H( I )/l_Ar';, )*PI 
PHP=(DH( I 1/lP",I"nT 
~ ( l I =S-1 rH TH" I 
C(II=Cf:SITH"l 
f'lli=SJN(rHD) 
F (!I =Cr:15C Pf-'P) 
S2!li=!A( Ill*lqii II 
(t. I' I= If' I !II* IF I Ill 
XAIT·I=I XI I I I* lXII I 1+-Xfl I 
Q!II=ZI-I!II 
J F !~I I l.t=Q.(, .·:• I r;rr TO hO 
Q A! I I =Q I J 1/ ( R* I X ( I I I** 2 -4* I X I I I I I 
AS ( J I= (X" ( !1-Y'I( Ili/Z'-4 (II 

69 CONTINIJF 
NZ=~ 
no 10 I=2,Nl 
~;y I I I =2•: I X I I I I+ 1 
~-!·Z=~IZ* l Yl! I 

7.0 CC':<i" INIJE 
IF (fJP1.EC.f'l GO 

PP l,~tT 75i'"l, l~l,"JZ 

M CONTINIJE 
nn qn I =1 .~-7 
no 90 J=l,NZ 

TO 80 

! I, TH(! I, Pll( i I 

A 1 
A 2 
A 3 
A 4 
A 5 
6 6 
A 7 
A R 
1\ q 

A lC 
A 11 
A 12 
A 13 
II 14 
A 15 
A 16 
A 17 
A 1P. 
II 1<') 

A 20 
A :> 1 
~ 22 
-~ ?~ 

A 24 
A 25 
6 26 
A 27 
A 2H 
A ~9 

A 3C: 
A 31 
A 32 
A 33 
A 34 
A ?::l 
A 16 
A 17 
~ ~R 

~q 

t. 4(1 
A 41 
-~ 4? 
t. 43 
A 44 
A 45 
A 4o 
t. 47 
A 4A 
A 49 
<\ 5C 
A s 1 
A ~2 

t. 53 
A 5t. 

A 55 
A 'i6 
A 57 
A :.B 
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1 r , .n ='· 
K ( ;·, J) = .· • .. 

·f.'rl j,V J="~P,Nl 

; l I I ) = l 7 I I) >t; Y( J I 
l r. ([H· T ! 1·-!llf 

"'' 3 ~' I I = l , I'! Z 
nc '1... r ~] ',,,, 
':AX=( l:-~ 1/17( !I 
.I 2 I I I =X I ! l -r•:, X+ I'" AX II Y I l I l "I I Y ( I l I 

1·r· ., .. J.t=l!r·ll 
[11) 12' !-=1·''' 
''II X=( .JJ-1 )/17.( I) 

~ 2 I I l =X I I I- ~A X+ I" A X I I Y ( ! l I *I I Y I I I I 
12 ·• r: c~· T li·Wr 

IF I J?( l.l .N;- .K?.I 111 r;r Tfl 21C 
nr l 3•- !=2, ~II 
~=I 

IF (J,;(TJ.~![.K21!1l r:(' -o ]50 

P r: : 4 1 I = 2, •J i. 
. t I I I , ,J J l =!'.I IT , ) J l +I 0 e I I I I 2. )"'I 3 *I J ?. I I I I** 2- xr.. I : l l * ( ( 3.- AS ( I l l "I C I I 
111~*?+8SI ll-!I+IJ?I11 )ftfJ?IIll*l IIZZIIll*IC?I lll+IAXX( Ill'IS?.IIll I 

]4•; f['I~'TI'~'IL 

t. I 1 i , .I .I I = ~ I! 1 , .I .J I + I fl* I I J 2 I 1 I I** 2- I 2 • 13 • I I I 

1"-~ ('~'t'·I':it< 

IF IJ21KJ.!,•:.IK21KI+lll GC Tfl tan 
L =I<'+ 1 
I F I L. r; T. ~ l I Gf'l T r1 1 7C 
".c, Jl)r 1 ='- ,n 
IF fJ?Ill.'F.I<?!!II r.n TP 3:?C 

17r. crr--p·rJF 
A ( I I , .I J I= A I I I , .J J I + (Qt. I K 1/2. I* I K?. (I< I +J 2 ( K I I* ( SQ? T ( XA ( K 1- I I< 21 K I I* ( J 2 

1 I K I l I l <• I ( r: (tO I" ( S I K I l I" I A<:. I K I -3. l +I J 2 I 1 l I* I ';QRTI X t I 1<. l- I K 2 I I< l l * ( J 2 ( 
2~ l l I l ''I A 7 Z (KI-A X X ( K l I,;. I f< ( K II "'IF ( K I l 
r;r rn 32'' 

lf:l(' ('nNTjt;UC, 

I F ( J? ( K l • ~.: •· • I K !' ( K l + 2 II Gfl T D 3 2 C 
L=K+1 
IF (L.GT.~.Jll r;r' Tfl 2C•" 
nn 190 !=Lo''l 
IF IJ21!l.t\E.K?1Jll r,r• T(1 320 

190 crr·rp·ur· 

7"'~ CCI-'Tl'JIIE 
~ I I I , JJ l =I 0111 K l /4 l * ( S (1~ T ( ( X A ( K l- I K2 I I< l l ** 2-K 2 ( K I I* (X A ( K I- ( J?. ( K I l * ( 

lY. 2 I I<' I I- ,I 2 I" I I II *I V' I S (I< l l * * ?.+~ S ( K l "' ( I C I Kl l *,. 2+ 1 l I 
GCJ TO 

21" cn~·-r 

l F ( J 
[' (' 2 '2 

:.zr· 
l 1f· 
I 1 I • '' F • 11< ? I 1 l + 1 l I 

I =2 .~:1 

A '59 
~ b') 
A 61 
~ 62 
~ 63 
~ f--L_ 

A 65 
A 1)6 
A 67 
A 6ll 
A 69 
A 70 
A 71 
A 7?. 
A 73 
A 74 
A 75 
A 71:-
ti 77 
A 78 
A 79 
A ll( 
A Al 
II A? 
A fl3 
A 84 
A 85 
A A6 
A 87 
A 1'113 
A !'19 
A 90 
A 91 
A 92 
A 93 
A 94 
A 95 
A 96 
A 9,. 
A CJA 
A 99 
A 1110 
A 101 
A 102 
A 10 3 
A 1 ,,4 
A 105 
A 106 
A 107 
A V8 
A U9 
A 110 
A 111 
A 112 
A 113 
A 114 
A 115 
A 116 

.(~; 
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V.=I 
rr (JZI!I.':'-.'<71111 r,n :r· ?4" 

r,~, "")r !=?,~:~ 

'· ( ; l I J J) = .\( I ! I .I ,I) ~F F q K? ( l ) ) .. ( p ( I I ) .. ( F (I ) ) * (·HZ (I ) -AX X ( I ) I 
ruNT p·t IF 
r r ~: r rH 1, 
IF (.17 ( o< ) • 1· - • U'; I K I+ 1 I ) (,rJ TO 27'.' 
t=K,..l 
TF ( ( .~~T.~ 1 ]) (,.t Tfl 26(' 
P ~' ? ':' ,_., I = L • ".!J 
I F I J? I ! I , t' i • I( 2 ( I II G r> T fl 3 2 (• 
[:(]1-'"'lt·ll:·: 

cw-.~i!·lft 
-~ .( ! 1 , ,1.1 I= t ( I I , ,J,I I+ I I I 1\ Y X ( K I I* ( C2 It< II+ I All (I( II"' ( S2 ( K I 1-AYY ( K I 1/4, I* 

l r r >· ( c ·" ~ T ( X t ( k ) - ( K .~ ( v ) ) '·' ( J ., ( < ) ) ) ) 
(:.(\ ·~~ ?/.· 

,,, .. C i·,r·"7" 1·-~uF 
H (J~(K),~',-,(V;?(i<)-1)) (,[1 "!"Q ;•2( 
I.=~-+ 1 
I F ( L • C T • l'i 1. ) r, -~ T n ?q ., 
f\rr ?Ar T=L,~~J. 

r~ t.uii 1 .~~~ .'<.,t 111 r.r, ,.c 32( 
? R /"". ( (·t.l T Jr !tJi: 

r ~ft·•••~••~ S+ I-********** 
2<>n c :11·. :1 .,,!!- . 

,: ( I T 1 ,I. I I= A I l c , 1.1 I+ I ( (1, X X ( ~ I I * (f. 2 (I< I I + ( AZZ I K ) I"' ( SZ I K I I+ A Y Y (I< I I /4, I * 
l'·T>''( <;n"T(X/dKI-U2fK) I*(J?.(t< I I I I 
~r. Tti ~~.2··· 

, .' ( c r· •. T r "1 1 ;_.: 
I >- t.J? I 1 I • ~ ! , I '< ;- I 1 I+ 2l I r;r: T f' <?. r 
:' r ·: ~;-1 t I =?, t-1} 

I f ( .J? I l I , ~ • ,I< 2 (I )) r;r. Tt; <2 r, 
*~'~'~Y·*~*O S••-2 ***~****** 

32'- crr·.,.u-·ui 
.I>. I ! I, .1..1 I='' I 11, .1.1 I +1-

3?'· Cr 11-ITI t<IJ" 
'1'3<~ (.[<~:T !'.!11!: 

I" lfl"l.in." 1 Gf' rr 1V 
r·n :~r.-~ I =1 ,~·7 

n(, 3~'' .1=1,~·'7 

! f' ltd ! , II , HJ , 1; , r. I r; G T C1 3 4(' 
PCJt:T 71-,":, T,.J,~(J,J) 

34;' ('0r.:1 H•Ur: 
':'"i~' CL.•IJT!'·:II!: 

CAll ~"CrH' (l.1P) 
P r: J t,!T AS I , l t.. P 

3 £-r· r ,-Jf-'Tl till' 
Chtt Hr•rt.r; u.•·z,n,uv!l,IIJP,'-81 
J~ (rrl.~r.~) r;r rr~ ?7.' 
Pt:'Lf·~T 77r:f ~~~· 

r M. L ~I c r r: r- 1 z h r I 
P (. ! 'IT f; ~ ·':., l f. D 

? 7 1.. c !": 1·! T 1 r ~ u::: 
i-' ~ J '-' T 7 K •O , •: 
pr.:r'n -rq··, n,;·,x··'(1.l,Y"'lll,lr-<lll 

A 117 
A 118 
r.. 119 
A ! 2"C' 
A t21 
A 1?2 
A 123 
A 124 
A 12'i 
A Ph 
A 127 
A 128 
A 129 
A 1 3fl 
A 131 
A 132 
A 133 
A 1"4 
A 135 
A t 36 
A 137 
A 1 18 
A 139 
A 140 
II 141 
A 142 
A 143 , 144 
A 145 
A 146 
A 147 
A 148 
A 149 
A 15r, 
A 151 
/J, 152 
... 153 
A 154 
A 155 
A 15t 
A 157 
A 158 
A 15° 
A 160 
A 161 
A 16? 
A 163 
A 164 
A 165 
A 166 
A 167 
A 168 
A !69 
A 17C 
A 171 
A 172 
A 173 
A 174 
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PPTNT RIH', J,XITI ,01!1,ASI!l ,XMIII91'"11JI,Z"1111 
P 9 I~' T R 1 r , II X X I I I , ~ VY I I I , A 7Z I I I , TH I I I , PH I I I 

3'lli CQNTINUE 

1'\0 39·,-. I=l,NZ 
P<:I~•T R3<, I,.\(!,!) 

190 Cnt!T!NIJE 
nn 4f,·'J I= 1, NZ 
A l I I I =A I I , I ) 

400 CONTINUE 
N3=Nl/3 
N2=?*N3 
DO 41 0 I= 1 , ~'l 
D0·4F' .J=l,NZ 
11II,JI=f'.n 

410 cern I'Wf: 
DO 42r• I=l,N3 
J=I HJ2 
AU t.I )=1. 
A I .I, J) =-l • 

4?.0 CONTJ~;IJ€ 

DO 43f' .!=!,~~2 

J=II:'\+I 
A I I, J I =F~' 

'•30 Cm~THIUE 
CALL FEM~~ IA,E!VR,TK,NZ,NZ,481 
DO 44r, I=l,NZ 
on 44(' .J=l,N7 
·\I I, ,J l =f' I VR I J, I I 

440 C:ONTPWF 
DO 4 5 '·' I = 1 , ~~ l 
('0 4~r J=l ,~IZ 
f!VF(! ,Jl=Ail ,.JI 
~IJ,JI=O.f"l 

4.50 CONT H!llF 
Chl.l. FEV-1i:' IEIVI',TK,A,!'lZ,NZ,481 
DO 46'.l 1=1,NZ 
no 46'~ .J=! ;N7 
AII,Jl=ARSIAII;.li*AIJ,JII 

46f! CONTP.IIJf 
C~LL SfrONO IZAPl 
PP I~~ T 8 <; n , lAP 
I I =f! 
DC ~OC• I =1 ,tJZ 
J =I +1 
IF I J. G T. N Z I GO T 0 490 
Df] 48C K=J,NZ 
IF IAII,KI.L~.l.CE-9) GO Tr 470 
I l= I I+!. 
IF ( II.G~.~991 r,n TO 510 
Elii!,li=ARSIAlii 1-AliKII 
fli!I,21=AII,KI 
fli!I,~I=I 
Ell II,41=1< 

4 70 CONTI tlUE 
4_80 CONTH•IIE 

A l 75 
,, 17 6 

A 177 
II 178 
A 179 
A lA': 
A lF!l 
A 1 ''!2 
11 183 
A I R4 
t. 185 
A 186 
A 187 
1\ 1 RR 
A 11J9 
A 1 O(. 

t. l'H 
f. 192 
f, 19'~ 

A I 94 
A 195 
A 1 Of:> 
A l 97 
A l4fl 
A 199 
A ~C'') 

A ?.Cl 
A 2G 2 
A 201 
A Zc'4 
A '05 
A 206 
,. 21"17 
A ?08 
;; 2J9 
A 210 

" ~ 11 
A 217. 
A :?13 
A Z 14 
A 215 
!l. 216 
r. 217 
A. ?.1'1 
A. 2.19 
A. 22( 
A 2?.1 
~ 22" 
A 223 
!l. ??4 
t. 22 '0 
A 2?'> 
A ?_2 7 
A 22A 
.... '29 
A ?. 3•~· 
6 2~ 1 
A nz 

.. 



4<'l~· r u~•.r !'Ill"' 
~~·> CCNT P•'F 

r,'J T (j <.? ., 
c;• > crrnH u~ 

r '< !f!T ~4 ' 

,,,, ') 6( I( = 1 .I ! 
;:111\)(;, ,( 

1)0 ~.:~ J=I<,!J 
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!~' IE,...t,X-F.!Il,!Jl ~·30 1 ":'10,540 
<;1•1 cc·r,·-,· J':ur-

E '' t X = :~ 1 I I , 1. ) 
•. , = l 

~~---·~ cnt--:Y I'·~P.? 
" 'i •.1 ( '· It~~ :!'·II" 

Tt'·'Pl="liK 1 11 
, , •· 'r·? ~ .· 1 r-:, ·' 1 

.T f'?:~ :(·<·,"') 
T ;~"f'"=''! It<: •'· J 
f-1(1(,1 l=fl I'J.I r1 I 
~ l(K 0 2) =!"~.1"1 1 2 I 
f 11 1t , 1 I"" I 1 ( "1 1.,? J 
<:1 I ". , 4 J = F 1 I ~~! , 4 I 
' 11M I '1 I = T! '''-'1 
F 1 ( tq , 2 I = T f- M P 2 
•·11 1.1(,::1 1 =,.~··•rJ 
"1P'Io4I=Tf!·'P4 

~b'• (''WT I~IIJf 
rc IOP?.~'1.tl r;r TO 51lC 
pr: rr:r flt•'· 
[lr· <,-., !=l,T! 
I J: I fl I J tl I • L-:-, f·, 1 I c;n T 0 57 0 
L <' V ). =' 1! I , -:q 
u:v?.=Elll,'·l 
Pl.ft•T tl7L'• L~' 11l olLV2,U(l,J) rElii,.?) 

<:70 f[H;TJ'JU' 
'>-'l·) CQ~;T!~·U:' 

PI.JIJT F!'l•~, D[ S 
PRI~'T 89C· 
T~:Mo2=C ,f 
r.:-11P 1 =C:·. ~ 
IJ-.i II-1 
~JP=l 

'1G 61" I=l,!! 
J=J+l 
II Xf' =-f: 1 (I , 11-f. 1( Jot I 
I F I II Xt • 1;[. , ~ ;- S I C. fl TO 5 90 
GO TO M•·:• 

5QI) ~IP=f•iP+ J 
JF INP,[Q,;:>I .1'-l=l 
GO T~' t,:!(: 

60(• IF I ~!P,EO,II J~=! 
III):J 

{'11 Afr .l"=J"t'~R 
TUH>l=T:,OMPl+"ll ,l'-1,1 I 
TE~P?•TE~P.?+~l(JM,21 

f>ll'l COioiTIWIC' 
'EMP l = T<:t1P lt•:o 

~ ..... 

A 23:' 
A 234 
A 235 
A 236 
A 237 
A 238 
A 239 
A 24') 
A 241 
A 242 
A 243 
A 244 
A 245 
A 246 
A 24.7 
A l48 
A 249 
A 4!'.(1 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

?0:;> 

253 
254 
255 
?.56 
257 
:?58 
259 
260 
261 
?62 

A 263 
A 264 
A 265 
A 266 
A 2b7 
A 268 
A 269 
A 270 
A271 
A 272 
A 273 
A 274 
A 275 
A 27o 
A277 
A 278 
A 279 
A 280 
A 281 
A 282 
A 283 
A 284 
A 285 
A 286 
A 287 
·A 288 
A 289 
A 29(1 



c 
c 

PRINT 900, Tf~Pl,TF.~P2 9 NP 
NP=l 
.TEMPl=O~O 
TEMP2=r· .r: 

6~f6-(i:n-:TfNuf--·· ---
,~_o __ «;:()t.-IIJNUE 

N3=NZ/3 
-- ·-·.!<"C. 

I J:IJ+l 
00 660 I =1, II 

--TEvFI'i"!1 ,31 
lfV2=E'lf!,41 
Nll=(LEV1-li/N3 
Nl2= (LEV2-11/W3 
.IF (Nll.EQ.NLZJ 
·Go TO b'iO 

---64o cdN"-Th:uE 
K=K+1 
XXX(K,l)=C:UI,ll 
XXX(K,2J=Ell1,21 
XXX( K,3 I =!:111 ,31 
XXXIK ,41 =!:.11 I ,41 

6'50 C(1~1T INUE 
l-·6'l COfH I Nll"' 

PRI'H 91 ':> 
no .7C'j 1=1,3 
NJ:i( I-1 JH,3+1 
N2=I*N3 
PR PH 92<:, Nl ,~:2 
PP 11-!T 93!'' 
DO 6 9•"! .J = 1 , K 
lf."V1=XX)((J,31 
l.fV2=l'X)(( J 1 4J 

-17S-

tl' !UVl.r,f' .Nl.MJfl.L!'Vlol;: ."i21 GO TO 670 

670 

6RI) 
690 
7')0 

710 

GO TO ~Be . . 
IF !XXY(J,!I.L~.".11 ~C TO 6PO 
PPTNT 940, lfV1 1 lEV2,XXX(J,lltXXX!J,21 
(ON T I '·JUF. 
(01\TJI'dJf 
CDNT INU!o 
t;O TO 10 
CONT INlJE 

720 ~OP~ATI3F10.~1 
7;10 FOR;~I'.T(3tll 
74n FQP~AT(7F1p.4,2F5.01 
750 FOF~A7!1Hl~~THIS MATPJX S~OULO HAVE R~EN OJME~SION *t13t* X *tl31 
760 ~OPMAT(lOX,2T'i,F10.~1 
TiO Ff'F.MAH//,InX,*~'P=~'tl!'l 
780 F0fi"AT!lH1t*!NPUT PARJ.11,£THS, TRIPLfT PUIS oeo, llt* NUCLEAR FUNCTION 

lf Sl*l 
790 FOPMAT(//,JOX,•n=•,F9.3,7X,*~=*tF~.3,6X,*X=*tF9;3,6X,*Y•*,F9.3,6X, 

l*l="'·f9.31 
R00 FO~MAT!//,1CX,•t*,I1,5X,*S•*•F4.1,5X,*O=*•F7.!,5X,*AS=*•F6.2,5X,*V 

lXX=•,F7.3,5X,*VYY=•,F7.~,5X,*VZZ=*tF7.31 , . 
sfci FORMATI26X,*AXX=*tF6.1,5X,*AYY•*•F6.l,5X,*AZZ•*tF6.1,4~,*THETA•*tF 

-~.!_1_,6X,*PS.l_=;!_tF!:.ll . 
R20 FOPMAT(///,10X,~L~V[L ENEPGY (MHZJ•,II/1 
~30 fPPMAT(t,!rX,I3,cX,Fl~.31 
840 F.ORI.IAT!//,*1·/AD!\J!IIII; f1 ~'AT~IX NOT LARGE ENOUGH*! 
8~0 f0P~AT!I/,!OX,~CP=•,F9.31 

R6() FO!'IMAT( lHl ,J 2X,~t-TRANSION•, 7X ,•FRHiUfNCY*t 'iX,* IIIITf:NS ITY*t I Ill 
R70 l'ror•t.TI t,!IX,I3,* -* 1 l3;~X,f'lO.~,!:X,('10.3J 
ll&~ FOR~~IlT(lH1.lfXI*TRA~lSISTIONS COLLECTED 11-.!TC' GROUPS WITH A FREO'Jt:NC 

1Y OTFFE~~~Cl LE~S THEN OR EOUAL.Tn •,F8.5,• ~HZ*I 
890 ~o~~6T(///,12X,*F~[QUf~CY~,5X,*INT[NSITY*,~X,*NUMRER*tii/J 
90n rn~~ATilrx,FJn.~,5~,El0.3,7X,'3,//I 
910 FOR~AT(1Htl . 
920 FQO~AT(5/,J~X,*f~~~R TPAN~ISTIONS ASSOCIATED WITH LEVELS*,I3,* TO 

1"'•~"'•* H:Clii<IVI*tl/11 
93C FGPMtT!l~X,~llVfl 1 LFVEL 2 FR~QUENCY INTENSITY*,///! 
940 FQF~AT!l~X,I~,~X,I~t5X,F10.3,5X,EJ0.3.,///I 

£rJn 

A 2'U 
A 292 
A z•n 
A 294 
A 295 
A 296 
A 297 
A 298 
A 2'19 
A 300 
A 301 
A 302 
A 303 
A 304 
A 305 
A 306 
A 307 
A 3.08 
A 309 
A 310 
A 311 
A 312 
A 313 
A 314 
A 315 
A 316 
A 317 
A 318 
A 319 
A 320 
A 321 
A 322 
A 323 
A 324 
A ~25 
A 326 
A 327 
A 328 
A 329 
A 3Vl 
A 331 
A 332 
A 333 
A 334 
A 3 35 
A 336 
A 3H 
A 338 
A 339 
A 340 
A "4·1 
A 342 
A 343 
A 344 
A ~45 
A 346 
A ~47 
A 348 
A 349 
A 35fl 
A 351 
A 352 
A 353 
A 354 
A 355 
A 3'56 
A 357 
A 358 
A 359 
A 360 
A 361 
A 362 
A ~63 
A 364-
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~ORTR~N IV SUBa~UTINE HOIA~(H,N,IEGEN,U,Nu,NO!MENI 
DIMFNSI0N H(NDI~~N,li,U(MDI~[N,11,X(48t,tQI4AI 
I_F ( IFt.ENI 5o,tr:,5o . 

1' C'.'1 40 I = 1, t! 
Dn 4C J= 1, N 
I" 1 I-JI 3r:,? ),~o 

2(1 UII,JI=l." 
GO T 0 41' 

30 Ull,JI=0.f'l 
41' C'Jt.!T l~!lJ[ 

Ni = 1 z•tit/3 
50 "Jil=l) . 

IF (N~ll 430~43r,6C 
6C'o "lMI1 =N-1 

OC ~I) .1 =1 ,~!t~I 1 
X (1 I ='l: .1) 

1Pll=I+1 
r,o Rn J.= 1 P L!,"' 
~Jli.=I-J 
IF IKILL.H:.Nll GO ·ro 70 
IF (XIII-AFISOHI,Jill 7(·,70,80 

7(1 X (1 I.;ARS I HI 1, .J .I I 
IO(II=J_ 

80 ~ONTINlJF . 
P.AP,; ott.4r 4(·c(,, ~r N'coocroo 
HOTE ST: 1. CF.3n7 

qo ~0 12~ I=l,N~Il 
IF I I-ll 110,11",100 

1~C IF ( X"AY.-XI J II 11 :), 12f'tl21l 
110 X'IAX.,XI II 

I P t V=I 
JPJV:JQI I I 

120 CONT_INUE 
IF (XUAXI 43l. ,4?r,13(' 

l3'i IF (HOTESTI l'iJ,l?O,l4~ 

141) fl' (XMAX-1-'0Tf.STI 1511,150,180 
15" HDI'II~=AR~IHil,ll I 

1'0 17" I=?,N 
IF I HI1J ~II~-MlS I HII ,I Ill 170, 170,160 

1~') f-IDHIJN=ARSI HI!, T I I 
110 CONT INiJf 

HDTfST=HDTMIN*AAP 
IF IHOTF.ST-XMAXI 1M,430,43C 

lAO NR=NR+1 
TAN r.= SIGN I 2 <C , I HI I PI V, I PI V l- H( J P IV, J P IV I I l *H( I PI V t J PI V 1/ I AR S (HI I P 1 
1V~lP1VI-~IJPIV,JPIVII+SQPTIIHIIPIV,IPIVI-H(JPIV,JPIVl 1**2+4.0*HIIP 
-iiV~JP-fVl"*211 . 
COSINE=l.0/SQRTil.D+T~NG**2l 
~JNE=TANG~COSINE . 
Hli=HI J PIV, lPIV I 
H(IPIVriPIVI=COSJNE**2*1Hli+TANG*I2.0*HIIPIV,JP1VI+TANG*H(JPIV,JPI 

- _ .... !'!JII_ '-· .... - - . . .. 
HIJPIV,JPIVI=C8~tNE**2*1HIJPIV,JPIVI-TANG*I2.0*HIIPIV,JPIVI-TANG*H 

11111 
H{IPIV~JPIVI=O.r 
IF IHIIPI~,IPIV)-HIJPIV,JP(Vli 190,200,200 

190 ~~~~P=HiJPIV,IPI~I 
____ I!!_!_~JY. d"J '!_} =.f-!1. JP 1_\!.t_ JP IV I 

8 1 
B 2 
B 3 
8 4 
R 5 
R 6 
8 7 
8 8 

.8 9 
B 10 
8 11 
f:l 12 
fi 13 
ll 14 
8 15 
ll 16 
8 17 
8 18 
8 19 
8 20 
8 21 
8 22 
F\ 23 

·a 24 
R 25 
B 26 
8 27 
8 28 
8 29 
8 30 
8 31 
8 32 
f\ 33 
R 34 
8 35 
1\ 36 
1\ 37 
8 38 
8 )q 

8 40 
8 41 
8 42 
8 43 
R 44 
8 45. 
8 46 
8 47 
F\ 48 
B 49 
8 50 
8 51 
8 52 
8 53 
B 54. 
B 55 
R 56 
B 57 
B 58 
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~(.JPJV,.JPJV)c:HTf~1P 

HTfMP=SJG~(1.~,-SJNEJ•rnSJ~E 
CO<; I w:=A ~<; ( S INC: I 
SJNG:HTr.\tO 

?..CC CO~JT I'•"Jf. 
r> u ? r r "1 , ~~·~I 1 
IF ( I-IP!VJ 22:·,?.70,?.1<' 

ZF· I" ( I-JP!VJ ?.~ 1;,?.70,22:-
221' IF ( J()( I 1-!PIVI 230,24(·, ?31' 
2 V' IF I I Q II J -JP IV I 27C, 24C, 27(1 
24C K=IQIII 

HTf'f!P=H( I ,KI 
HII,f<'Jc:t),f'. 
IPLl=l+l 
XIT1=0.0 
no ?.60 .J=IPLlrN 
If' IXIII-APS(~(I,JIII 2~0,2SI',260 

250 X(JI=t.PSIHII.JJI 
!0 I I J=J 

260 CONTIMJr 
H( l ,I<.)=HTf:r-P 

270 CflNTINUF 
X(JPIVJ=f,l' 
X(JPJVI=~'·.I' 

flil 40'1 I=l ,N 
JF (I-!P!Vl 28(',400,"''?'· 

,280 ~T~~P=H(l,IP!VI 
H ( I , I P I II l ='I: OS IN f * HT EM P + S I~· f •I-' ( 1 , JP 1 V I 
IF (X(JI-A8qH(l,YPIVIII 290,3~'0.,30C' 

290 X(ri=APS(H(I,YPIVIl 
r n 1 r 1 = r or" 

3f'C' ~l!I,JPJVI=-SJNF*HTFMD+COS1Nf*H(I,JPIVI 
IF (X(J)-ARS(H( I,JPIVIII 310,400,400 

311' Xlll=ARS(HII,JD!VII 
J()(!l=JP!V 
f,[i TO 4CP 

3'20 I~' (1-JPTVI -:>,~r·,4()(,,?60 

3~0 HTtMP=HIIPJV,II 
HI IP IV, l J=t:OS I'!f *HTO:.:"P+SINE*HI T ,JPIVI 
IF (X(JPIVI-ABSIH(!PIV.Illl 340,350,3"C 

340 X(!PIVI=I~S(H(!DIV,IIl 
IOIIPTVI=I 

350 H(I,JPJVI=-SINE*HTEMP+COSINE*HII,JP!VI 
II= (X(T )-AilS( HI !,JDIVIII 310,400,400 

360 HTFMP=HIIPIV,II 
1-i ( I PI V, I I =C !lS !Nf* HTf: MP+S IN f* HI J P IV, J I 
IF (X(JPIVI-A~SIHIIPIV,IIll 37C,3R0,380 

370 XI IPIVI=A!'S(H( IPIV, I I l 
JOIIPIVI=I 

380 H(JPIV,!I=-SINl*HTEMP+CQS!Nt*HlJP!V,!I 
IF IXC.IPIVI-ARSIHIJPJV, I II I 39C,400,4CO 

390 XIJPIVI=AB~(~(.JDIV,III 
IOI.IPIV I= I 

400 ([1NT INUF 
IF (J[GF~I 90,410,90 

41 ~ oc1 4 zr• I= 1 , rJ 
HTEMP=U( I, IP!Vi 

___ Jll I, I PI VI =COSINf*HTEMP+SHJf*UII ,JPIVI 
420 U(l,JPIVI=-SIN~*HTEMP+COS!Nf*UII,JPIVI 

GO TO 90 . 
·43.n fiETIIC~i 

H!fl 

R 59 
R 6r 
R 1:>1 
A 62 
B 6:'1 
R 64 
8 6'5 
B 66 
A 67 
8 68 
8 69 
A 70 
A 71 
A 72 
R 73 
A 74 
R .75 
A 76 
B 77 
B 78 
B 79 
R 80 
A 81 
R B2 
8 83 
R 84 
8 85 
R 86 
8 87 
A 88 
8 89 
8 90 
8 91 
A 92 
B 9~ 
B 94 
8 9<; 
R 9_!> 
B 97 
8 98 
B 99 
R 100 
fl 101 
B 102 
8 103 
9 104 
8 105 
B 106 
B 107 
B lOB 
B 1~'9 

8 110 
A 111 
f\. 112 
A 113 
fl 114 
B 115 
B 116 
B 117 
A 118 
B 119 
A 120-



Cr':'rJOCC + 
5644(1 

56'i6() 
? 16"· 4 

56150 
J 4711 

•;J7"r:rr>f1?n + 
. ;>71')(\5 

427.CA 
141?2 

A 361r 
2731': 7 

')741.,t)!!')(it". + 

'57051 

. ,7~."17 

6Vi7f 

h 3350 

14~44 
7671() 

~A5.Jr·o ...... c:~r: + 
67234 

54470 

4'1"11? 

?.46(1~ 

54~~r 

365~7 

66~00 

74[:'17 
'53001 

460.')0 
"'f447 

54113' 
~65'i 1 

30063 .. 

54271 
075401)0"1~ + 

54111> 
r-47?? 

5 4111 
'i4??7 

ENTPY FF,.."1E 
* THIS IS ASCf~T SUBROUTINE FE .. ME(~,B,C,N,NC,ll 

FEM'IE' ~SSZ 1 .VERY HIGH SPFED "1ATR IX Mill TIPL ICATIQN,SAME AS 
fNT EQU FEMME . 

Ll 

L2 

MNC 
FN'J 

SA4 !14 .FETCH N .THE <'OllflWING FOR.TRAN 
SA5 f\6 .FETCH l DIMENSIONAIL,tl,ll(L,li,C(l,ll 
PX6 X4 !FIN .U:. 01 RETURN 
SAl f\5 .FETCH NC IFINC .LE. 01 ROURN 
f\l(7 -Xl DO 3 I 1oN 
SA7 MNC ~SAVE -NC DO 2 J = 1 ,NC 
PXO X 5 C ( I , J I = 0. 
DX2 xo•x6 nil 1 ~ = l,N 
BXl -X2 C( !,JI = C(l,JI+A(l,KI•PCK,JI 

· SB6 X 1 .!16 HAS -N*l 1 CONT INIJf 
PX3 X7 2 t:UNTINUf 
Sf\4 X4 .84 HAS N 3 CONTINUE 
f1X2 Xu*X3 RETURN 
SB7 X2 .87 HAS -NC*l• ENO 
SAl f\1 .INITIALIZE A1 AND Xl 
SA2 Fl2 .INITIALIZ~ A2 ANn X2 
Sf\1 1 ,f\1 HAS 1 
LT ~4,Rl,ENT .IF~ .LE. () R=TURN 
Sf\5 f\3-R7 
Sf\1 X5 
SAO B5-B1 
SR5 l(7 

R X5 - X4 
SX7 fll 
GE B5,8.),ENT 
SB2 B3-fl4 
SA4 A7 
I X5 X5+X7 
SXO AO+!l7 
SM· XO+Ill 
MX6 0 
SB5 BO 
NO 
IX4 X4+X7 
FX3 X1*X2 
SAl A1+1l3 
Sll5 f\5+fll 
FXO X6+X3 
NX6 XO 
SA2 A2+1H 
L T F15, f\4, L 'I 
SA6 A0 
SAl Al+~6 

SA2 A2+FI2 
SAO A0+~3 
NZ X4; L.? 
SAl Al+IH 
Sfl2 112+117 
NZ X5,Ll 
EQ !IIJ,BO,ENT 
IISSZ 1 

.B3 HAS. l 
• !~IT IALIZE AI' 
.T~MPORARILY SET !15 Tn -NC 
.INITIALIZf. l COUNTER TO-N 
.X7 HAS 1 
.IF NC .LE •. O, RETURN 
.R2 -iAS L-N 
• INITIALIZE ~.4 TO -NC II COU"'TE~ I 
.INCREMENT I 

.AO HAS THE ADDRESS Of Cl I.ll 

.INITIALIZE ((!,JI TO 7ERO 

.INITIALIZE B5 (K COUNTEFI 

• INCRFMENT .1 
.ACI,~I*BCK,JI 
,FETCH AII,K+ll FOP NEXT CYCLE 
.!NC~E"1FNT K 
• C II, J I + A II , K I•R ( K, J I 
.NORMAL! ZE SliM 
.FETCH BIK+l,JI FO~ ~EXT CYCLt 
• TEST K 
.STJ~E SU"1 IN CII,JI 
.READJUST A1 TO ADD~ESS OF AC I ,11 
.S£T A2 TO A~DRESS OF B(},J+ll 
.AO ~OW HAS AOf)RESS OF CII,J+ll 
• TEST J 
.SETAl TO AOOR[SS OF All+l,ll 
.SET A2 TO ADDReSS rF !1(1,11 
• TEST I 
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