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. OPTICALLY 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

Thefseﬁsitivity of optically détectéd magnéfic resonance (ODMR) as'é
function gf;fhe intramolecular energy transfér processes is developed along
with thékéxplicit form of the .spin Hamiltonian used in ODMR with-zero external
magnetié field. The méin features of the optically detected ESR and ENDOR
spectra in zero field for molecules wit:h dne I=1 or I-=3/2 nuclear
spin ié pfésented.

The optically detected ESR spectra of the Jnn*  state of 8-chloroquinolino,
the 3nnf state of pyrazine and the % state of parﬁdichlorobenzene are
reportéd: In addition the ~>Cl and ~'Cl ENDOR spectra are reported for the
excited triplet states of 8;chloroquinoline and paradichlorobenzene. The
observed ODMR spectra are intefpreted in terms of a spin Hamiltonian incor-
‘porating the electron spin-spin, nuclear gquadrupole and nuclear-electron
hyperfine iﬁteractions. |

3

The nn*  state of 8-chldroquinoline is foundvto have essentially the

‘same values for the electron spin-spin interaction as the nn*  state of
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quinoline. ‘The chlorine nucleér'quadrupole coupling constant of the 3ﬂﬂ*
state of 8-chlor0quinoliﬁe is}approximately‘the same as the values reported
‘for the ground state of similar mblecules, indicating that the chlorine.
“eiectric field gradient is not'significanfly éhanged upon excitation.

The large electron spin-spin interaction measured for the 3nn* state
_6f pyrazine is explained in tefms of the one-center contribution to the
' interaction- Analysis of the nitrogen hyperfine interaction gives the ap-
' proxiﬁate values for the spin density éf 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

3

* A ,
state is a “nnt  state and that the symmetry of the excited state is B

2y
Frum Lhe assigned drientatioh 0T the electron spin-Spin tensor, the spin
iensity 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 hot parti-
cipgte‘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 Cszh rather

than Dgsh spacial symmetfy in the excited state.



I. INTRODUCTION

Since the success of opticaily detected ﬁagnetic resonance (ODMR) of
the loﬁest friplet state of organic molecules is hiéhly dependent on the
nafurevof the triplet state, a short revieﬁ of some of theAmost important
prdpeffies of the triplet state is given in this section. There are several
very good re#iéw articles on thé triplet étaté to which fhe reader is re-
ferrgd‘for & more cdmplete discussion.;-s The second half of this section
is devbted'to the historicai development. of ODMR and a survey of previous

.expefimental results.

A. The ExcitediTriplét'State‘ip'Organié Molecules

A:vfh;'grduﬂisﬁate of most organic molecules consists of a singlet
elecfron configuration in which all the electrons have their spins paired.
The molecule may be excited.to.a higher energy‘eléctron configuration by
the éﬁplicationlof éiectroﬁégnetic 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'prométed to the lowest non-ﬁonding molecular orbital (¢B). Since
electrons have a spin‘of %, there are four possible orientations for the
two unpaired electrons, which, if we let o equal spin up and B equal

spin down, may be represented as,

a(l) «(2) 5 = ‘sz =1
a(1) B(2) s, =0 8% =0 (1)
B(1) o(2) S, = 82 =0
B(1) g(2) 5, = -1 5% =1



This repfesentation, hdwever, is not satisfactory since the electrons obey
Fermi-Dirac statistics and thérefore the total wave function (orbital
times spih) must be ahtisyﬁmetric with respect to electron exchange.

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

and Sz. The spin functions o(1l) o(2) and B(1) B(2) are clearly eigen-
states of S2 and Sz since s? = 1 for bothiand Sz = +1 and -1 respectively.
We can géﬂeraﬁe the Sz = O component of the triplet spin state by apply-
ing the lowerlng operator to the a(l) a(2) state which glves us the

desired spin function,
= [/ V2] [o(1) B(2) + B(D) §(2)J. (2)
The remaining spin function is a singlet
v - '[l/ V2] la(1) 8(2) - 8(1) OL(2)‘] | - (3)

and, in éﬁubfést tb the triplet spin functions, is 3ntinymmah+ic willi
respect‘to electron exchange.

The spacial part of the excltcd gtate cleclron anefunutlon may be
respebented as a symmetric (+) and antlsymmetrlc ( -) linear comblnatlon

of ¢A and ¢B as:
= [1/ Ve]lg, (1) gy(2) = 4,(2) gy(1)] ()

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,

=([1/feJ-£¢A<1>¢B<e) s ¢A<e>¢B<1>;) ([We] [a(1)a(2) - B(1)8(2) ])
(5)
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and a triplet state with an antisymmetric.spacial function and a symmetric
» spin function

o a(l)a(a)
¥ = LN, (Vg,(2) - ¢,(2)g,(1) ]+ {IA2]a(2)8(2) + B(1)a(2)]

B(1)8(2)
(6)

The repulsive electréstaticéintgxaction“hgtwegn the two unpaired.
electrons gives rise to a tefm in the total Hamiltonian equal to e2/r12,
where e is the electron charge and. riz> is the vector connecting the
two electrons. This term removes the degeneracy of the singlet and trip-
let stateg and results in the singlet staté going to higher energy.whiie
the trib;et state is shifted to lower energ& with an energy separation

between the two states of

'‘E-7%F = 28,2 (7)
where 812 is the exchange integral given by
L 2
iz = < g,(D)gp(@)] e/riz | ¢,(2)p (1) > (8)

For most organic molecules 2 b1z is 5000 to 10000 cm . As will
.be discussed in the section on the spin Hamilténian, the -inclusion of the
magnetic'Qipble-dipole_interaction in the Hamiltonian removes the three
fold degenéracy of thé triplet state. This splitting is usually referred
to as the zéro field splitting and is om the order of 0.1 cm .

An additional contribution to the zerd field splitting
arises from the coupling of the spin and orbital electrén angular momen-

tum and is of the form A(L-s) where 'L and 8 are the spin and orbital

angular momentum quantum numbers and A 1s a constant that depends on



he

the particular molecule being considered. The effect of the spin orbit
HamiltonianAis 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-
tfic dip&le radiation to the ground state (phosphorescence), the intensity
from gggg:of the three triplet sublevels being a function of the spiﬁ
orbit céuéiihg to both the excited and the ground singlet states.

Since fhe sensitivity of ODMR depends upon the number of molecules
in their triplet state, an important consideration is intramolecular energy
transfervproceéses. Following excitétion, a molecule may lose energy by
radiative or non-radiative pathways as shown in Figure 1. Phosphorescence
(T, = Sg) and fluorescence (S, - Sp) &omprise the radiative pathways
and proceed with rate constants on the order uf 10% to 10-2 gee~! and 10°
to 10° sec'l, respectively. The longer lifetime for phosphorescence re-
sults from the fact that the triplet state is spin-torbidden for electric
dipole radiaéion to the ground‘state.

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

l).'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 ﬁrimarily by a non-radiative mechanism with a rate
constant of approximately 1012 sec.”}

2) 1Internal Conversion -- or radiationless passage between two
electronic‘states of the same spin multiplicity. The pathway also has

a fast rate constant of approximately 1012 sec.”?
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Intramolecular Energy Transfer Pathways and Rate Constants
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3) Inteféystem Cféssing'-- or radiationiess passage from an electronic
state in the singlet manifold to an electronic state in the triplet mani-
fold or vicé versa; This pathway is slower than the other two and is on
the order of 10* to 10'Z sec.”?

The lowest triplet state may be populated either by direct excitation
into the triplet manifold followed by vibrational relakation to the lowest
vibratiohdi'ievel of Ty or by excitétion.into the singlet manifold followed
byAintersystém crossing into the triplet manifold. The latter is usually
more efficiéht due to its laréer cross section. | |

Althoggh the exact mechanisms of.intersystem crdssing are not completely
understood, it is generally found that at liquid helium temperatures
(h.20° K)fthe triplet sublevels of the lowest tfiplet state have unequal
populatidns and‘coﬁsequently,.a state of alignment exists for the electron
spins.

The varioué rate constants for energy Lransf;r, Lhe existence of
spin aligﬁment, 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 sectiom II.

B. The Historical Development of ODMR

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

6
Kashas’ in 194k, 1In their series of papers it was proposed that the



1 phosphorescent state of these molecules corresponded to their lowest
triplet state. This hypothesis was strongly supported shortly there-
after By magnetic susceptiﬁility 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 péradigm of science, this
'hypotﬁésis was not ﬁniversally accepted.9 The most distressing aspect of
the hypothesié was the failure to observe the predicted electron spin
resQnance (ESR) of the phosphorescent state. The problem was resolved in
1958‘when'Hutchison and Mangum;of}l'succeeded in bbserving the ESR of
haphthalene in its phosphorescent state and showed conclusively that the
ﬁhoS?horescent state was a triplet state. The exﬁeriment was performed
by;ﬁSing conventional techniques in that the'absorpfion of fhe microwave
éﬁérgy'was monitored while varying the applied magnetic field. The sample,
consisfing of a single crystal of durene containing 2 to 5 mole percent
naphthalene, wés maintained at liquid hitfogen temperature while irradiating
with a mercﬁry arc lamp.l‘The resonance signal was observed to decay with
the same lifetime as the phosphorescence upon éxtinguishing the exciting
light,fproving 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
failﬁre‘of previous experiments using randomly orieﬁted samples to detect
the resqnénce. |

Subsequently, the triplet state ESR of many oréanic 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

12,1 '
»13 the three levels can be assigned but

determinédﬂ_ In cértain,éases
the‘aésignment is difficulf and the method has not been tsed often.

The liﬁited sensitivity of ESR and the difficult& of preparing single
crystal'samples has restricted the number of‘molecules investigated; Only
14 molecules have been reported to date using coriventional methods and they
are all'characterized‘by relatively long iived n-n* triplet states
(see Table 1).

| The next major change in the existing paradigmléccurred in 1965 when
Geschwind,~bevlin,vcbhen aﬁd Chinnl)+ reported the §ptical detection of the
ESR of the excited metastable f (éE) stéte of'Cr+3 in AléOz} In this
clasSicvexperiment théy showed that the optical rf double resonance

techniques first suégestéd by Brossel and Kastler15

and widely used in
gasesl6 qould also be applied to solids. The experiment was performed
using a hiéh resolution optical spectromcter to'monifor ﬁhe change in
intensit& of‘one of the Zeeman compopents of the fluorescent light

[ E (2E) » *A2] 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 opticai emission, Since'opt;cal rather than microwave photons are
detected; the sensitivity may be increased several orders of magnitude
over convenfional techniques. As an exémple, at temperatures below the
A point of helium the resonance could be dbser&éd 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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;ed several research groups to attempt to apply the same principles to
the eptical detection of the ESR of organic molecules in their lowest
triplet state. |

In 1967 the first successful experiment was reported by Sharnoff for
the AM.¥.é transition of na.phthalene.l7 In this experiment a single
crystal‘of biphenyl containing 0.1 mole percent naphthalene was placed in
a microwave cavity where it was immersed in iiquid helium maintained at
1.8° K. The crystal was irradiated with the appropriately filtered light
from a mercury arc lamp and'the phosphorescence isolated Wifh a detector
consistihg of a linear polarizer and a low resolution spectrometer. The
microwave field was modulated at LO Hz and the signal detected by feeding
the outpﬁt qf the photomultiplierAinto a phase sensitiﬁe‘amplifier. In
this experiment it was shown that the radiative matrix elements connecting
any triplet sublevel ﬁith the ground singlet electronic level are functions
of the magnetic quantum numbers of that sublevel.

Atpthie point the development of ODMR of the lowest triplet state of
arganic 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.

Shoftly after Sharnoff's paper, Klwzi.ranfL8 reported the optical detec-
tion of the AM =1 and MM = 2 tragsitions of phenantﬁrene in its trip-
let state. In this investigation the experimental methods were the seame
as thoée'ueed 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 Hg oﬁtput of the photomultiplier was coﬁverted to DC by a phase
sénsitivevdetector and fed into a Signal averaée;. The.observed change
in'intensity.of the phosphdrescence atvthe thfee transition frequencies
was used to assign‘the spacial symmetry of the triplet state.

Schmidt, Hesselmanﬁ, Dé Groot and van der Waals a;éo.reported the
optical deteétioh of quinoxaline (de) in 1967. Their experimental procedure
ﬁas_basiéally the samelaé ﬁhat used by Sharnoff,‘except that‘theyAmodulated
the magnetic field with and without'émplitude-modulation of the microwave
field. They were able to éhoﬁ (1) that the emission'originates from the
top‘spipiéoﬁponent (out-ofépiane); and (2) from phosphorescence decay
studies;‘that entry into thé triplet state:by intersystem crbssing is
also to the top spin'component.

InA1968 Schmidt and van der Waalszo extended the aimost zero field
work (3'G)A pfﬂ Hutchison'g groupel by optically detecting the zero-field
transition$1§f molécﬁles'in their triplef state at zero external magnetic
fiéi&. Since it is necessarj to vary the microwave frequency in order to
observe the resonénée in zero external magnetic field, a helix was used
to couple the microwave power to the sample. The cbserved signals were
extreme;y.éharp and iﬁ the case of quinoxaline—(ds), showed fine ;tructure
which waé'fentatively explained 6n the basis of-a‘first order nitrogen
nuclear quadrupble and‘second order nitrogen hyperfine interactions. The
structure was explained quanfitatively in a 1ater.paper2? in terms of a
Hamiltonian incorporating theseAinteractions.

23

Tinti, El-Sayed, Maki and Harris extended the method of optical

detection in zero field by incorporating a high resolution spectrometer
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and stud&ing the effect of the microwave field oﬁ the individual lines
of the phosphorescence spectrum of 2,3-dichloroquinokaline. They showed
that thé use of a high resolution spectrometer will give better sensitivity
in cases;whefe there is mixed polarization of the phosphorescence, since
if the total emissibn 18 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 observéd using C. W. conditions for
both thé'miciowave and optical radiatipns. The observed structure of the
zero-field transitidns was expiained quantitafively in a later paper
in which the first optically deﬁected electron nuclear dduble resonénce
(EﬁDOR) for nitrogen was also reported. Severél other papers~followed on
the observation and interpretation of nifrogen ENDOR in zero fieldQS’26
and was extended to ~5Cl and °7Cl by Buckley and Harris-!. Optical de-
tection of electron—eiectroﬁ double resonance (EEDOR) was reported by
Kuan, Tinti and El-Sayed28 and was demoﬁstrated to be a method of improving
the signal strengthvof ﬁeak iero-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, o1 transferred hyperfine

52

and nuclear'quadrupple interactions from host to guest molecules and

the prediction of microwave modulation of the phosphoiescence.sj
As a.conseqﬁence 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 cuannot be observed by‘conventional methods have received considerable
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attention and the resonances of several new'moleculgs have been reported
(sée Table 3). |

One of fhé most promiSing new applications of'ﬁagnetic resonance is
the invéétigation 6f exciton interacfions in crystals. Wblf_and his co-
workers usihg conventionallESR techniques have observed energy exchange
between paifs of naphthéiehe (hg) molecules as nearéét neighbdrs in an
isotopically’dilute system,29 and'triplet excitons in pure crystals of
naphthalene and énthraéene single crys‘t‘.zau.ls.f')"'L ‘Sharnoff has reported the

34-35

ODMR of triplet exitons in a single érystal of benzophenone 5 however,

51

his results ha&e been.questioned and to date no other reports.haﬁe'been
published of the ODMR of excitons in molecular crystalé.*

In conclusion, ODMR has developed into three basic areas: 1) the
study of the electron distribvuliun QF organic molecules in their triplet
state by anélysié of the'zero field, ﬁuclear quadrupolevand hyperfine
interactibns, 2) investigations into the intramolecular as well as inter-
molecular bathways 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-

moleculér crystals and have observed coherent migration.
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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-dg 1.95 +h.7ﬁ0 - .192 93
Diphenylmethylene Benzophenone 77 *12.1430 1 .5750 L46-48
Diphenylmethyléne 1,1-Diphenylethylene 77 -+11.8837 ; .LL473 L46-L8
Fluorene Fluroene © +£2.9140 31.3341 M1
Fluorenylidene Diazafluorene v T7 +$12,2683 7 .8478  L7,48
Isoquinoline Durene 77 + 3.0099 3 .3508 43
Mesitylene - - B-Trimethylborazole 77 * 1.8586 1 .7195 78
Naphthalene-hg Durene - 77' + 3.0069 - .4107 10,11,40,41
Naphthalene-hg Biphenyl 77 + 2.9739 - 4632 10,11,40,41

- + 2.9799 -~ .4617 10,11,40,41
Naphthalene-dg *  Durene-dis - .77 + 3.03807 - .L4176 10,11,40,L1
: o + 3.0279 - .4017 10,11,k0,41

Phenanthrene Biphenyl - 78 + 3.01079 ¥1.3963 21
. _ + 3.0111 ¥1.3961 10,11,Lo,k1

. _ + 3,0219 ¥1.4000 10,11,40,k41
Phenanthrene Fluorene , + 3.0129 #.4000 10,11,40,k41
Phenazine . Diphenyl 90 + 2.2304 - .3298 kg
Pyrene=h1o Fluorene 100 * 2.0326 F.9479 Lk
Pyrene-dig " Fluorene- room * 1.9717 3z .9479 45

temp
Quinoxaline Durene 77 * 3.0189 ¥ .5456 Yo
Quinoline Durene 77 + 3.0878 ¥ .4857 43
Tetramethylpyrazine Durene 77T *2.9679 7 .1289 50

* The zero field splitting parameters D and E are discussed in
Section III, pp. 33-4O.
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Table 2

ODMR of Molecules Previously Observed by‘Conventiqnal Techniques

Molecule Reference
Naphthalene - » 17
Quinoxaline : 19
Quinoline 39
Phenanthrene 18
Isoquinoline - , 39
Tetramethylpyrazine 20
Table 3

New Molecules (Qbserved using ODMR

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

Benzophenonea —————— b2 4+ 4,557 - .630 3k
. + 4.4309 - 4977 35
2,3 dichloroquinoxaline Durene 1.6 + 2.98L49 - .5271 2L
8-chloroquinoline NDurene 1.7 + 2.9550, - .h295b 26
| 1.6 + 2.9526°- .42k8° 36
Pyrazine - h, Paradichloro- 1.3 + 9.26h - .180 37
: benzene 4.2 410.170 - .216 38
Fyrazine - dy Pagadlchhro' 4.2 +10.204 ~.206 38

a enzene :

Pure crystal
b

For the second trap



-15-

II.‘ SENSITIVITI;CQNSIDERATIONS IN OPTICAL DETECTION
Iﬁ this section the basic proceduresused in the optical detection
of ESR and ENDOR in zero magnetic field are reviewed. -Quantitative
expressions are. derived for fhe change in phosphorescence iﬁtensity as
a funcﬁion of the variousArelaxationArate constants'for the triplet

state and the strength of the applied microwave field.

A. 'ESR

The4§Xperiments were all performed under conditions of continuous
dptical excitation while monitoring the change in inteﬁsity of the
phosphofescénce as a function>of the applied-microwave fieid. Only the
case in which the triplet stqte is'populated'by excitation of the sample
into the first excited singlet state followed by intersystem arossing
into the triplet state wili be considered. .For molecules with reasonably
high symmetry (i.e., Dz, Czh, and Czv) different methods of populating
the triplet state may produce different spih alignmenté; however, the
same considerations- apply in calculating the sensitivity achieved using
onr, 63,6667 |

The radiative and non-radiative pathways for energy transfer are
depicted in Figure 2, where S; is the population of the lowest excited
singlet state, Ny (x= x,y,z) is the steady state population of the
corresponding triplet leVels, Kix is the non-radiative relaxatioq rate
constant for relaxation to So’ Kx is the radiative or phosphorescence rate
constant for relaxation to.So, Wxixz (x1 %xg) is the spin ;attice relaxa-

tion rate constant and Pyyxz (x1 #x2) is the induced rate constant due
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NON
INTERSYSTEM  RADIATIVE SPIN LATTICE MICROWAVE POPU- RADIATIVE TRIPLET
CROSSING RELAXATION RELAXATION COUPLING LATION RELAXATION LEVEL
- — -~ — A N — A — A — A — A

Si [Sl ‘

Tx
Knx
Wyx] [Wxy W Wxy
Ty
Kny ﬂ
wzx| [Wxz Pyz
. Tz
Knz

So

N#BL T012-7389

Figure 2

' Relaxation Pathways and Rete Constants for the Triplet State
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to the épplied microwave field (Hl);

When the microwave field does not connect eny two ef the zero field
levels of theAtriplet, the steady state popﬁlation is given by setting
PXiX2 iiO. 'The application of the microwave field et a frequency corres-
ponding:to,the‘energy separation of two of the levels (i.e., v = EX-Ey/h)
will inﬁroduce a new pathway for relaxation.causing redistribution of the
population which in most cases‘results in a chenge in the phosphorescence
intensfty.

Sihceuoptical, rather than microwave, .photons are detected, one would
expect the sensitivity-td be improved in ﬁropoftionAto_the ratio of the
energies of the photons, which, for a'typical mplecule, is approximately
3 x.lOS, The actualkchange in the phosthrescence intensity, however,
is a complex function of the various relaxation rate constants. There-
fore, the actﬁal improvement in sensitivity (if there is an improvement)
will depehdron the molecule under study.

In order to derive a reasonably simple quantitati#e expression for
the change in intensity of the phosphorescence, the three following
assumpﬁions will be made:

1) 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 Hy field ( fx apd ry) will
be considered, and
| 3) Only the steady state condition de/dt = dqy/dt = 0 will be
considered for both the case when Hy = O and Hy £ O.

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 Hy field, since in this case the H, -field will induce

an additiﬁﬁal relaxétién pathway for only avfraétién of the population of each )
tiiplet'ievel at any given frequency. |

The second assumbtion will introdupe an error in.the eipression for
the peféehtége‘change in intensity since the intensity contfibution from
the level not coﬁnected by the Hl field (TZ) is neglected. ''his assump-
tion also ré@qires’thaflthe spin lattice relaxation'rate between T, and
Ty and bebwgeu T, and 7y be neglecte&. This io uoﬁally valid since the
experiments are performed at or below 4.20°K.

The third assumption rquires that the experimént be performed uoing
C. W. microwave conditions or mpdulating the microwave field with a
~ frequency 1ower than the total rate constant of the system. -
.The differential equations describing the pOpulation of the levels

shown in Figure 3 are

dN : ' :
X - .

E%—,—vSlKix N [Knx + K o+ ny + ny] + N&_[Wyx + ny] (1)

dN

—L =g -N (K +K +W_ +P ]+N [W_ +P . 2

dt o lxiy y‘[ ny 'y ¥x xy] x [ xy ,xy] o (2)

With the definitions
— - .
A- Kﬁx + K, | ka + ny

B=W +P
yX Xy

, | - (3)
C =K + K +W + P |

Ty Ty vx Txy
D=W +P .

Xy Xy

Equations 1 and 2 may be rewritten
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Tx
Wyx (Wxy
y
‘XBL 7012-7387
‘_Figure 3.

Relaxation Pathways and Rate Constants for only Two of the Three

Triplet Levels (See Text)
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an - ’
X . .
—_— = - +
dt Slle NXA NyB : (h)
dNy.
Ezflf SlKly._‘NyC + N.D . _ B ‘ (5)

- The steady .state assumption allows us to write

aw, |
e

]
C
—~~

()
~

|

dN : :
3 = - :
7 = 5K, - NC+ WD

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

0 o | (7)

let levels,'we have

N . I o .
AC -8B o

and

e L P UL | - (9)

y - AC - BD

The intensity of the phosphorescence‘detected with an optical

spectrometer may be written

I-aNK +aNIK | (20

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

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

détection"system. The assumption will be made that a = ay, which

1

allows the fractional change in.the intensity of the phosphorescence upon

appliqafion of the Hl

field fQ be written
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AT = ——2 =% -1 . (11)

where Io-is‘the intensity of the phosphorescence when ny = 0. With this

conditionxAit is convenient to define the parameters given in Equation

3 as
a::K +K +W
nx X Xy
b=W

yx

: (12)

c=K +K +W
: ny y yx

w .
xy

If both of the tripiet levels are monitored, the fractional change
"in intensity of the emission is given by

| [IiV(AKy + BKX) + KD;(CKX + DKy)][ac - bd] ]
[Kly(a Ky +be-) + I%_x(CKx + deT] [AC - BD]

Al = 1. (13)
In some cases it is possible to monitor only one of the triplet levels
connected by the Hl field, in which case the changesin intensity of

emmission from the T and Ty levels are given by

: [cK. + BK, ]lac - bd] 1k
AT = 1 * Pyee S ' (14)
x chh ¥ bK]J][AC - BD)
- bd]

[Altly + DK.Lx][ac
and  AI = [aK,, ¥ 8K, AT = 507 - 1 (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 éxperiment.

Case #l,JThe 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

Xy X
B = P_ b = 0
X : (16)
C = K +P c = K .
Yy X Y
D = P d-= 0
Cyx

1 field the steady state populations are given by

Nﬁo ;, Sl(le/Kﬁ)
) = Syl K)

In the absence of the H

(17)

=
]

The steady state population of 7x is given by Equation 8 which for this

example becomes

s.[K, K + P (K ] -
N = 1 le_y M xx‘le + Kly»_ : (18)
X [KkKy +‘ny(1<x + Ky)] e

In the limit that ny‘is much larger than any of the relaxation rate

‘ constants,fthe populatiohs of T™x and 7y are equalized and the
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transition is saturated. Clearly, the power required to equalize the
popﬁlationS‘is directly proportional to the relaxation rate of the system
and invéréely proportional to the lifetime of the excited.state.

The population of r#' at saturation is given by

x5 . Sy Ky, + K]

= 1
x X 7 K] (19)
X y
~ and the. corresponding population of Ty is given by

i .sl,[K:Lx + Kly] N - (20)

y K+ K] : ,

s s
and therefore, N =N ~,
X y o
The'change in popuiation of T upon’saturation-is given by
R e
: Ix' x y

Th *0: i = ' i i ion.
eretore, if KxKly ; #yle’ there is no change in population
If the emissions from T and .Ty are monitored simultaneously,'
the fractional change in intensity is given by Equation 13 which, for

this example, reduces to

[KJJ(AK +BK) + K, (CK + DK )]
e y X 1x* X Yy _
at =~ [Kly(AC - BD) ] . (22)

[le + K]y][ny(Kx + Ky) + KXKL]

- : -1 - (23)
[le + K]y][ny(Kx + Ky) + KxKy].
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And»thqféfbrg,“zsl = O and no change in the intensity éf emission will
be obéerve@.< |

waéfer,'if a high resolution optiéal spectrometer is used, it is
often possible fo monitor.the emission from just 6ne of the triplet

levels yla its selective emission to the orlgln or a vibration of the ground
state s1nglet manlfold. an31der for example, T in which case, the change
in intensity given by Equation 14 becomes. '

K P + K + K K |
A Ix . _X [xv(lflx + ly) B Ay y]_‘ 1 (25)

K o ny(hx + Ky) + KxKy

In the llmltlng case where 1ntersystem erossing proveeds pllmarlly to

(le >> K ) ‘Equation 2 reduces. to

P K + K K
Xy X Xy

A = :
T ® (K n K) T KxKy - (25)
At saturation we have
. : ' '
AL, = gax - . (26)
_X' N'g .

The ‘effect ot the ratio of the radiative rate constanto J(Kk/Ky)
on the maximum change in intensity of the emission may be illustrated

with the following examples:

va/Ky o A 1(%)
0.1 | 9L
1 , - 50

10 - 9
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Therefore, the maximum senSitivity is achieved if the level with the .
fast_intersystem crossing rate constant has the slower phosphorescence
rate constant. Unfortunately, the opposite is generally found to be

the case.

Case #2, The Effect of Spin Lattice Relaxation -

The two rate constants for Spin lattice relaxétion are not independent
and may be }elated directly to thé spin lattice relaxation time Tl for
any given temperature.

The interaction between the energy and the lattice may be represented

schematically as

SPINS . LATTICE

Ty (v ] xa : [v_]
Wyx ny ‘ wba Wab
Y v [Ny] X [N.D]

The conservation of energy requires that for each transition from T«
to ry there be a corresponding lattice transition from Xb to Xa and

Qice versa. The transition rate for the lattice may be written

W N A '
ab a (27)

W

ba NB A

where A 1s the transition probability and .Na and N, are the

populations of Xa and Xy, respectively.
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The spin lattice relaxation rate constants may be written in terms

of the_population of the lattiée as

L = W, N A

W = W " N A
Yz ab a

(28)

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

normalized pupulation of thc lattice is given hy

e-8/2kt
N = - f ol
A _-O/BKt _ _§/oKE (29)
ea/ekt

= 5 =l-f
| . e 8/t " B/2kt T
where 5‘;A(Ex - Fy)/2 and Ex and Ey are the energies of the T, . and
T leﬁelsvrespectively. The spin lattice relaxation rates may now be

written

W = (1 =17F) A
Xy
W= (£)a o : (30)

yx

"~ The spin lattice relaxation time is défined by the éxpressibn
1 W _ +W T A . (31)

Thgreforé,_ ny and W&x may be'expresS§d in terms of Tl -and f  as

W =

xy T .

v - £ (32)
T
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In the derivation of equation 32 it is assumed thét only a diréét process
of energ& transfer between the spin system and the latticé exists‘which .
is uSually the case at the temperatures of the experiments (4.2° to 1.3°K).
In_the éaéevthat Raman~or'0rbach processes are present, only the explicit
temperature dependence of the relaxation must be corrected so that the
spin lattiée reiaxation may always be defined for a two level system in
tergs of qh;y Tl af a'giveh temperature. |

A short T, relaxation time will tend to produce a Boltzmann

1

population distribution between the spin subleveis and will therefore
generally ?educe the spin alignmment. This can be seen by considering

the simple case where there is only intersystem crossing to Ty and

emission from T and ry. Again the non-radiative relaxation rate

constants K and K are asSumed to be negligible.

1x Ly

The parameters defining this model are

A = K +W + P a = K + W
Xy Xy X Xy
B = W + P b = W
yX Xy yX
, (33)
C = K +W_+ P ¢c = K +W
yxX Xy N yx
D = + P d = W
Xy Xy Xy
and thé.popﬁlatibns of T and r& when ny = 0 are given by
Lo sl[(Ky + wyx)le]_»
x KK +KW + KW
XYy Yy Xy X yXx
. [ (34)
and N ° . Sl (ny)le]
“ vy = KK +KW_+KW

Xy y Xy X yx



In the limit that - W. =W = 0 +this:-reduces to

. . sl[le]
x K
(35)
N® = o
y ,_

At_hlgh temperatures when -wxy;z Wyx:>Kx’ Ky? le, Equation 34 becomes

s. [K.. ]

] 1 x
N = X 7K
. X y

o (36)

N o Sl le]
y K +K
X y

Since the change in population is monitored, it is clearly advantageous
to perform the experiments at the lowest possible‘pemperature in order
to deérease 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 K and Kly ou the sensitivity of the

1x
experiment. It is obvious that since only the radiative emission is
detecfed,’a large rate of depopulation by non-radiative relaxation is
not desirable. In the case of a sample that rclaxce primarily through
non-rédiative pathwéys,.the.sensitivity may be imprdvgd by using

conventional ESR techniques and monitoring the ébsorption of

microwave power, or in extreme cases by monitoring the change in
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témperéture of the sample. A quantitative measure of the decrease in
sénsitivity 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 sensitiviﬁy of this experiment may be simply estimated if the
assumption is made that there is no nuclear polarization. Since this
assumﬁtioﬁ has yet to Be thoroughly investigated, it is reasonable to
expect that in someAcases it will not be-valiAl ‘Nuclear polarization
may arise ﬁhrough érésé relaxétion between thé'eleétron and nuglear spin

systems (the Overhauser effect), ér it may be induced by séturation of
’"forbidden“ transitions (simultaneous electron nuclear flips). It is
also possible that éélective intersystemlcroséing may preferentialLy
popula#e a particular nuclear spin level if there is strong hyperfine
coupliné of the electron and hﬁclear wavefunctions.

In the absence'of nuclear polarization, the sensitivity of the
opticglly detected ENDOR signal may be understood by referring to
Figure 4 in which the Tx and Ty triplet levels are now each composed
of two levels. This splitting'of the triplet levels is due to nuclear
quadrupole and hyperfihe 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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SATURATION SATURATION

. INITIAL OF besd - OF hevd ond Qavb
. POPULATIONS - ~ TRANSITION  TRANSITIONS
a — - Nx Nx 2Nx +Ny
3
Tx ,
b - Nx ' Nx+Ny Y 2Nx + Ny
‘ : 2 3
Cm— Ny Ny Ny
Ty |
d Ny Nx+Ny ¥ 2Nx +Ny
- 2 3

XDL 7012-7388

Figure L

Populé.t,ién Change Predicted for ESR (b = d) and ENDOR (a & b) Transitions
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éach of the two triplet levels, and the ENDOR transition connects only
two nuciear sublevels in one of the triplet levels.

As has'already been discussed, the sensitivity of the optical
qetecﬁioﬁ technique is dependent on the Qarious relaxation pathways
from the triplet state. The same considerations apply in an ENDOR
experiment. Siﬁce the sensitivity of the ENDOR experiment will be
reférencedfto the sensitivity of the ESR experihent, the explicit de-
pendence of the triplet_state‘poﬁulations on the various rate constants
need not be specified. For the system shown in Figure k , the phosphores-

cencevintensity may then be'wfitten
4 IO.; 2(NK + NyKy)'_ o B (37)

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

., 3+ N N+ N |

with the ‘change in intensity given by
= - = L - - . .
AL = L- T 3(N, Ny)(Ky K.) (39)

If the ENDOR transition (aeb).is also saturated, the intensity is
given by

- 2 (e 4 m)E (2 ] 40
Ig .= 3 _(2Nx+Nny+ Ny+Nx)Ky ) (40)

Since the ENDOR signal is detected by monitoring the change in

intenéity of the ESR transition, the signal strength is given by
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AL, = Igp-Ig - (41)

FLLAER SICEER W) e

and the fractional change in intensity of the ESR signal upon saturation
of the ENDOR transition is

81 = AL/ /AIg = % : o (b3)

If the ENDOR tranéition (gfod)'.is satuiated instead of the transi-
tion from (aéeb), the samé expression is obtained for the'change in
intensity (Equations 42 and 43). '

Iﬁ is interesting to ﬁote from Equations 39 and 42 that the ESR
signalAand the ENDOR signal always affect the intensity of the phospho-
rescénée in the.éame direction. | '

If the forbidden ESR transition from (be>c) is saturated and
LC Lhe twu ENDOR trausitious (aesb) and . (e€+d) - occur ab the same

frequency, the change in'phosphorescénce intensity is given by

‘ 1
K3 U RICHER SICHER WY , (L)

and‘ﬁhe fractional chahge in intensity éf the ESR signal is unity.

As a final note, if the ECR transitiom from (aexc) and (bexd)
occur at the same frequency, the ENDOR transitions-from (a¢>b) and
(ce»d) must also occur at the same frequency causing the change in

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

AT = (v, - Ny)(Ky - K.) | (45)
while the ENDOR tfansitions will not be observed since the populations

.of the nuclear sublevéls 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-

s

stood in terms of a Hamiltonian of the form,

H = Hgg + Hy + Hp
SS

unpaired electrons, H

Q

and. HHF is the nuclear electron hyperfine interaction.

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

is the nuclear quadrupole interaction,

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

term of the Hamiltonian and the resulting energy levels and transition

probabilities.
A. Hss_-;'The Spin-Spin or Zero Field Splitting Hamiltonian
HSS is primarily due to the magnetic dipole-dipole interaction be-

tween thé unpaired electrons in the excited triplet state. There can
also be é contribution from the spin;orbit coupliﬁg 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'mé& be estimated by choosing a simple model in which fhe
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 df this model the transition probability for

phosphorescence may be expressed as



P

P % (1)

> - ; ) . . - ) ’ .
where er is the electron dipole moment transition operator, 2 ¢, is

is

the first triplet state, 1|po is the ground'singlet-state, and ™

the phosphorescénce radiative lifetime. The wave funption for the phos-
phorescent triplet state is actually a linear cbﬁbinétibn of the pure
triplet state, which is spin forbidden for electric dipole radiation to
the ground ;tate, and an admixture of singlet character due to spin orbit

coupling.. j\Pl may therefore be represented as a linear combination of

¢y and Ty, as

where >y, and 1y, are the wave functions for the f‘-i-rst excited singlet
and tripiet states respectively in the absence.of spin-orbit coupling.

In organic molecules the spin orﬁit matfix element is generally
small so Uy =~ 1 thle C2z is ‘given from second order perturbation theory
by

ol = < vl B0} 3y 4 >
2 = - 3 . (3)

|3, - °¢

o ENENE

where lEl is the energy of 1W1 and 3Eo is the energy of 3Wl. The

phosphorescence transition probability (Equation 1) may now be wfitten

i

|<Ca’y, +Ca toalef|ty 1% (1)

02 | < yy]ed| yol?

while the fluorescence transition probability is given by



-35-

} . 1 . v
| PFm | <1¢1|¢r|1¢o >|2 == . (5)

F
Substituting Equation 5 into Equation L4 , we have
2 i3 32 . .
g-F- & . | (6)

Within the limits of the model, the spin_orbit matrix element is given

'by

N~

- TR ' ' s o
6d=(— (J'El - “E ) . (7)
o T . . o
. P B )
Also from second order perturbation theory the shift in energy of the

triplet zero field lgvel coupled to 1‘¢i may be written

. . ¢‘2 TF><1 3 A )
e o [ AN (®)
|*Ey - ’E_| (LP O

| | 68
As an example, for benzene, r

-8
= 30 sec., 7, =3 x 10 sec., and

P F

|2Ey - 3B,| = 6000 cm™*. Therefore,

-8 ‘ .
A = 3 X3é@secse°- . (6000 cm™)
= 6x 10 5em? .

o 56 -
Compared to the measured zero field splittings of benzene of 0.16L4L cm l,

0.1516 cm‘}, and 0.0128 cm-l, the spin-orbit coupling contribution to

the zero field splitting is clearly negligible.

The addition of a heavy atom will increase the spin orbit coupling

69,70

metrix element. An example of the magnitude of the effect is given by
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70,71

paradlchlorobenzene for which 7 = 16 ms., 7_ = 3 x 1078 sec., and

P F
_ L -1 . :
!lEl - 3E0! = 7800 cm . Substituting these values into Equation 8 ,

- ' ,
we find that 4 = 1.5 x 10 em®t. This is still small compared to the

1

observed zero field splittings of 0.1787 cm Y, 0.1201 cm *

, and 0.0584
cm-l. in addition, since we used,ﬁhe megsured lifetime of the phospho-
rescence which includes both ‘the radiative and non-radiative transition
probabilities, the actual contributioﬁ,of 3pin orbit coupling to the
Zero field{spiitting is certainly smaliér.

, Fof'érganic molecules in their excitéd triplet state, the splitting
of the,Zefo,field levels due to spin Qibitvcouﬁling accounts for only a
small peréentage of the observed zero field splitting and thefefore, we
will‘consider oniy the magnetic dipole-dipole interagtion in explaining
the obse?véd spectra.

The Hamiltonian fér the'magnetiC»dipole4dipole interaction between

two ﬁnpaired'clcctrons moy be written as

- 2 153°S2  3(S3°r)(S2-r) ' . A
Hgg = geeﬁe -3 £ - . 5 - (9)

where g, is the anomalous eleétron g factor, which has been found to
be ba51cally isotropic for. aromatlc triplet states and equal to the free
electron value of 2500932, : Be is the Dohr magneton (eh/Emc), and r
is the ?ectbf connecting the two electron spins S; and Sa.

| The Hamiltonian is of the same forﬁ as any dipoié—dipole interaction,
and in the case of the interagtioﬁ betweén the two triplet'state.electrons

mey be expressed as

Hgq =‘S'D‘S . (10)
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which may be written in a Cartesian axis system as

. 9.
= - ; <
HSS DXXSX + nysxsy + Dxz XSZ +

D SS +D _8° S-S
Dy SySx + nyy + Dyz ySz + (11)

2
D25 *Dgy 555y + D58,

The values of the D iy ( i, =%, %, z) are given by averages over the

triplet state electronic wave function57

1 é 2 1o - 3x~
Dix =2 €e p* < .5 ;>>
" (12)
v 1 22 3 o
DX.Y —egeB v<r5>

and so on. D is a symmetrical ﬁeﬁsor'4(ny = Dyx, etc.); therefore, in
the princibél axis system which diagdnalizes the zero field tensor, the

Hamiltonian becomes.

H,, = XS 2 _-ys?2
x v

ss - zsz? : : (13)

where X=-D , Y= -D , and Z = -D
o Yy 2z

Sipce 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

D=%(X+¥)-z»’a.ndEf-%(x.-Y) (14)
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with the axis convention that LX|4=|Y|4:[Z|. Therefore, the three com-

ponents of the Hamiltonian are given by

~
il

_ D/3 - E
Y-D/3+E | - | (15)
Z =-2/3D .

The Hamiltonian may be rewritten by substituting the definitions of

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

'HSS.= -(D/3 -E) 8,2 - (D/3 + E) Sy + 2/3 D §;2
= D(2/3 8,2 - 1/3(52 + §3)) + B(S2 - 53) . (16)

since Sx? +-$y2 = SZ,-‘Sza, ' ' . ' | (17)

we may write

ﬁ g = D(S,% - 1/3 8%) + E(5% - sfg) . (18)

(2]
)

‘Howéver, for the triplet state S2 = 2; therefore,

Hyg = D(Sz - 2/3) + B(%® - &%) . - (19)

The Hamiitonian may also be expreséed in equivalent form using the

raising and lowering operators as

Hsé ='D(s;2 - 2/3) + E/2 (542 - 8-2) . (20)

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

wave function

2 o2 ' ,
D = 3/k g2 32<f£-j;-1§j:> o (21)
Lo T -
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= 1/k g <:}X;—:—§§—:>> - o | (21 Cont.)

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

values of Sz may now be expressed as

1>  Jo> -1 >
D/3 0 E

Hyg = O -2/3D 0 ‘ | (22)
E 0 - D/3

This form is generally applicable 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.

x > Iy > lz >
-X 0o 0
0 0 -Z '

where

lx>=142 (| -1>-]1>)
| y>=4/42 (] -1>+]1>) (2k)

lo >

]
\Y
n

This form of the Hamiltonian is directly related to thevchosen axis system
of the molecule and presents a clear picturerf the orientational depen-

dence of the energy.
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The resulting energy‘level diagram and nomenclatﬁre for both repre-
senfationé.are shown in Figure 5.

Tﬁeiﬁsual selection rule in ESR of AS; = * 1 is not valid in zero
magnetic field since the triplet sublevels -are-not eigenfuctions of Sz.
The nonvanisﬁing métrix elements fo; magnetic dipoie transitions between

the triﬁlet magnetic sublevels are given by

- <1l g f2 >

y'—>z :"l~ . .
Pewy = ISXI§ 2>]7=21 (@)
Rx Sy T |< XI ?z |Y >|2 =1 .

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

directidhs‘as shown in Figure 2.

B,

‘Eél-e'The Nue Lear Qﬁ&éﬁgpo;e Hamiltonian

A nucieus with a spin 2 1 will have a nqn-spherical chaige distri-
butionﬁandvpherefoie an elecﬁric qgadrupole ﬁbment. The quadrupole
moment ofvfhe nucleus'may be positive'or.negative depehding on whether
the charge distribution is eiongated'or flatteﬁed'along the spin axis.
Eaéh ailoﬁéd nuclear oriehtation along the épin'axis will have associated
with it.a potential energy due to the surrounding electric field. 1In
the case of a free molecule, the electric field is due to ﬁon-s elec-

trons which produce.a field gradient at the nucleus defined by

2
Vi 32— (4, jex ¥ 2) (26)

12 “d

The Hamiltonian is derived by expanding the expression for the
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Energy Levesl and ESR Transitions for the Tfiplét State
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electrostatic potentiél energy of a nucleus of finite dimensions in the
field of itsAéurrounding electrons in terms of the nuclear multipolé
moments. <The electrostatic dipole moment vanishes by symmetry and the
first te?m 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 souréés and will not be repeated
here.58;62

In an arbitrary oxic oystem the Hamiltonian may be written as
_ 2 _ 12 . \
HQ = B {VZZ(3Ié I%) + (vZX + i sz)(I_IZ +_IZI_)
(Vg = 1V, )(TT, + T, T4) + [/2(v_, - Vyy) (27)

+ i ny].1+2 f'[l/E(ka -'v&y) -Ai ny] 1_2}‘

where B = 1 €q

e = the electron charge (esu)

Q = the quadrupole mement (cm?)
and- I = the nuclear spin éuéntum number.

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-

&l

written as:
Hy =B {VZZ(3IZ2 - TF) + [/, - V(I +.I-2)]} . (28)

Since the Hamiltonian only includes interactions due to charges

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

V. +V _+V =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, g, and the asymmetry

parameter n by'the relations

€a = sz
(30)
n=vV_ .-V
XX yy
v .
ZZ
with the convention
' . ‘ A o 1
- Il <V, | . (31)
The three componehts of the field gradient are then given by
Vps T €4
v_ =V, -mn) (32)
blo'd .
2
and V = 7sz(l + n)
. o .3 .

The asymmetry parameter »n may take on values from O to 1 and in the case

where n = 0, the field gradient has axial symmetry and,
Ve = Vi = -/ev, .o - (33)

When 7 has its maximum value of 1,

V. =0

= (34)
Vv  =_.vy

Yy ZZ
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The asymmetry perameter will vanish by symmetry whenever the nucleus is
at a sight of three-fold or higher symmetry since this requires that
V = V .
XX Yy o . ' _
The standard form of the Hamiltonian, Equation 28 , may. now be

written as-

H = A [(‘3122 - 12) +-7/2 (142 + 1-2)] (35)
—E. _'; , - .
where-A'=,ﬁr2-iﬂ-i&fl—)- .
This may also be written in the completely equivalent form
- 2 _q2 2 2
N RIS (36)

Thé‘Hamiitonian'matrix therefore consists of diagonal terms and off
diagonai-te;ms connecting states differing in Iz_by 2.

At this point we will consider the explicif form of the Hamiltonian
matrix for I = 1 and I = 3/2 since interactions due té both spins were
'»observed ih the course of this.wbrk.

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

as

1> lo > -1>
1 -0 ] '
H =A* 0O -2 0 (37)
Q- . '
7 o 1

where A'% eQEQ

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

‘Hemiltonian to the representation in which the energy is.diagonal. In this
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represéntation the Hamiltonian is in the same form-as the spin-spin

Hamiltonian, Equation 13 , and in matrix form, may be written;

|x > Y > z >

X o. | 0.
l.- = ."l - ’ \ ' . : 8 IA
JHy=Ac0 Y 0 | | (38)
0. 0 -Z

The energy‘is given by

-A( 1 + n)'

o4
1

e G . | o o)
Z=-28 |

and the éigenstates are

AR (J1> + -1 >)

’|X>= -
v >= (N2> - |-1>) o (40)
|z > = ]o> | |

This. form of the Hamiltonian is particularly convenient since it may

be written in terms of the nﬁclear angular momentum operators as

.y 2 _ 2 _ 2 '
Hy =-xI,” - yI% - 2L,° 5 (k1)

which 1s in the same form as the zero field Hamiltonian.
In;Figure 6a, the energies and polarizations of the pure nuclear
quadrupole'transitions, for a spin 1 nucleus, are given. The three

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

are the zero field transitions.’
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Figure 6

Nuclear Quadrupoie Energy Level Diagram fora) I=1

‘and b) I = 3/2 MNuclear Spins
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The Hamiltonian matrix fqr I = 3/2 may be written as

’|3/'2 > l1/2>  |-1/2>  |-3/2>
| o -
. R A D A /NE N
H, = SE_SQ C i3 0 | ~.-1’ 0 | - (hg)
o0 W3 o - 1 |

.The;matrix may be rewritten as two séparate-2 X 2'matrices by.

rearraﬁéing(the order of the basis states as

32> |-yEs | /e > |-3/2>
| N V5 A R
. e2qAQ».‘ 'n/B | Sl o |- o - (43)
Q ,?- : o | 0 - | "/J3 .
“ 0 0 3 L1

The;eiéenvalues of the Hamiltonian may now be obtained by diagon-
.alizing each of the 2 x 2 matrices with the resuit_that there are only

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

L, 1/2 _"—eﬁﬂg (1 + v/3) |

The eigenstates are

1/2

C)3/2 > = al3/2 > + b|-1/2 >
|-1/2 >'= al|-1/2 > - b|3/2 >
|1/2 >' = al1/2 > - b|-3/2> (4)

|-3/2 >'= al-3/2 > + v|1/2 >
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wherg
1+ 1 + x2. .
Ca = ‘
(1 + x® + 17+ >c2)]l/2
' o 46)
b=x/[2(.1+x2+\/1+x2}1/2 (
and S o x = ﬁ/3

]

Infconﬁrasﬁ to a nucleus with spinI = 1, we cannot determine both
e2qQ and ﬁ by méasuring Onlylthe‘transition energy since the levels are
twofold dégenerate. It is therefqre neceésary to”apply a perturbation such as a
Zeeman field ﬁo rombvé thé.degéneracy of the * leveis in 6rdér.to com-
pletelyﬂmeasure the‘nuclear quédrupole‘interaction; It should ﬁe noted,
however; that the transition frequency is not particularly sensitive to
m. Thétaésumption'&at_n = 0 and therefore that the transition energy is
equal to (1/2)e®qq will produce only a small error for small values of
n as shown in Figure 7. Furthérmore, an oscillating magnetic field
along thelz axis‘will not induce ﬁagnetic dipole transitions between the

+ 3/2 and * 1/2 nuclear levels if =n =0.

“.C. _Hgp -- The Nuclear Electron Hyperfine Interaction

A nucleus Qith,a spin > 1/2, iike.an electron, wiil have a magnetic
moment. The interaction of_this'nuélear magnetic moment, with the
electron magnetic ﬁoment, will lead to both an'anisotropic-dipole-dipole
interaction and the Fermi contact interaction due to a tfinite electron
spin density at the nucleus. |

The'cbmponegt of the hyperfine interaction, due to the interaction of

1

the nuclear and electron magnetic moments, is entirely analogous to the
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" Plot. of the Ratio of the Observed NQR Transition Frequency to
~ the Muclear Quadrupole Coupling Constant versus the Asymmetry

Parameter
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Zero fleld Hamlltonlan with the replacement of one. of the electron uplno )
with a nuclear spln and the appropriate change of constants. The

Hamlltonian may be written as

Hﬁg = - geﬁ% an - .5

r

15 (IT)LS‘r)] | (57)
where gnfis the nuclear g factor and"an is_the‘nuélear magneton.

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

Hamiltonian,'EquationA 47 may be expressed as

Sy = AT | | | (18)
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 wriptenAas,
ﬂﬁ;:A S I +A S T 4A S I (49)
wox kP Aty Ty YRS

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

distribution of the unpaired spins.
2
= gnﬁeﬁn< = 3X \ ' - (59)

where X = x, y, z.

The LaPlace equation is again satisfied and theréfore,

+ A + = B
A - A =0 . | _ _ (51)

The ﬁnpaired spin dehsify at. the nucleus will prodﬁeeAan.additional
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contribution to the hyperfine Hemiltonian called the Fermi contact term.
This will arise only from spin density in s orbitals since the other
orbitalsvhave 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
Hfm =C(s, I, + 8T +857I) - (52)
where
. _ \ é 2 : |
¢ = B3y by (0= (53)

and |¢S(O)|2 is the s electrqﬁ spin deﬁsity at the nucleus.

The total hyperfine Hamiltonian méy'how be written as
He, <Al S T +A' 'S I +A' S I O (54)
xx X 'x. 'yy y'y - zz z 'z

where

]

1 =A_ +C, ete. : | (55)

Theréfbre, if the three components of the'total~hyperfine Hamil-
tonian are measurea, the contribution due to the aniséﬁropic and isotropic
components‘can be separated; however, the absolute signs will not gener-
ally be obtaiﬁed. 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 ahd,contact terms are not cbmpletely

separable.
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D. The Total Hamiltonisan, 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=1 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: -
ss? HQ and HHF are c01nc1dent,

1) .The principal axis system of H
2). Only the out—oféplane component of the hyperfine Hamiltonian
‘nced be consideréd, and

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

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

the single crystal ESR spectra,hs and
assumption 3 on the fact that resolved proton hyperfine splitting has

not been observed in zero field ESR.
kxample #1, I=1
" An example of a molecule which is characterized by the interaction

. , .
of one (I=1) nuclear spin with the triplet electrons is the Tm state

of quinoline (1-azanaphthalene). The spin Hemiltonian for this molecule

may‘béAwritten for the axis system given in Fig.‘8'asz2’2h
H = Hog + Hy + Hop o | (56)
where
2 o 2 2
HZF -X§ 7 - Yﬁy - ZSZ :
., (57)
HQ = -xI, - y%v - zIZ
'and
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XX XY XZ YX YY YZ ZX '2Y 22
X+x | o Azz| R -Ayy

Ax+yl Azz|

|X+2 ;,'uf ' Ayy |

-Azz" Y+x

N-Agz] ‘  , AVY+y B ] A

AY+z | - »'Axx

Ayy I Z+x

Axx | 1Z+y

|-Ayy | -Axx| - - {2tz

. XBL 7012-7270

Figure 8

' Hamiltonian Matrix for Triplet Plus One I = 1 DNuclear Spin
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We will use for the basis states the product functioné-lu'y > =7,

xy; which form a set of eigenfunctions that diégonalize HSS and HQ' Tu

and X, are the electron and nuclear spin function while u and v corres-
pond—to'x, y and z.

Thg'complete Hamiltonian is a 9 x 9 matrix as shown in Figure 8,
where we havé also incluqed the ih—plane hyperfine elemeuls for complete-
néss. éin;e we are only conéidériﬁg the Axx element'of the hyperfine
interacfion, we can polve the energies gxactly hy ﬁiégnnaJizing only two
2 x-2 maﬁrices. However, a satisfactory soiution is obtained by second
order perturbetion thcrby. Ac is chown in_Figure 9, the energy of the
stafes |Zz > and |Z& > are shifted by an amount B, where

A2
B = XX . | ) A (58)

while the states |Yz > and |Yy > are shifted by an amount 8.
Tn our axis.system the triplet state energy levels would be ordered
Z>Y>X and the nuclear Qﬁadrupole energy levels ordered x > z > y.

" The eigenvectors of the states which are coupled by AXX are

|22 > = (1 -B) | 2z>-RB| Yy>

[zy > =(1-B) | zy>-p8] Yz>

N . (59)
|2 > = (1 - B) | Yz >+ R Zy >
Yy > = (1 - B) | Yy>+3| Zz > .

The probability for miecrowave transitions between the,triplét state
magnetic sublevels is given by

Ix] <“1”1|HRF(t)|“2vé >|® | - (60)
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Hss . Hq Hur = Axx SxIx ENERGY
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> 22> iR 1£ Z2+2+8
— .
o ‘ |
\‘\ |ZY> ' ! - Z+Y+B
| .
~ H
!
bl
| YX> - v+
la YZ> — X
|Y> ‘,: | 1 .
IS 4 ? ;rﬁ : ZIN Y+z-8
: . L
X 7 T M Yry-R
R | : :
Pl !
! ) !
|
p ! N
< N : i: |
I | ,.:
| gy !
| I |
| | o
| L 1 1.
IXX> ) || X +
- : +— X
|x> “/’ RZ> : | : ' X+7
\\ : |
\ . | .
XBL 7012-7274
Figure 9

Energ& Level Diagram tor the Tripiet and One I =1 DMNuclear Spin

Considering only the A4y, Hyperfine Component
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where HRF(t) is the magnetic dipole transition operétor defined by;
- Hepp) = RO W (T 78 n (61)

and Hy(t) is the magnitude of the time dependent magnetic field, v, is

the nuciea.r 'gyromagnet_ic ratio ( gnﬁn)::md Ye is the electron gyromagnetic

WA n
ratio{——1].

The. electron spin magnétic dipole transitionropérétor will connect
states with u, % Ko and ui = V5, while the nuclear spin operator will
connect. states with él = Ho and " # ng However, the mixing of the
basis function by A will allow the observation.of "forbidden” simul-
taheous e;ectron and nuclear transitions. This is clearly shown by

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

transition is given by
CIwl| <Xz | v Ha(t) | (1 -8 Yy >+ Rlzs 3|7 o (6e)
Iszyez Hy(t)2 . (63)

It should be noted that it is necessary to have a hyperfine interaction
in order to observe the nuclear quadrupole sateilités since the hyper-
fine term is the only method of coupling the electrdn and nuclear.Hamil-
"tonians.

In'Figure 10,the spectra expected f'or 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
LW rzvan&.rx-»v& transitiéns are separated by»E(z - Y) aﬁd theréfore

only one of the three possible nuclear quadrupole transitions equal
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Figure 10 .

ODMR Spectra Predicted for the Energy Level Diagram Shown in Figure 9
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to (3/h4) e?qQ (1 - n/3) is obser&ed?u'Thé'value of the hyperfine coupling
conétanﬁ Ax# is easily obtained from the separation of the'two.allowed
components of each of the three transitions; If we had chosen to use
Ayy.or Aéz_és the qnly hyperfine iptera;tion ipstegd of Axx’ fhe spegtra
would be.ﬁhe‘saﬁe as that shown:in‘FigﬁreIOif a cyclic‘pefturbétién is
applied to 6ur‘1a5e1ing;

.Althdugh in tﬂis'simple éiample ali the peremcters in the Hamil-
tonian can be determined‘ffomlfhe three>zerdvfield transitions, in |
practice this is usually not the case. This can be due to such problems
as poor fesolution of the sbéctra or fhe failure to include enough terms
in the Hémiltonian to adequately describe. the interactions. Therefore,
it is usually advantageous to also perform an electron.nuclear double
résonande (ENDOR) experiment to improve the resoiuﬁion and -confirm the
assignment:of the spectra. Tﬁe ENDOR transitions aré shown in Figure 9
Ly Lhe‘duuble BLTOWS. bHﬁwéver, spectra hdve‘been‘assigﬁed incorrcetly
because.bf a failuré to consider the proper forﬁ_ofithe magnetic dipoie
transition'operator.26 | Therefpre, let us consider; as an‘example, the

intensity of the ENDOR transition from | Yy > to Yz >

1[(1 -/3) <ty | +B<zy |]| Hpp(t) |[(1 -/3)| Yz >+ 8| zy >]|2 (6k4)
1x [0 8)7 v 28 (1 -8) v By mE (65)

Since Hy is a constant, we wili drop it and may now write
~ 2[,2 . ’ ‘ 3 3 ’
I~ 0 [g2-8)] + by, %, [B(1-8)% + 87 (1 -B)

. v, '[(i -B)% B+ 2B% (1 - 3)2] - (66)
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- *
Since B is usually on the order of 1X10 2 for nm triplets, we
can reasonably approximate Eq. 11 by

2
n

I= i&BQ ye2 + hBYeyn +y (67)

In cohtrast, if there were no hyperfine codpling as in the Tx

manifold in our example, the intensity would be given by

T oy 2 (68)

Yn .

Therefbre, the ratio of the ihtensity of the ENDOR transitions due to

the electrdn magnéticAdipolé operator to those due to the nuclear magnetic

dipole_operétor»is appro?imately hBe Yee/ynz and therefore, unless

hB?/YHQ.is greater‘than l/Yeg, the electron diﬁole moment transition

operator.will.be the major source of the intensity in,ENDOR transitions.
vAn.exampie; for '*y the ratio of Ye/Yn = 8;6X106 aﬁd therefore, B

must be less than 1.57X10 >

for the nuclear magnetic dipole transition
operatof to be comparable to the electron magnetic’dipole transition
operator in producing intensity in the ENDOR transitions. For a typical

separation of TZ—TV of 1000 MHz this would correspond'to an extremely

small hyperfine element, Axx of only 1.5 HMz, which is much smaller

Exampié'#Q, I=3/2

An example of a molecule characfefiéed by the interaction of the
unpaired electrons with one I=3/2 nuclear spin is the ﬂﬂ* 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 Hog

Q
be avoided by making the reasonable assumption‘that'the chiorine aséymetry

and H. for alarbitrafy value of the assymetry parameter. This problem may
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parameter eQuais zero. In this case both HSS and.HQ are diagonal with
the basis'sgt.l bV $_= T“xv where 1 and x represent the electron
and nuclear spin fﬁnctions réspective;y, while y cbrresponds to X, Y,
and Z ana-v fé 3/2, 1/2,‘—1/2 and -3/2. |

For thié example; again-only the out-of-plane component of the
'hypérfineiténgor (Axx)-will’be considered and therefore the spin Hamilto-
nian may bé written' |

g e

Since only_thé Axx cémponenf of the hyferfihe tensor is being considered,

HﬁF may be written as:
'HHF = 1/2 [Ays, (I, + 1)1 (69)

Thénefore, the basis states in the T_ manifold are coupled to those

b2
in the Ty:manifold that differ in their nuclear spin quuntumlnumber'(IZ)
by #1.

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

the electron spin basis states as,

l|"r >‘ : (1/.J'2)(l'-1>5 ] +1:>)‘

l0y> = (AANR)([-1>+ | +1>) L (710)
|, >- o>

- hyperfine
nE

The complete spin Hamiltonian including both the A, end A
elementsAis shown in Fig. 11. The hyperfine Hamiltonian may be treated

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

turbation theory since the degenerate nuclear levels are not coupled

by the same hyperfine element.



-61-

O

X X X X .Y Y Y Y 2z Z z 2
3/2 -l/2 -3 +1/2 3/2 -I/2 32 +I/2 /2 -3/2-/2 3/2

x+A| | | 'zi
w-al | +1/2 |
X-A| Azz_
A i . -l/2
X-A . | Azz
Azz| | Y‘+A. | _ _Axx‘
+/2 | Al | S3r2|
Nry - |Y-A Axx Axx
 |+32 g o /372
Azz S Y,*A Axx
-1/2 | yon| /372
Azz » Y-A o : _V}Axx Axx
372 e Al
Axx Axx | |Z-A
Axx| -
S3/2
Axx Axx Z-A
Axx .
XBIL, 7012-7269
Figure 11

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

Coﬁsidering only the A, and .Aéz Hyperfine Components
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Hss . HQ HHF = AxxSxIx ENERGY
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Energy Level Diagram for the Triplet and One I = 3/2 Nuclear Spin

Considering only the AXx Hyperfine Compdnenf
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Figure 13

ODMR'Spectra Predicted for the Energy Level Diagram Shown in Figure 12



-6L4-

Hss Hq Huye =AzzSz1z ENERGY

Z+1/2> |2~ o o
o /l 2>, 12-1/2> A - 7 A
>/
4\\
NN 23D 12 -3 N -
‘ - /20, 1Z /é,f 1 . 7-A
~, Co S
Jy+! , Y=l/o ) . .
/!, Y {2>|/2>_ . Y+A+8/s
o . .
. /
ly> .
\ | o~ ‘ Y-A+9
\ . | Y-A+9/33
\IY_+ 3/20,1Y-F2 >
’r:-’;
X+ VD IX-1/2 > : : -
- T A~ Ba
x> ”
|
\X+ 3>, [X-32>
o 3
. X-A-9/4 3

XBL 7012-7275
Figure 14

Energy Level Diagram for the Triplet and One I = 3/2. Muclear Spin

Considering only the Azz Hyperfine Companent



Q) Tx—Tz
Vo =‘_.Z -X

-65-
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The basis states that are coupled by Axx may be represeanted graphically

as

. Hyperfine
Y. _ ~_ Elemeént ' zZ

3/2 — \/’3/2 AXX 7 A‘l/2
. A . _

-3/2

.;3/2 —= J3/2 A, —TT——— -1/2
. S . A - }

1/2 _— J3/2 A, ———— 3/2

The effect of the'perterbation treatment is that, to second order,
the energy of the *¥3/2 nuclear levels in the Ty manifold are shifted to

higher energy by an amount 3/4 8, where B8 isAgiven by

: 2
B - ;AJC——)(——
Ey - Ez

and the j:?;/2 level in the Tz manifold is shifted to lower eanergy by an
equal a@ouﬁt, |

Thg £1/2 levels of the Ty manifola are shifted to high2r energy
by an amgunt T/4 B while the t1/2 levgls in the T, manifnld are shifted
an eqﬁai'émount 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 (5/2), it is a Kremers doublet, and therefore all the energy

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



-67-

The hyperfiﬁe coupliﬁg theréfore will never remove the degeneracy of the
* nuélegr levels and consequently there are only'six'energy levels to |
consider;"; |

In Fié.-l3 thé'spebtra cdrresponding ta the three ESR transitions
is shown. The "allowed" structure on each traﬁsition is.split into two
Eomponeﬁté’separated by B for‘both the Tx+Tzland the Ty+Tz.transiﬁions
and 28 for ihe T&+TZ tranéitions,‘

The‘"forbidden" trénSitions, shown by the dotted lines in Fig. 13,
correspond to simultaneous elec#ron nuclear flip;. ‘The separafion of
the two forbidden satellites in:éach ESR transition is equal fo éQqQ+B,
eZqQ—B and e2qQ for the 1_>t_, T_>1. and T_~T_ transitions respectively.

. x 2z’ x 'y Yy z ‘

It is interesting to note that if oﬁiy fhe perturbation due to the
Ayy component of the hyperfine tensér is considered, the results may be
obtaiﬁéd“by an appropriate relabeling of Figs. 12.and 13. However, if
onl& the A%i component is consideréd,thé nuclear sublevels in the Tx
manifold- are mixed with those in the Ty manifold’havipg the same value

of the I; quantum ‘number;

- Hyperfine <
X Element ¥y
3/2 ———— 3/2 A, ' 3/2
1/2 ———— 1/2 A, ———‘— —'1/2
- -1/2 —— -1/2 A, — -1/2
-3/2 ——— -3/2 A, —————— -3/2

therefore, no satellites due to'nuclear transitioﬁs are observed. The
resulfing'energy level diagram, considering only the Azz componcnt of
the hypérfine tensor is given in Fig. i4  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 Axx hyperfine element,
are shown by the double arrows in Figure 12. The analysis of the ENDOR
‘spectra foilows the same method as that for a spin one nucleus, with
the same.expression for the intensity qf the transitions induced by the
electron ﬁagnetic dipole moment tfansition operator and the nucleer mag;~
ﬁetic dipoie mement, transitioh operefor. ‘When only the Azz hyperfine
elemenfvis preseht, the electreh magnetic dipole transition operator is
ineffeetive in producing ENDOR transitions and consequently the intensity
of any obsefved ENDOR signal is due eolely to the nﬁcleer magnetic dipole
transitioe operator.

Some.generalizations can be made at this point concerning the ap-
pearance of 'torbldden" satellites whose sepurallou ls iu zeroth order
the pure nuclear -quadrupole traﬁsition frequency of the molecule in an
excited triplet state.. (a) For a nuclear spin E=1 (e.g. ¥*N) a
hyperfipe element associated with a direction i, Aii’ gives intensity
into a simultaneous electron-nuclear flip in the plane normal to 1i.
Thus, at least two nuclear hyperfine elements must be finite to oblain
.independently both eZqQ ahd n. (b) For a nuclear spin I = 3/2
(e.g..350;), a.ﬁuclear hyperfine element parallel to the principal axis
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,‘ e nuclear hyperfiﬁe element perpen-
dicular to the brincipal exie of the field gradient introduces intensitj

into forbidden satellites whose separation in'zeroth.order is the pure
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nﬁclear;qﬁaarupole transition frequency; however,v'equ and T .can
never be thained independently in the absence of an external magnetic
field. '
Althoughvwe have not treated explicitly.thé case where two nuciei
are present on the same ﬁblecu}e, both”having;nuclear'spin‘ I >1, the
generalizaﬁions (a)-(c) ﬁold with one additional feature being manifested,
that is the‘possibilityAéf Simultaneous multiple nucléar-electron spin

flips. 1In addition,‘simultanebus multiple nuclear ENDOR transitions are

expected and, indeed, observed.
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IV. EXPERIMENTAL EQUIPMENT AND PROCEDURE

In this section the procedures and equipment used.in performing
both the ESR.and ENDOR éxperiments are given. In addition, some varia-

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

A.  The ESR Experiment

'Thé baéic expefimental';rrangeméht is shown in Figure 16.  The
sample ié mbunfed‘inéide a helical slow wave strucﬁu}é72 which is attach-
ed to élrigid stainless steel coaxial line suspended in a liquid helium
dewar. Thé'exciting lighf is supplied by é PEK lOQ-watt meréury short
arc‘lamp.méunted iﬁ a PEK MJ12 lump housing. The output of the'lamp is
filteréd'by either an interference filter centered at 2500 K, 2800 & or
310@ K;,or_a combinafion of Corning glass and solution filters.73

Tﬁe ﬁhosphoiéscence is co;ieéted at q 90 degree anéle to the cxeiting
lightAand focused through an'appropriafe Corning'f;lter (to remove scaf-
tered light) and onto the entrance slit of a Jarrel-Ash model h8-ﬁ90,

3/4 meter spectrometer. The spectfometer hes en f number of 6.5 and

is equipbed with‘adjustable‘curved slits; The resolving power of the
spectrometer is greater than 30,000 with a dispersiqn ot 8.2 A/mm in first
order. The spectrallrange in air is from 1900 to 16,000 k.

The 1liZht at the exit slit is detected with an FMI 6256S photomulti-
plier mounted in an EMI dry-icé cooled housing. A Fluke 415B 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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ESR EXPERIMENT
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Experimental Arrangement.for Optically Detected Electron Spin
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B. The ENDOR Experiment

The éxperimental arrangement usually eﬁployed is shown in Figure 17.
An enlargédAQiew of the sample, helix, and ENDOR coils is shown in Figure
18. Thé optical and micfowave equipment is the éame as that used iﬁ the
ESR expefimént with the‘exception that the miCroWaVe field (Hl) is not
modulated. The radiofrequency field (H2) is supblied by a Hewlett Packard
model 8601A sweep oséill&tor-that«COVers the region from 0.1 to 110 MHz.
The'output'is modulated by anvE'G & G‘model L6101/ N linear'gate. The gatc
is drivéh_by the square wave genefator which also drives the reference
channe;’ofAthe lock-in amplifier.

Thé RF is then amplified by two broad-band distributed amplifiers,7u
a four watt unit (see Figufe 19) and a 20 watt unit (Figure 20), and con-
nected ﬁd the ENDOR coils. ‘lhese amplifiers have the advantage that they
operate over the range of 1 to 50 MHz without the need of adjustment. A
series bf_tﬁcoc amplifiers was designed and‘constructed in collaboration
with Bob Smith and BillAGagnon of Lawrence Radiation Laboratory for‘use
in pulsédAnuclear quadrupole resonance experiments.‘ Since these amplifiers
are a éignificant advancement in high power broad-band amplifiers, the
schematic; 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 network75
in a Helmholtz arrangement as shown in Figure 18.

Tﬁé' X axis of the recorder is driven by the ramp voltage from the

RF sweep oscillator and the y axis from ﬁhe»output of the lock-in ampli-

fier.
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ENDOR EXPERIMENT
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Figure 25

200 Watt Distributive Amplifier Schematic
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C. Variations of the Basic Experiments

The optical detection of magnetic resonance permits several additional
pa:ameters'to be experimeﬁtally adjusted. Theseninclude the energy and
bandwidth of the phosphorescence that is monitored as well as. the energy,
bandwidfh.and intensityvof the exciting light. 1In addition, the power of
the microwave field Hl may be adjusted éver a wider range than in experi-
ments inlwhich the absorption of microwavé power is monitored. This is
due to théifact that saturation gives the maximum signal strength using
6ptical détection techniques, while with absdrption experiments the sig-
nal stféngth will decrease as fhe'power.is'increased'above that needed for
saturaﬁion; The advantage of this is fhat the éignal strength of weak
"forbiddéﬁ"ltransitions may be imbroved by the application of large Hl
fields without a decrease in the signal stréngth of the allowed transitions.

Séme of the most useful variations of the basic expériment are listed
in Table IV. If a high resolution specfrometer is employed to isolate
the phosphorescence emission, the optically detected ESR may be used to
simplify‘the phosphorescence spectrum by amplitude modulation ot the Hl
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 H, field, only the emission from these two levels will be detected.

1
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.
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electrometer fhrough an adjustable lbad resistor. The output of the elec-
trometer is connected to the signal channel input of a PAR model HR-8 lock-
in amplifier.

Thé'ﬁicrowave field is supplied by a Hewlett Packard sweep oscillator
model 869QB;equipped with‘plﬁg—in uﬁits to cover,fhe'range from 0.1 to 18
GHz. Th,e' éut'put_ is connected tn a Servo Corp. tré,x,ra;,ing wave tub(:‘n,mp'l‘i-
fiér (1 to 12 GHz at 1 watt, #3603, 1 to 2 GHz at 20 watts, #2210; and 2
to & GHz at 20 watts, #2220). The output of the amplifier is then fed
consecutively through a directional éoupler, a Bénd-pass filter, and an
isolato: to the rigid coaxial line on which the helix is mounted.

The ﬁiérowave sweep oscillator is amplitude modulated with a Hewlett-
Packard mbdéi 211 AR squaré wave generator which is also connected to the
referenég channel of the lock-in amplifier. The outputlof the lock-in
amplifier drives the y axis of a Hewlett Paékard model 7O04B recorder
while the ramp voltage'from the microwave sweép 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 thrée Kinney model KTC-21
vacuum pumps operatéd in parallel. ‘ A

The ESR experiment is performed by monitoring the change in wmission
of the sample while varying the frequency of the modulated microwave field.
As explainéd in section II, the signal.may either increase or decrease.
With a lockfin amplifier a decrease in emission intensity corresponds to
a phase shift of 180 degrees relativé 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 eifremeJy‘useful By itself in characterizing the triplet state, and
complementany‘to the information obtained'from the analysis of the ESR
spectruﬁ,,

In'ENDOR experiments the radiofrequency field H, may also be adjusted.

2
These exoerinents are'usually berformed by saturating an ESR transition
while véfying the frequency of the H2 field. Either the-Hl or>IA-I2 fields
may be modnlaﬁedg howevef, if 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 fesonance.is detected with a lock-in amplifier.

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

1
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 H, field while Simultaneously saturating

2
an ENDOR transition and sweeping the H, field. In this case, only the ESR

1
transitions.that connect energy levels simultaneously coupled by the Hl
and the ﬁz 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 modwlating
the HQ field and scanning the phosphorescence spectrum, it is possible to
isolate:the'contribution to the phosphorescence sbectrum from molecuEs
containing4different nuclear'isotopes. As an example, if the phosphores-

' 35

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

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

35

the C1 isotope will be detected. The same experiment may then be re-

peated detecting only the contribution from the molecules containing the

C137 isotope. The difficulty in this experiment is that only small, if
any, variations in the phosphorescence spectrﬁm would be expected and‘con=
sequently; the maximum reSoiution of the optical spectrometer must be em;
ployed. This severely limita the signal to noise ratio of the ENDOR

sign&lf'
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TABLE IV

Techniques of Optical Detection of ESR

Excitation‘j . Optical

Light Spectrometer

1) C.W. No

2) C.W. ~ Yes

3) Chopped Optional
4) Cc.W. Optional
5) C.W. ‘Optional
6) C.W. = : Sweep

7). Sweep Yes

Microwave
Modulation

No

No -

. No .

A.M.

F.M.

A.M.

" AM.

_Advantagés

measure absolute change in
total emission

Measure absolute change in
emission of particular vi-
bronic bands

Improvement in S/N over Methods
1l 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 nn* state of 8 - Chloroguinoline

1

Oné of the primary objectivés of our research is the measurement
of nucleériduadrupolé coupling coﬁstants.of nuclei ip molecules in
their exéitéd triplet state. AIn particular we are interested in measwr-
ing the,nﬁcléai quadrupole‘coﬁpling constants of chlorine sincé this is
prbbably fhé most thoroughly'investigatéd of all nuclei for mbleculen
in their gfound state. The zero field detectioﬁ_of the electron spin
resonance and chiorihé EN@OR of 8-chloroéuinolin¢ in its nn* state has
been observed and the spectrum interpreted in térmé of a spin Hamiltonian
which inéludes the 14N, 3501, and 3701 hyperfine and nuclear quadrupole
interactions. In addition, chlorihe sétellites have“been ohserved in the
ESR and chlorine ENDOR 6bserVed for the nn¥* state'of'2-3 dichloroquinoxaline.
The sampTé conéisted of a einglc crystal of durene duped wilh ap-
proxiﬁétel&.o.l mole percent 8;chlorbquinoliﬁe grbwn frém the'mélt. The
sample waé mounted inside a helical slow-wave structure with a 2 mm
inside diameter. The helix is matched to a rigid coaxial line which is
supporfed'vertically inside a liquid helium dewar which was maintained
at 1.7° K by pumping on the liquid helium. The 3100 & region of the
mercury short arc lamp was used as the exciting source, the sample be-
ing irradiafed with light through the open helix windings. The O - O
band of'the phospharescence of 8-chloroquinoline was detected at a 90°
angie fd ﬁhe exciting source and isolated with the Jarrell-Ash optical

spectrometer. All ESR experiments were performed by using continuous



micrpwave.pdwer.' The resonance was-détected by monitoring the change
in inteﬁéity of the phosphorescence as a function of microwave power.
The aipéréfﬁs used for both the ESR and ENDOR experiments is essentially
" the samé.éé that éhown in Figures 16 and l7lexcept that the output of
" the electrometer was plotted directly since no modulation was used. The
ENDOﬁ experiments used.the arrangement shown”in Figure 181which allowed
both the niﬁrogen and chlorine resonances to be observed without having
to change ééils. |

Two of the three electron trénsitions, those associated with the
Ty - T, aﬁd fx - Tz elecfron spin manifoids,.were observed with
satisfaétof& resolution. = The Ty - Tz muitiplet is centered at 860
MHz whiie ﬁhe Tx - Tz mulﬁiplef is centered at 3483 MHz. In both
cases, under steady state exc1ting light condltlons, the 0-0 band phos-
phorescence emission 1ncreased when the microwave field coupled the re-
spective spin manifolds. At ;ow microwave power (lQ n watts) the strong ’
."ailowed"Aelectron tiénsitions weré‘fbund. As the microwa#e power was
increased (100 u watts), "forbidden" satellites split off the major tran-
sitions by ~3 MHz were observed. At higher powers (100-1000 p watts)
"forbidden" satelliﬁes'éaﬁurated and an additional multiplet of satellites
were obsgrved split ~25-40 MHz from the center'seétionQ .Figure 27 illus-
btrates é:microwave power study of the T T, ‘tfansition. The same
‘basic,pattern was observed for the Ty T, transitions. °>5C1 and
3701 ENDOR were observed by monitoring the change in the phosphorescence
intensity of the 0-0 band while saturating one of the Ty -1, microwave

transitions in the outer satellite multiplet and simultaneously sweeping
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Figure 27

ODMR Transitions Observed in 8-Chloroquinoline
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the rf frequéncy. An example of an optically detected >5c1 ENDOR in
zero“field.isvshown in Figure 28. All observed frequencies and rela-
tive intéﬁsifies are given in Tables 5, 8, and 9. Measurement of the
tranéitibn f:équencies with an accuracy better than ~0.4 MHz was gen-
erally not-ﬁbssiblg due to the line widthé associated with the indivi-
dual lines (~ 1.0 MH;) and their overlap with other transitionms.
Theﬂstfucture of the zero field transition Ty - T, and T,

and the acéompanying ENDOR observed in 87chloroquinoline'can be under-

stood in terms of the spin Hamiltonian already developéd,

N .Cl N .Cl

H = Hgo + HQ +.HQ_ + HHF‘+ H - (1)

whé£e: Hsé is the zero field splitting Hamiltonian
Hgg = -(xsx2.+ Ys&2 + 28,°) - (2)
and Hg,Aﬁgl, and Hﬂf, Hg; are thg nuclear qﬁadrupole ;nte;actioh A

and elecfronenuciear'hyperfine interaction for nitrqgen and chlorine.
EquafioﬁAl may be simplified by‘the following assumptions. ,

Fi;st, we assume that the y: and =z compoﬁents of ‘Hgf_ and Hﬁ%
may be néglected. This is justified insofar as the EPR measurements of

Maki et al.ge’h3

on quinoline have shown that A. >A , A for the
plo d vy’ Tzz

14y hyperfine interaction. Moreover, since the perturbations due to

reasonable in-plane components for either *N or >>?°7Cl would be much

smaller than those due to Axx’ they can, to a first approximation, be

ignored.  We shall also assume that the principal axes of the tensor
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Phosphorescence Im‘ehsity'

XBL 7012-7272

Figue 28

Optically Detected ~°C1l ENDOR: Observed While Saturating the

Microwave Transition at 826.2 MHz in the T, Multiplet.
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interactions. HSS’ ng and Hgl, coincide. It is reasonable to assume
~that the principal axis of Hg and . Hgl would be close to the direction

of the hitrogen lone pair orbital and along the C-Cl bohdArespectively
(approximately along the 'Y molécular-axis). Furthermore, in quinoline
the nitrogen lone pair direction and the:.Y axis of HSS are within a

k2,43

few degrees of each other. We assume that 8-chloroquindline does
not deviate appreciably in this respéct. With these approximations we

can write*.

- ¥L® - e (3)

Sk
oo
]
5
—
Y
)

Hy® = Hy = equ(Cl)[3Izé'j ;5/&]/1é +'Hgl(n) (ka)
‘ Hgl(q) = e%qq(c1) (1,2 +*I_?j/2u o (bb)
N A (WIS , - (5)
H}[F ple'd XX o
Hg; = A#k(01)(1/21)ﬁl;éxl-.I,sx] C(e)

With this coordinate system the.hitrogen and molecular axis are
coincident, the chlorine . x axis is along the molecular x axis,

‘the chlorine y axis along the molecular 2z axis and the chlorine =z

* We haﬁé defined I_ ’asv (1/21) [i+ -I_] rather than the conventional
(1/2) [I; + I_J. In our definition the Hamiltonian'maﬁrixfis thus real
so ldng as AYZ(Cl) and AZY(C;) = 0. We cou;d have reversed the molecular
x and ¥y _axes'and ﬁsed the standard-conﬁention but we chose to have the.

25,26

 axis system-for quinoline and 8-chloroquinoline the same.
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axis 1is aléng the molecular y axis. Therefore we will designate the
out of plane chlorine hyperfine component as Axx’ the component along
thé'molecular y akis as AZy 'and the component along the molecular
z axis as Ayz. In order to simplify the following discussion ﬁe will

initially consider only the 3C1 isotope.

: : . . + + ’
The product functions <u fv | = Tuxf—xv form a set of eigen-
functions which diagonalize Hoos Hg and Hgl (excluding Hgl(n)).

T xfi and Xy are the electron, chlorine nuclear and nitrogeg spin
functions respectively. u and v co;reébond td X, y and z while
Xp téke on values +3/2, -3/2, +1/2, and -1/2. With this choice of
basis functions, only HgF, Hg; and the paraméter containing the Cl
fiéld gradient asymmetry, ﬂgl(n), are off-diagonal in the Hamiltonian
'm&tfix. An energy level diagram appropriate to the T transition
in 8-chloroquinoline is given in Figure-29.with the zero field energies

arranged in the order Ez >E_ >E. The result of Hgl(n) is to mix

y X
the states <ufv li differing in_ f by +2; thus, n cannet give intensity
to "forbidden" transitions between the different spin manifolds. However,
sinee ,Hgl(q) oouplen: otatco thet are also cuupled Lo states ih a dat-
ferent electron spin manifold by HE%, N may give riscc to small fre-
queﬁcy (~10 ¥XHz) shitts and intensityvvariations via the interaction with
H;;. Since these variations afé very smalle N cannot be obtained reli-
ably from our data. Therefore, the 2S¢l first order nuclear quadrupole

: + x x
splitting between < Z 3/2|° and <2z 1/2|7, or <Y 3/2|  and

+ .
<Y 1/2|7 will be written in terms of one parameter ?5Q', by defining
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" 'Energy Level Diagram _for_thelrZ and Ty Tgiplet Manifold§
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3 = e2qa(3Tc)(1 + /3)Y2 . | (7)

In the case of the nitrogen quadrupole interaction it has been

shoWn26Atﬁat in the approximation Ayy(N), AZZ(N) = 0, e2qQ(**N) and
i cannq£ be obtained separately therefore, we shall use the measured
paraﬁetef' v_ with the assumption that both the nitrogen asjmmetry
paremeter, 1, and the nitrogen gquadrupole coupling constant, eZqq(**N),
are positive.

| The'princibal result of Hﬂf acting as a éerturbation is that the
levels <2 3/2 z|%, <z 3/2 Y|i, <z 1/2,z|i, and < Z 1/2 Ylt shift
to a higher energy by an amount a ='Axx2(N)/(Z-Y) and the levels
<v3/2z|%, <y3/ey|, <v1/22]%, and <Y 1/2 Y|® shift to lower
energies by an equal amount (cf{ Figure 29). Similarly, the result of
Hﬁ% is the mix the states in the Ty and T, manifolds. The order of
the plué and minus sign, < l-i corresponds to the components of Kramers
pair which are not split in zero field. Table 6 lists the states mixed -
under these perturbations. Because - Hﬁ; mixes states involving two or
more basis states in the same electron spin manifold, Hg% cannof be
adequately treaﬁed by first order perturbation theory. Therefore computer
diagonalization of the Hamiltoninn matrix was employed. 1t was ['ound
that under the perturbation Hﬁ%, - the states shifted to a first approxi-
mation by energies related to multiples of B = Axxa(Cl)p(Z-Y). An
analysis of the problem reveaied that this approximation was good to

within 0.3 MHz over a reasonable range of Axx(Cl) values. We should
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emphasize that this is only an approximation but islehpirically* verified.
Since we reSolve no splittings in the spectra directly attributable of
Hﬁ%, thé 'B*s are employed to treat Hﬁ% as a'"pseudo" first order
perturbatiqh.: |

‘Fromfah inspecfion of the states mixed by Hﬂ% end Hﬁ% (See table
6) four fypés of transition between the électron spin manifolds can be
classifiéd'using the electron magnetic dipole moment transition opefator.
These can be described as: (a)ieieétfon'spin transitions only, (b)
sﬁmultaneoué electron and nitrogen spin traﬁsitions, (¢) simultaneous
electron and chlorine spin trénsitions,vana (65 simultaneous electron,

nitrogéﬁ and chlorine spiﬁ‘fransitidhs. Théjapproﬁimate transition
energiesléré given in Table.S in ferms of the sﬁin Hamiltonian paramete}s.
It shouid'be notea that with tﬁe appfokimétion that both the chlorine and
nitrogenlin-plane hyperfine elements‘cén,be neglected, the Ty manifold
is not ﬁikéd‘with Ty or T,5 thus, the basis functions |uf v >t are
not pertﬁrbeﬁ. The érimed states in the tables and figures correspond to
the perturbed basis functions.‘ With the above approximation,it is immedi-
~ately apﬁérent from table 5 ﬁhat ali parémeteré except..Axx(Clj can be
dbtained”easily with-reasondble accuracy. .For example, ,Axx(N) can be
‘estimated from the eneigy difference between the transitions <Y 3/2 X|' -
< 2 3/2 X|' and the degenerate pair < Y 3/2 z|'$<Y 3/2 Y| » <z 3/22zZ|":

<7 3/2'Y1" while v_ (**N) can be obtained to a first approximation from

* The use pf empirical connotes the observation of the shifts resulting
in the computer diagonalization of the Hamiltonian matrix aver a range

of A (Cl) values.
XX
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the différence in'the transition energies <Y 3/2 Z|'-<Z 3/2 Y|' and

< Y 3/2 Y|'5<Z 3/2 Z|'. This region of the electron spin transitions

T'y - Tz' is shown in Figure 27. In a similar fashion the 2301 field
gradient p#rameter 35Q' can be estimated from transitions associated
with either the T, - 7, or T -~ T manifolds. For imstance, the
transitions < X 1/2 X| »<Z 3/2 X|' and <X 3/2X|> <2z 1/2X|'" or
<vyex|h<z3/ex|' and <Y 3/2X|'s<z 1/2 X|' may be used. In
fact all parameters except Axx(Cl) lcan be obtained from many different
combinaﬁions of transitions as shown in Table 5. Table 7 lists the values
and standard deviations obtained by averaging many of the different combi-
nations.poésible in Table 5. The difficulty in obtaining an accurate
measurement of Axx(Cl) is reflected in the large error assigned to its
value. o

I

pq '6 3 $ 3
2,2 qulnoxallnez) and 2,3-dichloro-

As in the cases of quinoline, -~
quinoxaiineQu optically deteétéd ENDOR is predicted in 8-chloroquinoline.
The intensity of the ENDOR transitions can be accouhted for solely in
terms of the electron magnetic dipole transition bperator. Thus, ENDOR
is ekpected'between nuclear levels in only the;'ry and T, manifolds
since within our approximations, the Tx manifold is noﬁ mixed with
other elecfron opin states. YThree different types ol ENDOR are pre-
dicted and can be described as: (a) nitrogen spin transitions only,

(b) chlpfine spin transitions only, and (c) similtaneous chlorine and
nitrogen spin transitions. In addition the ENDOR transitions should be
assocliated with specific microwave transitions between the 1. -7 or

2 Z

Tx - Tz manifolds. Table 8 lists the observed ENDOR tran&itions and
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aﬁsigns'eaéh:Of them to one of the above classifications in addition to
the microwave transitions.with which they are associated. Indeed ali
three types are observed and excellent.agreement between the transition
energies dnd_associated'microwave transifions isvdbtained. These daté
provide‘a‘s#ﬁsitivéltest'pf the uniqueneés of the assignments ﬁade in
Table 5 éﬁdAthe parémétérs used tb obtain the transition'energies.

Although we have dealt specifically with >5C1, we can explain and
assign tfansitioné'aésééiated with'37Ci nuclear quadrupole and . nuclear
electron hypérfine.interactions. The observed microwéve,transitions and
assighﬁents;are'listéd in Table 9 along with the ENDOR transitions for
the low'fféqgency Ty‘* T, microwave transitions. Naturally the inten-
sity of theée tranéitions are a factor of three lower than the correspond-
ing 3SCl'tfénsition 5¢cause of their relative isotopic abundance. Al;
‘4£ﬁough the'difference betwgen;the‘3§Cl and.37Cl nuclear quadrupole moment
is cleafly 6bserved, the difference in the nucledr mégnetic moment can-
not be obse?véd since the‘éplittings arisiné‘from.the chlorine.hyperfine
interaction is not sufficiently resolved.

Thé’vélue of the chlorine coupling constant equ(3SCl)(lb- n2/3)1/2
68.4 MHz‘is épproximately the same asvthat reported for the ground state
of 6-chloroquinoline (69.256 MHz).and'7jchloroquinoline (69. 362 MHz),79’80
indicating that in.the ¥ triplét state thé~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

majqr'feétures of the data,there'are several minor discrepancies which
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cannot'be understood withiniour approximations¥ First, it appears that
we must épnsidér finite Ayy(N)’ Azz(N)’: Ayz(Cl)‘.and Azy(Cl) values
to fit g&;_tfansition energies more accufately and tovaccount for the
line widths. Secondly, at maximim power (cf. Figure 1(f)), six'pairs of
satellites appear in the T, * T, miltiplet centered at ~3.339, 3.367,
3.373, 3.398, 3.40k4 and 3.l+31'GHz. These satellites maylbe due to 1°C
or'lﬁ interactions or alternativéiy gﬁest-host interactions. The.possi-
bilitles éhould be‘aistinguiéhab1eAh&‘isotope substitution and/or amall
Zeeman perturbations. ' . '

In order to find out if the dﬁservaﬁion of the interaction of the

chlorine nuclei is geneiélly observable, we repeated the experiments of

23

Tinti et al. on 2-3 dichlorogquinoxaline. The pdwer dependence of the

T 'Ffansition’is_shown in Figure 30. As can be seen, at minimm
power (Figure 30a) the resonance shows only the structure due to the
niﬁrogen'hyperfine and quadrupole interactions. ‘As the power is increased
(Figures 30b and 30c), the chlorine éétellites split_approximatély 35 MHz
from the cénter section are observable and increasé-in intensity, until
with maximum power (~100 mWatts) the chlorine satellitco arc almest as
slrong as the center or "allowed" section and transitioné split approxi-
mafely 70 MHz from the center section due to simﬁltaheous electron and
two chlorine spin transitions are observed. In addition °SCl and 37c1

ENDOR resonances were observed while saturating the ‘jy - T, multiplet."

* 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 (AD = 2.4 MHz and AE = 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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Figure 30

ODMR Spectra of ‘Ty - ‘TZ Multiplet of 2—3.Dichloroquin§xaline
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No attempt was made to make a quantitative analysis of the spectra
since theré,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 Krbﬁérs doublet and tﬁerefore, a h32-x 432 matrix would have to
be diagohalized in order to fit the spectra. HowgVer,'the two lines in
| the center-Section of the spectra that éould not. be assigned and the small
splitting observed i#‘the 14N FNNOR (see Reference 2l) are moot likely

due to the hyperfine interaction of the chlorine nuclei.



Energles and '1ssxgnments of observed frequencies involving electron.

Transition

<Y3/2XI — (zs/le-
Ari/exl = (Zz1/2 X"
§Y3/22| - §z 3/22Z|"
Y3/2Yi'—=(Z3/2v1
?’1/2Z| - (Z1/22Z1"
Yi/2Yl'—=<(Z1/2Y|"
éy:s/z-zl'—. éz 3/2 Yl
Y1/22Z1'-w(Z1/2Y!"
{yaseyl'—{z3/2z|"
Yi/2yl'—(z1/2Z|"
Y3/2Xl'—{(Z1/2X|"
Y3/2Y1'—{Z1/2Y}"
(y3/2zi'—~{(z1/22|'
é)’l/zxw—'ézs/le'
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Table 5

Energy *

Z-Y+2u+28
Z-Y+2a+283
Z-Y+2x+583
Z-Y+2a+50
Z-Y-v.+2a+2f
Z-Y-v_+20+48
Z-Y+y-+2a+2f3
Z-Y+v_+2a+6f
Z-Y-(Q/2)+48
Z-Y-(Q'/2)+2a+38
Z-Y-(Q'/2)+2a+48
Z-Y+(R'/2)+48
Z-Y+(Q'/2)+2a+383

CZ-Y+(Q'/2)+2a+483

Z-Y-(Q/2)-v-+2a+3B
Z-Y-(Q'/2)+v_+2x+4f
Z-Y+(Q'/2)-v-+2a+3B
Z-Y+(Q'/2)+v_+2a+4f
Z-X+f

Z-X+a+p

Z-X+a+f

Z-X+38

Z-X+a+38
Z-X+a+2f
Z-X-v.+a+f
Z-X-v-+a+28
Z-X+v-+a+f
Z-X+y-+a+3f

. Z-X+(Q/2)+B

Y1/221'—(z3/2Zi'
{ri/2vl"—(z3/2vl"
Y3/ZZI'—' Z1/2Yi
Ya/z Y —=(Z1/22ZI"
§Y1/2zw~ézs/2 Yl
Y1/2Y|'—~(Z3/2Zi'
éxa/le éz3/2x!v
X3/22| —=(z3/22!"
372yl —{z3/2vi"
X1/2X| —{(Z1/2X1*
X1/22Z —{Z1/22Z}'
(x1/2Yl §21/2 Yy
X3/221 —(z3/2Y!"
X1/22Z| §z1/2 Y
X3/2Yl =(Z3/22\"
xX1/2Yi ~{(zZ1/2 21"
X1/2X| —(Z3/2 x|
X1/2Z) —(23/22|'
X1/2Y! =(Z3/2Y!"
X3/2x1 —(z1/2 X"
X3/2Z| —~(Z1/22Z)*
X3/2Y1 —(Z1/2YI"
X1/2Y| =(z3/2z|*
X1/221 —~(z3/2YI
X3/2Y| —ZL/2Z|}
(xs/zz{ —(z1/2Y]|"

Z-X+(Q'/2)+a+p
Z-X+(Q'/2)+a+f
Z-X-(Q'/2)+38
Z-X-(Q'/2)+ a+3p
Z-X-(@'/2)+ +2f
Z-X+(Q'/2)+v-+a+f
Z-X+(@/2)-v-+a+f
Z-X-(Q'/2)+ v-+uw+3
Z-X-(Q /2)‘—u-+oz+2B

* u_ = 3e20Q(L1N)(1-7/3) /4 5 @ = £24Q(35C1)(1 - 172/3)1/2
Relative within the same classification only.

a Electron spin transition.

b Simultaneous electron and nitrogen spin transition.
¢ Simultaneous electron and chlorine spin transition.

d Simultaneous electron, nitrogen, and chlorine spin transition,

Observed
frequency

(MHz)

} 859.3
i 860.1

} 857.3

} 863.8

i 826.2

E 895.0
822.8
829,2
891.6"
898.1

3384.7

}3381.9

}3388.7

i3419.5

‘3350.8

3422.7
3416.5
'3354.3
3348.1

14N, and 35C1 transitions

Relative ¥ Classifi-
intensity cation
1.9 a

a

a

2.7 a
a

a

b

16 b
b

1.? b
c

2 c
c

c

1.8 c
X c
1.9 d
1.7 d
1.8 d
1.5 d
a

a

2.8 a
a

a

b

2 b
b

1.0 b
c

2.1 c
c

. c
2.8 c
c

0.8 d
1.6 d
1.2 d
2.1 d
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Table 6 S
Basis states mixed by Axx(\‘) and Axx((,l)
Ayy(N)
{{z3/2 2|+, (v3/2v|%
{{z3/2 v|*, (v3/ez|%}
{(z1/2z|*, (vi/2v|#
{{z1/zy|*, {v1/2z|%}
A AN) and Ay4(Cl)
. Kz3r2 xit, (z1/2X|*, (v1i/2 X|*, (v3/2x|*}
(z3/2Z|%, (z1/2 v[*, _ (z3/2 Y|7. (z1/2z]%
(v3/2 Y%, (v1/22z|*, o (yievlE (y3/2z|¥

( |* indicate Kramers pairs.

Table 7

bpm-hamlltoman values for 8- chloroqumolme

Value . Standard deviation . Number of combinations

Parameter (MHZ) © (MHz) S used from tables 1;4
x -1970.08) £0.5 7
y = 555.53) - £0.5 7
Z 1414.52) . + 0.5 7

[ ANy | 19.5 : £1.0 3
]A).y(hr) | b . - -
| 42209 b - -
|Axx(Cl)| 15 -10.+ 15 12
| 4yatcn] - b ‘ - T
|4zy(CD] b - -
l v_{N) , 3.9 ’ . £ 0.2 20
IQ'(35CI)I 88.4 5 0.6 : 17

a) Obtained from the convenuon x+y+z =0, and assuming the same order of the zero held levels as in quinoline.
b) Date does not provide reliable values.
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Table 8

Energies and assignments of 14N

and 35c1 P_NDOR

Microwave ! Observed :
ENDOR * Transition transition ENDOR} ENDOR Belati\_/e Clas;ifi-
. o saturated energy frequency intensity cation

" (MHz) (MHz)
(z3/2Y|" ~(z3/22] V- ' a
(z1/2Y|' =2 1/22 ] v_+f a
(vasay|: f<Y3/2zl' 857.3 ve E 3.2 10 a
(vi/2v| = (ri/2z} v_+R ' a
(z1/2x|" =(z3/2x ) (Q'/2)-28 b
(Zzrr22|r =z 3/22 ] @'/2)-28 b
(Z1/2Y|' —(Z3/2Y ] Q'/2) -8 b
(y1/2x|r—(ra/2x | 826.2 (Q'/2)+28 33.5 il b
(vi/2z|v—wu/2z | 822.8 @ /2)+8 .33.9 2 b
(visey| = (yasey| 829.2;826,2 (Q'/2)+28 33,5 2;11 b
(z1/2z|' —=(z3/2v ] (Q'/2)-v--28 ¢
(zi/2y| —(z3/22 | Q/2)-v-.-8 ¢
(vi/2z|' —(v3/zy ] 829.2;826.2 (Q'/2)-v_+B 3L.5 2;2 ¢
(1'1/9)'|'~\}’3/27| 822.8:826.2 @ /z)+u_-23 37.5 '7;2 c

* We do not see ENDOR while saturating microwave transition in the 7x — 72 multxplet Since ENDOR is not pre-

dicted in the Tx manifold and presumably some relaxation mechanism mterferes in the Tz mamfolcl

ENDOR is assigned to the 7) manifold,
Ty = 3e2qQUAN)(L-1/3)/4 2" = £ 24Q(35CI)(1 - n2/3)1/2,

a 1‘§N nuclear spin transition,
b 35C1 nuclear spin transition.

¢ Simultaneous 14N and 35C! nuclear spin transition.

the observed
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Table 9a
Energies and assignments of observed frequencies mvolvmg electron, 14N._ and 37CI transitions
Transition . Energy * l(t)";:ﬁ;:i;l l}elathrei Clas§ifi—
(MHz) mtens.lty cation

(v3/ex| —‘zi/2x| Z-Y-(Q/2)+48 .
r3/2 ylr—{z1/2v} Z-Y-(Q/2)+2a+38 i 833.0 1.5 a
(va/ez| —{(z1/22|" Z-Y-(Q'/2)+2a+48 a
\Yi/2xj —izs/2x| Z-Y+(Q-/2)+48 a
(ri/2z| ~{z3/2Z]| Z-Y+(Q'/2)+2a+38 E 887.9 1.3 a
wiseyli-(zs2y| Z-Y+(Q/2)+ 20+ 48 a
(v3/ez| = (zy/2 Y| Z-Y-(@/2)-v_+2a+38 829.2 - L7 b
(vasey| —=(zi1/2z]| Z-Y-(Q/2)+v.t2a+48 " 835.9 1.1 b
(‘}'1/22i' ~(z3/2v]" z- Y+(Q'/2)-v_+20+38 884.1 1.9 b
Y1/2Y| o (Z3/2Z] . Z-ye (QU/2)+ v+ 20+ 40 891.6 ) L.5 h
(X1/2x| —{(z3/2x| Z-X+(@/2+R ) n
ifezl —izsez) Z-X+(Q/2)+a+f - E 34120 . 1.9 a
X1/2v| ~iz3/2 Z-X+(@/2)+a+B -
xasex| ~iz1/2x) Z-X-(Q'/2)+3B . a
(x3/22| —(z1/2z) Z-X=(Q'/2)+a+3B i RH5R 0 2.1 a
(xasey| ~<z1/2v| Z-X-@Q/2)+a+28 _ a
(x1/2v| ~{(zas2z| Z-X+(Q/2)+v-+aiB 3416.5 L2 b
‘x1/2z| ~(z3/2Y| Z-X+@Q'/2)-v-+a+fB 3409.2 0.8 b
(xasey| ~(zi/2z| Z-X-Q/2)+v-rai3f 3361.5 0.8 b
A(X3/27! - (Z 1/2 yl Z-X-(Q'/2)-v-+a+28 3354.3 1.2 b

Table 9b
Lnexgxes and assxgnments of observed frequencles mvoh ing LleCtI‘On 14N, and 37Cl transitions

. Microwave ’ Observed t

ST T ‘ transition EMDOR ENDON | Relative Classtit=

PO Trangition . saturated energy * frequency intensity cation

(MHz) (MHz)
(vi/2x |~ (vasex| 833.0 (Q/2)+28 26.8 1 c
szl vy 32y | 835.9 (Q/2)-v-+8 24,0 1

v 1/2yl- —(r 3/2z| 829.2 (Q/2+v--28 3L.5 1 d

5 Q1 - e2qQETCN(L ~n2/H1/%: u- = 3e2q@(AN) (L -/

1 Relative within the same classification only.

a Simultaneous electron spin and 37C1 nuclear spin transition,

b Simultancous clectron spin, 14N, and 37C1 nuclear spin transitions.,
¢ 37C1 nuclear spin transition.

d Simultaneous 37Cl and 14N nuclear spin transition.
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B. The “nm* State of Pyrazine

- Since pyrazine is an example of the class of molecules in which an
electron is excited frpm\a non-boﬁding (n) orbital to an anti-bonding
(%) orb;tal; it has been the subject of considerable interest for many
_years.81‘8& The‘gurpose'of.our investigation is to gain a measure of
the electron distribution in the excited .nn* istate of pyrazine by
measﬁrihé the electron spin-spin, nitrogen hyperfine.and'nitrogen nuclear
quadrupole interactions.

In'éqﬁtrdst<to nn¥* triplets, where because of the Pauli Principle
the unpaired electrons may not be on the~5a@é atomic centers, in nn*
triplets-thé'unpaired électronsvare in orthogonal orbitals énd thereforeA
may reside'oﬁ the same atomic center. The nn* tripleﬁ therefore has
large one-éénter contributions to both the spin-orbit and zero field Hamil-
tonians, Experimentally, this results in both a.shbrt lifetime for the
excited nrn* staté due to the larger spin-orbi£ coupling contrisution and
higher frequency ESR transitions due to the largérAelectron spin-spin
interacfion.

Both of these effects hav;,contributed to theﬁfailure to detect
triplets using conventional absorption techniéueé. Since the sensitivity
of experiménts in which the absorption of energy'is monitored is
directly depeﬁdent onvthe,cqncentratién of spins, the short lifetime re-
sults in'é reduction in sensitivity directly proportional to the shorter
lifetiﬁerf the excited state. With ODMR on the other hand; the sensi-
tivity is dependeht on the number of photons detected per unit time

which is approximately equal to the steady state population divided by



-108-

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. | |

ThefSahpie consisted of a‘single crystal of paradichlorcbenzene
(pDB) dcped hith 1% pyrazine h-4 or a-4 krown from the melt. The
starting material was recrystallized, vacuumAsublimed and zone refined.A
The expefimental erfenéement was eseehtially the seme.as that shown
"in Figﬁrehlé. ‘The sample. was maintaihed at 2.0° K while being ieradi-
ated with”the 3100 R region of fhe mercury arc lamp. The 0-0 band of
the pyrazine phosphorescence wasedetected at a 90° ahgle to the exciting
light. iThe'michwave sweep‘oscillatof was amplitude modulated at 40
Hz for the D+ |E| and D - |E| transitions while a Hewlett-Packard
model 32003 Rf OSCiliator was used without hodulation for the 2E transi-
ltion. : |

The Dﬂ+ |E| and D - |E| transitions for pyrazine-h4 and -ak.
are shcwn in Figures‘3l énd 32, and the power dependence of the 2E
transition in Figure 33.. The large linewidth cf'the three zero field
transiﬁions.is primarily due to the large hyperfine interaction. As
discussed>in Section III, the main features of the spectra can be ex-
plainea by»a second order berturbntion treatment. The high freduency
or D+ |E| transition (see Figures 31B and 32B) should be shifted to
a higher energy by an amount o = A%/ (By - Ey) while the D - |E|
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 2. The measured values of D and E



-109-

Pyrazine - ha @
. -

L N 1 J
9250 |, 9275 . 9300 . 9325

A

1 1 - ! | '
9475 9500 - 9525 9550
; - Frequency (GHz)

XBL 7012-7363
Figure 31

Pyrazine-hl, ODMR of the D + E (a) and D - E (b) Zero Field Transitions
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rigure 32

Pyraziﬁe—dh ODMR of the D + E (&) and D - E (b) Zero Field Transitions
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Figure 33

o PcwerADependence of the 2E Transition of Pyrazine-dk
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for pyrazine-hl are |D| = 9.3959 GHz, |E| = 0.1126 GHz and for
‘pyrazine-d4 |D| = 9.5782 GHz and |E| = 0.1286 GHz.

The high field optical detection of. the pyrazine-hl4 ESR has been

37

reported By Sharnoff with the values D = + 9.26h4 GHz and

E = -0.180 GHz, while Cheng and Kwiram38

haﬁe reported the low field
and zero field optical detection of the D + |E| and D - [E| transi-
tions. The values_théy report are, for pyrézine-hh, D = + 10.1698 GHz,

0.2155 GHz; and for pyrazine=dl4, D = + 10.2043 UHz and
85

B o=

H

E = have observed

+

0;2057 GHz. In addition, Hochstrasser and Lip
the zero field splitting of pyrazine-in'the opticél spectra by use

of a large Zeeman field. ,Théy réport the value D = + 0.3 em™t (9 GHZ)
which is ¢onsisteﬁt with the ESR stﬁdies. '

- The discre‘pa,ncy between our reanlits and Sharnoff'c arc mest iikel;y
due to the’lower accuraéy inhérént invhis high‘field experiments, while
~ the diffeEence between our‘results and those of Chéng and Kwirum are
believed to be due to differences in sample preéération} Chenge and
Kwiram performed their experiments shortly after the crysﬁal was grown
from the mélt, while our experimeﬁts were performed approximately one
yeer after growing the crystal. The sensitivity of pDB to its recent
thermai history will be discusséd in more detail in the section on the -
ESR ofrthat'molecule, but most likely the sample used by Cheng and
Kwiram,contained an appreciable concentration of the triclinic (or high
temperafure) form of pDB. The environmental difference between the
monoclinic and triclinic forms of pDB are believed to account for.the

.approximately 10% variation in the values of D.
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On the basis of the optical spectra, the spacial symmetry of the
.3ﬂﬂ* stgte_of pyrazine has been assigned as- B3u86Ain Deh ﬁsihg.an
axis system with the N-N axis as the y(Blu) axis, the other in-plane
axis as: z(Blu) and. the out-éf-éiane axis as’ x(Bsﬁ)‘ " The three
triplet levels transform as the product of the space and spin represen-
tations and therefore the total symmetr&iéf the triplgt levels may be

expressed as,

T = B xB = A
X 3u 3g u
T = B xB = B . (8)
Yy 30 2g 1ua

T = B X B = B

z 3u 18 “2u

In contrast to ESR ekpgriments usihg a‘magnetic field, experiments .
at zerd~maépetic field‘do not'éive any iﬁformétiOn as to the sign of D
and E.: Tﬁé experiﬁénts of Cheng and Kwiramvusing a magnetic field
have established that D and E must bé of opposite siéns; This re-
qui?es that the energy levels be ordered E, < Ey <E, or vice veréa.
A simple analysis of the electron spin-spin interaction centered on the
nitrogén predicts that E, and Ey are positive and E, _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 fluorenylidéheu7 in which D is >0 and E<O
using 6ur éxis system. This assignment of-the order of the energy
levels is further supported by Sharnoff, except thai he gives the op-
posite -signs for D and E with the same orderihg of the energy levels.

The energies of the triplet levels for pyrazine-hl are therefore:
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"X = 3.2446 Y = 3.0194 Z = -6.26L0 GHz
and fdr,byfaZine-dh,
X = 3.1213 Y = 3.0641° Z=

-6.3854 GHz

Aﬁ accurate interpreﬁation of the zero field values is of course
dependenﬁ on an ab initio calculation of the excited ﬁn* state of
pyfazine. ‘Hdwever, several conclusions can be drawn from a simple
analysié of the spacial dependence of the zero field interaction for
two unpairéd electrons in orthagonal p orbitals located 6n the same
atomic'ééhter. | |

The approximate equivalence of the X and Y triplet levels re-
quires with‘this model thaf the electron density in the lone pair and
n* orbitals on the ﬁitrogeﬁ atoms be approximately equivalent. This
would imply that the electron in the =¥ orbital does not spend much
time onAthe‘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-O.s‘while
’the measured valuca are for pyrazine—hh,‘E/D =-0.0120 and for
pyrazine-d'li, E/D =-0.0134. Without any s character in the lone pair
orbital the value of E wouid 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 accﬁrate,medsure of the nitrogen
quadrupole‘coupling constant and therefore the ground state values
were used in fitting the Spectra. The values obtained for the nitrogen

hyperfine interaction are

Ay = TO MHz

Ay = o

A
zZ

2

30 MHz

It ﬁust be emphasized that these are énly approiimaﬁe values and
subject to an error on thé Qrdef of * 20%, but aie.esséntiallylthe
same as those reported by Cheng and Kwiram. These values give for
the isoﬁropic componenf of the hyperfine intéraction éc = 60 MHz and.
for the: anisotropic components | | .
'J&xelo
Ay, = 20

Azz = -30

The anlsotropic hyperfine coupling may be interpreted with the aid
of fhé tébles given by Asycough.89 One electron in a p orbital will
conﬁribute an amount 2A (A = 47.8 MHz for l".‘N)89 in the direction of
the orbitél and an amount -A in £he other two orthagonal directions
to the anisotropic hyperfine interaction. The triplet electrons are in
the =n* and lonelﬁair orbitél on the nitrogens with electron densities
P, and  pL respectively. In our axis system we may express the con-

tfibutiog of each of the triplet electrons to the anisotropic hyperfine

components as,
p :
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AXX = (EADH - AQL)
Ay = (2App, - Aoy) -~ (9)
A, = (Ao - Ao )

The spin densities p_  and p;, may be obtained by solving Equation 9, V

which gives us,

1
Py = 3 (Axx - Azz)
T (10)
P T 3& (Ayy - A

Substituting fhe measured values of the anlsotropic hyperfine tensor

we find that pn = 0.28 and py, = 0.35 for both uitrogen atoms.

Hirota, Hutchison and Palmer9h have shown that the experimental
95 '

results for haphthalene bear out MeLachlan's”” thearetical, prediction
that thé:spin density -of the lowest triplet state is approximately the
same a§~the negative ion. |

Our results for the “nn* state of pyrazine are consistent with‘
this sincé our valué for the spin density 6f theielectrén in the x*
orbital gn the nitrogen atoms (0.28) is almost identical with the
experimental value for the pyrazine anion of 0.278.96

The theoretical isofropic hyperfine interaction due to one electron
in a nitrogen 2s orbital is 1540 MHz.89 Since this contributioﬁ should
dominate over the induced polarization of the s electrons by the

triplet electrons in p brbitals,_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 Py is given by
Py = (60/1540) - = 0.0k - (11)

The coefficient of the nitrogen 2s atomic orbital in the nitrogen
) i
lone pair molecular orbital is therefore equal to (0.04)° = 0.20.

This gives us for the wave function of the nitrogen lone pair orbital

Py

¥y = 0.20.g,4 + 0.98 ¢, . (12)

- This small amount of s character in the loné pair orbital is con-
sistent with the zero field values and indicates a bent bond with an
angle > ;20°.

A quantitdtive estimate of the éhgle may be obtained by using the

equation given by Higuchi9l

. -%l + cos e; 2 | -2cos8 |2
'WL - [ 1l -cos @ ] Pos t [il - COS,GSJ'A2py

where WL is the lone pair orbital and 6 1is the C-N2C angle.

for the bond angle

Therefore, from the measured value of the isotropic hyperfine |

interaction we have

ol

1@+ cos 6 _ o
[é——-—-%l o8 @ ] = 0.20 (13)

which gives us an angle of 157°. It should be noted that calculations
92

of the ground state of pyraziné by Clementi indicate a small s

character (=~15%) for the lone pair orbital using a fixed geometry with

6 = 120°.
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Cheng "and Kwiram38 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. iAlternatively an analysis of the change in phosphorescence
intensity ubon saturating the three zero field transitions will supply
the same information.

It is necessary'ﬁo know the lifetimes of the individual triplet
levels in.ordervto answer this queétiﬁn, but in the case: of pyrazine
the assignment is reasonably straightfdrward.

SiﬁCe the 7 level transforms as Au (Eq. 8) it is symmetry
forbidden to - directly couple.via'the spin-orbit Hamiltonian with an
excited singlet state. Theréfore if we neglect ﬁhe triplet gharacter
of the g;ound state, the T level may only gain the admixture of single
singlet character necessary for electric dipole radiation to the ground
state by spin-orbit coupiing through an intermediate state. Consequently
the Ty level should have the smallest amount of singlet character and
therefore the longest lifetime. With this assignment of the T, level
and the experimental obseryatiogkghat the TZ .level has the shortest

lifetime, the rate constants for the three levels are

— -1
kx = 2.5 sec
k = 10 sec™t

Y
ké = 167 sec~?!

where the rate constants are equal to the inverse of the lifetimes.
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As wgs'shdwn in section II (see Eq. 39) the change in intensity of
fhe phosphoféécence upon saturating the ESR transition between any two

of the three triplet levels is given by

ALy o= (M- (K - K)o ]
where i,;j‘..= x; y,'z. and Ni 'aie the steady sfate pppulations of the
thréeuﬁfipiet levels. | |

| Sincéfthe'ODMR of all‘thfee 2ero field transitions gaye an increase
in the‘pﬁbsphorescence inténéiﬁy;if is gleér‘from'Eq. 14 fhab the popu-
lafidns'of the triplet leQels ﬁﬁst be in an order opposite to that of
their rate constants (i.e., Nk > Ny > Nz). Therefore the populations
are inverted and we haQe a neéessary but not sufficient coﬁdition for
stimulated émissioﬁ. It should be noted that our assignment of the Ty
level as_fhe level ﬁith the loﬁgest lifetime is.only.neéessary ﬁo pre-
dict a éopulation inversion between the Ty andwfry le#els. The
assignment of the 7 level as the level with-thé.shortestrlifetime
is suffiéient to eétablisﬁ that .N; < N&,N& and therefore g population
inversion certainly exists for the D + E and"D - E zero field

transitions.
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C. The Sxn State of Paradichlorobenzene

This éection is divided into two parts. In the first, the ODMR
spectra of'pgradichlorobenzene (pDB) are presented and the results in-
terpreted'in terms of a spin Hamiltonian incorporating thé electron spin-
spin, chlorine nuclear quadrupole and chlorine hyperfine interactions.

In the secdnd part, the phosphorescence microwave‘doﬁble resonance tech-
nique is used in investigating the vibrational structure of the phospha-
rescence spectrum of bDB. The vibrational structgre‘of the phosphorescence
spectra is aésiéned by analysis of thc rcletive chauge in intensity of thé
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.

L. ''he ODMR Spectra of Paradichlorobenzene

Investigations of the first excited triplet state of benzene and

. ' -109
substituted benzenes has been the subject of consziderable interest.lo7 10

The ebsorpllon and phésphorescence spectra of the first excited triplet

71 97

state éf pDB by Castro and Hochstrasser =~ and by George and Morris have
raised sevéral questions?
1) Is the spacial symmetry of the excited triplet state of
pDB Bau as proposed7l or B, as is benzene?98
99

2) Do the chlorines participate significantly in the excitation?

3)_ Is the molecule distorted in the excited state?7l
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L) _is the electric.fiela<grédient at the chlorines éhanged
sigﬁificantly 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 ﬁsed in the spin Hamiltonian that
satisfaqtdrily_accounts for the ODMR_spectra of pDB should supply the

information necessary to answer the above questions.

Experimentdi

Thé~§t§rting maferial (Eastmén Organic white lébel) was degassed and
zone refined for 100 passéé. Single crystals of pDB‘were easily grown
by the Bri&géman technique. The experimental arrangemenﬁ uséd in the
ESR.experimehts is éssentiall& the same as that Showpvin-Figure 15. The_
sample was'excitedAwith tﬁé'2800 R or 3100 R region qf the mercury arc lamp
by use ofvthé appropriate inferferénce'filter.

Thenméjority of the ESR spectra were obtained by squaré wave amplitude
modulatibn of the microwave'oscillator with a frequehcy of 10 to 20 Hz
and a modulation depth of >25 db. 'The Hewlett Packard microwave sweep
oscillaﬁor was modified by replacing the timing capacitor used for the
range with the fastest sweep time with an assémbly which permittei switch-
ing betwgen external capacitofs. With this arrangement sweep times as
lang as several thousand seconds wé.re poséible ." permitting the use of
sweep rates as low as .025 MHz/sec.

Frequency modulation 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 fhrcugh the + and - inputs of an operational amplifier. The
output of»the operaﬁional amplifier ccnsisted of a positive ramp voltage
with a sﬁpepihposed sine wave. The magnitudes of the ramp and sine wave
voltages were independently adjusted toAgive the desired sweep width and
modulation excursion. The hodulation 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 O§3 to 30 seconds depending on the
sweep rale of the microwave oscillator.

In addition, experiﬁents were performed without modulation of the
micrcwave field in which case the absclute change in intensify of the
phosphorescence was monitored. The effective time constant of the elec-
tfometer was varied by changing the external loadAresistor.

The e#perimenfal arrangement used in perfcrming the ENDOR experiments
is shown in Figure 17 and the sample arrangement ih Figure 18. The Hewlett
'Packard RFbsweep oscillaﬁor wae aiso modified to permit sweep times as
long as 2000 seconds.by use of an external timing capacitor.

The measurement of the >>Cl pure nuclear gquadrupole resonance of the ground

state of pDB at 4.2°K was achieved with the use of a marginal oscillator described
by Fayer and Harris.loo The éample coil was extended by placing the leads
to the coil inside a section of stainless steel tubing hent at a right
angle ih order to suppcrt the coil in a liquid helium dewar. The dewar
used‘in this e#periment 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 liduid 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 fleld

"Tﬁe.ODMh spectra“of pPDB in zefo magnetic fieid have been obser&ed
while menitbfing the eﬁissieh from two distinct tfgps. However; only
the ODMR spectra due to the shallow (or x) trap will be discussed. The
chlofine nuclear_quadrupqle'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 ere due to the interaction of
three ieetopically distinct molecuiaf species; 'The relative natural
abundaneee of the 35c1 and_37Cl isogopes-are approximately 3/# and l/h
.fespectifely. Since there are fwo chlorine'nuclei per molecule, the

fractional'distribution of the molecular species are

3/h x 3/h - 9/16
2(3/4 x 1/4) = 6/16 . ‘ (1)
/4 x /4 = 1/16

I 2%l - ?7a

1I1 271 - 27c

The spectra obtained will therefere be'considered aslphe super-
“fposition of the ODMR spectra due to each of fhe three molecular species.
The 7, =7, (high frequency) transitions observed using amplitude

and frequency‘modulation are shown in Figures 34 and 35 respectively.

The reéonance observed for this transition without modulation of the

microwave field is shown in Figure 36. The two remaining electron spin
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Figure 34

ODMR of the T - 7 multiplet of paradichlorobenzene with amplitude

modulation of the microwave field
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Figure 35

ODMR of the T, Ty multiplet of paradichlorobenzene with frequency

modulation of the microwave field
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Figure 36

ODMR of the T - 17_ maltiplet o> pa.radichlor‘obenzene‘ without -modulatioh of the microwave field
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transitibnsAdbserved using ampiitude modulation are shown in Figures
37 (Tx.* Ty) and 38 (Ty - Tz).

In table 10 the possible ESR transitions involving the triplet
electrons 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 undergoteach type of transition. The intensity of #he transitions
involving the electron and one chlorine spin (B ané C) and those involving
the electron and ﬁwo chlorine spins»(D, E, and F) must be considered
separately. The ratio of the intensitieé of the transitions involving
_a single ?5C1 spin to thdée'involving a single °7C1 spin is given by

I
B 2(9/16) + 6/16
I, 6§1é *2(i/By - 3 | ()

Likewise ﬁhe ratio of the intensities of the transitions involving two
chlorine spins is:

IiIgily = 9:6:1 (3)

The structﬁre of the Tx:e T, elgctrbn spin multiﬁlet éhown in
Figure 3& ié labeled according fo the claséification given in Table.lo.
Since'the‘ﬁuclear quadrupole moment -of 35c1 is larger than that of 37Cl,
the outer paif’of the four strong satellites aré assigned as type B
(°Sc1) .and the inner pair as type C'transitions.(37Cl). As can be seen,
the ratio of the intensity éf the transitions labeled B and C is approxi-
mately 3:1 as predicted. The ratio of the oufgrmost satellites in Figure
34 are assigned to simultaneous double chlorine transitions (labeled D
and E on'the spectra). The intensity of these transitions is also approxi-

mately in the predicted ratio of 9:6.
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Figure 37

ODMR of the T Ty multiplet of paradichlorobenzene
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Figure 38

ODMR of the T multiplet of paradichlorobenzene
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ODMF. of the T multiplet of the Y trap cf paracdichlora>enzene
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The transitipns corresponding to simultaneous double ~7C1l transitibné

(type F) .are not observed as would be expected from the small natural

abundance of.the molecular species responsible for these transitions.

The inner pair of satellites (labeled E in Figure 34) may be considered

as simultaneous ~>Cl and ~'Cl trensitions, the highcr frequency transi-

tion representing a “>Cl flip up and a ~’Cl flip ddwn, while the lower
frequency transition represents a >7Cl flip up and a >5C1 flip down.

Since the méfrix elements for these double chlorine transitions are signi-
_ficgpﬁ;yldifferent f;om.§§9§g~§s§oc;§ted yith thé other double éhlorine transi-
tions, the intensity of the inner‘sateilitéé labeled E in Figure 34 should not

be compared to the intensity of the outer satellites labeled D and E.

Chlorine ENDOR transitions were also obéerved by saturating the ESR
transitipns-in the D - 'E and D + E manifoid. The >5C1 and 7C1 ENDOR
resonanéesAbbserved by satufating fhebD - E transition are shown in
Figures 40 and 41 respectively, and the >5C1 and 7Cl ENDOR resonances
observed by -saturating the D + E transition in Figures 42 and 43
respecti&é;&. | |

As an extension of the Cl1 ENDOR experiments a #5SC1 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 inﬁensity detected with a lock 4n amplifier
oniy the ESR transitions that involve a ~35C1 spin transition are detected.
The spectrumobtained from this experiment is showniin Figure 44. As can
be seen,satellites aésigned as simultaneous electron and 3701 spin transi-
tions (labeled C in Figure 34) are not observed,lwhich confirms the

assignment of the chlorine satellites.
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>5C1 ENTOR associated with the Ix - .Tz multip_et of paradichlo-obenzene .
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3501 ENDOR associated with the T, Ty multiplet of paradichlorobenzene
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3701 ENDOR associated with the Tx - Ty multiplet of paradichlorobenzene
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ENDOR Pumping of Microwave Transition
Cl o
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Figure 4k

3501 ENDOR pumping of the L multiplet in paradichlorobenzene
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The‘pu;e nuclear quadrupole resonance spectrumof pDB in its ground
state is‘shown in Figure 45. Dﬁe 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
H o= Hgo+ :§: Hy + :;: Hp (¥

where thé“sﬁmmation is over the chlorine nuclei With the axis systeﬁ
defined as x, out-of-plane; z, along theIC-CI bond direction; and y,

the other in-plane axis , we have,

- _ya 2 _ 2 _ 2
HSS = XS, YSy ZSZ |
. . |
Hy o= SR (31,7 - 15/M) )

and He = ALSL, -

The chlorine nuclear gquadrupole asymmetry.pafametér has been assumed
to be zero since it is only a small off-diagonal term in_the~spin Hamiltoniin
and couid £herefore not be determined within the experimental accuracy
of our measurements. In addition the chlorine hyperfine interaction was
found ﬁo'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 df paradichlorobenzene
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from the;ﬁSR;spectra as to the relgtive orientationfof HSS’ AHQ and HHF'
Therefore;.on the basis of single crystal ESR studies of other molecules
in rn* .triplet states,27’u'2 it was assumed that the axis systems are co-
incidént. In addition, Zeeman stﬁdies of the pure'nuclear quadrupole re-

sonance of pDB in its ground state have shown that the chlorine nuclear

quadfupole principal axis system is within one degree of the C-Cl bond direc-

110,111 We have also made the assump-

tion as detérmined_from x-fay étudies.
tion thét the hyperfiﬁe interaction due to‘the four protons may be neglected.
This is:justifiedvén the basis that the interactioh would cause only a small
broadening and shift of the transitions and could not be resolved within our
experimeﬁtél accuracy. Furthermore, no resélveabléAhyperfine interaction
attributqble to protons has been reported to date fér ODMR experiments with
zZero exterﬁal magnetic field.*A The Basis states used in calculating the spin

Hamiltonién and the effect of H., and HHF on the transition frequencies

Q
and inﬁénsities have been treated in detail in sections III and V-A and will
thereforé not be repested here; |

The total spin of the system is 4 and therefore we do not have Kramers
degeneracy and must consider theAMS separate energy levels of the excited
triplet state. The ODMR spectra were simulated by use of a computer program
(see Appeﬁdix) that diagonalized the spin Hamiltonian and calculated the
transition frequencies and intensities. The spectra were fitted by cal-
culating the spectra fror the >SC1->5Cl species of pDB. After the best

fit to these transitions was obtained, the nuclear quadrupole coupling

constant of ~°Cl was multiplied by the ratio of the 3701 nuclear quadrupole

* However, Hutchison and his group have observed the proton hyperfine

interacfiqn in the ~nr* state of naphthalene using conventional ESR techniques.

12k
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moment to the >5C1 nuclear éuadrupole moment (0.78815)112 in order to
oﬁtain'thei37Cl nuclear quadrupole coupling constant. The 37c1 hyperfine
interaction was obtaineéd in a similar fashion by mﬁltiplying the 5C1
hyperfiné intéraction (Axx) by-the4ratio of Y374 fo LEE (0.8322).

The eiunents of H., used in simulating the spectra observed while monitor-

SS
ing the b4 tfab emission arévlisted in Table-ll along with the approximate
values of HSS for the y trap and thelvalues reported for benzene.93 The
best value of the ~5C) nuclear quadrupole eoupling constant was -64.50

Miz (®7Cl = -50.84 MHz) and for the *SC1 hyperfine interaction A = 22

MH? (37013'Axx = 18.3 MHz). Tﬂe experimental and calculated ESR frequencice

for the x trap of pDB are'listed in Table 12, With the pérameters used

in the spin Hamiltoniah all 6f the calculated transition fréquencies are

within experimental error. In order to observe the simultaneous chlorine

and electron spin transitions it was necessary to use a large microwave
field (appr@ximately one watt)."Since there are several transitions dif-

' fering slightly in'fréqﬁenéy thét correspond to a particular type of tran-
sition (A,AB, C, etc.), assigning one average frequency to a transition is
ditticult since the magnitude of the time dependent. magnetic field and the

. relaxation rate constants are pot known. Therefore a simple weighted
average of the transitions corresponding to'a particular type was made
which intfoduces a small error in the calculated frequencies.

The observed and caleulated chlorine ENDOR transitions are listed
in Table 13. The ENDOR resonances aésociated wit£ the D - E multiplct
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'szriplet'levels. In addition to the linewidth of the ENDOR
transitions the large time dependent magnetic fields used in the ENDOR
experimenfs (approximately twenty watts) makes the proper weighting of
the calculated ENDOR.freqﬁencies unknown. Therefore only the range of

calculated ENDOR frequencies is listed in Table 13.

Discussion

From pfevious‘experimentalll’ggnd theoreticelll3-§%sdies of aromatic
molecules'in n* triplet states itAiS alﬁost)cerfain tﬁat in pDB the
largest.eomponent ef the'electron'spiﬁ-spinAteneor in its principal axis
system is elong the molecular axis_normai to the'plane (x). Indeed this

93 he ordering

is what ié observed for the nn* triplet state of benzene.
of the interaction along the two in-plane.@olecuiar exes is not immediately
appareﬁt, From the ahalysis of the PMDR Seectra of pDBv(whieh is treated

in the fellowing seetion) the coﬁbonent 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 hyperflne tensor.

Since the zero field splitting parameters D and D* (D* = (D + 3E2)2)
are primarily a function of the size of the =n system involved in the
excitatien,}l7.the velue of these parameters for 5oth pDB and benzene should
be similar if pDB is a n&* £;i§iet:' As can be‘seeh in Tabie'll the values

of D and D* for both traps of pDB differ from the correspondlng values for

benzene by only a few percent which confirms the assignment of the excited

triplet state of pDB as a nx* state.
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fhe zero field splitting parameter E which is a measure of the
anisotropy of the triplet electron distribution in the molecular plane
is howevér quite different for both molecules. If the benzene molecule
possessed Dgp symmetry in the excited state, E must be zero by symmetry.
The finite value of E for benzene has been explaiﬁed by deGroot and van
der Waallel on the basis of a distortion of the benzene ring from the
symmetric Dg benzene with bond lengths of 1.427 & to a compresséd D_op
benzene with four long bonds (1.448 ) and two short bonds (1.381 R).
Godfrey, Kefn, and Karplu5102 have evaluated the.integrals exactly and
have eipiainéd~the observed zero field splitting by use of a symmetrical
structuie for the benzene mélecule and adjusting the extent of configura-
tional ﬁixing. They also calculated the effect of adding a substituent
g;gqg qur'z aXiS_Wi§h_?M?}e9§f9§5 ip_a Px orbital und found that il Lhe
benzene configurations are assﬁmed to maintain the same relative weights
as undiétofted benzene and if the small matrix elements between the charge
transfer énd 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,
t he value of the Zero field splitting parameter E for pDB is of the

opposite sign as that predicted by Gddfrey, Kern and Karplus.102 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 aloﬁg 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 e#citgd state of pDB is different than that.ofAthe excited state
of benzene. In any case the zero field tensor of pDB is consistent with
a triplet épih distribution in which the spin density on the two cérbon
atoms téfwhiéh the chlorines ére bondéd is much smaller than the spin
densityién'the cher'four carbdn atoms.

The.vélgé of the chlorine nﬁclear quadrupole coupling constant
(equ) in tﬁé excitéd state of bDB is significantly reduced compared to
the'correspbnding value foi the ground state;‘ | ’

With the assumption that'the asymmetry parameter 7 may be neglected,
the value of e“gQ for the “°C1 nuclei of pDB in its excited triplet state
at l.3°Kui§ -6&.5 MHz.' The measured pure nuclear quadrupole resonance
frequency of pDB in its grbund state at 4.2°K is 3&.831‘MHZ which, if 7
is'assuméd.to equal ééro, gdrresponds to a value ofrequ of -69.662 MHz.
The assumﬁtion that 1 ﬁay be negiécted is justified on the basis that
equ is ﬁot phanged Significantlj for small vélﬁe of 1 and for the ground
state of bDB at room tempefature n is only.0.08L108 Referfiﬁg to Figure
7, it’may be seen that thé assumption thﬁt the pure NQﬁ transitioh fre-
quency v eguals l%equl causes a pqsitive error‘df less than 5% for
n < O.5¢ The sign ofjequ-is'not obtained'frpm either the measurement'of
the pure'NQR transition. frequency or the spin Haﬁiltonian; however ,from
other theoreticai and experimental studies eZqQ'for‘Cl is known to be
negative for covalently bonded compound#.

Tﬁe increase of 52 KHz in the pure NQR frequency of the ground state
of pDB upénilowering the temperature of the sample from 77°K (v = 34.779

L 118
MHz) = to L.2°K (v = 34.831 MHz) is consistent with Bayer's theory
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which treats the temperature dependence of the MQR frequency in terms of

the moleéular torsional motions. The small change in the pure NQR transi- -

tion fregueﬁcy indicates that there is no major physical change in the
environmént;of the chlorine nu?}ei in pDB upon cooling. Therefore the
differeﬁce_in equ between the ground and excited states of pDB is clearly
due to é'change in the electric field gradient (q) at the chlorines npon
excitation:. In contrast to the electron spin-spin and hyperfine inter-
actions which are a function of the triplet electrons only, e2qQ is
independént of the spin of the electrons. |

Sincefélectrons in s orbitals have'spherical symmetry, they do not
contribﬁﬁe-to the field gradient. A closed p shell also contributes
nothing tolthe field gradient, and therefore following the analysis of
Bersohnl‘03 the field gradient in pDB can bc conaidered as drlsing rrom
a hole in the pz orbital and a partial hole in thé P orbital, The ﬁotal
contributiun ls due to two axially symmetric tehSdrS whosé major axes are
perpendicular. In Table lu, the contributions t§ the field gradients are
expresséd in terms of the number of hgles in the px and p, chlorine

orbitals.

The difference in equ for the excited and ground state may be written,

2e?qq = e®(qp - q5)Q | (6)

where qT and %Y refer to the field gradient at the chlorines

in the triplel and ground states of pDB respectively. Equation 6 may

be expressed in terms of the number of holes in the-pz and px orbitals as

0e%qQ - = e[(GT - OG) - é(BT -ISG)]Q (7)
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‘ |
Since Aequvis negative, one of the following three conditions must be met,

a) o,> 0., b) 8 >8,0re) o, >0, and 5, >5. If
e T ey e ot e o N
9% is greater than Ops the number of holes has decreased along the carbon-

chlorine bond, and therefore the chlorine nuclei are more successful in

T

competingtfor electrons in the excited state. However since the sigma
electrons are not involved in the excitation,this effect shouwld be Very
small.

If 6T is greatér than &, thevout-of-plane chlorine P orbital has

G
lost eléctrons. An increase in the number of holes in the Qg orbital
would be tﬁe most likely explanation of the decrease in'equ since the
chlorine gx,orbitals are allowed byAsymmetry to interact with the carbon
Qonrbitals.. The increase in the numbef.of‘hbles in the chlorine gx
orbital can éome about from either an inéféase in the double bdnd charac-
ter of the C-Cl bond or a "bent" C-Cl bond. Bray, Barnes and Bersohnlou
have showﬁ that although the overlap of the carbon and chlorine Qx
orbitals ig reduced with a bent C-Cl bond, the chlorine Px orbitals may
overlap with the carboﬁ‘sighﬁ‘system, consequenfly‘increasing the nﬁmber
of holes in the p, orbital of chlorine (5T) relative to the number éf
holes in the P _orbital in the ground state (SG). From the analysis of
the zero field tensor it appears that thé_triplet electrons do not have a
large spin density on the carbon atoms bonded to the chlorines. Therefore
an appreciable increase in n 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 gk overlap is re-

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

105,106 However, we will limit our discussion to &

which it is bonded.
simple aﬁaiysis in which only the spin density on the chlorine is con-
sidered to contribute to.thg hyperfine interaction. The theoretical
hyperfine interaction due to one uﬁpaifed electron in a carbon P orbital

is 280 MHz.89 Neglecting any isotrobic contribution to the measured hyper-

fine interaction, the spin density in each chlorine P, orbital is,
o ~ 22/280 = .08

where p,is h6rmalized to two. Although this is a very crude approxi-
mation, it is clear that the chiorines do not participate significantly
in the‘eXCitation. This small value for p is also consistent with a
bent C-Cl bond rather than an increaséd double bond character since in
the latter case a significantly larger value of p would be éxpected.
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 statc may therefore
exist in a cis.(Cgv) or trans (Déh) configuration. In order to resolve
this question, the phosphorescence”specﬁra have been analyzed by investi-
gating the relative chaﬁges in the vibronic structure of the phosphorescence
upon inducing ESR transitions between the three triplet sublevels. vThe

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, 11, IIT

"B Electron and 3501 Spins I, I1
c Electrop and 37Cl Spins 11, IIT

: D Electron, 3%¢1 and 35Cl_Spins I
E Electron, 35C1 and 371 Spins  II

F Electron, S(C1 and 3701 spins  IIT
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Table 11

Zero Field Splitting Parameters (MHz)

Paradichlorobenzene ‘Benezenethu
X Trap (1.3°K) Y Trap (4.2°K) In Benzene-d67(1.95°K)
X -2988.75 -2967.7 ‘ -3159.8
Y 616.07 65k. 4 1769. 4
Z 2372.68 2313.4 1385.0
pt 4483.13 CLL51.6 - b739.7
gt 878.31 £29.5 -192.2
D 4733.8 L6777 b793.2

¢In order to be consistent with the standard ESR definitions we

have defined

D =-3/2X and E = 1/2(Z - Y)

4 " . .
Data from reference 93 expressed in our axis system.
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Table 12

- Measured and'Calculated ESR Transitions of

fhe 3

.

-2

Calculated

*
nx State of Paradichlorobenzene (X Trap)

1.5 1726.

*
-BEstimated value of ©

Measured .
* Frequency (MHz) o Frequency Classification

5426.7 ' ;.o* 5426.91 D

5419.6 1.0 5419.56 B
5394, 56 0.4 5394.62 B
5387.86 0.41 5387.79 c
5368.73 0.6k 5368. 89 E
5362.20 0.34 '5362.14 A
5355.13 0.25 5355.12 E
5336.67 0.24° 5366.50 c

- 5329.7h4 0.28" 5329.75 B

. 5303.8 1.0 530L. 11 E
5296.5 .1.0* 5297.35 D

;

- 3636.03 .07 3636.13 B
3629.65 .18 3629. 56 C
3611.18 2L 3611.0L E
3604.19 .25 3604.10 A
3597-69 .31 3597.43 E
3578.90 22 3578.89 c
3571.88 -3k 3571.99 B

z
1791.1 1.5 1791.13 B
1758.2 1.0 1758.05 A
1724.5 55 B



-150~

Table 13

~ Measured and Calculated Chlorine ENDOR Transitions of

. ¥*
the Smn’ State of Paradichlorobenze (X Trap)

Meagured TFreguency

_ Calculated Frequency
~in MHz (£.05)

in MHz (range) .

T - T_ Manifold
X Z
3501 32.06; 32,96 31;56 - 33.03
3701 25.12; PA.00 2.0k - 26.09
T - T Manifold
x y
301 31.75; 33.13 31.53 - 32.94
3¢y 2h.ok; 26.19 2k, 79 - 25.90
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Table 14

Contributions to the Chlorine Nuclear

Quadrupole Coupling Constant

. r— Contribution to —

Chlorine No. of V- v

Orbital Holes XX vy _2ZZ
P ) &q . . -8g/2 -5¢/2
PZ o] -UQ/Q —0q/2 oq

Total Contribution

v = (8 -09/2)q
V= -1/2(s + o)q
= (0 - 8/2)q
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2. The PMDR Spectrum of Péradichlorobenzene

Thevekperimental technique is éssentially the same as that used in
the ODMR éxperiments excepp that the phosphorescence spectrum is scanned
while saturating one of the three microwave transitions. The microwave
field is amb;itude modﬁlated and the resulting time-dependent change in
intensity pf the phosphorescence converted to DC by means of a lnrk=in
amplifier. With this technique only the change in emission of two of
the thréé triplet levels is detected while saturating any one of the
three microwave transitions.

In additioh to the pfeviously repoited exciﬁon phosphorescence7l’97
of pDB (origin = 27890 cm-'), emission from a shallow trap which will be
referred t6 as the x trap (origin = 27868 cm'l) and a deep trap which
will be referred to as thé y trap (origin = 27807 em-') was observed.
The pDB sample was found to be extremely sensitive to its recent thermal
history.' Ih order to observe the weak exciton bhosphorescence it’was
necessary to cool the sample slowly to the tempefature of liquid helium
ovér gAfhree hour period. The emission of both the execiton and the x
trap was observed at h;2°K with'approximately equal intensity. Upon
cooling'the sample to 1.3°K only the x trap emission waé obscrved. If
the lempcrature of the pDB crystal was lowered to 4.2°K rapidly (appfoxi-
mately 20 minutes), exciton emission was not observed, but the emission
from the y.trap was observed in addition tosthat from the x trap. Upon .
cooling the sample below L4.2°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
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DU 119 120
believed to be due to trielinic inclusions in the monoclinic pDB lattice.

This was tested by preparing a sample of pDB which contained approximately”
0.01 mole percent paradimetlylbenzene as an impurity. Francislel has
found from 1aéer man studies that this impurity forces the pDB to re-
main in its triclinic crystalline fofm. Since the same phosphorescence origin
as well asithe same ESR transition frequencies (tEO MHz) were observed for both
the y trap and the triclinic form of PDE,the ¥ trap is dve to triclinic jnclusions.
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 X portion of the phosphorescence spectrum of pDB at 1.95°K which is
composed éf both x and y trap émission. Since the FSR transition fre-
quencies are élightly different for the two traps, the contribution to
the phoéphorescence spectrum due to only one of the traps may be obtained
by saturéting the ESR transition associated with tﬁe particular trap
molecules while monitdring only the component of the phosphorescence
emission that is changing in ampiitude at the modulation frequency. An
example of the spectra obtained from this experiment is shown in Figure'
h7. Tﬁe‘emission from the y trap is no longer .observed and the phospho-
rescence'spectrum consists of only emission from the x frap.
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 10p slits is shown in Figure 48. 1In order to obtain a reasonable
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signal to noise ratio for the PMDR experiments, it was necessary to use
50u slifs resulting in a lower resolution spectrum. In Figure 49 the
phosphorescence spectrum using 50p slits (49a) and the PMDR spectra
obtained with the same slit width while saturating the 7~ 7 (kob),
T, Ty‘(h9c) and LA (494) transitions are shown. All of the
vibronic transitions increase in intensity for each of the PMDR experi-
ﬁents. 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-?
(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, ‘bransition (49c) while the relative inarease
in intensity of the.origin is greatest for the T, transition (hgb).
The other vibrations tha.t. have beeu asslgned a.s. aglbehaVe in a manner
similar té the origin and therefore it is clear that the vibration at
0-0 1583 em™ is not an ag vibration as previously assignegl’gginne
all vibrations with the same symmetiy should maintain a constant intensity
ratio within all three PMDR spectra. This vibration is therefore assigned
ng symmetry since from laser Raman studies both a ng and an ag vibration
are observed at this energ‘,y.lzz"lg3
Apalysis of the polarization of the absorption spectrum (So - Tl)
of pDB ;hdws that the transition is primarily out-of-plane polarized
which has been interpreted by Castro and Hochstrasser7l a$ implying

B,,, symmetry for the excited state. The three levels of a B2u triplet

transform as
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Tx = B3g X B2u = Blu
T, = ng x B, = A (8)
TZ = Blg X B2u = B3u

Asris shown in Table 15 the emission to the b3g vibrations must
originate. primarily from the Ty triplet level éince the emission is
primarily xApolarized. Sihce the largest relative intensity of the b3g
vibrations are obtained upon saturation of the ESR transition at ~ 3.6 GHz
(see Figﬁre 49c) that is between the frequency of the other two ESR transi-
tions ( ~ 5.3 and 1.7 GHz), the Ty 1ével.must be the lowest or middle
tripleﬁ énérgy level, The‘possibility of the Ty ~level as being either
the highest or middle energy level is ruled out since this would require
a larger value of E and correspondingly smallér value of D than is the-
| oretiéall§'reasonable. As discussed in the previousisection,the T
lével is almost certainly the lowest in energy énd thérefore the energy

[

of the triplet levels must be ordered,
E >E_>E -
z Yy X

‘The fact that -the intensity of the entire phosphorescence spectrum
increééés for all three PMDR experiments requires that the friplef level
_which emits to the ground state with the fasﬁest radiative rate constanf
have the smaller initial population. This further requires that the
population and radiative rate constants of the triplet levels be ordered

. > S _ s
respectively N& N& NZ and ,KZ > Ky,> Kz or v;ce,vgrsa.
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Since there is a moderate amount of in-plane polarization, the
contributioh'to the radiative rate constants of the three triplet levels

due to other additionﬁl spin-orbit coupling must be included. The
resulting:pblarization of the emission from the ;riplet'levels to the
ground vibrational states is given in Table 15. The emission intenoity

from any one triplet level may be written,

DY (9)
where Iiiin the intensity of emission from triplet level T, with
population ‘Ni, and Kg is the radiative rate constant for emission
from Ti with j polarizatioh. The phosphorescence that is monitored
is a summation of the emission from each of the triplet levels to a

particular vibronic band (i.e., a_, b__, or bzg)' The intensity of the

g’ “2g
phosphorescence in terms of the symmetry of the vibronic level that is

monitored‘for the case of a B2u triplet is given by

I, - NK*+ K

" g X X I
g

L, = NEK + NK + NK (10)

X X VA .

=g :

L, = NXKZ+NK"
g vy

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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&

AT (Ni - NJ.)(Kj - Ki) , (11)

However;'if only the emission to a particular vibronic band is moﬁitored,
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
phosphorescénce when triplet levels i and j are connected by the micro-

wave field and the emission from level i is not monitored is

AT &= (N, - NK, 12)
(W, - WK, (

In Table 16 the change in phosphorescencelintensity is predicted for
the 3B2u sfate'of PDB upon saturating any one of the three zero field
transitions while monitoring the emission to a particular vibration of
the ground state with ag, bggvor ng symmetry. With the assumption that
the populations are ordered N& > N& > Nz‘ end that all radiative rate
constants from T, are greater than those from Ty which are greater
than those'from Tx, the change in phosphorescence is predicted to in-
creése for six of the cases but decrease for the other three. Since the
phdsphorescence was observed to always increase, this assignment is clearly
incorrect. However, if the molecule is distorted from Doy to C,, symmetry,
the distinétion between the x and z axes is lost and the triplet levels

transform as

T = B x A = B

X g u u

T = A xA = A ' (13)
y g u u

T = B xA_ = B
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and the v1b?ations 8gs ng and b:,,.g transform as a_, ay

The intensity of emission to the vibrational levels in this case is

I = NK*® +inkY +nk*
ag X X vy z2 2z
()
I, = NK Y ink* s nk?
g X X vy 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 basie types of vibrational structures will be observed since both ag
and bag Yibrations transform as ag in Czh' "As can be seen in Table 18
the intensity ratio of the vibronic structure of the phosphorescence for
the tnree PMDR experiments shows only two distinct types of vibrations.
If the meleeule is distorted, the trensitions 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 moleeular axes gives a polarization ratio along the crystal axis

~ of Ic/Ib = 1.5 as compared to the value of Ic/Ib = 3.4 for polarization
along the molecular x axis only. The measured polarization ratio of

3.1, L which s nob in-

T /Ib for the ahsorption origin is 2,977 and 3
cons1stent with the conclusion that pDB is distorted in 1ts excited trlplet
state into a trans configuratlon.

‘ In summary, the observed ODMR and PMDR spectra of pDB are con81stent
with the hypothe51s that the excited triplet state of pDB is a nn* state
and that the symmetry of the excited state is B,y- From the assigned

orientation of the zero fielﬁ.tensor, the spin density appears to be

and bg respectively.
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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 signifiéantly in the
excitation.

- On the baéis of the PMDR spectra and the reduced value of the chlorine
-nucleaf quadrupblé coupling constant as compéred to the value for the ground
state, it is hypothesized thét the C-Cl bonds are bent and that the molecule..

possesses Czh rather than D spacial symmetry in the excited staté.

zh
The assignment of the symmetry of the excited triplet state of pDB
as aABeu state is éomewhat disturbingvin view of the small participation
of the chlorines in the excitation and the accepted assigmment of the first
excited triplet state of benzene as a B , State.
Therefore two expériments are proposed to remové many of the assump-
tions made in the preceeding discussion. The measurement of thé ODMR
spectra in a magnetic field would give the orientation of the principal

axis systems of H H., and 'HHF and in addition permit the measurement

ss’ Q

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

3Bgu Polarization
Levels X Y Z
Tx bzg b%g ag
© Symmetry of

T b, b b, | Ground State

¥ 3 2e 1€ ( vVibrations

a
Ty g Pz Pog




'l65'

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*.

.Vibrational | Microwave Transition Saturated
Symmetry I,Tx-» Ty Tx-+ T, Ty-» TZ
&g ‘(N&-Nx)Ki (NX-NZ)(Kﬁ-Ki) (Ny_Nz)K:
<o > o0 >0
1 | ] ] ) =
o | (MANDOTKD | (AN (KD | (N NZ)(_Kg K))
> 0 ' >0 >0
by | (EN)C-KD | (N K] (N,-N )X
> o0 T <o <o

% ,
The change in intensity is based on the assigmment Ni > N& > Nz and

s> i,
Z A X
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Table 17

Predicted change in intensity of the phosphorescence
. ‘X‘
. for a distorted (C2h) excited state.

Vibraﬁional Microwave Transition Saturated
Syumimelry . Tx -+ 1T T 'rz Ty_ - Tz
z XZ v . Xz Yy
8, (- ) (Kg{-Kj‘( ) | (Wt ) (3, 5-107) . | (=N ) (K, -K7)
' > o0 >0 >0
) A Z
by (NX-Ny)(K§ &) | (v N ) (K-K)) (Ny-Nz)(KZ-K’; )
>0 >0 >0

* .
The change in

and Ki > K-> K‘1 or vice verca.
5 N X :

intensity is based on the assumption 1\IX > Ny > Nz




Table 18

Analysis of the PMDR Spectra of the X Trap

Phosphorescence of Paradichlorobenzene (1.3°K)

Intensity* of PMDR Intensity
While Ssturating Ratio
- , x

;(J_r5cm'l) Av T, T B v ! T, i Alc B/C | TYPE Assignment

27868 61 43 77 1.42 0.56 I Trap origin

27823 45 6 7 13 0.86 0. 54 I Lattice (41 Bg)

27556 312 33 32 79 1.72 | O.h41- I bog (306)

27538 330 7 7 10 1.00 | 0.70 I ag (327)

27504 364 8 10 15 0.80 0.67 I 312 + L6

27247 621 10 20 15 0.50 1.33 I 2 x 312

27115 753 19 10 26 1.90 0.38 I ag (TL4)

26938 931 13 8 23 1.63 0.35 I 3 x 312

26808 1061 17 14 35 1.21 0.4o I 755 + 313

26793 1075 16 12 20 1.33 0.60 I ag(1081)

26759 1109 - 19 18 31 1.06 0.58 I a (1103)

26686 1182 10 7 15 1.43 0. k7 I a (117&)

26570 1298 2 10 1 0.20 {10.0 II b3g(1293

26502 1366 L 5 8- 0.80 0.63 T
- 26487 1382 12 11 2L 1.09 0.46 T

26453 1415 12 1L 28 0.86 0,50 I

26285 1583 17 101 35 0.17 2.89 II (1577)

26241 1627 3 15 0 0.20 o II 1;53 + 46

6054 181k 5 7 13 0.71 0.54 I

26016 1852 L 8 16 0,50 0.5 I

£5960 1888 13 32 33 O.41 0.97 I

£5695 2173 5 10 i f 0.5 0.71 I

25542 2326 6 31 17 0.19 1.82 II 1563 + 753

*
Ground state values are given in parentheses

(See reference 123).

=Lt~
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Table 19

Squared Directional Cosines of the Molecular

*
Axes with Respect to the Crystallographic Axes

Puradichlorobenzene (133°K)

Molecular Axis Crystallographic Axis
a b c

X, 0 0.231 0,778

Y 0.472 0.lh12 0.116

7. A 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 frequencics and probabllities asg
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
number by changing the dimensions of the éppropriate matrices.

The ﬁfogram calculates the spin Hamiltonian matrix by evaluating
the individual contributions from Hgg, Hy and HHf (see section III).
The basis'sfates of the spin Hamiltonian are the cigenstates of §,
for both the electron cnd nuclear spins. In order to allow for non-
coincidence of the axis systems that diagonalize Hgg, Hy and Hyp,

a rotation of the nuclear quadrupole and/or nuclear hypertfine Hamiitpnian
axis systems about the y axis of Hgg is provided.

The>individual matrix elements of Hgg, HQ and Hyp are evalu-
ated and collected into groups depcnding on the vperators involved, such
as S,I,, S,I; 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, IRL Berkeley. The matrix multiplication necessary to compute

the tracsition probabilities is performed by the Compass subroutine
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FEMME (also4written by Bill‘Dempster) which is approximatély 5.5 times
as fast aszan equivalent Fortran subroutine. The frequencies and inten-
sities, as well as the energy levels they connect, are then printed in
order from‘fhe highest frequency transition to the loweét. In addition,
the traﬁsitiOns are collected into groups differing in frequency by
0.05‘MHz.(see cards AQll 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.sbrted into the triplet manifold iﬁ which they oécur and also
printed.

An option is provided to suppress printing of the matfix 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 ITI.

CARD #1 . (Format 3F10.3)

Col 1-10 X

11-20 Y|} Hgg
21-30 z

CARD #2 (Format 3I1)

Col 1 Number of nuclear spins

Col 2.'If set equal to zero, the input spin Hamiltonian is not
printed

Col 3A If set equal to zero, the complete list of transition

frequencies is not printed



CARD #3

- 17e-

(Format 7F10.3, 2F5.0)

This card

Col

1-10
11-20

’21-30
31-40

hljSO

.51-60

61-70
71-75

- 76-80

6789 Card

is necessary for each nuclear spin

nuclear spin quantum number (I;)
Vxx
Vyy HQ
Vaz '
Axx
fyy ) Hyp
Agz :
Rotation angle for Hy about y axis of Hgg (in degrees)

Rotation angle for Hyp about y axis of HSS,(in degrees)
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PROGRAM ONMR (IMPUT,CUTPUT ,TAPFS=INPUT)

DIMENSTICN AL(48),A(68,48),TK(48,48),FIVR{48,4R)

DIMENSTIN ZE1L500,4) XXX(327, 41

DIMENSION XMIS) 4 YHLS) 3 ZM(5)4BI5),F(5)PHIS) yX{5),32(85),K2(5), IY(5)
DIMEMSTIN TZ{5) 4 XA(5)yAXX{S) AYY(S),DA(5)4AS(S),5(5),52(5),A2Z(5)
DIMUNSION CU35),C2105)yTH(S),R(S)

FQUIVALENCE (A, YXX),(E1,TK)

EEAL J24%2 ’

FF=S0RT(2,)

PI=1721A220T77325G42055CR
FES=0.CL '

COMTINUE

CALL SECOND (ZaP)

FEAD 720, XM{1),YM(1),ZM(1)
IF (ENFy3) 710,27

CONT IMUE

Nt 30, L=1,17"

Rl =R,

49.

80

COMNT INUE

nA Al L =1,5
1241)=1

CONT INUE

DO 5G I=1,6G"
nQ 50 J=1,4

F1ULsd)=C.0

CNAMTINUE .

Cx(l)=1

TY(11=3
N=-3xIM(1)/2,
L=(YM{Ll)=-XM(1))/2,
PEAD T3Cy Ny0P1,NP2
N1=N+]

‘NO 60 T=2,M1

TREAD TAN, XUI g XMUI) g YMUT) g ZMCT o AXXCT ) AYY L), A220 1)y THUT Y, PH(T)

THF=(TH(T1) /186G, )=P]
PHP={(PH{T)/1RN ) %PT
SE1)=sSINETHR)Y
C(I)arffS(THR)
RET)=SIN(PHP)
F(I)=r0s(PHP)

S2(1)=(RLIV)=(R{]))
C24N)=(FCINIRIF(T))

HACTYs (XA IX(I) ) eX{T)
QUII=IM(T)

TF (QUI)FR.G0) 60 TO 40
QACTI=Q(TI/CRE(X(T) ) %k2-b%{X(1)})
CASEINEIXMUTY-YMOINZZMLTD
CONTINUF

NZ=3

60 |

70

an

no 70 1=2,N1
TY(I)=2%(X(1))+]
NZ=MZ2IY(])

CCNT INUE

IF (NPl.FC.7) GO TO 8C
PRINT 750, NILsNZ

CONT INUE '

no Qo 1=1,N7

N0 90 J=1,N2

PPEPPDPDOLOEPPEP>ERPDPED > O PP EPE>PEPDPDPELEPDDI> LD S>> bDD DD

DD~V LN
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ALy IY=07
R 4 SN IR
QD CNRT I

AN YT T e M

x.!:.‘!g-v;lv !
LN P Jd= VAP Nl
AR RARRE SRS
10 COF T 1ML
ne 2 11=1,M2
neoT1t o 1=1,M
MAX=(IT=2 0707 (1)
J20T =X ) =taxX+(MAX/ZIY (I M) IY (D)
11 (PNTIvHE
nee 23 Ja=T1,7
N 127 1=,
MAX=(0=1)/717(")
o x2UE Xl -mAXH{AX/TY (TN YR TYIT )
129 COMTINMUFE
[F (J201) N-.K2(1)) 60 TD 214
nroL3r 1=2,M1
K=1
TF (A0 TYOMPUK20TY)Y RO TN 18R
137 CONTIMUE
AnkxLrginn §7 [7 Fhkwhgnigk
Ot Y40 1=2,M1 .
CACTT I EACTIT SV (0ACT /202 (2201 )1 % 2-XA 0 D)2 ( (3, -AS{T )} &(CL]
D)) ua24AS (I =2 )¢ (2011 ) 08201 )= (AZ2ZZLTIDIS(C2C I Y+ AXXT))*{S2(1)))
Yan CONTINE
AT T =A(TT 000+ (DX (J2(1)1%%x2=-(2./3,.)))
G v 220
182 €Ot T Imiie
TR TJ2(RY A (R2UR )+ LU 11 1By
L=K+l .
IF (L.GT.N1IY GO T XTC
naoYAeT 1=t M) }
: IF L2017, K0T ) o0 10 32¢
140 CONT IMUL
g REyER gk Q7 T4 RumkRvkgkpk
1T LT IR
ACTTydI)=ACT TSIV H(OAIKDI /2, Y% IK2(K)*+J2{K I I%(SQPTIXA(K)I-(K2(K))=x(J2
LUK CLCIRYI*ASUKIPIRCASIKI=2 14 (J2 (1)) R(SQRTIXA(KI-(K2(K)I*(J2¢(
C2KIIN Y AT ZUKY ~AXX KDY )RR (K )YE(F(K))
6C TN 321
180 TONTIRUE
IF (J2(K) MR KZ(K)I+2Y) G 7O 32C
L=Ki1
TEF (L.GT.MLY AN TN 2CG°
nno1en 1=,
IF (J201) NELK2(TY) G TO 320
190 COPTINMUF .
. ERERE LT LR AR EL LM AL AR AL LA
200 COMNTINUE
ACTTpJIY= (AR 78 S (S0P TIURA(RI = IRZAIRDIVR IR (KD ITUXALR ) - LI LK DL
LM2(F ) )=d2(K )PP ECIR(S(K ) I*224AS(K)X((C(K))xa24]))
GO T 227
210 (NMT TN -
TF (J201) NF . {X2(1)+1)) GG T 3CP
pe o220 1=2,Mm

P> D >R >R > PS> LDEDED > LDDPoPDD D LR
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?ar
240

26

2K

270

28"

2an

L 3er

270
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=1
TP J201) M=o K2(T)) G T 240
CabTrone
wed Rk Aokt Q4 17 xedeskdovdemakkowox
N2 122,00 .
CUIT JIN =AU ) +FFE(K2(T)) (PO IS(F (I )I=(AZZ(])-AXX(L))
(YIS INTH : ,
CrpTray,
TF (J2(K) W J(K¥ZEK)+1)) G TG 270
1=K+
TE (1 JATaMY) GO T 260
ne pes Tl MY
TF (U200 0% 20101} .60 TO 320
COMT I .
: haykcermtxd G |4 muemERLLasx
COnTIEN
AT T )= AT g dI) + LAY XX )R {C2EK ) IS (AZZ(K))=(S2(K))-AYY (K] )/4, ) *
VM (SOTTAXARI=(R D) I {92(< )Y ) N
GoroTa o2z,
COrTImuE
TE (JP(KY e (W2 (K)-11) GO TD 320
=¥+ ’
IF (L .GT.YY) 673 T 290
o 2870 T=L,M
TF (JZ00Y NEK2(U1D))Y GG 76 220
CEpTenge
B wpnghntr Q4 [ Rkhblhdgwkn
O TINDY
ACTT o0 =ACT Ty b+ {0 taXXIFI)®(C2(K) IS LAZZ(K)IR(S2(K))I+AYYIK)) /& )%
LEPH(SNETAXAIK ) =(K2(K)I%(I21K D)) )Y ¢
oeT 220
CreT Isns
TR (J2(1) M (K2 (1)#+2)) G TO 320
AN EEC =2,
TE (20T M7k 2(01)) GG TN 3zn
gy ddvagrhenxr Cpdk Rk kbl
COMTIMy
ALIT =001 T,00)¢r

S COMTIHYE

COMT IRUS
I (NPL,iN.7) GN T 36r

PN 3RS [t 07

Nl 357 1=1,N7
TE (AGT, IV WE0L0,0) GG TGO 340
BETFT TAT, T,J,2(1,J)

Y CCRT IMUS
S CGHT IR

CALL SUCroMn (74P)

PEINT RR1 , TLP

T IMOY

CALL HETLA (LT3N, ETVURGNR 42 8)
JE (LPL1,50,0) GF 76 270

PEIMT 775, PP

CALL ShCenp (71sfP)

eLINT 837, 240

ConTInRgT

PLIMNT 78, M

PRINT 797, Ny E XL ), ¥YM(1),2M(1)

PP DPERPPRPPPLDPD SRR REDEDSPBPDODDDDEDDDPDEED D D>D D

143
144

172
173
174



386

290

400

410

&20

430

4410

450

4AN

470
480
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NO 280 I=2,N1
J=1-1

PEINT BOC, JoXOT) oQC1)ASCTY fXMET) yYMUT ), 24(1)

PRIMT 810, AXX{T)AYY(1),A72(1),TH{I)},PH{T)

COMTINUE
PoIMT §20

N 390 T=1,N7
PEINT 837, T,A(1,1)
CONT INUE

NN 40 T=1,NZ
ALCI)=ALT,T)
CONMT INUE
N3=N2/3
N2=2%N3

DO 410 1=1,N7
NO 410 J=1,NZ
A{l,4J)=0,0
CONT INUE

DO 42G 1=1,N3

J=1+12
A»(J'H=1.
Ald,J)=-1.

CUNTINUE .

DO 630 [=1,N2
J=HA4Y

A (1, Ji=FF
CONTINUE

CALL FEMME (&,EIVR,TK,NZ,NZ,48)
DO 4cer 1=1,NMZ

NN 440 J=1,NZ
AlT, ) =R IVELD, 1)
CONTINUE

NO 450 I=1,NM2

N0 4SC J=1,M2
EIVE(L oJY=ALT, 1Y

TACLyJ)=C.N

CONTINUF
CALL FEMME (EIVP,TK,A,NZ,NZ, 48)
DO 4&) I=1,MZ

NO 46" =) N7

AT J)=ABS(ALT 2y JYEA(I,1))
CONTIMNUE

CALL SECUND (24P)

PRINT 88N, ZAP

11=n

Nno SO I=1,N2

J=1+1

IF (J.GT.NZ) GO TN 490

DO 400 K=.;N7

IF (A(I,X).LE.1.CE-9) GO TC 470
TI=]11+1

IF (I1.67.599) GN TO S1G
E1(Ti,1)=ARS(AL(TII-AL(K))
E1011,42)=A01,K)

Fi(11,2)=1

FI{TT,4)=K

CONTIMUE

CONTIMUE

EX

PO ELDEPDLLOD DD PDEDPRPED>DPEBPEPPLDD LD DD DD DD

204
205
206
207
’08
209
210
211
212
213

Z1in

224
225
224
227
228
2729
23
2121
232

-



ann

£0
51)

527

539

[0
€51

£6"

€70
592

san

610
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CUMT IS
CONT MUY
GO Ty £2°
conNTIrUS
PRIMT. RS
CONY [NILF
D01 GeC K=1,17

ng S5 =K, 11
17 (EMAX=E1(],1)) 530,530,54C
CONT INUE oL :

EMEX=EIRT LY

1=]

CONTIt0E -
CONTIRNS
TeMP1=c1(K,1)
tetFJs 10K, 2)
Ton3- (4, )
ToMEasrY (K 4)
FLEKy10=EV (4 y1)
EI(K,2)=E2(M],2)
FL(K 3 )=] 1(M],42)
CUI%,6) =R (2] 46)
FlOMI,))=TEme)
E1(M1,2)=TtMP2
CI(M],3)=TIMP3
T10M] 4 6)=TEEPS
COMT INUE :
IF (OP2,50.0) 50 TO 586

PRINT Bur . :

pros7 T =1, 171! :

IF (E£1(1,1).L7.C.1) G TO 570

LEVI=C (], ) '
LIV2=EY(T,4)

PETMT R7C Y] eV 1) ,E '
COrTINGS v L 14LeVZoE10I4)),EXLT,2)
CONTINUE :

PLINT BRA, PLS

PRINT BYC

TEMP2=0 0

TeMp1=0,9

11=11-1

MPz]

N0 637 I=l, 1!

4:]0-1.

AXE=E1(]41)-F£1(J, 1Y

IF (AXE.LL.ATS) GD TO S90-

GD TO 600 ,

NO={iPe]

IF (NP.EA.2) J3=T

60 T 620

IF (MP.S0,)) Ja=1

unR=1- .

DN K10 JM=Jo 4R

TLMPLI=TEMPL4EL A, 1)
TEMP2=TEMP24711IM,2)

CONT IR

TLIMP1aTERP) /MO

PRI .
DO D D

232
234
235

- 236

237
238
239
2490
241
242
2643
244
245
246
247
248
249
<0
ars
257
253
254
255
256
257
258
259
240
261
262
263
264
265
266
267
268
269
27¢C
21
272
273 .
274
275
276
2717
278
279
280
281
282
283
284
285
286
287
288
289
290
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PRINT 900, TEMP1,TEMPZ, NP
_NP=1 . oo
"TEMP1=0.0

TEMP2=C,."

620
630

660

" 650’
&6N

670

680
690
770

710

720
730
740
750
760
770
780

790
' 80N
810
820 FC
830

. R4Q
sl

RED-

_70
ner

B9C
ann
91N
920

9130
Q40

Tle1141

CONTINUE
CONT.INUE
‘N3=NZ/3
K=C

DO 660 1=1,11
TLEVI=EI(T,2)
LEV2=E1(T,4)
NL1=(LEV1-1}/N3
NL2=(LEV2-1)/N3

"1F (NLL.EQ.NL2) GO TN 640

GO T0 650

CANTIMUE

R=k+]

XXX{K,1)=21(1,y1}
YXX(Ky2)=E1(1,2)
XXX{Ky3)=22(F,3)
XXX(Ko4)=E1(144)

COMT INUE

CORTINUC

PRINT G617

N0 707 1=1,3

NI={1-1)1%N3+1

N2=1%03

TPRINT 927, N1,N2

PRINT 937

DG 697 J=1,K

LEVI=XXX(J42)

LEV2=YXX( J,y%)

ITF (LEV]0.GFN1,2ND, L‘Vl LR N2} GO TO 670
GO TU ¢B

IF (XXY{J 1) LE el GC TO 600
PFINT 94l LEVILEV2¢XXX{Jy1) 4 XXX(J,2)
CONTIMUFE ’
COMNTINHF

COMNT INUE

0 TD 10

CNNTINUE

FOPMAT(3F10,3)
FORMAT(3T11)
FOPVAT(7F10. 42F5.0)
FORMAT(IHL,=THIS MATRIX SHOULD HAVE REEN DI MENSION *'13.* X *,13}
FORMAT{10X,215,F10.3) .
FORMATE/ /410X y¥MR =X, |5 )

FORMAT(1HL,*INPUT PAREMETERS, TRIPLET PLUS ¢,I1,% NUCLEAR FUNCTION
1(S)*)
FOPMA"(//.)C'X.“D-“,F‘J-317X.‘FE‘*.FQ.B.6X.#X=*.F9;3.6Xp¢Y=*.F9.3,6X.
1%7=%,F9,3)

FﬂFMAT(//.lLXg#F* T1)5X o ¥S=®y F4, 1, 5Ky #Q=%,FT,3,5X,%AS=%,F6, Z.SX,*V
IXX3% G FT,3 SN kVYY=2,FT,3,5X,%V22=%,FT7,3)

FORMAT (26X CAXX=% 3 Fh o1y SXy *AYVE#, F6 1, 5X.‘All=‘.F6 174X, THETA=#® ,F
15.1,6X,%PS1=%,Fe, 1)

FDPMAT(///'IOXo“LFVEL ENERGY (MHZ)*,///)

FORMAT(/Z 410X, 13, Xy F10.3)

FORMAT(//*WAPNING £1 MATRIX NOT LARGE ENOUGH®*)

FOPYAT(//, 10X 20P=%,F9,3)

FO°MAT(1H1q]ZX"TRANSYON* TX o *FREQUENCY %, SX.*INT‘NSITV*o///)
FOOMAT(/ 421Xy 13 ¢ 2, T3,6X,F10.3,5X,F10,3}

FURPAT(]HI.ICX *TRAMSISTIONS COLLECTYED INTC GROUPS WITH A FQ:QU:NC
1Y DIFFERCNCE LESS THEN N2 EQUAL TN *,FB.5,% MHZ¥)
FOP”AT(///'12X1“FREOUFNCY*'SX'ﬁlNTCNSITY“'5X.“NUMH£R*.’//)
FAPMAT(LOX ) F10.%35X921C.397Xe13,/7)

FORMAT(1HL)

FORMAT(S/, )X #FMONR TRANSISTIONS ASSOUCIATED WITH LEVELS*,13,* TO
1, 12,% [MCLUSIVE®,//7)

FORMAT(IOAX y®LEVTL 1 LEFVEL -2 FREQUENCY INTENSITY*,///)
FROFMATEL3X,132,8X,12,5X%X,F10, 3,5X,F]0,_,///)
EMD

>>>>’>>>>b>>DD')DDD)DDPDDDDbbbb))))bb)b)bbb!’ﬁbb)bbbﬂibDbbb,’)bbbbbbbb’bbbb)b)b

291
292
293
294 -
295
296
297
298

299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
N7
318
319

348
349
350
351
352
353
354
355
356

357 .

364=
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30
40

50

60

10
80

. 90
190
110
12¢
130

149
150

(189
170
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FORTRAN IV SUR2NUTINE HOTAG(H,Ny TEGEN, Uy Nt y ND IMEN)
DIMFNSION H(NDlV&N.l)'U(HDlMFN.l) X( 4 8)'10(48)
IF (IFGENY 50,1450

0N 4% 1=1,M

DO &0 J=s1,0

IF (1=J) 3n,7),20
utl,Jr=1.0

G0 1.0 40

Ut Jdi=0,n

CONT INUE

N2=(2%M) /3

NR=0Q . .

IF (N~1) 420,43C,6C

NM] 1.oN=1 )

D0 RO I=s1,MMIL

X(I)=C.0

TPLYI=I+1

DO A0 Js1PLY,N
CKitt=1-4 L
1F (KILLLEG,H2) GO TO 72
1F (X(1)=ARS(H(I,J))) .7C,70,80
X{1)=ARS(H(]I,J))

10(1)=0

F.ONT INUE

RAP= nlﬁanarcoww(nocun:coo
HPTEST=1,CE30T

NO 127 I=1,M411

IF (1-1) ‘IO,IX”vIOO

TF (XMAY=X(T)) 119,120,120
XMAX=X(1) - .
iPtv=l.

Jepivsio(l)

CONT.INUE

IF (XMAX) 430,427,130

IF (HOTEST) 152,150,140

1F ( XMAX-FDBYEST) 1=n,1so 180
HOIMIN=APS{H(1,1))

PO 1772 1=2,N

1F {HOTMIN-ABS{H(I,1))) 170,170,160
HOIMIN=ABS(HIT, 1))

COMT INUF

s

_ HOTEST=HDIMIN#RAP
1F (HDTEST-XMAX) 181,430,43C

180

NR=NR+1 .
TANG=SION(2.C o (HUIPIV,IPIVI-HIJPIV,JPIV)I I ISHIIP IV, JPIV) /{ABS(H{IP]
1V IPIVI-HIJPTIV, JPIVII+SORT((HIUIPIV,IPIVI-HIJIPIV,JPIV) )*2244, O*H{IP

TEIVLIPTIV) =229)

.COSINE=1,0/SQRT (1., OOTANG*‘Z)

SINE=TANG®RLOS INE

HII=H{IPIV, IPIV)

H(IPIV'IPIV)'C”SINE‘°2*(HII*TANG*(Z O%H(IPIV,JPIVI+TANGEH{JPIV,JP]

L

H(JPIV.JVIV) CnﬂlNE*‘Z*(H(JPlVoJPIVi TANG*(Z.O‘H(IPIV'JPIV)~TANG*H

IR

“190

H{IPIV,dPIVI=0.0
IF (HUIPIV,IPIVI-H(JIPIV,JPIV])) 190,200,200
HTEMP=H(IPIV,1PIV)

SHUIPIV,IPTIVE=HIIPIV,JPIV)

mcnwmcﬂmmwmawmmoxmmmammm:nm:n‘zma-xcoama:pcnwm.mwmamq:mr"x.wm;?zmmwrcpmwm

NN N
W N e

NN N
VoO~NOWH

w
(=]

- .
O 0 NN P YN e

N et gt 1 s g b s
OO PN ML WN

W W W W
@GO D WN -

oW
o w0

41
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HOJIPTV, JP V) =HTFMP
HTEMP=SIGMN{Y .7y =STINE)*COSTNE

. COSINE=ARS(SINC)

200

210
220
23n
240

250
26C

27¢

280

290
arn

31n

350

360

a7rn
38n
390
406

41D

A;EE

‘420

SINT =HTrRMD

COMT INUE

Ny 277 1=1,MH11

IF (I-IPIV) 223,270,210

I€ (I-4P1IV) 220,270,227

IFE (IO(I)=-TPIV) 230,24C,230

IF (I0CT)=-JPIV) 27(,24(,270

K=10(1)

HTEMP=HLT ,K)

H(I K)=0,.0

IPL1=1+)

x(1)=n,0

NG 260 J=IPL1,N

IF (X{IV-ARS{H{I,J))) 250,250,260
X(I)=LRS(H(I,J))

10(1)=J

CONT INUF

HOI ) eHTEMP

COMT tNUE

X{IPIvV)=C, 0

X(JPIVY=r, 0

N0 407 I=1,M

IF (I-IPIV) 280,606,220
HIEMP=H{,IPIV)

HOI, IPIV)=COS INEXHTEMP+SINESH(1,JPIV)
IF (X{IVY=ARSIH{I,IPIVI)) 290,3Nn0,30C
X(IV=APS{H{I,IPIV))

10(1)=3P1V
WT,JPIV)==SINFEHTFMP+COSINEXH (T, JPIV)
IF (X{1)=-ARSIH{I,JPIV)}} 316,400,40C
X{IV=4BS(H{I,JPIV))

IN(I)1=JPlV

G0 TO 4C0

IF (1~-JPTV) 331,400,260
HTEMP=H(IPIV, 1)

H{TP IV, [ )=COSINE =HTEMP4+SINEXH( T,JPIV)
IF (XCIPIVY=ABS(HCIPIV,1))) 34(,350,38C
X(IPIV)=ARS{H{IPIV.T)}

19(IPIvy=1
A{L,JVIV)==SINE*HTEMP+CDSINERH(T,JPIV)
IF (X(I)=-ABS(H(T,JPIV)}) 310,400,400
HTEMP=H{IPIV, 1)

HIPIV,I)=COS INFSHTEMP+SINEXHIJPIV, 1)
IF (X(IPIVI=-ARS(HI{IPIV,I})) 270,380,380
XUIPIV)I=ARS(HIIPIV,1))

1001PIVY=]

HIJP IV 1) ==STNFAHTEMRP L USIME*HIUP IV,
IF (XUJIPIVI=-ARS(H{JIPIV,1))) 392,400,400
X(JPIV)=ARS(H(.IPTV,T))

totaPivy=1g

CONT INUF

IF (IEGFM) 906,41C.90

ho 420 1=1,N

HTEMPSUL T, IPTV)

T, 1PIV)=COSINEXHTEMP+SINE*U(T ,JPIV)

TULT,JPIV) ==SINESHTEMP+COSINE#*ULT ,JPIV)

G0 TO 90
RETHIRH
EMD

PDDEVPTDIREIEIOIEDDIEIDDNE®DTDIRIIPPOIIPI@®PRIRIIIIODITIDIRIIDIIITII®DID®IDID

107
108
109
11¢C
111
112
113
114
115
116
117
118
119
120-
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- 4I6DL

Crnnonc +
56640
56560 -
27604
S 66150
14711
177000020 &+ .
’ 27005
62206
14122
A361C
273¢7
6364)
42203
6372"0
: : £6110
£4220 . N
6110000001
0761700000 &
© . AT837
’ 63350

T 5705)

6357C
14564
76710
FRSINOACIE +
67234
S4470
36557
74007
f3n01

66500
46000
16447
4012’
54113
. #6551

30063,

26600
54221
©NT54050013 ¢
54500 i
54116
54222
E4002
4316220012 +
54111
54227
N318330011 4+
’ L Lna00000000 &

x

FEMME
ENT

L1

L2

L3

MNC

-18 -

ENTRY FEMME

THIS IS ASCENY SUBROUTINE FEMME(A,B,C,NyNC,yL)

RSSZ 1
€QU FEMME
SA4 Ra
SAS Ré6
vXh Xé&
SAl RS
RX7 -X1
SAT MNC
X0 XS
DXx2 XO0*Xxé6
BX1 -x2

- §86 x1

PX3 XT

SR& X4

nx2 xu¥x3
SBT X2

SAl R1

Sa2° 82

SA1 1

LY R4,A1,ENT
SAS R3-R7
SA3 x5

SA0 BS-B1
SRS X7

BX5 -X&

SXT Al

GE BS5sBJ4ENT
S82 B83-84
SAs A7

I1X5 X54X7
SXO AN+RT
SAC XO0+R1
MX6 O

sS85 B0

NO .

I X4 Xo+X7
FX3 X1%X2
SAl Al+R3
SAS A85¢R1
FX0 X6+X3
NX6 XO

SA2 A2+R1

LT HY,Bu,L3
SA6 AN

SAL Al+R6
SA2 A2+82
SAQ AD+R}

NZ Xéaq4L2
SA1 AleRl
SA2 A2+R7

NZ XS,L1 -
EQ RNyBILENT
ASSZz 1

.VERY HIGH SPEED MATRIX MULTIPLICATION,SAME AS

LFETCH N .THE FOLLOWING FORTRAN
LFETCH L e DIMENS IONALL 4 1) 4B(L,1}+CUL, 1)
: . IF{N. .LE. G) RETURN
<FETCH NC . IF(NC .LE. O) RETURN
. DD 3 1 = 14N
.SAVE -NC . DO 2 J = 1,NC
. C(l,J) = 0.
. D)1 ¥ = 1,N
. ClI ) = CUE,J)+A(T,K)I®F(K,J)
.R6 HAS -N=L . 1 CONTINUE
. 2 CUNTINUE !
B4 HAS N . 3 CONTINUE
: : . RETURN

+B7 HAS -NC=xL. END
SINITIALIZE A1 AND X1
<INITIALIZZ A2 AND X2
«Al HAS 1

«IF N JLE. C RETURN

.B3 HAS L

JINITIALIZE aC

.TEMPORARILY SET B5 TN -NC
JINITIALIZE I COUNTER TO -N

X7 HAS 1

.1F NC .LE, 0, RETURN

A2 4AS L-N

JINITIALIZE ¥4 TO -NC (1 COUNTER)
<INCREMENT 1

«AD HAS THE -ADDRESS JF C(I.,1)
SINITIALIZE C(I,4) TO ZERO
«INITIALIZE BS (K COUNTER)

+INCREMENT 4

CAlTyK)*BIK,S)

«FETCH A(l,K+1) FOR NEXT CYCLE
«INCREMENT K

«ClIyd) + ACT,K)*R{K,J)
«NDRMALTZE SUM

SFETCH BIK+1,J) FOR NEXT CYCLE
LTEST K

+STORE SUM IN CH(I.,J)

<READJUST Al TO ADDRESS OF A(I.,1)
+SEY A2 TD ANDRESS OF B(l,J4+1)
«AQ NOW HAS ADDRESS OF Cl(1,J¢1)
~TEST J

+SET. Al TO ADDRESS OF A(l+¢l,1)

T +SEYT A2 TG ADDRESS COF R(l,1)

STEST 1
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