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C H A P T E R  1

INTRODUCTION

When two energy levels of an atomic or molecular system cross as
a function of an external parameter physical properties of the system
may change in the crossing region. In this thesis we study the change
of radiative properties of a photo-excited organic crystal when two
states corresponding to different orientations of the spin angular
momentum are made to cross by varying the strength of an external
magnetic field. Then, depending on the intrinsic properties of the
system, three different effects may possibly be observed in the light
emission from the excited crystal: level crossing (LC), level anti­
crossing (LAC) and cross-relaxation (CR).

Level crossing has been studied in atomic gases since the experi­
ments of Wood and Ellet (1923) and Hanle (192U). They studied the
resonance fluorescence of mercury vapour excited with linearly
polarized light at 2537 X and observed that the polarization and
intensity of the emission changed sharply when a magnetic field of 2
Gauss was applied. This was explained to be a consequence of the
splitting by Zeeman interaction of the three components of the mercury
3dr state, which are degenerate in zero magnetic field. This Hanle
effect is an exanqple of LC at zero magnetic field. Later LC effects
at non-zero fields have been found and LC has since become a widely
used technique to study the energies and lifetimes of the states of
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co m p lica ted  atoms and tw o- and th re e -a to m ic  m olecu les in  th e  gas p h ase .
I f  two s t a t e s  t h a t  in  a  f i r s t  app ro x im atio n  a re  ex p ec ted  t o  c ro ss

a re  coup led  by an a d d i t io n a l  p e r tu r b a t io n  we may have in s te a d  o f  a
" c ro s s in g "  an " a n t ic r o s s in g " .  Such LAC a ls o  may le a d  to  changes in  th e

r a d i a t i v e  p r o p e r t ie s  o f  th e  system  as f i r s t  dem o n stra ted  on Li atoms

by Eck, Foldy and W ieder (1963).
The in v e s t ig a t io n s  w hich le d  t o  t h i s  t h e s i s  were s t a r t e d  t o  see

i f  th e s e  c ro s s in g  e f f e c t s  m ight a ls o  be found in  th e  phosphorescence

e m itte d  by o rg a n ic  c r y s t a l s  when e x c i te d  w ith  u .v .  l i g h t .  Soon i t
became c le a r  t h a t  f o r  re a so n s  t o  be g iv en  l a t e r  no LC e f f e c t  i s  t o  be

ex p ec ted  in  th e  phosphorescence  from a  s o l id .  However LAC e f f e c t s
were o b serv ed  in  th e  phosphorescence  from  o rg a n ic  c r y s t a l s : by S ix l
and Schw oerer (1970 a )  in  n ap h th a len e  and by Veeman and Van d e r Waals
(1970 a) in  benzophenone. In  th e s e  ex p erim en ts  th e  phosphorescence

i n t e n s i t y  i s  m easured as a  fu n c tio n  o f  m agnetic  f i e l d  s t r e n g th .  For
c e r t a in  s p e c ia l  o r i e n ta t io n s  o f  th e  m agnetic  f i e l d  a  sh a rp  b u t sm all
in c re a s e  o f  phosphorescence  i n t e n s i t y  i s  found in  th e  c ro s s in g  re g io n

o f  two s p in  components o f  th e  lo w est t r i p l e t  s t a t e  o f  th e  phosphores­

c e n t m o lecu le s .
In  such a  "sp ec tru m " , in  w hich th e  d e r iv a t iv e  o f  th e  in t e n s i t y

o f  th e  phosphorescence  e m itte d  by th e  benzophenone c r y s t a l  i s
re c o rd e d  as a fu n c tio n  o f  th e  a p p lie d  f i e l d ,  we found t o  our s u r p r is e

b e s id e s  th e  main LAC l i n e  many o th e r  even s m a lle r  l i n e s ,  see  f i g .  1 .1 .
These we have a l l  been a b le  t o  a s s ig n  t o  o th e r  LAC e f f e c t s  and t o  CR
p ro c e s s e s .  L a te r  S ix l  (1971) o b serv ed  s im i la r  l i n e s  in  th e  n ap h th a len e

c r y s t a l .
A CR p ro c e ss  may o ccu r when a t  a  c e r t a in  m agnetic  f i e l d  th e

t r a n s i t i o n  f re q u e n c ie s  o f  two sp in  system s become e q u a l o r  a lm ost
e q u a l. Then, because  o f  th e  i n t e r a c t i o n  betw een th e  sp in s  s o - c a l le d
f l i p - f l o p  t r a n s i t i o n s ,  w here two o r  more sp in s  s im u lta n e o u s ly  make a

t r a n s i t i o n  w ith  c o n se rv a tio n  o f  t o t a l  e n e rg y , t r y  t o  b r in g  th e  two

sp in  system s in  e q u il ib r iu m . U n t i l  1970 OR was s tu d ie d  by means o f
s u s c e p t i b i l i t y  m easurem ents and m agnetic  reso n an ce  experim en ts on s o l id

10
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F ig . 1.1 The d e r iv a t iv e  o f  th e  phosphorescence  i n t e n s i t y  as a

fu n c tio n  o f  m agnetic  f i e l d  s t r e n g th  f o r  henzophenone
w ith  H p a r a l l e l  t o  th e  C = 0 hond a t  T = 1 .3  K.
The s tro n g  l i n e  a t  about 1700 Gauss i s  th e  LAC l i n e .

Every l i n e  co rresp o n d s t o  a  l i g h t  in c r e a s e .

param agnetic  sy stem s. The p o s s i b i l i t y  o f  CR in  p h o to -e x c ite d  t r i p l e t
s t a t e s  has been m entioned  by G o rte r  ( 1969).

S ince  LAC and CR have p re v io u s ly  been s tu d ie d  as s e p a ra te  e f f e c t s

in  d i f f e r e n t  system s and under co m p le te ly  d i f f e r e n t  c irc u m s ta n c e s t
one would ex p ec t th e s e  two e f f e c t s  t o  be e a s i l y  d i s t in g u is h a b le  from

each o th e r .  However i t  w i l l  become c le a r  t h a t  i t  i s  r a t h e r  d i f f i c u l t

and o f te n  even im p o ss ib le  t o  d ec id e  w hether th e  i n t e n s i t y  changes

found in  th e  phosphorescence  from an e x c i te d  o rg a n ic  c r y s t a l  a re
caused  by LAC o r  CR. E xp erim en ta l ev idence  w i l l  be p re s e n te d  t h a t  in

a  v e ry  d i l u t e  param agnetic  system  such as an e x c i te d  o rg a n ic  c r y s t a l ,
e f f e c t s  w hich a t  f i r s t  s ig h t  seem due t o  CR in  r e a l i t y  have t o  be
a s c r ib e d  to  LAC and v ic e  v e r s a . The c lo s e  r e l a t i o n s h ip  betw een LAC
and CR has a lre a d y  been p o in te d  ou t by C aspers ( 196U).
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After a discussion in chapter 2 of the phosphorescence of
molecules with a carbonyl group (C = 0) and the magnetic properties
related to the phosphorescent triplet state, the experimental set up
and a typical experiment are shown in chapter 3. In chapter U the
principles of the three effects LC, LAC and CR and their relation is
considered.

The experimental results are shown in the two last chapters• In
chapter 5 the different kinds of LAC and CR phenomena that occur in
organic crystals are treated and the information one can get from these
experiments is discussed. In chapter 6 two subjects are treated:
in the first part it is shown how LAC and CR effects can be used to
detect spin systems in phosphorescent crystals which so far escaped
detection by other means. For instance, we may mention here that we
seem to have detected photochemically produced free hydrogen atoms in-U -6the benzophenone crystal which live 10 - 10J sec only and show
strong electronic spin polarization.
In the second part of the last chapter it is demonstrated how in a
particular case one can distinguish;between a LAC and a CR effect by
means of an experiment in which a radio frequency magnetic field is
applied.

12



C H A P T E R  2

PHOSPHORESCENCE AND RELATED MAGNETIC PROPERTIES

OF AROMATIC CARBONYL CRYSTALS

A In tro d u c t io n

T his t h e s i s  d e a ls  w ith  th e  phosphorescence  o f  a ro m atic  m olecu les
c o n ta in in g  a  c a rb o n y l group . The r a d i a t i v e  and m agnetic  p r o p e r t ie s  o f
th e s e  m olecu les when e x c i te d  w ith  UV l i g h t  in  many c a se s  a re  la r g e ly

dete rm in ed  by th e  C = 0 group and benzophenone w i l l  be used  as a
c h a r a c t e r i s t i c  exam ple.

Benzophenone in  i t s  ground s t a t e  i s  a  d iam ag n etic  (S = 0 ) ,
ap p ro x im ate ly  p la n a r  m olecu le  ( f i g .  2 . 1 ) .  The m o lecu les form  an o r th o ­
rhom bic c r y s t a l ,  th e  s t r u c tu r e  o f  which we s h a l l  d is c u s s  l a t e r .

F ig . 2 .1  Benzophenone and i t s

" \  '

a x is  system ; because  o f
th e  s t e r i c  h in d ran ce

o f  th e  two n e ig h b o u rin g

o r th o  hydrogens th e
m olecu le  i s  on ly
ap p ro x im ate ly  p la n a r .

13



B. The triplet state in the absence of a magnetic field

When a henzophenone molecule is irradiated with UV light an
electron may be promoted from a filled molecular orbital (m.o.) to an
empty m.o., bringing the moleeule in an excited state. As is well-known
(see for instance Kasha i960) the m.o.'s of a planar molecule like
benzophenone can be classified into three types: 0 — , tt—  and n—orbitals.

The a-orbitals are more or less located between every two atoms
connected by a bond in fig. 2 .1. The highest electron density in these
orbitals is found between the two atoms.

The ir-orbitals are delocalized over the molecule with the maximum
density under and above the molecular plane. The tt— orbitals very often
are represented as linear combinations of 2p^—orbitals of the carbon
and oxygen atoms.

The a- and ir-orbitals are divided into bonding (a, tt) and anti­
bonding (o',it') orbitals. In the ground state of the molecule all
bonding orbitals are filled with two electrons with antiparallel spins ,
the antibonding orbitals are empty.

The n-orbitals or "non-bonding" orbitals are found only in
molecules with atoms having more than four valence-electrons (N, 0 , S,
etc.). In benzophenone there are two n—orbitals, in the ground state
both filled with two electrons. The two n-orbitals in good
approximation are oxygen 2s and 2py atomic orbitals (Kasha i960).

By irradiation with near UV light ('''3000 X) an electron from
the highest bonding orbital it or from the 2p n-orbital can be excited
into the lowest antibonding orbital it', thus giving a ttit' or nir' excited
state. These excited states in very good approximation are singlet
states (S = 0 ) because the electron spins do not change during
excitation (see fig. 2.2).
The same electron configurations also give rise to two triplet states
(S = 1) where the two electrons in the half-filled m.o.'s have parallel
spins; they have a lower energy than the corresponding singlets.

The four lowest excited states in benzophenone are shown in fig.2 .2
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F ig . 2 .2  The fo u r  lo w est e x c i te d  s t a t e s  o f  benzophenone; th e

Tnr' s t a t e s  have a  h ig h e r  energy  th a n  th e  nir' s t a t e s

b u t t h e i r  p o s i t io n  i s  n o t known a c c u r a te ly .  The s t a t e s

a re  l a b e l l e d  w ith  th e  i r r e d u c ib le  r e p r e s e n ta t io n s  o f
p o in t  group Cgv  (se e  t a b l e  2 . 1) w hich i s  on ly  th e

approxim ate  symmetry o f  benzophenone because  o f  th e
n o n - p la n a r i ty . The symmetry l a b e ls  in  p a re n th e se s

deno te  th e  symmetry o f  th e  o r b i t a l  p a r t  o f  th e  e le c t r o n

wave fu n c tio n . The s o l i d  arrow s in  th e  f ig u r e  r e p re s e n t

r a d i a t i v e ,  th e  wavy l i n e s  r a d i a t i o n l e s s  t r a n s i t i o n s .

where i t  i s  in d ic a te d  t h a t  th e  nir' s t a t e s  have a  low er energy  th a n  th e

1f1r'  s t a t e s  and H o c h s tra s se r  1969) . A ll  m o lecu les we s tu d ie d  have
an nir' s t a t e  as lo w est t r i p l e t  s t a t e .

A f te r  e x c i t a t io n  o f  benzophenone in to  th e  s in g l e t  s t a t e  1n ir' i t
goes over w ith  a  v e ry  h ig h  p r o b a b i l i ty  to  th e  lo w est t r i p l e t  s t a t e  v ia

a r a d i a t i o n l e s s  p ro c e s s . T h is " in te r s y s te m  c ro s s in g "  has a  r a t e  found

t o  be betw een 1011 and 1012 sec  1 (pym and H o c h s tra s se r  1969 and Busch,
R en tzep is  and J o r tn e r  1971), which i s  much h ig h e r  them t h a t  o f  th e

f lu o re sc e n c e  1n ir '+  G . Thus e x c i t a t io n  in  th e  s in g l e t  m an ifo ld  i s  a
v e ry  e f f i c i e n t  way o f  p o p u la tin g  th e  lo w est t r i p l e t  s t a t e .

The t r i p l e t  s t a t e  has a l i f e t im e  o f  a  few m ill is e c o n d s  and i t s  decay
to  th e  ground s t a t e  o ccu rs  l a r g e ly  v ia  th e  em issio n  o f  l i g h t
(P h o sp h o rescen ce) .
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Table 2.1 Character table of point group C,2v

C2v E C2(z) Oy(xz) ' av t (yz)

z A 1 1 1 1 1

R z *2 1 1 -1 -1

Ry x B 1 1 -1 1 -1

Rx y B2 1 -1 -1 1

Because the molecules we consider have no axes of symmetry higher
than two-fold, a triplet state even in zero magnetic field has three
non-degenerate substates. In a first approximation the hamiltonian for
our problem is (see Van der Waals and De Groot 1967)

3C=JCa + 3C„„ +

where 3Cq represents the spin—independent part,JCgg the dipolar inter­
action between the electron spins and Jfgg the spin-orbit coupling.Jfgg
is mainly responsible for the zero-field splitting and 5Cg0 for the
mixing of singlets and triplets that leads to phosphorescence. When
considering 3C„„ and JCor. as perturbations to the eigenstates of JC theDO bU
zero-field splitting of the triplet state can be represented by a
spin hamiltonian of the form (Stevens 1952).

2 2YS - ZSy z
(2.1)

S . S . S are the components of the total spin angular momentum
x * y ’ z r . . .
operator S; x, y, z are the principal axes of the dipolar interaction
tensor. Unless stated otherwise we shall assume these axes to coincide
with the molecular axes.
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X > ,fe e  e ig e n s ta te s  o f  JC a re  th e  t r i p l e t  s u b s ta te s  | x >, | y  >,

I i  > w ith  e n e rg ie s  X, Y, Z. In  th e s e  s u b s ta te s  th e  t o t a l  sp in  i s
ly in g  in  one o f  th e  p la n e s  x = 0 , y = 0 o r z = 0 :

S I  u > = 0u  1 ( u = x,  y ,  z)  . (2 .2 )

The sp in  e ig e n fu n c tio n s  | x > , | y  >, 1 z > a re  l i n e a r com binations o f
th e  w ell-know n e ig e n fu n c tio n s  o f  Sz | + 1 > , | 0 >, | -  1 > w ith
m agnetic  quantum number m e q u a l to  + 1 , 0  and -  1:

| x > = 2~s { | - 1 > -  | + 1 > }

1•H
rlW1CMII>> 1 > + | + 1 > } (2 .3 )

| z > = | 0 >

An e l e c t r i c  d ip o le  t r a n s i t i o n  betw een a  t r i p l e t  and a  s in g l e t
s t a t e  i s  fo rb id d e n  and phosphorescence  o ccu rs  because  o f  th e  m ixing

by s p in - o r b i t  c o u p lin g  betw een s in g l e t  and t r i p l e t  s t a t e s .  Hence th e
t r i p l e t  sp in  components no lo n g e r  a re  p u re  t r i p l e t  s t a t e s ; a sm a ll

amount o f  s in g le t  c h a r a c te r  i s  mixed in .  Again b ecau se  o f  th e  r e l a t i v e l y
low symmetry o f  th e  m olecu le  th e  th r e e  t r i p l e t  s u b s ta te s  in  g e n e ra l
have d i f f e r e n t  amounts o f  s in g l e t  c h a r a c te r .  The r a d i a t i v e  and as we

s h a l l  see  a ls o  th e  r a d i a t i o n l e s s  decay p r o b a b i l i ty  in  benzophenone a re
th e r e f o r e  d i f f e r e n t  f o r  th e  th r e e  s u b s ta te s .

McClure (1952) has shown by symmetry argum ents t h a t  th e  m ixing
betw een two irir' s t a t e s ,  one a  s in g l e t  th e  o th e r  a  t r i p l e t ,  i s  v e ry
sm a ll. The m ixing betw een two nir' s t a t e s  l ik e w is e  i s  v e ry  sm a ll.

R e la t iv e ly  s tro n g  m ixing however may o ccu r betw een th e  nir' and irir'
s t a t e s  o f  f i g .  2 .2  (Hameka 1956; Hameka and O o s te rh o ff  1958;

Goodman and K rish n a  1963; Veeman and Van d e r Waals 1970 b ) .

Even w ith  a very  sim ple model one can p r e d ic t  w hich t r i p l e t  sub­
s t a t e  has th e  l a r g e s t  s i n g l e t  c o n ta m in a tio n . In  t h i s  model th e  s p in -
o r b i t  c o u p lin g  h a m ilto n ia n  i s  approx im ated  by th e  sum o f  atom ic
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contributions and the two-electron part is neglected.

^ S O  " * \ I YK *iK ' Si‘ (2.1*)1 K 1

Here is the spin angular momentum operator for electron i, the
orbital angular momentum for electron i about the nucleus of atom K and

is a constant determined from spectral data on atom K.
The matrix element of 3C_q between a tttt * singlet state and the u
(u = x, y, z) substate of the lowest nir' triplet is a sum of products
of an integral over positional coordinates and an integral over spin
coordinates; the first integral is a matrix element of between two
m.o.'s and the second a matrix element of s^ between the singlet spin-
function and triplet spinfunction | u > (see for instance Veeman and
Van der Waals 1970 b equation (6)).
By expanding the integrals over m.o.'s in integrals over atomic
orbitals one finds the result to be dominated by a single one-center
integral (Goodman and Krishna 1963* Veeman and Van der Waals 1970 b):

< I 2py,0(i> * > (2-5>
this involves the oxygen 2p orbital which enters via the expansion
of the it m.o. into atomic orbitals and the oxygen 2p orbital as the
n-orbital participating in the excitation process.
From symmetry considerations it follows that (2.5) vanishes unless
u = z. Thus s.(z) is the only component of s^ which has to be
considered in the integral over spin coordinates between the singlet
spinfunction and one of the triplet spinfunctions. Consequently this
integral is unequal to zero only for the substate | z >, (see for
instance Van der Waals and De Groot 1967* eq. (*+))• Accordingly, in
this simple model the substate | z > is the only one to become
contaminated with singlet character and therefore able to emit
phosphoresc enc e.
Apparently, which of the substates carries the radiation is determined
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T able 2 .2

I * > I y  > I Z >

kr

. -1k s e c

t msec

N

P

0 .0 7  (0 .0 2 )

36 (1 )

28 (1 )

1

0 .9 7  (0 .2 2 )

0 .1 0  (0 .0 2 )

5U (1)

18 (1 )

0 .6 9  (0 .1 5 )

1

1

625 (10)

1.60 (0 .0 2 )

0 .0 3  (0 .0 2 )

0 .5 6  (0 .3 5 )

R a d ia tiv e  decay r a t e s  (kr ) ,  t o t a l  decay r a t e s  ( k ) ,  l i f e ­
tim es ( t = k ) ,  s te a d y - s ta te  p o p u la tio n s  (N) and

p o p u la tin g  r a t e s  (P) o f  th e  th r e e  t r i p l e t  s t a t e s  o f

henzophenone; th e  q u a n t i t i e s  kr , N and P a re  in  r e l a t i v e
u n i t s  o n ly . The v a lu e s  a re  av e rag es o f  th r e e  m easurem ents,

th e  numbers in  p a re n th e se s  a re  th e  s ta n d a rd  d e v ia t io n s  o f
th e  mean. The p o p u la tin g  r a t e s  have n o t been de te rm in ed
d i r e c t l y , b u t d e r iv e d  from th e  e x p re ss io n s

P = N ku  u  u

Because N i s  v e ry  sm a ll th e  e r r o r  in  th e  v a lu e s  f o r  N
. z

and th u s  f o r  P i s  r e l a t i v e l y  la r g e .

by th e  d i r e c t io n  o f  th e  n - o r b i t a l  on th e  oxygen atom in v o lv e d  in  th e

e x c i t a t io n .  (A p h y s ic a l  m a n ife s ta t io n  o f  th e  im portance o f  t h i s  s p in -
o r b i t  c o u p lin g  on th e  oxygen atom i s  th e  re d u c tio n  o f  phosphorescence
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_ o  ^
lifetimes toy a factor of the order of 10 when a carbonyl group is
inserted into an aromatic molecule).

How very well this model predicts which triplet substate is the
radiative one is shown in table 2.2, where the experimental relative
radiative decay rates k and total decay rates k^ (radiative plus
radiationless) are given in the two top lines. These values were
determined (Van der Poel and Veeman 1971) with the microwave induced
delayed phosphorescence method (Schmidt, Veeman and Van der Waals
1969; Antheunis, Schmidt and Van der Waals 1970; Schmidt 1971)•
Similar measurements have been performed by Chan and Schmidt (196 9 )in
this laboratory and more recently by Winscom and Maki (1971)* Their
results are in good agreement with the values of table 2.2-.'

From the numbers in table 2.2 one can see that | z > not only
has the largest radiative decay rate but also the largest total decay
rate and therefore the shortest lifetime.

The experiments to be described in this thesis, including the
decay rate measurements of table 2.2, are always made at such a low
temperature (T = 1.3 K) that spin lattice relaxation transitions
between the triplet substates can-be neglected during the lifetimes
of the states. Then with continuous irradiation of the molecules the
steady-state populations of the substates are determined by the
populating and depopulating rates and not by the Boltzmann factor at
1.3 K! These steady-state populations also were determined for
benzophenone in the microwave induced phosphorescence experiments;
see fourth line in table 2.2. Very surprisingly only 1-3$ of the
excited benzophenone molecules are found in the substate | z >, almost
all excited molecules being in | x > or | y >■ The primary reason for
these extreme steady-state populations found in all our pure single
crystals is, that in contrast to the depopulating rates, the
populating rates k^ are roughly equal for the three substates.

The following explanation for these comparable populating rates
has been suggested by Chan and Schmidt(19^9))• So far we have
pretended that the lowest triplet state of benzophenone is populated
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v ia  in te r s y s te m  c ro s s in g  from 1n ir '.  However, in  an i d e a l  m o lecu la r

c r y s t a l  n o t th e  s e p a ra te  m olecu les a re  e x c i te d ,  h u t b ecau se  o f  a weak

in t e r a c t io n  betw een th e  m olecu les th e  c r y s t a l  i s  e x c i te d  c o l l e c t i v e ly

in  an e x c ito n  s t a t e  (Davydov 1971)- In  th e s e  e x c ito n  s t a t e s  a  s in g le
e x c i t a t io n  can be th o u g h t t o  be t r a n s f e r r e d  a t  a v e ry  h ig h  r a t e  betw een

i d e n t i c a l  m o lecu le s . Im m ediately  a f t e r  e x c i t a t io n  th e  c r y s t a l  i s  in  a

s in g l e t  e x c ito n  s t a t e  and as in  a s in g le  m olecu le  i t  c ro s se s  o v er in to

th e  low er ly in g  t r i p l e t  e x c ito n  s t a t e  in  a  tim e  o f  th e  o rd e r  10- ^  -
. n-1 2 „10 sec-.

In  a  r e a l  c r y s t a l  n o t a l l  th e  m olecu les a re  i d e n t i c a l ,  some sire

c lo s e  t o  a p h y s ic a l  d i s t o r t i o n  o r  chem ical im p u rity  and may th e r e f o r e

have a  t r i p l e t  s t a t e  a  l i t t l e  low er in  energy  th a n  th e  bo ttom  o f  th e
e x c ito n  band. Most o f  th e  t r i p l e t  e x c ito n s  th e r e f o r e  a re  caugh t in

th e s e  " t r a p s "  b e fo re  decay ing  to  th e  ground s t a t e .  Because o f  s tro n g

p h o n o n -ex c ito n  c o u p lin g  th e  s p i n - l a t t i c e  r e la x a t io n  betw een th e  th r e e
t r i p l e t  e x c ito n  sp in  components i s  v e ry  f a s t  (S h a rn o ff  19 6 9 ) and th e
e x p la n a tio n  o f  th e  com parable p o p u la tin g  r a t e s  P o f  th e  tra p p e d
m olecu les t h a t  su g g e s ts  i t s e l f  th e n  i s  t h a t  th e  p o p u la tio n s  o f  th e

t r i p l e t  e x c ito n  s t a t e s  have reach ed  Boltzmann e q u il ib r iu m  b e fo re  th e y

g e t tr a p p e d . T his mechanism a ls o  e x p la in s  th e  e q u a l p o p u la t in g  r a t e s

o f  th e  s u b s ta te s  o f  th e  lo w est t r i p l e t  s t a t e  o f  an th ra c e n e  p re s e n t  as

a  g u e s t m olecule  in  a  f lu o re n e  h o s t  (S ix l  and Schw oerer 1970 b ;  Gromer,
S ix l 'a n d  Wolf 1972). In  t h i s  mixed c r y s t a l  th e  e x c i t a t io n  o f  th e

a n th ra c e n e  t r i p l e t  s t a t e  i s  th o u g h t t o  go v ia  th e  f lu o re n e  t r i p l e t
e x c ito n  band.

From now on we s h a l l  o n ly  c o n s id e r  th e  phosphorescence  from

m o lecu la r t r a p s  and t r e a t  i t  as a  p ro p e r ty  o f  s in g le  m o le c u le s . The
t r i p l e t  e x c i to n s ,  which l i v e  v e ry  s h o r t  and h a rd ly  g iv e  a  c o n tr ib u t io n

to  th e  phosphorescence  o f  ou r c r y s t a l s ,  e n te r  o n ly  as in te rm e d ia te
s t a t e s  in  th e  p o p u la tin g  o f  th e  t r i p l e t  s t a t e  o f  m o lecu la r t r a p s .

Most im p o rta n t f o r  what fo llo w s  i s  t h a t  in  benzophenone and th e
o th e r  m olecu les h e re  c o n s id e re d  one has an a lm o st empty r a d i a t i v e

t r i p l e t  s u b s ta te  and two f i l l e d ,  f a r  l e s s  r a d i a t i v e  s u b s ta te s .

21



C. The effect of an external magnetic field
When a magnetic field is applied the spin-hamiltonian (2.0

changes into:

jf = - XS2 - YS2 - ZS2 + gB H . 3 (2.6)
s *  y  2

where, as usual for organic triplets, the assumption has been made that
the g-tensor is isotropic (see for instance Hutchison 1967).
The eigenfunctions and eigenenergies of (2.6) can be calculated by
diagonalizing a 3 * 3 matrix and when H is parallel to one of the three
principal axes x, y or z these can be written in analytical form (Van
der Waals and De Groot 1967). In strong magnetic fields the eigen­
states tend to the well-known eigenstates of the component of spin
angular momentum along H with eigenvalues + 1, 0, -1.

The two orientations 3 // z (z. orientation) and H // x
(x orientation) are very important for our experiments, because only
for these two orientations two of the three triplet substates of
benzophenone (where Z > Y > X) cross at a certain magnetic field, see
figs. 2.3 a and 2.3 b. In these two orientations the eigenfunctions
and eigenenergies of the triplet substates are:

- X , Y - X n
— )2 I x  > + i  (1+ 2^— ) I y  >}
z 2

1 Y3 // z I + > - 2.*{(1-

0 > Z > (2.7)

1 Y - x 1
2"5«1+  ̂ ---)

Y - X
> - i (1- - ) *  I y >)

e. = -J Z + a
e0 = 2
e = -2 Z - a

where a = {4(Y - X)2 + (gBH)2}*z
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+ >
Z - Y

i£ // x
1 Z - Y 1 122~ ‘ { ( 1 y > + i (1+

x
Z >}

O > = X > (2.8)

> = 2"s{(1+ — ---)» | y > - i (1-
J Z - Y i Z - Y i

z >}
X

X + ax

x

where az = {J(Z - Y)2 + ( g B H ) M

From the properties of the zero-field states and the above
formulae one arrives at the following predictions about the situation
in a magnetic field:
i. .ori_entatioii: the two heavily populated, almost non-radiative zero-
field substates | y > and | x > are mixed together giving two new
eigenstates | + > and | - >. State | 0 > is still underpopulated but
has the largest radiative probability.
£  orientation: the radiative and non-radiative transition probabilities
of | z > axe now divided over the new eigenstates | + > and | - >
which are therefore radiative but underpopulated. The state | 0 > in
this orientation is almost non-radiative but has a large population.

These statements are substantiated by electron spin resonance
(ESR). In an ESR experiment a microwave magnetic field is applied with
a frequency v. When hv is equal to the splitting between two of the
three triplet substates transitions between this pair of states may
be induced. When the upper state of the two states involved is less
populated than the lower one, microwave power is absorbed by the spin
system. Emission of microwaves is induced when the upper state is more
populated than the lower one.
In a system of identical triplet spins in general three ESR lines are
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phosphorescence

phosphorescence
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H ( KGAUSS)H [ KGAUSS]

a b

Fig. 2.3 The Zeeman splitting of the benzophenone triplet state
with a magnetic field 3 // z (a) and with 3 // x (b).
The "Am = 1" ESR transitions are indicated by full lines,
the "Am = 2" transitions by broken lines for a microwave
frequency of ̂  9 Ghz. The number of open circles gives
an impression of the steady—state populations of the
substates in a magnetic field at liquid helium temperature.

found, two "|Am| = 1" transitions and one "|Am| = 2" transition
(see fig. 2.3). However, in a benzophenone crystal not all triplet
spins are identical, because the crystal unit cell has four different­
ly oriented molecules in it.
In fig. 2.b we show the result of an ESR experiment on a benzophenone
crystal in which the field 3 is parallel to the z axis of one of the
four molecules in the unit cell. In this figure the derivative of the
microwave power as a function of magnetic field is recorded and the
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10000 G A U S S

H

Fig. 2.U The ESR spectrum of henzophenone with H // z axis of
one of the sites at 1.3 K. The superheterodyne K-band
spectrometer used for this experiment has been built

.in this laboratory by Blok and Kooter (1972). The
microwave power incident on the sample is 100 n Watt,
the modulation frequency 300 Hz.
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lines at the lowest and highest magnetic fields, labelled B. and B,
are those of the "|Am| = 1" transitions of the benzophenone molecules
with S // z axis. (Some of the other lines are caused by the
benzophenone molecules for which the z axes are not parallel to H,
but most of the lines are from photochemical products to be discussed
later). At this point we only want to emphasize the difference in
phase of line B^ and B^, which means that B^ corresponds to microwave
absorption and B^ to microwave emission. This proves that in the
z orientation the population of | + > indeed is larger than that of
| 0 >.

Concluding we may say that the phosphorescence from a
benzophenone single crystal, and also from the other "pure" crystals
we shall discuss, originates for a very large part from molecular
"traps". Once these trapped molecules axe excited they may be
considered as only very weakly coupled to other excited molecules.
The "trap" phosphorescence is therefore a molecular property. In
benzophenone and the other substituted benzophenone molecules studied

3 • , Ithe lowest triplet state is a nir' state in which the | z >
component has a much higher radiative decay rate than the others, but
a much lower population at low temperatures (< 2 K) under steady-
state conditions with continuous illumination.



C H A P T E R  3

EXPERIMENTAL PROCEDURE

A. The apparatus
A schematic drawing of our apparatus is shown in fig. 3.1. The

crystal is mounted in a quartz tube inside an optical helium cryostat,
placed between the poles of a Varian 9 inch magnet. UV light from a
Philips SP 1000 Watt water cooled high pressure mercury lamp is
focussed on the sample by a Suprasil quartz lens.

To prevent excessive heat input into the helium bath the infrared
and visible light of the mercury lamp is filtered out by a solution
filter (2U0 g/1 NiSO^ . 6 HgO plus 1*5 g/l CoSO^ . 7 H_0) and a Chance
Pilkington OX 7 glass filter. The spectrum of the radiation used to
excite the sample is shown in fig. 3.2.

The phosphorescence is detected via a quartz lightpipe (Schott)
by an EMI 952U B photomultiplier. An 0.25 m Ebert monochromator or a
Balzers interference filter is used between the lightpipe and the PM
to measure the phosphorescence with a bandwidth of 3-100 8 centered at
the 0-0 band of the phosphorescence.

The sample tube can be rotated from the top of the cryostat
about a horizontal axis, the magnet about a vertical axis. With this
arrangement every orientation of the magnetic field relative to the
molecular axes can be attained.

In order to observe the small changes in phosphorescence
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monochromator

He pump * = z T  1

optical
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F ig . 3.1 Schem atic draw ing o f  th e  a p p a ra tu s .

i n t e n s i t y  (0 .1 -1 $ )  t h a t  occu r as a fu n c tio n  o f  th e  m agnetic  f i e l d  w ith

an a c c e p ta b le  s ig n a l—t o —n o is e  r a t i o  phase s e n s i t iv e  d e te c t io n  was

u sed . T h is was done by a low freq u en cy  (20-U0’H z), sm a ll am plitude
m odu la tion  o f  th e  m agnetic  f i e l d  w ith  two e x t r a  c o i l s  on th e  p o le s  o f

th e  m agnet, w h ile  th e  o u tp u t o f  th e  PM was fe d  in to  a  PAR s e le c t iv e
a m p l i f ie r  and lo c k - in  d e te c to r  t h a t  s u p p lie d  th e  m odu la tion  s ig n a l .

The m agnetic  f i e l d  s t r e n g th  i s  m easured by an AEG p ro to n  NMR
G aussm eter combined w ith  a H ew le tt-P ack ard  e le c t r o n ic  c o u n te r .

B. A t y p i c a l  experim ent
B efore we s t a r t  w ith  a d is c u s s io n  o f  th e  t h e o r e t i c a l  a sp e c ts  o f

LC, LAC and CR i t  i s  u s e f u l  t o  c o n s id e r  th e  p ro ced u re  o f  a  t y p i c a l

e x p e rim e n t.
The d i r e c t  g o a l o f  th e  ex perim en ts i s  t o  m easure th e  phosphorescence
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Fig. 3.2 The spectrum of the mercury lamp SP 1000 plus filters
used to excite the crystals.

intensity as a function of magnetic field. Because the position and
line form of the lines in the resulting spectrum (see for instance
fig. 1.1) are strongly dependent on the orientation of the magnetic
field relative to the molecular axes, we have to orient the crystal
into a known position relative to the magnetic field. In fact, the
three strongest lines of fig. 1.1 can be found only when the magnetic
field is very closely parallel to the z axis of the benzophenone
molecule. That is probably the reason why a spectrum like that of
fig. 1.1 has not been found before.'

The precise orientation of the crystal is done in two steps.
After the crystal is mounted in the cryostat the magnetic field is
roughly oriented along a molecular axis by using ESR with optical
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detection. This is done as described by Schmidt (1971) with a microwave
helix mounted around the crystal and connected to a microwave coaxial
line. With an X-band klystron we can then saturate transitions, which
are observed via a change in phosphorescence intensity. The positions
of the ESR lines depend on the orientation of the magnetic field
relative to the molecular axes. By measuring the positions of these
lines as a function of the orientation of the magnetic field the field
can be oriented approximately along the molecular axes as described by
Hutchison and Mangum (1961). During this operation the magnet is
rotated about a vertical axis and the crystal about a horizontal axis
perpendicular to it. In two of the three principal orientations we
then observe in addition to the ESR signals a very broad line close
to the field where two triplet sublevels "cross" (fig. 2*3). This is
the LAC signal, for benzophenone with H // z at 1678 Gauss (fig. 1.1),
which is also present in the absence of microwave power. A final
adjustment of the orientation of the magnetic field can now be made by
making this line as narrow as possible.

As shown in fig. 1.1 more lines are found (also independent of
the microwaves!) when the phosphorescence intensity is recorded as a
function of magnetic field strength. The widths of these lines are
independent of the orientation of the magnetic field and they can also
be found when the magnetic field is not along a principal axis. These
lines are caused by other LAC effects and CR processes involving more
than one spin. To get information about these effects the field
strengths at which these lines occur, are determined for several
orientations of the magnetic field.



C H A P T E R  1*

PRINCIPLES OF LEVEL CROSSING, LEVEL ANTI-CROSSING

AND CROSS-RELAXATION

A. In tro d u c t io n

In  t h i s  c h a p te r  we want t o  show t h a t  LAC and CR e f f e c t s  may be
found in  o rg a n ic  c r y s t a l s  when th e s e  a re  e x c i te d  i n to  th e  lo w est

t r i p l e t  s t a t e ,  b u t t h a t  LC i s  n o t t o  be ex p ec ted  in  such sy stem s. More

in  p a r t i c u l a r  we s h a l l  see  t h a t  LAC and CR may cause  a change in  th e

i n t e n s i t y  o f  th e  phosphorescence  em issio n  from th e  e x c i te d  c r y s t a l s ,
and in  f a c t ,  t h i s  i s  th e  way we observe  th e s e  e f f e c t s .

In  e ssen ce  LC and LAC a re  phenomena th a t  may occur in  system s o f
n o n - in te r a c t in g  atoms o r  m o le c u le s , w hereas CR p ro c e s se s  a r i s e  because

o f  th e  in te r a c t io n s  in  an ensem ble. So l e t  us f i r s t  look  a t  a  system  o f

i s o l a t e d  atoms o r  m olecu les and see  what i s  meant by LC and LAC. L a te r
we s h a l l  c o n s id e r  what may happen when we a llo w  f o r  i n t e r a c t io n  betw een
th e  sub -system s in  th e  ensem ble and th e n  i t  w i l l  become c le a r  t h a t  in

our system s i t  i s  r a t h e r  d i f f i c u l t  and sometimes even im p o ss ib le  to
d i s t in g u is h  betw een LAC and CR.

B‘ L evel c ro s s in g  in  atom ic system s -  th e  B r e i t  e q u a tio n

In  atom ic sp e c tro sc o p y  i t  has been known f o r  a lo n g  tim e t h a t  when
an atom w ith  two o r  more c lo s e ly  spaced  e x c i te d  l e v e l s  i s  e x c i te d ,

in te r f e r e n c e  e f f e c t s  may be found. These in te r f e r e n c e  e f f e c t s  m a n ife s t
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"themselves as a variation in the intensity of the radiation emitted.
The first experiments which showed such interference were performed hy
Wood and Ellet (1923) and Hanle (192U) on mercury atoms which at zero

• 3magnetic field have three degenerate spin components of the excited T >1
state. The quantum mechanical explanation of this Hanle or zero-field
LC effect has been given by Breit (1933).

Colegrove, Franken, Lewis and Sands (1959) found the- first
example of LC at a non-zero magnetic field in helium atoms. In these
atoms crossings occur between Zeeman levels of two excited states Pg
and at certain values of an external magnetic field (see end of
this chapter). Since then LC has become a very important technique for
studying the energies and lifetimes of complicated atoms. Quite recent­
ly LC effects in two-atomic molecules have been found by German, Zare
and Crosley (1971). All these experiments have been performed in gases.

The purpose of our early experiments was to investigate whether
crossing effects can be found in the phosphorescence from organic
molecules in a crystal. It turned out that LC, in the strict sense,
cannot be observed in our kind of systems, but that anti-crossing
situations arise. In order to show why, let us first look at a general
expression, the Breit equation, which can be used to explain both LC
and LAC and from which we can derive the experimental conditions
necessary to observe these effects.

Consider an atom or molecule with two excited states <|>a and ^

and energies E& and E^ (fig. ^.1)

* E a  * k a

< t V  E b  • k b

Fig. U.1
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For instance 4>a and may be two spin components of an excited
triplet state, say | + > and | 0 > of fig. 2.3 a. Both excited states
can be populated from the ground state, let us assume by absorption
of a photon, although this assumption is not a necessary one. Decay to
the ground state occurs via spontaneous emission but may also partly
go via radiationless processes; the total decay rates are k& and k^
sec . The emission from <f>a and corresponds to the transition
moments

% a  = * *0 le?l *a > = ®a |MGa|
( U . 1 )

SGb = < ¥G le ? l *b > = %  lMGbl

where are unit vectors with Cartesian components that may be
complex, for instance in the case of circularly polarized light.

Now suppose,the molecule is excited at time t = 0 with an
incoherent light pulse of duration t which is so short that according
to the Heisenberg principle

t . AE 'V h , (U.2)

the uncertainty in energy AE of the photons in the pulse exceeds the
difference in energy between <j>a and 4^

AE > |Ea-Eb | . (U.3)

Both conditions (U.2) and (U.3) are fulfilled when

t < h l E ^ r 1 . (U.U)

If the exciting pulse, which we assume to be propagating along
the z axis (fig. U.2), has a linear polarization e so directed that
hoth <j>a and can be excited, then the wave function of the system
after excitation will be a time-dependent linear combination of

and V
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¥ (t) = a (t) <|>a + "b (t) <(>b . (U.5)

Here

a (0) = < <(>a |e .. er | fg >  =  x  |m (

b (0) = < <|>t |e .. er| fQ > - <y |m (

with

X = (e . ea ) y = (e . e^) . (***7)

The time-development of (t) is determined by the Schrödinger
equation:

a (t) = a (0) exp (-i ERt)
T" (U.8)

b (t) ■ b (0) exp (-i E-t)
~h

Also we know that the states $ and <(î are decaying to the ground
state with decay rates k and k^:

|a(t)|2 ■ |a(0)|2 exp (-kat)

|b(t)|2 = |b(0)|2 exp (-k^t)
( M )

and following Weisskopf (1931) and Breit (1933) we write:

3U



(U. 10)
a (t) = a (Ó) exp [ (-iE - |k ) t]

8 » &

h
b (t) = b (O) exp [ (-iï^ - Jk. ) t]

ft-

This combination of a quantum mechanical expression (U.8) and a
phenomenological relation (U.9) can only be approximately correct.
Later we shall discuss its limitations and see that the result should
be valid in the situation of present interest.

Fig. k.2 The geometry of excitation and observation.

Now assume that the photons emitted by the system in the direction
(0»$) (fig. h.2) are detected by a detector which is capable of
detecting photons with energies in the range from E& to E. and with
linear polarization e'. Then the probability W(t) that this detector
detects a photon at time t is:

W (t) « | < »0 \P . er| Y (t) > |2 =

= l**’|2 |MGa|U exp (-kat) + lup'l2 exp (-^t) (4<11)

+ 2Re I XX' jj p' lMGa|2 Im q.̂ |2 exp (\-\)* - J ^ + k ^ t } ]  .
h
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where th e  numbers X' and p ' a re  th e  components o f  th e  t r a n s i t i o n

moments a lo n g  th e  d i r e c t io n  o f  p o la r i z a t io n  e '

X' = ( s '  . e# ) u ' = ( s '  . e^ ) ( » (U .12)

The p r o p o r t io n a l i ty  c o n s ta n t o f  (U•11) i s  de te rm in ed  by th e
e x p e rim e n ta l c o n d i t io n s .  B esides th e  two te rm s in  (U.1T) showing th e

norm al e x p o n e n tia l  decay o f  th e  s t a t e s  <j> and 4»̂  9 a t h i r d  te rm  occu rs
which o s c i l l a t e s  in  t im e . T h is phenomenon i s  c a l le d  a quantum b e a t

(s e e  f o r  in s ta n c e  P o d g o re ts k ii  and K h ru s ta le v  196U) and i t  can be
o b serv ed  o n ly  when th e  system  i s  e x c i te d  in  a tim e  t , < h |E  -  E. |

Quantum b e a ts  have n o t y e t  been  found in  th e  phosphorescence  from

o rg a n ic  m o lecu le s . I f  th e  t r i p l e t  s t a t e  o f  such  a m olecu le  i s
p o p u la te d  v ia  in te r s y s te m  c ro s s in g  th e n  one can o n ly  hope to  observe

quantum b e a ts  i f  t h e i r  freq u en cy  h |E -  E^| i s  a p p re c ia b ly  low er

th a n  th e  in te r s y s te m  c ro s s in g  r a t e .
The p r o b a b i l i ty  W t h a t  o u r s in g le  atom o r m olecu le  has e m itte d  a

photon  o f  th e  s p e c i f i e d  p o la r i z a t io n  a f t e r  an i n f i n i t i v e  tim e  i s :
00

w W ( t )  d t

!xx*I2 lMGalu l^'l2 K J1*
k a  + *b

+2 KJ K Re [. XX' *  t *u u'
KW+ i(vv

in c o h e re n t

term s

(U .13)
co h e ren t

te rm

T his e x p re s s io n , th e  B r e i t  e q u a t io n , d e s c r ib e s  th e  i n t e n s i t y  o f  th e

em issio n  o b serv ed  from an atom o r m olecu le  when i t  has been e x c i te d  in

a n o n - s ta t io n a ry  s t a t e  which i s  a  l i n e a r  s u p e rp o s i t io n  o f  two
" s ta t io n a r y "  e x c i te d  s t a t e s  4 and • I t  c o n s is ts  o f  an in c o h e re n t
p a r t  and a c o h e re n t o r  in te r f e r e n c e  te rm  which g iv es  a  n o n -n e g lig ib le

c o n tr ib u t io n  o n ly  when (E^ -  E^) /  h i s  o f  th e  o rd e r  o f  i (k^ + k ^) o r

l e s s .
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I f  in s te a d  o f  a s in g le  atom o r m olecule we have an ensemble o f
n o n - in te ra c tin g  id e n t ic a l  atoms o r m olecules then  W o f (U.13) i s
p ro p o r tio n a l to  th e  em ission in te n s i ty  from th e  ensemble w ith  a f ix e d
number o f  m olecules r a is e d  to  th e  ex c ite d  s t a t e .  Thus even w ith
continuous i r r a d ia t io n  one may measure a change in  em ission when th e
two ex c ite d  s ta te s  <j> and $ can be tuned  by a magnetic f i e l d  so th a t
i . i\, a  o
|Ea -  E^l < Jh (k& + k, ) . This i s  c a lle d  le v e l  c ro s s in g .

A LC e f f e c t  can only occur when th e  coherent term  in  (1*.13) i s  not
n e g lig ib ly  sm all and th e re fo re  th re e  co n d itio n s have to  be f u l f i l l e d :

th e  d if fe re n c e  in  energy o f th e  two s ta te s  has to  be o f  th e  same
o rder o f  magnitude o r  sm alle r th an  th e  average w idth  o f  th e  s ta te s
caused by r a d ia t iv e  and ra d ia t io n le s s  decay.

both  e x c ite d  s ta te s  have to  decay to  th e  same f in a l  s t a t e  by th e
same decay mechanism. For in s tan ce  , th e  Lamb s h i f t  in  atomic
hydrogen cannot be measured by LC in  th e  absence o f  e l e c t r i c
f ie ld s  because th e  decay from th e  s t a t e  2 S .is  a two-photon process
and th e  decay from 2P a one-photon p rocess (Rose and C arovillano
1961) .

3°. The numbers X, p , X ', p ' a l l  i 0 ; ( U.16)
X and p ^ 0 means th a t  w hatever th e  e x c ita tio n  mechanism, th e re
must be a p ro b a b il i ty  to  f in d  th e  system a f t e r  e x c ita tio n  in  ij>
and ())̂ » From X' and p ' f 0 i t  fo llow s th a t  i f  we have a d e te c to r
which s e le c t iv e ly  measures l ig h t  from one o f  th e  s t a te s  o n ly , e .g .
l i g h t  w ith  p o la r iz a t io n  e , th en  no LC e f f e c t  w i l l  a r i s e .a

Because X' and p ' depend on th e  r e la t iv e  p o s i t io n  o f  th e  d e te c to r ,
th e  co n tr ib u tio n  o f  th e  coherent term  in  (U.13) t o  th e  t o t a l  em ission
in te n s i ty  a ls o  depends on th e  d ire c t io n  o f  o b serv a tio n  and p o la r iz a t io n .

=b * (ka + V (fc.HO

2°. Both |Mg&| and |M^b | + 0; (U .15)
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In  p a r t i c u l a r  one can show (B ixon , J o r tn e r  and Dothan 1969) t h a t  in

th e  ca se  where th e  two t r a n s i t i o n s  in v o lv e d  have o rth o g o n a l t r a n s i t i o n

moments, i . e .

(ea  . fcjj) ■ 0 ,  (U. 17)

th e  c o n tr ib u t io n  o f  th e  co h e re n t te rm  when in te g r a te d  o v er a  s p h e r ic a l

s u r fa c e  v a n is h e s , because

X' u '*  dO =? 0 . (U .18)

0
Thus in  o rd e r  t o  observe  quantum b e a ts  o r  LC e f f e c t s  in  a system

obeying  (U .17) th e  d e te c to r  has t o  c o l l e c t  l i g h t  o v e r a  l im i te d  an g le

o n ly . T h is i s  t r u e  f o r  ev e ry  d i r e c t io n  o f  e and e ' and im p lie d  by th e
c o n se rv a tio n  o f  th e  number o f  p h o to n s . The o n ly  r e s u l t  o f  th e  LC e f f e c t

i s  a  change in  th e  a n g u la r  d i s t r i b u t i o n  o f  th e  e m iss io n .
For in s ta n c e ,  i f  in  o u r example th e  t r a n s i t i o n s  t o  $a  and were

c i r c u l a r l y  p o la r iz e d  in  o p p o s ite  d i r e c t io n s  in  th e  xy p la n e ,  th e n  th e

v e c to rs  e and e, would have as componentsa  d

e = ( 2 ~ K  2 ~ h ,  0)a

^  = (2 " * , - 2 " * i ,  0)
(U .19)

I f  now th e  d i r e c t io n s  o f  p o la r i z a t io n  o f  th e  e x c i t in g  and d e te c t in g

p o la r i z e r s  a re

e -  ( 1 ,  0 ,  0)

e , =  ( - s i n  cos 0)

(U.20)

(se e  f i g .  U .2; e ' i s  assum ed p a r a l l e l  t o  th e  xy p la n e  and p e rp e n d ic u la r

to  th e  o b s e rv a tio n  d i r e c t io n )  th e n
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X
1

u 2,-i

X' = 2“ ^ i e1*
(U. 21)

p ' *  -2~^i  e - ^

The c o e f f i c i e n t  XX' y y '*  a p p e a rin g  in  th e  co h e ren t te rm  i s
p ro p o r t io n a l  to  e^1^. T h e re fo re , in  agreem ent w ith  (1+.18) a  d e te c to r

t h a t  g a th e rs  l i g h t  in  an e n t i r e  cone d0 about th e  z a x is  would n o t see
i n t e n s i t y  changes when th e  d is ta n c e  E& -  E^ i s  changed by some e x te r n a l
p a ra m e te r.

The s i t u a t i o n  can be compared to  th e  famous double s l i t
experim en t o f  Young where two s l i t s  a re  i r r a d i a t e d  by a lamp and an

in te r f e r e n c e  p a t t e r n  i s  found on a s h ie ld  b eh in d  th e  s l i t s .  The l i g h t

i n t e n s i t y  in te g r a te d  over th e  s h ie ld  does n o t depend on th e  d is ta n c e

betw een th e  s l i t s ,  o n ly  th e  a n g u la r  d i s t r i b u t i o n  o f  th e  l i g h t  t h a t  has
p a sse d  th e  s l i t s .

In  th e  case  t h a t  e i s  n o t o r th o g o n a l t o  e. th e  i n t e g r a l  (U.18)9> D
i s  d i f f e r e n t  from  zero  and th e  number o f  pho tons would n o t seem t o  be

co n se rv ed . The rea so n  f o r  t h i s  in c o n s is te n c y  i s  t h a t  th e  com bination

o f  (U.&) and (U .9) t o  g iv e  ( U.10 ) i s  in c o r r e c t  when s im u lta n e o u s ly
(e & . e*) t 0 and E& -  o f  th e  o rd e r  o f  Jh (k& + k. ) ,  a s  n o tic e d  by
Bixon e t .  a l .  (1969). Because in  our e x p e rim e n ta l s i t u a t io n s  we n ev er

have (e & . ! * )  t 0 to g e th e r  w ith  E& -  E^ ^  Jh (k& + t  ) ,  (U .10) may be
used  to  d e s c r ib e  o u r e x p e rim e n ts ; th e  number o f  pho tons i s  co nserved
in  a l l  ou r c a s e s .

S u c c e s s fu l LC ex p erim en ts  have been perfo rm ed  in  system s w ith  a
h ig h  symmetry l i k e  atoms and sm a ll m o lecu le s . A c l a s s i c a l  case  i s  th e
experim en t o f  C olegrove e t .  a l .  (1959) on h e lium  atom s. Here s e v e ra l

# O  O

c ro s s in g s  a re  found betw een Zeeman s t a t e s  o f  th e  2 and 2^P^

e x c i te d  s t a t e s  w ith  d i f f e r e n t  m agnetic  quantum number ( f i g .  U. 3) •
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F ig . U.3 Zeeman components o f  th e  ex c ite d  2^P^, 2^Pg 2
s t a te s  o f  helium . C rossings o f  s ta te s  th a t  give
r i s e  to  LC e f f e c ts  a re  in d ic a te d  by a c i r c l e .  Arrows,
in d ic a t in g  em ission to  th e  lower s t a t e ,  a re  shown only
fo r  one p a i r  o f  c ro ssin g  s t a t e s ,  i . e .  fo r  th e  t r a n s i t io n s
|2 ,2  > ■* 11 , 1 > and 11,0  > ■+• | 1,1  > •

The helium  atom in  th e  e x te rn a l f i e l d  i s  in v a r ia n t under th e
o p era tio n s  o f  th e  p o in t group C and th e  two c ro ssin g  s ta te s  belong
to  d if f e re n t  i r re d u c ib le  re p re se n ta tio n s  as i s  req u ired  fo r  two atomic

s ta te s  to  c ro ss .
The c ro ssin g s  o f  s ta te s  in  f ig .  U.3 a re  in d ic a te d  by a c i r c l e  and

a l l  give r i s e  to  a LC e f f e c t  when a p roper choice o f  th e  p o la r iz a t io n
o f th e  e x c ita tio n  and d e tec ted  l ig h t  i s  made. For in s tan ce  th e
c ro ssin g  between |2 ,2  > o f  s t a t e  2^Pg and | 1,0 > o f  2 i s  o f  th e
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ty p e  m entioned  in  o u r exam ple: [2 ,2  > decays v ia  c i r c u l a r l y  p o la r iz e d

l i g h t  a . ,  11 ,0  > v ia  c i r c u l a r l y  p o la r iz e d  l i g h t  a  , b o th  t o  |1 ,1  > o f
3 ■’ '

S . .  When th e  p o la r i z a t io n  o f  th e  e x c i t in g  l i g h t  and o f  th e  p o la r i z e r

in  f r o n t  o f  th e  d e te c to r  i s  chosen as in  our example a  change in
em issio n  in t e n s i t y  i s  found when th e  m agnetic  f i e l d  i s  swept th ro u g h
th e  c ro s s in g .

C. The p o s s i b i l i t y  o f  l e v e l  c ro s s in g  in  system s o f  low symmetry

When s p e c u la t in g  about th e  p o s s i b i l i t y  o f  l e v e l  c ro s s in g  in
m o le c u la r  c r y s t a l s  one en c o u n te rs  two i n t e r r e l a t e d  c o m p lic a tio n s  t h a t

make i t  im probab le  t h a t  such e f f e c t s  can be o b se rv ed . F i r s t  one has th e
n o n -c ro s s in g  r u l e  (von Neumann and W igner 1929) w hich s t a t e s  t h a t  two

le v e l s  w ith  th e  same symmetry a re  n o t a llow ed  to  c ro s s  as a  fu n c tio n

o f  a  s in g le  e x te r n a l  p a ra m e te r, because  in  g e n e ra l  alw ays a  p e r tu r b a t io n

e x i s t s  w hich s p l i t s  th e  two s t a t e s  a p a r t .  S econd ly , th e r e  i s  th e
p r a c t i c a l  problem  o f  sm a ll im p e rfe c tio n s  in  th e  o r i e n ta t io n  o f  th e

m olecu les i n  th e  c r y s t a l  r e l a t i v e  t o  th e  a p p lie d  f i e l d .  L et us c o n s id e r
what t o  ex p ec t i n  th e  ca se  o f  benzophenone.

In  th e  t r i p l e t  s t a t e  o f  benzophenone one m ight hope t o  f in d  LC

w ith  th e  m agnetic  f i e l d  p a r a l l e l  t o  th e  z a x is  o r  p a r a l l e l  t o  th e
x  a x is  ( f i g .  2 . 3 ) .  I f  th e  symmetry o f  th e  benzophenone m olecu le  were

a c c u ra te ly  C^Y  th e n  in  b o th  o r i e n ta t io n s  th e  two c ro s s in g  s t a t e s  b e lo n g

to  d i f f e r e n t  i r r e d u c ib le  r e p r e s e n ta t io n s  o f  th e  symmetry group o f  th e
m olecu le  p lu s  f i e l d ,  ( in  th e  z o r i e n ta t io n  th e  | + > and-; I 0 > s t a t e s

a re  an tisy m m etric  and sym m etric , r e s p e c t iv e ly  f o r  th e  o p e ra t io n  C_; in
th e  x  o r i e n t a t i o n  th e  | 0 > and | -  ■> s t a t e s  a re  an tisy m m etric  and
sym m etric , r e s p e c t iv e ly  f o r  r e f l e c t i o n  in  th e  yz p la n e ) .

However, i n  th e  s o l id  th e  symmetry o f  th e  m o lecu les i s  low er th a n

C„ (Dym and H o c h s tra s s e r , 1969) and th e  combined system  m olecule
+ c r y s t a l  f i e l d  + a p p lie d  m agnetic  f i e l d  has no e lem en ts  o f  symmetry
anymore. Hence by th e  n o n -c ro s s in g  r u le  one would ex p ec t th e  a c tu a l

c ro s s in g s  t o  d is a p p e a r  f o r  b o th  th e  z and x o r i e n t a t i o n s .

But even i f  th e  m olecu le  in  th e  c r y s t a l  s i t e  had Cg sym m etry, no
c ro s s in g  o f  t r i p l e t  s u b s ta te s  would occu r in  an a c tu a l  experim en t

1*1



because  th e r e f o r e  i t  i s  n e c e ssa ry  to  o r i e n t  th e  m agnetic  f i e l d
p r e c i s e ly  p a r a l l e l  to  th e  z o r  x a x is .  A sm a ll d e v ia t io n  d e s tro y s  th e

symmetry» and th e n  th e  n o n -c ro s s in g  r u le  comes in  a g a in .
For in s ta n c e ,  c o n s id e r  th e  c ro s s in g  betw een | + > and | 0 > in

th e  z o r i e n t a t i o n .  I f  th e  m agnetic  f i e l d  i s  n o t e x a c tly  p a r a l l e l  t o  z ,

b u t has a  sm a ll component H a lo n g  x ,  th e n  th e  te rm  gfJH S o f  th eX Jt A

Zeeman o p e ra to r  has a  m a tr ix  e lem ent betw een | + > and | 0 >5

< + Is 6HxSx | 0 > * 6 (U.22)

The two s t a t e s  do n o t c ro s s  anymore b u t a re  s p l i t  by an energy  2 | 6 |
and by c r i t e r i o n  (U.1H) o f  th e  p re v io u s  p a rag rap h  th e r e  w i l l  be no LC

e f f e c t  i f  2 16 1 exceeds th e  average  w id th  o f  th e  s t a t e s .  For
•  “ 3o u r t r i p l e t  s t a t e  m o lecu les th e  l i f e t im e  i s  n ev e r s h o r te r  th a n  10

sec  and th e  c o rre sp o n d in g  w id th  th u s  i s  o f  th e  o rd e r  o f  1 KHz• To f in d
a  LC e f f e c t  in  th e  phosphorescence  o f  th e s e  m olecu les i t  would th e r e -

_ _ O  _  1 ^

fo re  be n e c e s sa ry  t h a t  2 | 6 | / h  << 10 sec  • T his s i t u a t i o n  would be

re a c h e d  when th é  a n g le  betw een th e  m agnetic  f i e l d  and th e  z a x is  i s

sm a lle r  th a n  10 ^ degree!
We conclude t h a t  i t  seems im p o ss ib le  t o  f in d  a LC e f f e c t  in  th e

phosphorescence  from an o rg a n ic  c r y s t a l .  In  benzophenone th e  d e v ia t io n

from  C o f  th e  m olecu le  + m agnetic  f i e l d  a re  to o  la r g e  t o  make a LC
2y

e f f e c t  p o s s ib le .  F u r th e r ,  th e  m o lecu les in  a r e a l  c r y s t a l  a re  no t
ex p ec ted  to  be p a r a l l e l  t o  w ith in  th e  e x c e s s iv e ly  narrow  l im i t s

q u o ted .

D. L evel a n t ic r o s s in g
When, because  o f  th e  n o n -c ro s s in g  r u l e ,  two s t a t e s  do n o t c ro ss

we may have an " a n t ic r o s s in g "  s i t u a t i o n .  A lthough no a c tu a l  c ro s s in g
o ccu rs  one s t i l l  may ob serv e  a  change in  th e  em issio n  i n t e n s i t y  from

th e  two s t a t e s .  To show what i s  h a p p e n in g - le t  us ag a in  c o n s id e r  a
system  o f  i s o l a t e d  m o lecu les w ith  two s t a t e s  <t>a , and w hich would
c ro s s  each o th e r  as a  fu n c tio n  o f  a  m agnetic  f i e l d  i f  th e  p e r tu r b a t io n

V t h a t  m ixes them  were a b s e n t .
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Fig. U.U LAC of two states 6 , and <k. ,.a Th'

Suppose

5 ■ * *a. |V| > (U.23)

then the new eigenfunctions and eigenenergies E^, are (see
fig. U.U):

♦a - (1 + |R|2)"J (R%a, + ♦*,)

- d + |r|2)"j (*a, - R ♦*,)
(U.2U)

with

6
i|Ea, - Eh,| + {J(Ea, - Eb,)2 + |6|2>J

(U.25)

and
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(fc.26)%  = l(E a , + E ^ )  ± l H \ *  -  Efa.)2 + •
b

The minimum d is tan ce  between th e  e ig e n s ta te s  <f> and <()̂  o f  th e  t o t a l
ham ilton ian  i s  p ro p o r tio n a l to  th e  m atrix  element o f  th e  p e r tu rb a tio n  V

between th e  uncoupled s ta te s  $ t and ^ ,

o-27'

The sm alle r 6 , th e  narrow er th e  reg io n  in  which ap p rec iab le  mixing
between <j>&t and , o ccu rs . At th e  m agnetic f i e l d  where Eft -  E^ i s
minimal (o r  E&, = E ^ ,) ,  | r | = 1 and w ith  a  p ro p er choice o f  phases th e
wave fu n c tio n s  <|> and are  th e  sym m etrical and a n ti  sym m etrical
com bination o f  $ i and independent o f th e  p a r t ic u la r  value o f S

( 6  + 0 ) .

Now we want to  know what happens to  th e  l ig h t  em ission o f  a
m olecule in  such a LAC s i tu a t io n .  The B re it equation  (U-.13) a lso
d esc rib es  LAC i f  one tak es  fo r  <f> and <f>. o f  (U. 5) th e  e ig e n s ta te s  <ka d a
and <L o f  f ig .  U.U.

In  (U.13) th e  q u a n t i t ie s  X, X ', p , p ' ,  MGa» M ^ , Ea > E& and
now r e f e r  to  th e  s t a te s  and <(î  and in  th e  LAC reg io n  th e se  are

vary ing  ra p id ly  w ith  th e  s tre n g th  o f th e  magnetic f i e l d .  To see what
happens i t  i s  convenient to  w rite  th e  B re it  equation  in  term s o f
p ro p e r tie s  o f  th e  uncoupled s t a t e s  <|>a , and (J>̂ f fo r  a s p e c if ic  case
th a t  comes c lo se  to - th e  s i tu a t io n  encountered  in  our experim ents:

1°. one o f  th e  s t a t e s ,  say $ , i s  being  p o p u la ted , e i th e r  by using  a
p o la r iz e r  in  th e  e x c it in g  l ig h t  o r  v ia  s e le c t iv e  in te rsy s tem
cro ss in g  in  th e  case where <t> , and ^ , a re  two t r i p l e t  su b s ta te s

(see ch ap te r 2 ) ,

2 ° . only  th e  l ig h t  from th e  o th e r s t a t e  i s  d e te c te d , again by using
a  p o la r iz e r  o r  owing to  s e le c t io n  ru le s  fo r  th e  r a d ia t iv e  decay in

th e  t r i p l e t  s t a t e .
UU



With the expressions (4.2U) the Breit equation (4.13) for this
case then can he written as:

2|R| IXy'J* | M | M \ d

W - -- ;-- ~ ~ 2~2 ------- — ----- — --  (1 -
(1 + 1r | )

r>* + u|«r+ (Ea ,-Eb.r
(4.28)

where

X|Mn

|i* |wu

< *a , |e.er| ^  >

2 Ie'•erI ♦vi >
(4.29)

;* - i t , t j

(«' . \,) ;
(4.30)

the denotes that the symbols are properties of the uncoupled states
sind we have assumed ka , = k, , = k.
The first term in (4.28) comes from the incoherent terms in (4.13)» the
second part from the coherent term.

Jfe have seen that in our type of experiment we may always expect
the coupling between 4 ,  and <|). , to be strong compared to the line width8» D
so we consider what happens when |£ | »  kh which causes the second (i.e.
coherent) term in (4.28) to disappear?. Then, as a function of magnetic
field two regions can be distinguished:

1 . region of negligible coupling; if (Ea, - E^,) »  |6 | it follows
from (4.2^) that R ^ 0 and therefore W ̂  0, which means that no
light can be detected. This result is obvious for the present
situation: the states 4 , and <(>. , in very good approximation are8» D
the eigenstates and because we have assumed that only $ , is beingSL
excited we cannot expect to detect light from <f> .



2p The crossing region; here |E , - E, ,| < |6 |
via R with the external parameter. For E ,
particular

and W of (U.28) varies
= E^, we find in

(U.31)

Apparently, the intensity of the light detected at the field where
E , = E^, is independent of |6| and completely determined by the
incoherent part of (U .13) and (U.28).

In contrast to the LC case, for LAC the intensity of the emission
received by the detector when integrated over a sphere does depend on
the distance between the anticrossing states and thus varies with the
external parameter. Of course energy is conserved, and the apparent
contradiction resides in the following. In our example $ , isSL
exclusively populated, but only emission from <(>̂, is being detected.
Since the Breit equation holds for a fixed number of excited molecules
saturation effects may not occur and for a strict validity of the
simple equation (U.31) we have to assume that a constant population in
the excited state is maintained by the deactivation of é , viacl
radiationless processes or the emission of light for which the detector
is insensitive. We shall return to this problem in connection with our
experiments.

The situation of a negligible line width compared to the coupling
k << Ifil/his thought to obtain for almost all our experiments. A
possible exception is the "crossing" of the hyperfine components of
,U 1 -dibromobenzophenone to be discussed later .

E. The effect of hyperfine interaction on level anticrossing
In order to get insight into the LAC effects to be expected for a

phosphorescent triplet state we cannot simply identify the two excited
states of our previous example with two of the S = 1 electron spin
states, but in addition we have to consider interaction with the nuclei.
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Suppose we have a molecule where the electron spin S = 1 is
coupled to a nuclear spin I = I. Owing to hyperfine and nuclear Zeeman
interaction every electron spin state then is split into two hyperfine
states (fig. ^.5) •

Fig. U.5 Crossing between hyperfine components of two triplet
substates with H // z.

The spin hamiltonian of the system with H // z is

■ X  + g0H Sb Z Z g^0 H I + A S I  + A S I  + A S I ,  (U.32)u  n z z x x x x  y y y y  z z z z  '

where it has been assumed that the principal axes of the hyperfine
tensor coincide with those of the electronic dipolar tensor. In first
order the hyperfine splitting of the electronic levels is determined
by the terms

- g ^ H  I + A S IN N z z zz z z

and the eigenstates which result when neglecting the other terms



a re  shown in  f i g .  ^.5* The s p l i t t i n g  o f  th e  s t a t e  | 0 > i s  caused  by
th e  n u c le a r  Zeeman in t e r a c t io n  o n ly , b ecau se  f o r  t h i s  s t a t e

Sz | , 0  > ■ 0 . In s te a d  o f  one c ro s s in g  o f  | + > and | 0 > i n  th e  p u re ly
e le c t r o n ic  c a s e ,  we see  in  f i g .  1+.5 fo u r  c ro s s in g s .  Two o f  th e s e  a re
c ro s s in g s  betw een s t a t e s  w ith  th e  same n u c le a r  sp in  wave fu n c tio n s  and

th e y  sh o u ld  change in to  a n t ic r o s s in g s  f o r  th e  rea so n s  g iv en  in  s e c t io n

U C.
The c ro s s in g s  betw een s u b s ta te s  w ith  d i f f e r e n t  n u c le a r  sp in

fu n c tio n s  become a n t ic r o s s in g s  th ro u g h  th e  term s

A S I  +
XX X X

A S I  .
yy y y (U .33)

In  a  f i r s t  ap p ro x im atio n  t h i s  p e r tu r b a t io n  (-U.33) le a d s  t o  a  minimum
d is ta n c e  betw een th e  a n t ic r o s s in g  s t a t e s  o f :

2 1 6 I « 2 1 < + a | A S I  + A S I  10 0 > I1 1  1 1 xx x  x yy y  y ' '

, *  .  *  I
k  A -  i  C A1 x yy y x x 1

(U.3U)

Here we have a b b re v ia te d

+ > = ? x >  + c y >  ,1 x 1 y 1

where th e  c o e f f i c i e n t s  ? and c a re  g iven  by ( 2 .7 ) .  The d is ta n c e  2 | 6 |
e x p re sse d  as a freq u en cy  i s  o f  th e  o rd e r  o f  s e v e ra l  MHz, i . e .  much
h ig h e r  th a n  k . F u r th e r  i t  i s  o n ly  v e ry  s l i g h t l y  dependent on th e  p re c ise -

o r i e n t a t i o n  o f  th e  m agnetic  f i e l d .

In  f a c t , in  many in s ta n c e s  th e  p r in c ip a l  axes o f  th e  h y p e rf in e
te n s o r  w i l l  n o t c o in c id e  w ith  th o se  o f  th e  d ip o la r  t e n s o r ,  as supposed

th u s  f a r .  For th e  o r i e n ta t io n  in  w hich two o f  th e  e le c t r o n  sp in  le v e ls
" c r o s s " ,  th e  component o f  n u c le a r  a n g u la r  momentum a long  t h i s  d i r e c t io n
th e n  no lo n g e r  i s  a  goed quantum number and th e  h y p e rf in e  in t e r a c t io n

w i l l  cause a l l  c ro s s in g s  t o  change in to  a n t ic r o s s in g s .  T h is i s  th e
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s i t u a t io n  met in  m o s t .o f 'o u r  ex perim en ts and i s  a n o th e r  argum ent

a g a in s t  th e  o ccu rren ce  o f  LC e f f e c t s  in  p h o sp h o rescen t c r y s t a l s .
I t  i s  i n t e r e s t i n g  to  c o n s id e r  th e  extrem e s i t u a t i o n  where Axx and

A b o th  a re  ze ro  and th e  m agnetic  f i e l d  i s  p e r f e c t ly  o r ie n te d  a long
y y

th e  p r in c ip a l  a x is  z . Even th e n  one would n o t f in d  an in c re a s e  in
l i g h t  i n t e n s i t y  due t o  LC. The re a so n  f o r  t h i s  becomes c le a r  when

lo o k in g  a t  f i g .  b.6.  -

F ig . 6 One c rb s s in g  o f  f i g .  U.5 c o n s id e re d  in  more d e t a i l ;
v a and a re  th e  two ground s t a t e  com ponents,

jür G

A lthough th e - S ta te s  |o 6 > and |+  a > (dashed  l i n e s )  c ro s s  each  o th e r

when A = A = 0 ,  a  LC e f f e c t  i s  n o t o bserved  b ecau se  th e  s t a t e s
xx yy . . / i n

| 0 $ > and |+  a > decay to  d i f f e r e n t  f i n a l  s t a t e s ;  see  c o n d it io n  (U.15) .
T his r e s u l t  i s  in  agreem ent w ith  th e  w ell-know n f a c t  (see  f o r  in s ta n c e

P o d g p re ts k ii  e t  a l .  I9 6 H) t h a t  no in te r f e r e n c e  e f f e c t s  can be o bserved

i f ,  a f t e r  a photon  has been  e m it te d , one can de te rm ine  th e  chan n el by

w hich th e  system  has decayed . In  th e  s i t u a t i o n  o f  f i g .  h.6 th e  decay
ch an n el may be d e te rm in ed , f o r  in s ta n c e  by m easuring  th e  s t a t e  o f  th e

n u c le a r  s p in  a f t e r  th e  decay t o  th e  ground s t a t e .
When A and A a re  n o t b o th  e q u a l t o  z e ro , th e  s i t u a t i o n  o fxx yy
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fig. h.6 might he very effective in creating high nuclear spin
polarizations. For instance, assume that by some selection rule the
electronic state | 0 > decays much faster to the ground state than the
I + > and I - > states. As seen in Ch. 2 this is the case in benzo-
phenone for instance. Then at the field where LAC occurs between |o 3 >
and + a >, the ground state component 8 (see fig. U,6) becomes more
populated than S' a. To see this consider an ensemble Of molecules for
which the rates for populating the triplet components | 0 > and | + >
are Pq and P+ , their depopulating rates k and k+. Let us assume that
during the populating and depopulating process the nuclear spin remains
unchanged. Then at fields where |0 a >, fo 3 |+ a >, |+B >, |- a >>
|- 6 > are the correct eigenfunctions no nuclear spin polarization can
appear. However, at the field where the anticrossing between |0 8 >
and |+ a > is found (fig. U.6) the new eigenfunctions are the
symmetrical and antisymmetrical combination of |0 6 > and |+ a > and
the change in populations N and N. of f-a and 4* 8 due to thea  p Cj u

populating and depopulating of these states is

dNa
--- = -Na (JPQ + JP+ ) + Jk+ (N3 + Nu)
dt

(>+.35)

-------N6 (iPQ + JP+ ) + ikQ (N3 + NU) .
dt

Here N3 and are the equal populations of the excited states.
In steady state

dN dN.a 8
---- = ---- = 0  ,
dt dt

and together with (U.35) this yields:
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(U.36)

From table 2.2 it follows that for benzophenone for instance
k+ ^ 0.1 kg. The actual nuclear spin polarization would be a few times
smaller than given by (U.36) because molecules which are excited into
triplet components not considered in fig. U.6 do not contribute to the
spin polarization and further nuclear spin-lattice relaxation has been
neglected. But still the nuclear spin polarization that might be
achieved could be very large. In the few experiments on optical
nuclear spin polarization (Maier, Haeberlen, Wolf and Hausser 1968;
Maier and Wolf 1968; Hausser, Lauer, Schuch and Stehlik 1970; Colpa,
Hausser and Stehlik 1971) the polarization due to LAC between hyperfine
states has not yet been reported.

F. Interacting spins - cross-relaxation
So far it has been assumed that the triplet spins are isolated

from each other and LC and LAC were discussed as properties of
individual molecules. To each triplet we could assign specific spin
eigenstates having an energy width hk that was solely determined by the
lifetime of the excited state concerned,

h k = h T  ̂ ;u u

since is of the order of a msec, this width when expressed as a
frequency is less than 1 KHz.

In actual systems, however, the magnetic interactions between the
spins play an important role. The theory of spin-spin interaction is a
complicated subject which we will not consider here. From our point of
view the most important result of this interaction is a broadening of
the energy levels.

Because of the interaction between the spins each spin feels a
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local field, varying with time and dependent on the site of the spin,
which has to be added to the external magnetic field H. If the local
field is small compared to H then the component parallel to H gives a
certain spread in the energies of the eigenstates of the individual
spins, but these remain sharp; this effect is usually referred to as
inhomogeneous broadening.
In case the spins are identical the precession of one spin around H
causes an oscillating field perpendicular to H which may reorient
another spin. This shortens the lifetime of the spins in a given state
and therefore, owing to the uncertainty principle, broadens the
individual states; this effect is often called homogeneous broadening
(see for instance Abragam and Bleaney 1970, p. 5^)- The width hk’ of
a spin state that results from homogeneous broadening by spin-spin
interaction is related to the spin-spin relaxation time

k k ' « t i  T2~1 (*+. 37)

Spin-lattice relaxation in principle can also cause lifetime
shortening of the spin states and thereby contribute to the homogeneous
width. But, because in a solid the spin-lattice relaxation time T. is
very much longer than Tg and in our case was seen to be even longer
than the lifetime of the excited state, we may neglect it.

From the rare data on spin-spin relaxation times in excited organic
solids we may conclude that Tg is of the order of a few microseconds
(Schmidt 1972), which is very much shorter than the triplet lifetimes
t . So the width hk' due to spin-spin interaction dominates that dueu
to radiative and radiationless decay or spin-lattice relaxation by a

2 3factor of the order of 10 - 10 .
The question now is what happens when two spin components a and b

of a triplet spin cross. Already far from the level crossing situation,
which required E - E. < (k + k. ), the two homogeneously broadeneda d '« a b
states with widths (k' + k ) and (k^ + 1^) overlap. Then the interaction
between the spins is of the same order of magnitude as the difference
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in energy of the two states a and b. In that case the states of the
individual spins loose their meaning: the crystal should be considered
as one large system instead of an ensemble of weakly interacting
individual spins (Abragam 1967» Ch. 5)» Any effect resulting from the
overlapping of spin states broadened by spin-spin interaction is a
collective effect. Level crossing in the strict sense - as a phenomenon
that arises in an individual molecule - can only occur when k >> k '
which certainly .does not apply to the triplet states of phosphorescent
organic crystals. There stochastic processes, like spin diffusion
through flip-flop transitions, destroy the phase coherence between the
two states necessary for a LC effect, long before the triplet state
decays. The observation of LC in emission from a solid might be possible
in the case of a very short-living excited state where k > k'.

For the occurrence of a LAC effect in a system of coupled spins,
on the other hand, it is necessary that the minimum splitting between
the two anticrossing states 2|&| (see fig. i*.U) exceeds the width k'
due to spin-spih interaction. This condition can easily be fulfilled
because |6| is determined by the perturbation which couples the two
crossing states and may be much larger than k'.

The distinction between effects occurring in individual molecules
and the collective cróss-relaxation effects discussed below is not
impaired by any inhomogeneous broadening that may arise from spin-spin
interaction, inhomogeneous external magnetic fields, imperfect crystals,
etc. Because, the spin system can always be thought divided into
smaller subsystems in which only homogeneous broadening occurs, just
like the partition of an inhomogeneously broadened magnetic resonance
line into homogeneously broadened spin packets.

Instead of describing the interaction in an ensemble of spins in
terms of homogeneously broadened quantum states the problem is often
approached in a thermodynamic way. Because of their interaction two
identical spins A and B (for the moment thought to be S = |) can
exchange Zeeman energy. When spin A at a certain time is in a spin
state | + > and spin B in | - >, then a so-called flip-flop process can
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occu r where A goes from | + > to  | -  > and s im u lta n e o u s ly  B from | -  >

to  I + > so t h a t  energy  i s  co n se rv ed . In  a  system  o f  i d e n t i c a l  sp in s

th e s e  f l i p - f l o p  p ro c e s s e s ,  w hich a re  th e  cause o f  th e  homogeneous
b ro a d e n in g , te n d  to  b r in g  th e  s p in  system  in  i n t e r n a l  e q u ilib r iu m  in  a

tim e  Tg. As soon as t h i s  e q u il ib r iu m  has been reach ed  a  sp in
te m p e ra tu re  T„ can be d e f in e d  by th e  r e l a t i o n  (Abragam 196?):

—  = exp (------------ ) , (U. 38)
N r kT

"  D

where N+ and N a re  th e  p o p u la t io n s , E+ and E_ th e  e n e rg ie s  o f  th e
s t a t e s  | + > and | -  >. When fo r  some re a so n  th e  sp in  tem p era tu re

d i f f e r s  from th e  l a t t i c e  te m p e ra tu re  Tt , i t  w i l l  te n d  to  become eq u a l
Ll

t o  Tt in  a  tim e T . ,  th e  s p i n - l a t t i c e  r e la x a t io n  tim e . A sp in  tem p e ra tu re
■Li 1

th u s  can be d e f in e d  o n ly  when Tg << (Abragam 1967) as i s  th e  case  in
a  s o l id .  When sp in s  S > J h av in g  more th a n  two s t a t e s  a re  in v o lv e d , a

sp in  te m p e ra tu re  may be a ss ig n e d  to  every  p a i r  o f  s t a t e s .
Now im agine we have an  ensem ble c o n s is t in g  o f  two d i f f e r e n t  ty p e s

o f  s p in s ,  and Sg which a t  a c e r t a in  e x te r n a l  m agnetic  f i e l d  have

d i f f e r e n t  t r a n s i t i o n  f re q u e n c ie s . No energy  co n se rv in g  f l i p - f l o p
p ro c e s se s  betw een one sp in  S . and a n o th e r  sp in  Sg can th e n  o ccu r and

so th e r e  i s  no d i r e c t  c o n ta c t betw een th e  s p in  system s and Sg. These

two sp in  system s th e n  can each be in  i n t e r n a l  e q u ilib r iu m  w ith  two

d i f f e r e n t  s p in  te m p e ra tu re s  T_ and T_ .
“ 1 . . •When now in  a c e r t a in  m agnetic  f i e l d  th e  two t r a n s i t i o n  f re q u e n c ie s

a re  made e q u a l t o  w ith in  th e  w id th  o f  th e  s t a t e s ,  th e n  v ia  f l i p - f l o p

p ro c e s se s  th e  two sp in  system s may come in to  e q u il ib r iu m  w ith  a  common
sp in  te m p e ra tu re . T h is p ro c e ss  i s  c a l l e d  c r o s s - r e la x a t io n  (De V r i je r

and G o rte r 1952; B loem bergen,^ S h ap iro , P ershan  and Artman 1959)-
As an example l e t  us c o n s id e r  an ensem ble o f  t r i p l e t  sp in s  in  a

m agnetic  f i e l d  p a r a l l e l  to  th e  z a x is  ( f i g .  U.7)>



F ig . U.7 The th r e e  sp in  components o f  a  t r i p l e t  s t a t e  w ith  H / /  z .

The t r a n s i t i o n  f re q u e n c ie s  v . . and v , betw een th e  s t a t e s  I 0 > and0<">+ -H—►— I
I + > > | + > and | -  > r e s p e c t iv e ly ,  a re  d i f f e r e n t  ex cep t a t  th e  f i e l d
H__. C on seq u en tly , th e  sp in  te m p e ra tu re s  c o rre sp o n d in g  to  th e s e

t r a n s i t i o n s  w i l l  in  g e n e ra l be d i f f e r e n t  when th e  te m p e ra tu re  o f  th e

c r y s t a l  i s  so low t h a t  s p i n - l a t t i c e  r e la x a t io n  may be n e g le c te d

compared to  th e  t r i p l e t  s t a t e  l i f e t i m e s .  However, a t  th e  f i e l d  H™,
f l i p - f l o p  p ro c e s se s  can occu r w hich te n d  to  e q u a liz e  b o th  sp in

tem peratlo res and th e r e f o r e  change th e  s te a d y  s t a t e  p o p u la tio n s  o f  th e

th r e e  s p in  com ponents. Because th e  phosphorescence  i n t e n s i t y  depends on
th e  s te a d y  s t a t e  p o p u la tio n s  one u n d e rs ta n d s  t h a t  CR may le a d  to  a

change in  phosphorescence  i n t e n s i t y .  Most o f  th e  l i n e s  in  f i g .  1.1 can
be e x p la in e d  by t h i s  k in d  o f  p ro c e ss  as shown in  th e  n e x t c h a p te r .

In  th e  sim p le  d e s c r ip t io n  o f  CR as a  h e a t  c o n ta c t  betw een two

h e a t r e s e r v o i r s  ( th e  two sp in  system s S. and S_) a  CR r a t e  k__ can be
1 c. CR

d e f in e d  as th e  r a t e  a t  which th e  two sp in  system s come t o  e q u il ib r iu m .
T his r a t e  i s  p r o p o r t io n a l  t o  th e  p r o b a b i l i ty  w ^  o f  a  f l i p - f l o p  p ro c e ss

where sp in  i  in c re a s e s  i t s  energy  by an amount hv and sp in  j  d e c re a ses
i t s  energy  by hv„ w h ile  th e  b a la n c e  o f  energy  h (v  -  v„) i s  ta k e n  up o rP a B
p ro v id e d  by th e  i n t e r a c t io n  betw een a l l  sp in s  (Bloem bergen e t  a l .  1959,
eq . 6a)
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kCR “ Wi j  = h 2 l< Ei ’E^  lEi  + hV  Ej “ hvB > l gaB
(U .39)

where 3f^. i s  th e  i n t e r a c t io n  betw een sp in  i  and j  and g ^  i s  a l i n e

shape fu n c tio n  w ith  a maximum a t  “  v^ . The CR r a t e  k ^  i s  a

m ean ing fu l q u a n t i ty  o n ly  when (Bloem bergen e t  a l .  1959)

T “ 1 < k  < T . (U.UO)1 CR 2

F in a l ly  we want t o  show t h a t  a  c lo s e  r e l a t i o n  e x i s t s  betw een LAC

and CR w hich makes i t  d i f f i c u l t  t o  d i s t in g u is h  betw een th e s e  two
e f f e c t s .  C onsider two coup led  i d e n t i c a l  t r i p l e t  sp in s  in  a  m agnetic

f i e l d ,  a g a in  p a r a l l e l  t o  th e  z a x i s .  In  f i g .  U.8 a  th e  th r e e  le v e ls
o f  one t r i p l e t  s t a t e  a re  g iv e n , in  f i g .  U. 8 b th e  l e v e l  scheme o f  a

t r i p l e t  p a i r .  In  th e s e  f ig u ic a  th e  i n t e r a c t i o n  betw een th e  sp in s  has

n o t been ta k e n  in to  acc o u n t. By com paring f i g .  U.8 a  and b we see  th a t

a t  th e  f i e l d  IL -  where we ex p ec t a CR e f f e c t  in  a ,  a  c ro s s in g  betw een
two s t a t e s  o f  th e  t r i p l e t  p a i r  i s  found in  b .  Because o f  th e  i n t e r ­
a c t io n  betw een th e  two s p in s  t h i s  c ro s s in g  sh o u ld  change in to  an a n t i ­

c ro s s in g . So CR a t  a  f i e l d  where two t r a n s i t i o n  f re q u e n c ie s  become

e q u a l co rresp o n d s t o  an a n t ic r o s s in g  o f  two s t a t e s  in  th e  scheme o f

th e  sp in  p a i r .  W hether e f f e c t s  o c c u rr in g  a t  t h i s  f i e l d  sh o u ld  be
d e s c r ib e d  as LAC o r  more p ro p e r ly  as CR depends, as d is c u s s e d  above,

on th e  w id th  and th e  m utual d is ta n c e  2 | 6 |  o f  th e  a n t ic r o s s in g  s t a t e s

in  f i g .  U.8 b .  I f  2 | 6 | i s  o f  th e  same o rd e r  o f  m agnitude o r  sm a lle r
th a n  th e  hom ogeneously b roadened  s t a t e s  o f  f i g .  ^*.8 b ,  th e n  th e  e f f e c t
i s  CR. T h is i s  o f te n  th e  case  b u t in  th e  l a s t  c h a p te r  we s h a l l  see

t h a t  th e r e  a re  s i t u a t io n s  where th e  ensem ble o f  sp in s  can be d iv id e d
in to  sp in  p a i r s  (o r  sm a ll g roups) w ith  th e  i n t e r a c t io n  w ith in  a p a i r

b e in g  much s t ro n g e r  th a n  betw een sp in s  o f  d i f f e r e n t  p a i r s .  In  t h a t  case

th e  d is ta n c e  betw een th e  a n t ic r o s s in g  s t a t e s  in  th e  l e v e l  scheme f o r
th e  s p in  p a i r  i s  g r e a te r  th a n  t h e i r  w id th s  and th e  r e s u l t i n g  e f f e c t  on
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H (GAUSS)

Fig. U.8 a. The energies of a triplet state with H // z.
b. The enèrgies of the spin components of a triplet pair

found by summing the energies of individual states,

e-g. e+>Q - e+ + eQ.

the phosphorescence intensity should be called LAC. That this is not
merely a question of description but has a physical meaning will be
shown by an experiment discussed in chapter 6.

In fig. U.8 CR or LAC also occurs at the field H^z , where the
states |+,- > and |-,+ > cross |o ,- > and |-,0 >.

In the CR processes so far considered two spins in first instance
are involved and therefore they are called two-spin CR processes. .Three-
or more - spin CR processes are also possible (see for instance Van
Duyneveldt, Tromp and Gorter 1968) but, with one exception to be
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discussed in the next chapter, these are not found in our samples
where the concentration of excited paramagnetic molecules always
remains quite low.



E x p erim en ta l r e s u l t s

C H A P T E R  5

A. Benzophenone

1 • P£®P&£&tion and s t r u c tu r e  o f  th e  c r y s t a l

Benzophenone was r e c r y s t a l l i z e d  from  e th a n o l and z o n e - re f in e d  (40
p a sse s  w ith  co n tin u o u s  s t i r r i n g  o f  th e  m olten  z o n e s ) . By ta k in g  a  mass

spectrum  i t  co u ld  be dete rm in ed  t h a t  no im p u r i t ie s  were l e f t  w ith  a
c o n c e n tra t io n  > 1 ppm. C ry s ta ls  were th e n  grown from cyclohexane
s o lu t io n .  These c r y s t a l s  a re  orthorhom bic and expose 110 and l7o
p la n e s .  The space  group i s  P ,  „ „ w ith  fo u r  m o lecu les in  th e  u n i t

. l 1 -c e l l  which a re  tra n s fo rm e d  in to  each  o th e r  by th e  o p e ra tio n  o f  th e  th r e e
tw o -fo ld  screw  axes C g fa ), C g (b ), C_( c ) p a r a l l e l  to  th e  c r y s t a l  axes

a ,  b and c . We number th e  fo u r  m o lecu les in  th e  u n i t  c e l l  a cco rd in g  to
th e  conven tion :"

Cg(a) 1 -► 2

C2 (b) 1 *  3 (5.1)
C2 (c )  1 4

The o r i e n ta t io n  o f  th e  m o le c u la r  z axes r e l a t i v e  to  th e  c r y s t a l  axes
i s  shown in  f i g .  5 .1 . The z axes make an an g le  o f  £  17° w ith  th e

c r y s t a l  b a x is  and ^  4 w ith  th e  a b -p la n e . The d i r e c t io n  c o s in e s  o f  a l l

th r e e  axes o f  one m olecu le  r e l a t i v e  t o  th e  c r y s t a l  axes a re  g iv en  by
Dym, H o c h s tra sse r  and S ch a fe r ( 1968).
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o o
Fig. 5.1 The direction of the z axes of the four henzophenone

molecules in the unit cell of the. crystal.

2. Level anticrossing

The phosphorescence intensity of a henzophenone crystal as a
function of magnetic field at T = 1.3 K is shown in fig. 5«2 a for H
parallel to the molecular z axis, in fig. 5*3 for H // x and in fig.
5.It for H // y. (The spectrum of 5«2 a is similar to that of
fig. 1.1). Sharp changes in the phosphorescence intensity are found
for H // z and H // x. All lines are the result of LAC and CR processes
as discussed in this and the following chapter.

We start with the strongest lines of fig. 5«2 a and fig. 5*3,
denoted hy L.. These relatively great changes in phosphorescence
intensity are found at the field where two substates of the triplet
state "cross" (see fig. 5*2 b and 2.3). Crossing does not occur with
H // y and therefore no such line appears in fig. 5>^» These lines L.
are due to the LAC effect discussed in chapter 1 and they show a
characteristic property: when the magnetic field is turned away from
the z or x axis, the line broadens very rapidly. The more accurately
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the magnetic field is parallel to the z or x axis, the narrower the
line, see fig. 5»5* ,

molecule 1

molecule 2

20001500lOOO

Fig. 5*2 The spectrum of benzophenone found with H parallel to
'the z axis of molecule 1, together with the triplet
energy levels of molecules 1 and 2 in this orientation
The vertical axis in the spectrum corresponds to minus
the derivative of the phosphorescence intensity I with
respect to the field.
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Fig- 5-3 The spectrum of benzophenone when H // x axis of one of the
molecules in the unit cell. No lines are found below 500
Gauss or above 1500 Gauss.

»  H [GAUSSI

Fig. 5-U The spectrum of benzophenone when H // y axis of one of the
molecules in the unit cell. No lines are present» the peaks
are markers.

62



H / I  z axis

1400 1600 1800 21

Fig. 5.5 The LAC line L. caused by the "crossing" of two electronic
triplet substates in benzophenone. The central trace is
obtained when the field is parallel to the z axis of one
of the molecules in the unit cell; the top and bottom
traces show the broadening of the LAC signal caused by
rotating the magnetic field two degrees away from the
z axis. By contrast the lines denoted by S, which arise
■from cross relaxation with hydrogen atoms (see next
chapter), show no orientation dependent broadening. The
vertical axis in the figure corresponds to the derivative
of the phosphorescence intensity with respect to the field.

The orientation dependent line width can be easily understood when we
remember (section Uc) that the component of the magnetic field
perpendicular to the z (or x) axis couples the two crossing states.
The larger this component the larger the region over which the states
are coupled and the broader the resulting LAC line.
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The o r i e n ta t io n  dependent l i n e  w id th  i s  a  c h a r a c t e r i s t i c  p ro p e r ty

o f  th e  l i n e  caused  hy LAC betw een two e le c t r o n ic  s u b s ta te s  o f  th e

t r i p l e t  s t a t e  b ecau se  o n ly  in  t h i s  s i t u a t io n  th e  c o u p lin g  betw een th e
" c ro s s in g "  s t a t e s  i s  perfo rm ed  by t r a n s v e r s e  components o f  th e  Zeeman

o p e ra to r .  T h is  ty p e  o f  LAC l in e s  th e r e f o r e  can alw ays be d is t in g u is h e d

from  o th e r  LAC e f f e c t s  o r  CR e f f e c t s .
Now th e  g e n e ra l f e a tu r e s  o f  th e  LAC l in e s  a re  u n d e rs to o d  th e r e

rem ain  th r e e  a s p e c ts  w hich need  c lo s e r  s tu d y : The p o s i t io n s  o f  th e
l in e s  in  th e  f i e l d ,  t h e i r  i n t e n s i t y  and th e  mechanism re s p o n s ib le  f o r
th e  w id th  when th e  m agnetic  f i e l d i s  o r ie n te d  as p e r f e c t ly  as p o s s ib le .

The p o s i t i o n s .
From th e  z e r o - f i e ld  s p l i t t i n g  p a ram e te rs  X, Y and Z th e  m agnetic

f i e l d  where two e le c t r o n ic  l e v e l s  o f  th e  t r i p l e t  s t a t e  c ro s s  can be

c a lc u la te d  from  ( 2 .0 ) .  For in s ta n c e ,  f o r  a  f i e l d  d i r e c te d  a lo n g  th e

x a x is

I  \  he i
HW  ■ —  {(X-Y)(X-Z) }* (5 -2 )

°  60

where X, Y, Z a re  in  cm-1 and H in  G auss. The c ro s s in g  f i e l d s  f o rc
o th e r  o r i e n ta t io n s  fo llo w  from  (5*2) by c y c l ic  p e rm u ta tio n  o f  X, Y, Z;

o f  co u rse  o n ly  in  two o r i e n ta t io n s  a  r e a l  s o lu t io n  i s  o b ta in e d .
The agreem ent betw een th e  c ro s s in g  f i e l d s  H^, c a lc u la te d  from th e

z e r o - f i e ld  s p l i t t i n g  p a ram e te rs  d e te rm in ed  by Chan and Schmidt (1969)

and th e  p o s i t io n s  o f  th e  LAC l in e s  L. i s  q u i te  good; see  t a b l e  5 .1 .

T able 5•1

c a lc u la te d  from
z . f . s .  p a ram e te rs

m easured
v a lu e s

H<x) 931 Gauss 930 Gauss
c

HU) 1678 Gauss 1670 Gauss
c



In v e r s e ly ,  from  e x p e rim e n ta l v a lu e s  f o r  H th e  z e r o - f i e ld
s p l i t t i n g  p a ra m e te rs  X, Y and Z can be c a lc u la te d  w ith  th e  a id  o f  (5*2)
and th e  r e l a t i o n

T h is i s  th o u g h t to  he a v a lu a b le  method f o r  d e te rm in in g  th e s e  p a ra ­

m eters  in  c a se s  where ESR i s  im p o ss ib le , f o r  in s ta n c e  when th e  t r i p l e t
l i f e t im e  i s  v e ry  s h o r t  o r  th e  z e r o - f i e ld  s p l i t t i n g  v e ry  la r g e .
The i n t e n s i t y .

In  th e  MC s i t u a t io n  d is c u s s e d  h e re  th e  d is ta n c e  betw een th e  two
a n t ic r o s s in g  s t a t e s  i s  s e v e ra l  o rd e rs  o f  m agnitude g r e a te r  th a n  th e
w id th  o f  th e s è  s t a t e s .  T h e re fo re , th e  change in  phosphorescence

in t e n s i t y  i s  co m p le te ly  d e te rm in ed  by th e  in c o h e re n t p a r t  o f  th e  B re i t

e q u a tio n . However in  c h a p te r  U th e  B r e i t  e q u a tio n  was d e r iv e d  under

th e  c o n d itio n  t h a t  th e  number o f  m o lecu les in  th e  e x c i te d  s t a t e  rem ains
c o n s ta n t as  a fu n c tio n  o f  H and th e  e f f e c t  o f  r a d ia t io n le s s
d e a c t iv a t io n  was n o t e x p l i c i t l y  c o n s id e re d . T h is does n o t h o ld  in  our
s i t u a t i o n  and we s h a l l  f i r s t  d e r iv e  an e x p re s s io n  in  which one a llo w s
f o r  r a d ia t io n le s ë  decay .

Suppose t h a t  in  f i g .  U.U th e  uncoupled  s t a t e s  $ , and $ , have
p o p u la tin g  r a t e s  P , and P, , ,  d e p o p u la tin g  r a t e s  k , and t  , and8. D a b• • j -• r  rr a d i a t i v e  d e p o p u la tin g  r a t e s  k &, and k ^ , .  These r a t e s  a re  m agnetic

f i e l d  dependent l i n e a r  com binations o f  th e  c o rre sp o n d in g  z e r o - f i e ld

r a t e s  and can be c a lc u la te d  i f  th e  m agnitude and d i r e c t io n  r e l a t i v e  to

th e  m o lecu la r axes o f  th e  m agnetic  f i e l d  a re  known.

When th e r e  i s  no c o u p lin g  betw een ij> , and <f> , ( f a r  from  th e  a n t i -a D
c ro s s in g )  th e n  in  s te a d y - s ta te  w ith  co n tin u o u s  i r r a d i a t i o n  th e

p o p u la tio n s  o f  if>a  and <J>, a re :

X + Y + Z = 0 (5 .3 )

P Ra
(5.U)

k *ba
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The intensity of the phosphorescence emitted by these molecules then
is:

P * Pb'
r  = Na,ka' + Nb,kb ' ---- ka' + b̂' * ^.5)

:vaf V
At the magnetic field where owing to LAC the stationary states are an
equal mixture of 4> t and <(> ,, the steady-state populations and
of the new eigenstates <j> and <()̂ are

(5.6)

The phosphorescence intensity from these molecules in <f> and now
becomes

P , + P. ,

1 = ----------  (kï ' + k b') * (5<7)V + V
If I t I' then LAC causes a change in phosphorescence intensity. From
(5*5) and (5*7) it follows that, at least when steady-state conditions
are maintained, a change in phosphorescence intensity due to LAC can
only occur because of the presence of radiationless decay. If there is
no radiationless decay no LAC effect can be found by simply measuring
the total emission intensity without using a polarizer.

For all LAC lines in benzophenone and the other molecules studied
in the next sections, we found I > I', the lines correspond to an
increase of phosphorescence intensity. From the values for the
populating and depopulating rates of benzophenone determined
experimentally (table 2.2) one predicts I and I' to be in arbitrary
units
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I' = 1.0 + 0.U (5.8)
I  = 0 .9  + 0 .2  .

The e r r o r s  a re  th e  s ta n d a rd  d e v ia t io n s .  The experim en t shows I  > I '

h u t t h i s  i s  w e ll  w ith in  th e  e r r o r  l im i t s  o f  ( 5 *8 ) .
The LAC e f f e c t  in  henzophenone i s  r e l a t i v e l y  weak b e c a u se , in

c o n tr a s t  t o  n a p h th a le n e , th e  r a t i o s  k a , / k a , and k ^ , /k ^ ,  a re  n e a r ly

e q u a l . I f  th e s e  r a t i o s  would be e q u a l i t  fo llo w s from  (5 -5 )  and (5 -7 )
t h a t  no LAC e f f e c t  co u ld  be found under c o n d itio n s  o f  slow  p assag e

where a t  ev e ry  m agnetic f i e l d  th e  system  i s  in  a  s t e a d y - s t a t e .  However,

i f  th e  m agnetic  f i e l d  sweep co u ld  be made f a s t  r e l a t i v e  t o  th e  decay
r a t e s  o f  th e  in d iv id u a l  l e v e l s  w h ile  s t i l l  rem ain in g  a d ia b a t ic  in  th e

quantum m echanical sen se  ( i . e .  in  a  tim e  a p p re c ia b ly  lo n g e r  th a n  15 1)
th e n  a change in  phosphorescence i n t e n s i t y  can be o b se rv ed  even i f
kr , / k a , = k ^ t / k ^ , . The phosphorescence  i n t e n s i t y  im m edia te ly  a f t e r  such

a sweep i s

f a s t  passag e • V  + Nb 'ka ' (5-9)

For benzophenone 'I  - , i s  abo u t e ig h t  tim es  l a r g e r  th a n  I  andi sist/ p assage
I '  o f  ( 5 . 8 ) .  U n fo r tu n a te ly , such a f a s t  p a ssag e  w ith  a  sweep tim e  much
s h o r te r  th a n  th e  t r i p l e t  l i f e t im e s  co u ld  n o t be made w ith  th e  s ta n d a rd

equipm ent in  th e  ca se  o f  benzophenone, b u t  f o r  lo n g e r  l i v i n g  system s
t h i s  method i s  v e ry  advantageous and i t  has been  u sed  by S ix l  e t  a l .

( 1970) w ith  n a p h th a le n e .

The l i n e  w id th .
An im p o rta n t q u e s t io n , d i f f i c u l t  t o  answ er i s :  what de te rm in es

th e  w id th  o f  th e  LAC l i n e  when th e  m agnetic  f i e l d  h as  been  so  o r ie n te d

t h a t  t h i s  w id th  i s  m in im al. The r e s id u a l  w id th  in  benzophenone f o r  b o th

th e  z and x  o r i e n ta t io n s  i s  30 G auss, w hich i s  somewhat l a r g e r  th a n

t h a t  o f  th e  o p t i c a l l y  d e te c te d  ESR l i n e s .
We b e l ie v e  t h a t  th e  fo llo w in g  i n t e r a c t i o n s ,  in  th e  o rd e r  o f  t h e i r

im p o rtan ce , may be r e s p o n s ib le  f o r  th e  w id th  o f  th e  LAC l in e s  in

benzophenone:

67



1°. Hyperfine interaction; the electronic triplet spin in benzophenone
is coupled to several nuclear spins of the hydrogen atoms and therefore
the electron spin components of the triplet states are split into many
hyperfine states. Instead of one "crossing" at the field we get
many crossings at fields around Hc; see for instance fig. U.5 in the
case of hyperfine interaction with one proton only. As shown in the
previous chapter crossings between hyperfine states in general become
anticrossings because of certain terms in the hyperfine interaction. So
L. in figs. 5*2 a and 5-3 must be built up from several LAC lines
shifted in magnetic field, corresponding to anticrossings between the
hyperfine states of two electronic manifolds.

7905 7933 6929 CAUSS

Fig. 5.6 The hyperfine splitting of the low-field |Am| = 1 ESR line
in benzophenone in the three principal orientations. These
lines were detected optically by measuring the phosphorescence
intensity I. In a benzophenone molecule only nuclear spins
I = J are present and therefore the three hyperfine
components have to be explained by hyperfine interaction
with two equivalent protons. Then it is surprising that in
the z and y orientation the three components have equal
intensities. A simple explanation may be that in these
orientations the two nuclear spins involved are polarized.
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In  f i g .  5*6 th e  h y p e rf in e  s p l i t t i n g  o f  th e  ESR l in e s  o f

benzophenone i s  shown f o r  th e  th r e e  p r in c ip a l  o r i e n t a t i o n s .  From t h i s

we conclude (se e  however th e  rem arks about th e  anomalous i n t e n s i t i e s
in  th e  f ig u re  c a p tio n )  t h a t  r e l a t i v e l y  s tro n g  h y p e rf in e  c o u p lin g  e x i s t s

betw een th e  t r i p l e t  s p in  and two e q u iv a le n t  p ro to n s .  I t  i s  re a so n a b le

to  assume t h a t  th e s e  two p ro to n s  a re  th e  two o r th o  hydrogens bonded to

carbon  atoms 2 and 2 ' ( s e e  f i g .  2 .1 )>  e s p e c ia l ly  b ecau se  one o f  th e

u n p a ire d  e le c t r o n s  w hich form  th e  t r i p l e t  s t a t e  i s  l o c a l i z e d  more o r
l e s s  in  th e  oxygen 2p o r b i t a l  p o in t in g  s t r a i g h t  to  th e s e  hydrogen
atom s. The components o f  th e  h y p e rf in e  te n s o r  f o r  th e s e  hydrogens can

be d e te rm in ed  from th e  ESR s p e c t r a  o f  f i g .  5*6:

Ia I ^  12, Ia I 'v* 12 and |A I ^  10 G auss.1 xx 1 y y ’ *v> 1 zz 'v

Here i t  has been  assumed t h a t  th e  p r in c ip a l  axes o f  th e  h y p e rf in e

te n s o r  c o in c id e  w ith  th e  m o lecu la r a x e s , w hich must be (n e a r ly )  t r u e

fo r  th e  two o r th o  p ro to n s  concerned .
+  -±

From th e  h a m ilto n ia n  (U .3 2 ) , where now I  -  1^ + ^  r e p r e s e n ts  th e

sp in  a n g u la r  momentum o f  two p r o to n s , and th e  v a lu e s  o f  A , A andxx yy
A^z j u s t  g iv en  weclhave c a lc u la te d  th e  s p l i t t i n g  o f  th e  sp in  s t a t e s  in

th e  c ro s s in g  re g io n  as shown in  f i g .  5*7* Because th e  s t a t e s  | 0 1 >,
| 0 2  > , | + 3 > .and | + U > in  t h i s  f ig u re  a re  cu rved  n o t ic e a b ly  over

a  r e g io n  o f  more th a n  30 Gauss we b e l ie v e  t h a t  i n  benzophenone h y p er­

f in e  i n t e r a c t io n  i s  th e  main cause  o f  th e  w id th  o f  th e  LAC l i n e s .  O r,
in  te rm s o f  th e  te rm in o lo g y  in tro d u c e d  a t  th e  end o f  th e  l a s t  c h a p te r ,

one may say  t h a t  th e  o b serv ed  s ig n a l  w id th  i s  m ain ly  due t o
inhomogeneous b ro ad en in g  cau sed  by u n re so lv e d  h y p e rf in e  s t r u c t u r e .
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F ig . 5«7 The h y p e rf in e  s t a t e s  o f  th e  t r i p l e t  l e v e l s  | 0 > and | + >
in  th e  c ro s s in g  r e g io n ,  c a lc u la te d  from th e  h a m ilto n ia n  (1+.32)

w ith  th e  v a lu e s  o f  th e  h y p e rf in e  te n s o r  quo ted  above. To g e t

an id e a  where th e  l a b e l s  in  t h i s  f ig u re  s ta n d  f o r  we g iv e  f o r
'  . . (z )one v a lu e  o f  H below  th e  c ro s s in g  f i e l d  H' th e  approxim ate

wave fu n c t io n s .  Of co u rse  th e s e  wave fu n c tio n s  change ra p id ly

w ith  in c re a s in g  m agnetic  f i e l d .
At H = 1600 G auss, from  to p  t o  bo ttom

I 01 >

| 02 >

103 >
10U >

1+1 >

| +2 >

| +3 >
|+U >

0 .9 9 |z ; 1 , - 1  >

0 .10 | y ; i » - i  > + 0 .99  i | z ;1 ,0  >

1.00 i |z ; 0 ,0  >

0 .1 2 AOK -  0 .1 0  i | x ; 1 ,0  > +
0 .6 6 |x ;1 ,+ 1  > + 0 .7 5  i | y ; i , + i  >

O.76 |y ;0 ,0  > +  0 .66  i |x ; 0 , 0  >

O.65 |x ;1 ,0  > +  0 .15  | z ;  1 , +  1 > +

0 .6 5 |x ;1 , - 1  > +  0 . 1  | z ; 1 ,0  > +

0.99

0.75
0 .75

|z ;1 ,+ 1  >

i | y ; i » o  >
i | y ; 1 , - 1  >

where x ,y ,z  l a b e l  th e  z e r o - f i e l d  e le c t r o n  sp in  s t a t e s  and th e

o th e r  two quantum numbers th e  n u c le a r  s t a t e s

; 1 ,+1 > = aa
1

I ;1 ,0  > = 2- s (a0  + 0a)

I ; 1,-1  > = 00 1
I ;0 ,0  > * 2~*(a0 -  0a) .

In  th e  l i n e a r  com binations g iven  above wave fu n c tio n s  w ith  a

c o e f f i c i e n t  < 0 .1 0  have been  l e f t  o u t.
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In  f i g .  5-7  c ro s s in g s  o f  s t a t e s  s t i l l  o c c u r , p a r t l y  because  in
th e  c a lc u la t io n  we to o k  = A , b u t even w ith o u t t h i s  assum ption

c ro s s in g s  w i l l  rem ain  as lo n g  as we assume t h a t  th e  axes o f  th e  h y p e r-
f in e  te n s o r s  f o r  th e  two p ro to n s  c o in c id e  w ith  th e  p r in c ip a l  axes o f

th e  z e r o - f i e l d  s p l i t t i n g  t e n s o r .  However, in  th e  benzophenone c r y s t a l

th e r e  i s  a  d e v ia t io n  from  C2 symmetry and i t  i s  im probable  t h a t  th e

p r in c ip a l  axes o f  th e  z e r o - f i e ld  te n s o r  e x a c t ly  c o in c id e  w ith  th o se  o f
th e  h y p e r f in e  in t e r a c t io n  w ith  th e  2 ,2 ' hyd rogens. F u r th e r ,  w eaker

h y p e rf in e  i n t e r a c t i o n  w ith  th e  o th e r  e ig h t  hydrogens w i l l  change
c ro s s in g s  in to  a n t i c r o s s in g s .

2 . A sp re a d  in  th e  o r i e n t a t i o n  o f  th e  p h o sp h o rescen t m o le c u le s .

In  f i g .  5 -7  i t  has been  assumed t h a t  th e  m agnetic  f i e l d  i s

p a r a l l e l  to  th e  z a x is  o f  a l l  p h o sp h o rescen t m o lecu les o f  one s i t e .

However, when th e  p h o sp h o rescen t m o lecu les a re  no t p e r f e c t ly  p a r a l l e l

th e  m agnetic  f i e l d  i s  m is o r ie n te d  f o r  some o f  th e  m o lecu les and i t  i s
c l e a r  t h a t  t h i s  b roadens th e  l i n e .  To g iv e  th e  LAC l i n e  a  w id th  o f  30

G auss, a  sp re a d  in  o r i e n ta t io n  o f  abou t 1 deg ree  i s  enough'. Such a
sp re a d  does n o t seem u n reaso n ab le  b ecau se  th e  phosphorescence

o r ig in a te s  from  t r a p s ,  m olecu les found in  d i s t o r t e d  re g io n s  o f  th e

c r y s t a l .  However from th e  o b s e rv a tio n  t h a t  th e  w id th  o f  th e  LAC l in e s
p ro v es in d ep en d en t o f  th e  way th e  c r y s t a l s  a re  grown, from th e  m elt

o r  from  s o lu t io n ,  we b e l ie v e  t h a t  th e  sp re a d  in  o r i e n ta t io n  i s  l e s s
th a n  1 .

3 • C r o s s - r e la x a t io n ; a t  th e  m agnetic  f i e l d  where two t r i p l e t  s u b s ta te s

c ro s s  two t r a n s i t i o n  fre q u e n c ie s  a re  e q u a l ,  f o r  in s ta n c e  in  th e  z
(z )o r i e n t a t i o n  a t  H  ̂ Sq -  e+ = e+ -  e_ (s e e  a ls o  th e  c ro s s in g  betw een

l + j -  >,  |-» +  > and |o,- > , | - » 0  > in  f i g .  U.8 b ) .  T h e re fo re  a t  H ac
tw o -sp in  CR p ro c e ss  may o c c u r . T h is , how ever, i s  n o t  th o u g h t to  g iv e  a

s i z a b le  c o n tr ib u t io n  t o  th e  LAC, b ecau se  as shown in  th e  n e x t p a rag rap h
th e  change in  phosphorescenee  i n t e n s i t y  ex p ec ted  f o r  t h i s  p a r t i c u l a r

p ro c e ss  i s  sm a ll compared to  th e  i n t e n s i t y  o f  th e  LAC l i n e .
U°. S p i n - l a t t i c e  r e l a x a t io n ; we have assumed th ro u g h o u t t h i s  th e s i s

t h a t  s p i n - l a t t i c e  r e l a x a t io n  betw een th e  t r i p l e t  s u b s ta te s  can be
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neglected during the lifetimes of the substates. This assumption is
based on the result of microwave experiments in zero-field and ESR at
1.3 K. However, at the magnetic field where two triplet substates cross
this might not be true. For instance, in the experiments of Pound (1951)
and Purcell and Pound (1951) it was found that in LiF crystals the
spin-lattice relaxation times for the Li and F nuclear spins are much
shorter in magnetic fields weaker than the local field than in high
fields. In our crystals at the field where two triplet substates cross
a similar effect might contribute to the line broadening of the LAC
line. However it is not thought to be important, because our LAC show
no temperature dependent width.

As a conclusion about the LAC lines we can say that these lines
may be very useful for determining the zero-field splitting parameters
of phosphorescent molecules, particularly in situations where ESR
experiments are difficult to perform. Furthermore, the width of these
lines gives an indication how well the molecular axes of the
phosphorescent molecules are parallel to each other in the crystal.
By making the LAC line as narrow as possible we have an easy criterion
for orienting the magnetic field parallel to one of the principal axes
of the zero-field splitting tensor.
3. Cross-relaxation between two triplet spins

To explain that in fig. 5.2 a the lines denoted by T^, T 12 and
Tgg are caused .by CR between two excited triplet state molecules, we
remember that the benzophenone crystal has four molecules per unit
cell. When the magnetic field is parallel to a crystal axis all
molecules are equivalent and the energies of the triplet substates of
all four molecules have the same dependence on magnetic field. When
the magnetic field is parallel to a plane formed by two crystal axes,
then there are two pairs of molecules, the molecules within a pair
being equivalent. For instance when 3 // ab plane then molecules 1 and
It are equivalent and also 2 and 3.
When the magnetic field is parallel to the z axis of one of the
molecules, say molecule 1 then in good approximation molecules 1 and U
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a re  s t i l l  e q u iv a le n t  and a ls o  2 and 3» because  th e  z axes make a  very
sm a ll an g le  o n ly  w ith  th e  ab p la n e . Thus w ith  H / /  z o f  m olecule  1

o n ly  two d i f f e r e n t  s i t e s  have t o  be c o n s id e re d  in  a  f i r s t  ap p ro x im atio n ,
f o r  in s ta n c e  s i t e s  1 and 2 . The l e v e l  schemes o f  th e s e  two m olecu les

a re  g iv en  in  f i g .  5*2 b and c .
The l i n e  d en o ted  in  f i g .  5 .2  a by T ^  i s  cau sed  by CR betw een two
e x c i te d  m o lecu les 1 and  i s  found a t  th e  f i e l d  where -  e+ = e+ -  e_ ;

eQ, e+ , e a re  th e  e n e rg ie s  g iv en  by ( 2 . 7 ) .  At t h i s  f i e l d  f l i p - f l o p
t r a n s i t i o n s  may occur i f  th e  CR r a t e  k -_  i s  o f  th e  same o rd e r  o f

-u K

m agnitude as th e  decay r a t e s ,  o r  h ig h e r .  These f l i p - f l o p  t r a n s i t i o n s
change th e  p o p u la tio n s  o f  th e  t r i p l e t  s u b s ta te s  and i t  i s  th e r e f o r e

easy  to  see  t h a t  in  g e n e ra l  th e  phosphorescence  in t e n s i t y  w i l l  change.

But t o  p r e d ic t  t h a t  th e  phosphorescence  in t e n s i t y  in c re a s e s  f o r  such a

p ro c e ss  under s t e a d y - s ta te  c o n d it io n s  in  benzophenone as th e
ex p erim en ts  l e a r n s , i s  much more d i f f i c u l t  because  th e  r a t e  e q u a tio n s

a re  n o n - l in e a r :

dN0

d t
k0N0 + kCR (N+ “ N- V

dN+

—  = P+ -  k+N+ -  2kCR <Hj -  N_N0 )
d t

dN_
-----  = p_ -  k_N_ + k CR (N^ -  N_N0 ) .

( 5 - 10 )

These e q u a tio n s  e x p re ss  t h a t  c r o s s - r e la x a t io n  t r i e s  t o  e q u a liz e  b o th

sp in  te m p e ra tu re s  in v o lv e d  o r  Nq/N+ = N+/N_.
From th e  d is c u s s io n  about th e  i n t e n s i t y  o f  th e  LAC l in e  in  th e

p re c e d in g  p a rag rap h  i t  fo llo w ed  t h a t  th e  e r r o r  in  th e  p o p u la tin g  and

d e p o p u la tin g  r a t e s  was to o  la r g e  t o  p r e d ic t  t h a t  th e  LAC l ih e



co rresp o n d s t o  a  l i g h t  in c re a s e .  For t h a t  rea so n  and because  k__ i s  n o t- On
known, i t  has n o t  been  t r i e d  t o  so lv e  (5 -1 0 ) . However, j u s t  as f o r  LAC
i t  i s  easy  to  see  what happens when th e  f i e l d  sweep i s  v e ry  f a s t
compared t o  th e  d e p o p u la tin g  r a t e s .  In  t h a t  c a s e ,  i f  th e  CE r a t e  k „

i s  n o t much low er th a n  th e  c h a r a c t e r i s t i c  sweep r a t e ,  two n e ig h b o u rin g
m olecu les 1 b o th  in  s t a t e  | + > can make a  f l i p - f l o p  t r a n s i t i o n .  Then

one o f  th e  m olecu les c o n s id e re d  goes from  s t a t e  | + > t o  | 0 > and
s im u lta n e o u s ly  th e  o th e r  from | + > to  | -  >. The r e s u l t  o f  t h i s
p ro c e ss  i s  an in c re a s e  o f  th e  p o p u la tio n  o f  th e  r a d i a t i v e  s t a t e  | 0 >.

The r e v e r s e  f l i p - f l o p  t r a n s i t i o n  | 0 > | + > and | -  > t o  | + > ,
which d e c re a se s  th e  p o p u la tio n  o f  | 0 >, i s  much l e s s  p ro b a b le  because

th e  p o p u la tio n  o f  | 0 > i s  so much s m a lle r .  A lso  t h i s  l a s t  p ro c e ss
would in c re a s e  in s te a d  o f  d e c re a se  th e  d i f f e r e n c e  o f  th e  sp in

te m p e ra tu re s  o f  th e  two t r a n s i t i o n s .  Hence th e  n e t r e s u l t  o f  such a
f a s t  p assag e  experim en t would be an in c re a s e  o f  th e  p o p u la tio n  o f
| 0 > and th e r e f o r e  an in c re a s e  o f  phosphorescence  i n t e n s i t y .  In  a

slow  p assag e  experim en t th e  e f f e c t  i s  much w eaker, b ecau se  j u s t  as
d is c u s s e d  in  th e  LAC case  th e  r a t i o  k /k  now e n te r s  and t h i s  i s  about

e q u a l f o r  th e  th r e e  t r i p l e t  s u b s ta te s  in  benzophenone.

In  th e  same way l i n e  T „  o f  f i g .  5 .2  a can  be e x p la in e d  as th e

r e s u l t  o f  a  CR p ro c e s s  betw een e x c i te d  m o lecu les 1 and 2 and Tgg as CR
betw een two e x c i te d  m o lecu les 2 (se e  a ls o  f i g .  5*2 b and c ) .

The c o r re c tn e s s  o f  th e s e  assig n m en ts  was f u r th e r  s u b s ta n t ia te d  by

r o t a t i n g  th e  m agnetic  f i e l d  in  th e  p la n e  OAB o f  f i g .  5-1 which c o n ta in s
th e  z a x is  o f  m olecu le  1. When th e  m agnetic  f i e l d  i s  r o t a t e d  in  t h i s

p la n e  th e  T - l in e s  s h i f t  as  in d ic a te d  in  f i g .  5-8 by sm all open c i r c l e s .

The s o l id  l i n e s  in  t h i s  f ig u re  r e p re s e n t  th e  f i e l d  s t r e n g th  a t  w hich
th e  c r o s s - r e la x a t io n  l i n e s  a re  ex p ec ted  as c a lc u la te d  from  th e  z e ro -
f i e l d  s p l i t t i n g  p a ra m e te rs , th e  d i r e c t io n  c o s in e s  o f  th e  m o lecu la r  axes
r e l a t i v e  t o  th e  c r y s t a l  axes and th e  tr a n s fo rm a tio n  p r o p e r t ie s  ( 5 .1 ) .

In  o r d e r . to  keep th in g s  sim ple  i t  has been  assumed in  t h i s  c a lc u la t io n
t h a t  th e  m agnetic  f i e l d  i s  r o t a t e d  in  th e  ab p la n e  in s te a d  o f  p lan e
OAB o f  f i g .  5 .1 .  Because th e  e x p e rim e n ta l p o in ts  r e f e r  t o  th e  case
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where H i s  in  th e  p la n e  OAB th e  d e v ia t io n  o f  th e  e x p e rim e n ta l p o in ts
from th e  c a lc u la te d  curve  becomes n o t ic e a b le  a t  th e  r i g h t  o f  f i g .  5 .8 .

But o th e rw ise  th e  agreem ent betw een th e  experim en ts  and th e  c a lc u la te d
cu rv es  i s  good.

When <j> f a l l s  o u ts id e  th e  reg ion  covered by th e  curves in  f i g .  5-8
e_ -  e+ cannot be made equal t o  e+ -  e in  any magnetic f i e l d  and then
no t r i p l e t - t r i p l e t  CR l in e s  are found anymore. A lso when H i s  p a r a l le l
to  th e  x or y a x is  o f  th e  m olecule c a lc u la t io n  shows th a t the
co n d itio n  fo r  t r i p l e t - t r i p l e t  CR cannot be f u l f i l l e d  and indeed no T-
l in e s  are found in  f i g s .  5»3 and 5>^*

2000

1800 -

1600

. s .
1400

1200

lOOO

T2 2 / T3 3 T4 2 /  T*3

F ig . 5*8 The s h i f t  o f  th e  l in e s  o f  f i g .  5«2 a when the m agnetic f i e l d

i s  ro ta te d  in  th e  p lane OAB o f  f i g .  5*1* The angle 4> i s  the
angle th e  f i e l d  makes w ith  th e  c r y s ta l  b a x is .  The open
c ir c le s  are experim ental p o in ts ,  the s o l id  l in e s  are
c a lc u la te d  from the z e r o - f ie ld  s p l i t t in g  parameters w ith  the
approxim ation th a t H i s  in  th e  ab plane in s te a d  o f  in  OAB.

When a l in e  stop s the p o s s ib i l i t y  o f  th e  p a r tic u la r  k ind o f
76CR d isa p p ea rs . 1



In none of the crystals studied three- or more-spin CR processes
between the electron spins were found. Apparently the concentration of
excited molecules is so low that the CR rate of these processes is
much smaller than the rates of decay of the triplet substates.

Because the T-lines are caused by two excited molecules one might
expect that the intensity of these lines depends in a quadratic way on
the intensity of the exciting light. Although this does not seem to be
the case tbe absolute line intensities have not been investigated
further. A deviation from the quadratic relation can well be caused by
the complicated trapping mechanism and the possibility of mutual
annihilation of the excitons.
U. Cross-relaxation between a triplet spin and an impurity spin

In benzophenone crystals with H parallel to a molecular z axis at
least four lines are found (fig. 5.2 a) which cannot be explained by
CR or LAC between triplet spins only. These lines are denoted by R^,
Rg and S. The S-lines, which are also found when H // x axis of
benzophenone and likewise in substituted benzophenone crystals, are
the subject bf the first part of the last chapter. The' lines denoted
by R, and R„ (fig. 5*2 a) are found at magnetic fields H where the
splitting between two triplet substates of molecule 1 respectively
molecule 2 is equal to ggH (fig. 5*2 b and c) where g is the free
electron g-valuè.' Again, when the magnetic field is rotated these
lines R, and Rg are always found at the fields where the distance
between two triplet substates equals g6H as shown in fig. 5.8. The
splitting of R . at large positive values of ij> into two lines is again
ascribed to the fact that molecules 1 and U then become noticeably in­
equivalent, because H is not parallel to the ab plane as assumed in
the calculation.

From this we conclude that the lines are caused by a two-spin CR
process between benzophenone molecules excited into the triplet state
and free radicals. The radical lines are not immediately present when
an experiment is started with a crystal not previously irradiated, but
appear after 10-15 minutes of irradiation. So we believe that these
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radicals are the result of a photochemical process. In irradiated
benzophenone radical signals can also be observed by ESR. For instance
the strong line at about 81+00 Gauss in fig. 2.1+ is an ESR signal from
a free radical. The radical has not been identified.

Before concluding this section we like to mention very similar
experiments on ruby recently reported by Muramoto, Fukuda and Hashi
(1971)* They find, also by optical detection, LAC and CR signals on
excitation of the ruby. In contrast to our experiments the CR signals
result from CR processes between one excited and one ground state
chromium atom while the LAC occurs between two levels of the ^Ag ground
state.

B. Perdeuterated benzophenone (benzophenone-dIO)

Fig. 5*9 Benzophenone-d10

The spectra of benzophenone-d10 are shown in figs. 5-10 for H // z
and in fig. 5•11 for H // x. The general features of these spectra are
very much the same as in benzophenone-h10, but two differences are
found:

1°. all LAC and CR signals are weaker in benzophenone-d10 compared to
benzophenone-h10,

2 . the lines denoted by S in the spectra of benzophenone-h10 (figs.
5.2 a and 5>3) are missing here; this will be discussed in the
next chapter.
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Fig. 5»10 The spectrum of tenzophenone-d.10 with H // z axis of one
molecule in the unit cell. The spectrum at the left of the
break is taken with an RC time of 3 sec, the spectrum at
the right with RC = 0.3 sec and a five times smaller gain.
The triplet-triplet and triplet-radical CR lines are again
denoted by T and R. Compared to benzophenone (fig. 5-2 a)
the two S-lines are missing. The LAC line is 3^ Gauss broad.

1000
H IG A U S S I

Fig. 5.11 The LAC line of benzophenone with H // x. In this
orientation no other lines are found.
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We already mentioned that the LAC line and CR lines exist only
owing to radiationless decay. The reason that these lines in
benzophenone-d10 are weaker must be that deuteration decreases the
radiationless deactivation of the triplet state (for.instance see
Kellogg and Schwenker 196U).

Just as in benzophenone-h10, three triplet-triplet and two triplet-
radical CR lines are found for H // z which shows that the crystal
structure of the deuterated compound indeed is very nearly the same
as for benzophenone-h10. The lines are found at a somewhat lower
magnetic field than for benzophenone-h10, because the zero-field
splitting parameters are different. These parameters were calculated
from the measured fields of the LAC lines (table 5.2).

Table 5.2

X Y Z (cm )

benzophenone-h10

ben zophenone -d 10

-0.0738

-O.O777

-O.O316

-0.0236

0 .105U

0.1013

The width of the LAC lines in benzophenone-d10 is of the same
magnitude as in benzophenone-h10. This is surprising because the hyper-
fine interaction, which we believe to be the main cause of the
broadening of the LAC line in benzophenone-h10, is ^ 6 times smaller
in the deuterated compound. The explanation for this inconsistency may
be that in the deuterated molecule the hyperfine interaction is not
the main cause of the broadening but a spread in the zero-field
splitting due to the presence of partly deuterated molecules.
Further irregularities in the orientation may be more important in
benzophenone-d10 than in benzophenone-h10, because of these impurities.
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C. U .U'-dibromobenzonhenone
1. Preparation and structure of the crystal

Fig. 5*12 U ,1+ '-dibromobenzophenone

U, U'-dibromobenzophenone (DBB) was recrystallized from ethanol and
zone-refined (Uo passes with continuous stirring of the molten zones).
The crystals were grown from ether solution and are orthorhombic. The
space group is assumed to be Ccc2 (Structure Reports 1952) with four
molecules in the unit cell. The molecular z axes are all parallel to
the crystal c axis. The orientation of th*e x axes relative to the
crystal axes is not known, but by ESR experiments we have established
that the x axes also are parallel to within a few degrees.
2. Level anticrossing and cross-relaxation

The phosphorescence intensity of DBB as a function of magnetic
field is shown in figs. 5*13» 5-1*+ for S // z and in fig. 5-15 for
H // x.

The lines below 1000 Gauss in fig. 5*13 are caused by triplet-
triplet CR (denoted as before by T) and triplet-radical CR (denoted by
R). In contrast to benzophenone (fig. 5*2 a) only one T-line and one
R-line are observed, because in the DBB crystal all molecules are
magnetically equivalent; at least when H // z. Otherwise these lines
are analogous to the T and R lines in benzophenone.
A more striking difference with the spectrum of benzophenone, however,
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400 GAUSS 900
-----* H

Fig. 5.13 The spectrum of DBB at 1.3 K with H // z for H Below 1000
Gauss. T and R denote the triplet-triplet and triplet-
radical CR lines.

Br

Hj^Z-axis

IOOO H Gauss 2 0 0 0

Fig. 5.11+ The spectrum of DBB at 1.3 K with H // z for H Between 1000
and 2000 Gauss. No lines are found aBove 2000 Gauss.
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F ig . 5-15 The spectrum  o f  DBB when, u s in g  ESR, th e  m agnetic f i e l d  i s

i s  o b serv ed  in  th e  z o r i e n ta t io n  f o r  f i e l d s  above 1000 Gauss ( f i g .  5 .1 h ) .

In  t h i s  f ig u r e  th e  S - l in e s  a re  c lo s e ly  r e l a t e d  t o  th e  S - l in e s  in

benzophenone and th e y  w i l l  be d is c u s s e d  in  th e  n ex t c h a p te r ;  h e re  we

c o n c e n tra te  on th e  l i n e s  d en o ted  by 2B r, Br and L. When th e  m agnetic

f i e l d  i s  tu rn e d  away a  few d eg rees  from  th e  z a x is  th e n  th e  l i n e  L

broadens in  c o n tr a s t  t o  th e  l i n e s  2Br and Br w hich o n ly  s h i f t  a l i t t l e ,
see  f i g .  5 •16 , The l i n e  L i s  found a t  th e  m agnetic  f i e l d  w here th e

t r i p l e t  s u b s ta te s  | + > and | 0 > o f  DBB c ro s s  each o th e r  and we

conclude t h a t  i t  r e s u l t s  from  th e  a n t ic r o s s in g  o f  th e s e  two e le c t r o n
sp in  s t a t e s .  In  t a b l e  5-3  th e  z e r o - f i e ld  s p l i t t i n g  p a ram e te rs  a re

g iv en  c a lc u la te d  from ESR ex p erim en ts  and th e  p o s i t io n s  o f  th e  LAC

l in e s  L.

o r ie n te d  as p e r f e c t ly  a s  p o s s ib le  p a r a l l e l  t o  th e  x a x is
( f i g .  a ) .

-When th e  m agnetic  f i e l d  i s  r o t a t e d  a few deg rees  away from
th e  x a x is  th e  spectrum  shown in  b i s  o b se rv ed .
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F ig . 5«16 The spectrum  o f  DBB when

th e  m agnetic  f i e l d  i s  a  few

d eg rees  away from  th e  z

a x i s .  Compared to  f i g .  5-1*+
th e  LAC l i n e  L i s  b roadened .

T ab le  5*3

ESR LAC

X -0 ,0 7 1 5  cm-1 -O.O717 cm-1

Y -O.O2 5 I -O .6256

Z 0.0966 ,6.0971+

The z . f . s .  p a ra m e te rs  o f  U, V -dibrom obenzophenone de te rm in ed  by

ESR and LAC ex p e rim en ts . The s ig n s  have been chosen  as in
benzophenone.



The lines denoted by 2Br and Br in fig. 5*1^ are not found in
benzophenone and this indicates that the bromine atoms are involved.
Hie first question we want to answer is how Br atoms can affect the
phosphorescence intensity at certain magnetic fields and we begin by
considering what happens when H // z. Later we turn to the situation
with 3 // x where things seem to be more complicated.

3 /Every Br atom has a nuclear spin /2 and therefore four spin states.
In zero magnetic field these spin states are split into two two-fold
degenerate states by a large quadrupole interaction. The quadrupole
splitting measured by NQR in bromo-benzene (Kojima et. al. 1953) is
equal to Q. = 221 MHz for the Br^®^ isotope and Q_ = 26U MHz for

(t o ). ' ^
Br .The two isotopes are found in the ratio 1 : 1. At the low
magnetic fields where we work the Zeeman energy of the Br nuclear spins
is less than 5 MHz ('u 2 Gauss), i.e. much smaller than the linewidths
of our signals. Hence in'discussing the energy levels we shall further
neglect the Zeeman splitting and only consider the large quadrupole
splittings. Then we have in good approximation for all values of the
magnetic field for each Br spin two two-fold degenerate states |+ J/2 >
and |+ V 2 > split by an energy for Br^®^ and Q for B r ^ ^  .

The coupling between the triplet electron spin and the Br nuclear
spins in the same molecule arises from the hyperfine interaction

3Ch f - 3 . i 1 . f ( D  + 3 . t2 . f(2) (5.11)

where l(1) and f(2) are the nuclear spin operators of the two Br atoms
and 3^, i the hyperfine tensors. In our optically detected ESR
experiments we could not find any "forbidden" ESR lines corresponding
to the simultaneous transition of an electron spin and one or two Br
nuclear spins. This implies that the hyperfine interaction is not
large.. In fact, a small hyperfine interaction is expected because the
spin density of the triplet electrons on the C atoms bonded to Br is
small in an nir' triplet state of aromatic carbonyl compounds (Kasha
i960) and also because the gyromagnetic ratio of the Br nuclear spin
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is low (YBr * Jyh).
With this information about the Br nuclear spins we can answer our

first question. It turns out that the lines denoted by Br and 2Br in
fig. 5.1U are found at those magnetic fields where the splitting between
the triplet substates | + > and | 0 > is equal to 2h0, respectively
1*80 MHz. The energy 2l*0 MHz is close to the mean of the quadrupole
splittings of the two Br isotopes and L80 MHz is twice this average
splitting.

These lines can equally well be explained as the result of a CR
process between the triplet electron spin system and the Br nuclear
spin system or as LAC in the combined spin system. Because it offers a
nice illustration of the relation between CR and LAC we shall first
explain the lines Br and 2Br as a CR process and then as a LAC effect
and see if the conclusions we reach agree for the two interpretations.
The cross-relaxation picture.

In this picture the triplet electron spin system and the Br
nuclear spin system are considered to be two weakly coupled systems.
At the magnetic field where the lines Br and 2Br are found the splitting
between the triplet substates | 0 > and | + > is equal to the splitting
between two spin states of a single Br spin, or of a Br pair (fig. 5 • "I T ) -
The lines labelled Br then are due to a two-spin CR process, the lines
labelled 2Br to a three-spin CR process.

Just as in benzophenone, the | z > substate in zero field or | 0 >
in non—zero magnetic field is the state with the largest radiative
decay rate and with the smallest steady—state population. To see
whether the CR processes mentioned above lead to an increase or
decrease of the phosphorescence intensity, we encounter the same
difficulty as discussed in the paragraph about the triplet-triplet CR
in benzophenone. It is easy to see what happens when the CR rate is
much higher than the decay rates and the magnetic field is swept
through the line in a time much shorter than the inverse of these decay
rates. Then, at a field below Ĥ   ̂ molecules go from the populated
weakly radiative state | + > to the empty strongly radiative state
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F ig . 5 .1 7  The two t r i p l e t  s u b s ta te s  | 0 > and | + > o f  DBB as a
fu n c tio n  o f  m agnetic  f i e l d  f o r  H / /  z .  The f i e l d s  a re
in d ic a te d  where CB w ith  one and two Br n u c le a r  sp in s

o c c u rs .

| 0 > and a t  th e  same tim e  one o r  two Br n u c le a r  sp in s  make a
*r O

t r a n s i t i o n  from  t h e i r  upper s t a t e  |+  J /2  > to  th e  low er s t a t e
|+  1/2  >. The t o t a l  energy  i s  th e n  co n serv ed  b u t th e  p o p u la t io n  o f  th e

r a d i a t i v e  s t a t e  | 0 > i s  in c re a s e d  and th u s  th e  phosphorescence

i n t e n s i t y  r i s e s .  A s im i la r  p ro c e ss  would happen d u rin g  CR a t  th e  f i e l d s
h ig h e r  th a n  H 8 , However, in  our ex perim en ts th e  m agnetic  f i e l d  sweep

i s  alw ays so slow  t h a t  th e  system  rem ains in  a  s t e a d y - s ta t e  a l l  th e

t im e . Then, o n ly  by s o lv in g  th e  r a t e  e q u a tio n s  analogous t o  (5 -1 0 ) we

m ight hope t o  p r e d ic t  w hether th e  CR p ro c e s se s  d is c u s s e d  h e re  le a d  to
an in c re a s e  o r  d e c re a se  o f  th e  phosphorescence  i n t e n s i t y . T h is has n o t

been  done b ecau se  th e  CR r a t e  i s  unknown and th e  e r r o r  in  th e
p o p u la t in g  and d e p o p u la tin g  r a t e s  o f  th e  p h o sp h o rescen t s t a t e  to o  la rg e

t o  p r e d i c t  th e  s ig n  o f  such a  s u b t le  e f f e c t .  E x p e rim e n ta lly  we f in d
a l l  l i n e s  in  f i g .  5.1U co rre sp o n d  to  an in c re a s e  in  l i g h t  i n t e n s i t y ,
so q u a l i t a t i v e l y  th e  p ic tu r e  o f  w hat happens d u rin g  a  f a s t  sweep i s
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n o t  so b ad .
When we r e p re s e n t  th e  CR betw een  th e  Br n u c le a r  sp in s  and th e

t r i p l e t  s p in  in  DBB as  a  h e a t  c o n ta c t betw een two h e a t r e s e r v o i r s  we
can draw c o n c lu s io n s  about th e  m agnitudes o f  th e  s p i n - l a t t i c e

r e la x a t io n  tim e  fo r  th e  Br s p in s  and th e  CR r a t e  k__ . On® o f  th e
r e s e r v o i r s  r e p re s e n ts  th e  t r i p l e t  components | 0 > and | + > w ith  sp in

te m p e ra tu re  T , th e  o th e r  a  r e s e r v o i r  w ith  sp in  te m p e ra tu re  T_ o f  th e
^  O  I 1 •

Br n u c le a r  s p in  s t a t e s  |+  /2  > arid |+  /2  > f o r  th e  tw o -sp in  CR case

o r  |+  ^ /2 ,  + ^ /2  > and |+  1/ 2 ,  + ' / 2  > f o r  th e  th r e e - s p in  CR p ro c e ss

( f i g .  5 . 18) .

F ig . 5 .1 8  C r o s s - r e la x a t io n  betw een th e  t r i p l e t  sp in  system  w ith  sp in
te m p e ra tu re  and th e  brom ine n u c le a r  sp in  system  w ith

te m p e ra tu re  Tgr * The te m p e ra tu re  o f  th e  " r e f r ig e r a to r "  R i s
c a lc u la te d  from  th e  z e r o - f i e ld  s t e a d y - s ta te  p o p u la tio n s  in

a  m agnetic  f i e l d  where |e + -  Sq | ■ 2k0  MHz. The l a t t i c e

te m p e ra tu re  Tt i s  th e  c r y s t a l  te m p e ra tu re .

Because in  o u r ex perim en ts th e  te m p e ra tu re  i s  so low t h a t  s p i n - l a t t i c e

r e la x a t io n  o f  th e  t r i p l e t  sp in s  can be n e g le c te d  d u rin g  th e  l i f e t im e

o f  th e  s u b s t a t e s ,  th e  sp in  te m p e ra tu re  T̂ , ( in  th e  absence o f  CR) i s
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com p letely  determ ined by th e  r e la t iv e  s te a d y -s ta te  p op u lation s
e s ta b lish e d  in  th e  o p t ic a l  pumping c y c le . This i s  rep resen ted  in  f i g .
5 .18 by a heat co n ta ct between th e  t r i p l e t  r e se r v o ir  and a
" refr ig era to r"  R which t r i e s  to  keep T_ equal to  T °, th e  va lue

determ ined by th e  o p t ic a l  pumping:

\  m V±
N+ p+ko

( 5 . 12)

where P„, P and krt,  k are th e  p op u latin g  and depopulating r a te s  o f
0 , +  0  +  /  \

| 0 > and | + >. In f i e ld s  lower than Hv ' AE i s  p o s i t iv e ,  in  h igh er
f ie ld s  n e g a tiv e . At th e  magnetic f i e ld s  where th e  Br l in e s  o ccu r , |T °|
i s  about 0 .5  mK. The heat r e se r v o ir  o f  th e  Br n u clear  sp in s i s  in
con tact v ia  s p in - la t t i c e  r e la x a tio n  w ith  th e  l a t t i c e  w ith  a tem perature

T_ 'v 1 .3  K. The sp in  tem perature o f  th e  Br n u clear  sp in s in  th e  absence
L .

o f  CR, T° , i s  equal t o  T^.
I f  T° f  Tg° then owing to  CR both sp in  tem peratures change in  such

a way th a t  th e  d iffe r e n c e  between them d ecrea ses , thus T„, s h i f t s
towards Tt . In a f a s t  passage sweep th e  number o f  e x c ite d  m olecules
remains equal and then a s h i f t  o f  T̂ , towards Tg r e s u lt s  in  a la r g e r
pop u lation  o f  | 0 > and th e r e fo r e  in  an in crea se  o f  phosphorescence

in t e n s i t y .  As d iscu ssed  b e fo r e , t h is  e f f e c t  i s  weakened in  a slow

passage sweep.
The t r i p l e t  sp in  tem perature T̂ , during CR i s  determ ined by the

com petition  between th ree  r a t e s :
th e  r a te  o f  h eat exchange between R and th e  t r i p l e t  system , which

i s  o f  th e  order o f  th e  depopulating r a te  k o f  su b sta te  | + > (because

kQ »  k+) i
th e  CR ra te  k„„ between th e  t r i p l e t  system  and th e  Br n u clear

UK
s p in s ;

th e  s p in - la t t i c e  r e la x a tio n  r a te  kg^ o f  th e  Br n uclear sp in s .
The changes o f  T„ and Tg^ during CR depend on th e  r e la t iv e  magnitude
o f  th e se  th ree  r a te s  and we can d is t in g u is h  the fo llo w in g  cases
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a c c o rd in g  to  w hich o f  th e  r a t e s  i s  lo w est

1 . slow  c r o s s - r e la x a t io n  k^,-. << k , kOTCR +  d Jj

2 • slow  s p i n - l a t t i c e  r e la x a t io n  kOT << k^-., k ,
b L  L l\ +

3 ° . slow  "c o o lin g "  o f  th e  t r i p l e t  sp in s  k << k __ , kOT
+  UK o i l

U . an in te rm e d ia te  ca se  k . k__ > k_T.
+  UR ^  o l i

In  th e  f i r s t  c a se  T̂ , and h a rd ly  change d u rin g  th e  CR p ro c e ss

from  t h e i r  v a lu e s  T° and and CR has a n e g l ig ib le  in f lu e n c e .

In  th e  second ca se  in  s t e a d y - s ta te  i s  a lm o st e q u a l t o  T ^, b u t

a  s u b s t a n t i a l  change in  T̂ , may occu r i n i t i a l l y  when th e  CR c o n ta c t  i s

e s t a b l i s h e d .  Because th e  Br system  in  t h i s  ca se  i s  a lm ost i s o l a t e d
from  th e  l a t t i c e  T_ and T_ te n d  to  become e q u a l in  a  s h o r t  tim e  andBr T
th e n  b o th  te m p e ra tu re s  a re  p u l le d  tow ards T_. The Br sp in s  a re

p o la r iz e d  by th e  c o n ta c t w ith  th e  t r i p l e t  s p in s .  I f  in  our experim en ts
s i t u a t i o n  2° would o c c u r , th e n  a  change in  phosphorescence  i n t e n s i t y

would be found o n ly  d u rin g  th e  f i r s t  moments o f  CR c o n ta c t .  In  s te a d y -
s t a t e  w ith  CR th e  change in  phosphorescence  i n t e n s i t y  would be very

s m a ll ,  o r  n o t  even m easu rab le . T h is does n o t h o ld  fo r  th e  l in e s

l a b e l l e d  Br and 2Br in  f i g .  5 .1U , b u t th e  s i t u a t i o n  2°  w i l l  a r i s e  in

th e  n e x t c h a p te r .
In  th e  t h i r d  case  th e  t r i p l e t  system  v ia  th e  Br n u c le a r  sp in

system  i s  in  s t ro n g  c o n ta c t  w ith  th e  l a t t i c e .  The c o n ta c t  w ith  th e
l a t t i c e  i s  s t ro n g e r  th a n  w ith  th e  " r e f r i g e r a t o r "  R and th e r e f o r e  th e

p o p u la tio n s  o f  t r i p l e t  s u b s ta te s  | + > and | 0 > in  th e  p re sen ce  o f  CR
a re  d e te rm in ed  by th e  Boltzm ann f a c to r  co rre sp o n d in g  to  th e  l a t t i c e

te m p e ra tu re . We th in k  t h i s  s i t u a t i o n  a p p l ie s  t o  th e  Br l i n e s  in  DBB

b ecau se  o f  th e  fo llo w in g  c o n s id e r a t io n s .  F i r s t  we e s ta b l i s h e d  t h a t  th e

LAC l i n e  o f  f i g .  5 .1 ^  when in te g r a te d  i s  abou t e q u a l t o  th e  change in
phosphorescence  i n t e n s i t y  o bserved  when e q u a liz in g  th e  p o p u la tio n s  o f
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th e  t r i p l e t  s ü b s ta te s  | + > and | O > v ia  s a tu r a t io n  o f  th e  ESR

t r a n s i t i o n  t h a t  co n n ec ts  them . T h is f in d in g  i s  in  agreem ent w ith  (5 .7 )*
F u r th e r ,  Boltzm ann e q u il ib r iu m  betw een | 0 > and | + > a t  th e  f i e l d
where e+ -  e„ = 2k0 MHz co rre sp o n d s  in  good app ro x im atio n  t o  e q u a l i ty

o f  th e  p o p u la tio n s  o f  | + > and | 0 > a t  1 .3  K. T h e re fo re , in  case  3°
we ex p ec t a  change in  phosphorescence  in t e n s i t y  e q u a l to  t h a t  o b serv ed
due t o  LAC betw een | + > and | 0 >. T h is c l e a r ly  h o ld s  f o r  th e  Br l i n e s

in  f i g .  5.11* because  t h e i r  w id th s  happen to  be e q u a l t o  th e  w id th  o f

th e  LAC l i n e .  Thus we conclude t h a t  f o r  t h i s  CR p ro c e s s  k__ »  k . andCl\ +
f u r th e r  t h a t  th e  s p i n - l a t t i c e  r e la x a t io n  r a t e  k_T o f  th e  Br n u c le a r

oXj
sp in s  i s  much h ig h e r  th a n  k+ , w hich does n o t seem u n reaso n ab le  because
i t  i s  known t h a t  sp in s  w ith  a  la r g e  quadrupo le  c o u p lin g  have s h o r t
s p i n - l a t t i c e  r e la x a t io n  tim es (Abragam 1967).

The l i n e s  d eno ted  by 2Br in  f i g .  5-1^ co rre sp o n d  to  ca se  U°- o f
(5 -1 3 ) . When k_n a n d /o r  k „T become o f  th e  o rd e r  o f  k A th e  c o n ta c t  v iaUx\ qXi +
th e  Br n u c le a r  sp in s  w ith  th e  l a t t i c e  i s  no lo n g e r  s tro n g  enough to

b r in g  th e  two t r i p l e t  components | + > and | 0 > in  com plete

e q u il ib r iu m  w ith  th e  l a t t i c e  and t h i s  r e s u l t s  in  a r e l a t i v e l y  weaker

l i n e  2Br. That th e  CR r a t e  f o r  th e  th r e e - s p in  CR p ro c e s s  i s  s m a lle r
th a n  f o r  th e  tw o -sp in  p ro c e ss  i s  n o t s u r p r i s in g  b ecau se  i t  i s  a  h ig h e r

o rd e r  p ro c e s s .
The l e v e l  a n t i c r o s s i n g  p i c t u r e .

In  th e  LAC p ic tu r e  th e  t r i p l e t  e le c t r o n  sp in  and two Br n u c le a r
sp in s  a re  c o n s id e re d  as one m o lecu la r sp in  system . The s t a t e s  o f  t h i s

sp in  system  as a fu n c tio n  o f  m agnetic f i e l d  f o r  H / /  z a re  shown in

f ig .  5«19* The s t a t e s  a re  deno ted  by th r e e  l a b e l s :  th e  f i r s t  r e f e r s  to
th e  e l e c t r o n ic  sp in  s t a t e ,  th e  two o th e rs  to  th e  s t a t e s  o f  th e  Br

n u c le a r  sp in  p a i r .  Each s t a t e  in  t h i s  f ig u re  i s  f o u r - f o ld  d e g en e ra te

because  each Br sp in  has two sp in  s t a t e s  which b o th  a re  d e g e n e ra te  on
(z )th e  s c a le  o f  f i g .  5*19* At th e  m agnetic  f i e l d  a n t ic r o s s in g s  occur

betw een e le c t r o n .s p in  s t a t e s  w ith  th e  same n u c le a r  wave fu n c t io n . The

o th e r  c ro s s in g s  in  f i g .  5 .1 9  a re  betw een sp in  s t a t e s  w ith  d i f f e r e n t
n u c le a r  wave fu n c t io n s .  T h e re fo re , th e  l i n e s  d eno ted  by Br and 2Br in
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i2Br uBr ui» MBr

Fig. 5.19 The possible crossings when the triplet spin and two Br
nuclear spins are considered as one system. The nuclear

3̂  1 3 .spin quantum numbers /2 and /2 stand for +_ /2 and
+ 1/2.

fig. 5.11* may also be interpreted as crossings between electronic spin
states with different nuclear wave functions, which change into anti­
crossings by the effect of hyperfine interaction. The same hyperfine
interaction arises in the formula for the CR rate (U.39) and therefore
it seems worthwhile to consider this interaction in more detail. The
hyperfine interaction (5*11) cön be represented as
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HF = Ax* V * ( 1) + V y ' W ^  + Az ' z ,Sz , I z , r ^  +

AxxSxXx̂ 2  ̂ + V y 'V 'V '^  + Al"*"Ö|"1*"!.^ =

= SxA{I x ( D  + ï x ( 2 )} + ( 5 . 1U)

S {B cos $ ( l  , ( 1 )  + I  „ (2 ) )  + C s in  $ ( l  , ( 1 )  -  I  „ (2 ) )}  +v y j  z z

Sz (-B  s in  * ( ly l 0 )  -  I y i.(2 ) )  + C cos * ( 1 . ( 1 )  + I  „ (2 ) )}

Here i t  h as  been assumed t h a t  th e  te n s o r  o f  th e  h y p e r f in e  i n t e r a c t io n

i s  d ia g o n a l in  th e  axes system  x ,  y ' , z ' f o r  Br atom  1 and x , y " ,  z"
f o r  Br atom 2 ( f i g .  5 .2 0 ) ,  w ith  p r in c ip a l  v a lu e s  A, B, C a lo n g  th e s e
a x e s .

F ig . 5»20 The p r in c ip a l  axes system s in  U, U d ib ro m o b en zo p h en o n e .
The x a x is  i s  th e  same f o r  a l l  th r e e  sy s te m s .

When two s t a t e s  o f  f i g .  5 .19  | + X-j and |o xg > c r o s s ,  where

| X1 > and | Xg > a re  n u c le a r  sp in  wave f u n c t io n s ,  th e n  t h i s  becomes
an a n t ic r o s s in g  i f

* + X1 I Hf I 0 x2 > = 6 ” hke f f ‘ ; (5 .1 5 )
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k „  is the width of the states of fig. 5-19- In the picture we areeff
considering, interaction with other triplet systems is assumed to he
negligible and ke^, is determined by the decay properties of the
electronic spin components and the spin-lattice relaxation between the
nuclear spin states which we have seen to be fast.

TVrAt first sight we would expect the anticrossing lines at H" to
be smaller than the LAC line at because at HBr fewer moleculesc c
are involved.
However, if the spin-lattice relaxation between the nuclear states of
the electronic manifolds is faster than their lifetimes, all molecules

i i *  . Brin + > and 0 > contribute to the LAC signals at H and therefore
(z) Cthese lines are as strong as the LAC line at H' . That the lines 2Br

are smaller points to the case where |6| becomes of the order of bk^^
As we have seen this weakens the LAC effect.

We have presented two completely different pictures for the same
phenomenon and it is natural to ask which picture is the more
appropriate. This question can be answered only if both the hyperfine
interaction and the width of the states were known. If the hyperfine
interaction is so large that the splitting between the anticrossing
states 2 151 at the fields HBr and H2Br is larger than the homogeneous1 * c c
widths of these states due to spin-spin interactions with like spins,
then the effects giving rise to the lines Br and 2Br of fig. 5-1^ are
LAC, otherwise these lines are more properly attributed to CR
processes.

For the lines Br we cannot say which effect is the cause but for
the lines 2Br we concluded in the LAC picture that |6| must be of the
order of hk^^ • The homogeneous width of the states involved is not
smaller than k __ which means that for the line 2Br we have the caseeff
that 2 |6| is of the order of the homogeneous width. According to the
definition of chapter k section F these lines are then caused by a CR
process.

Whatever picture is used, we arrive in both cases at the
conclusion that the spin-lattice relaxation time of the Br nuclear



spins at a magnetic field of the order of 1500 Gauss and temperature
between 1.3 and k.2 K is shorter than k+ 20 msec. Apart from this
conclusion specific for the experiments in DBB we can draw a more
general conclusion:
If there is no information about the magnitude of the interaction
between two spin systems or if one is not interested in the precise
mechanism of the process, then phenomena caused by CR between two
systems can equally well be described as arising fi*om a LAC effect in
the combined system and vice versa.

In the x orientation the results are more complicated and not
really understood. When the magnetic field is oriented parallel to the
x axis by making the ESR lines stationary, a broad LAC line (width ^2
Gauss) is found without any further lines (fig. 5.15 a). By turning
the magnet away from this orientation sharper lines appear on the
(broadened) LAC line (fig. 5-15 b). It seems without doubt that these
lines are caused by the Br nuclear spins but the question is why they
behave so differently from the lines Br and 2Br in the z orientation.

We can think of two effects which may lead to such complications.
First, we notice that in the z orientation only the terms in S , S ofx y
(5.1U) can contribute to 6 of (5.15) (or to k _  in the alternative CR, UK
picture) because | z > = 0. With H // x the two last rows of (5.1U)
are responsible for LAC or CR. From - 31) it followed that the
intensity of a LAC line is independent of 1 6 j as long as j 6 J  >> hk but
as soon as |ó| becomes smaller than hk the intensity decreases roughly
• i t £ 2. 2with a factor |fi| /h k as can be derived from OV. 28). Hence, if B and

C of (5.11*) were substantially smaller than k but A larger, then in
the z orientation |ó| may be large enough to cause changes in
phosphorescence intensity but with S // x |6 j might be too small to
effect a change in the emission intensity. The ratio of the hyperfine
components of Br substituted on a ring are not known, but for chlorine
A indeed is larger than B and C, probably at least by a factor of 10
(see for instance Buckley and Harris 1970). In our DBB crystal k is
not thought to exceed 10 sec  ̂ and the explanation given above thus
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r e q u ir e s  t h a t  b o th  B and  C a re  w e ll  Below 1 MHz!
A nother p o s s i b i l i t y ,  to  w hich one i s  l e d  by th e  c o n s id e ra b le  w id th  o f

th e  LAC l i n e ,  i s  t h a t  in  c o n t r a s t  t o  th e  z axes th e  m o lecu la r x axes

a re  n o t e x a c t ly  p a r a l l e l  b u t show a sp re a d  in  o r i e n t a t i o n • In  o rd e r  to

a r r iv e  a t  a  more d e f i n i t e  e x p la n a tio n  i t  would be n e c e ssa ry  to  make a

c a r e f u l  s tu d y  o f  th e  b eh av io u r o f  th e s e  l i n e s  as a fu n c tio n  o f  th e
o r i e n t a t i o n  o f  th e  m agnetic  f i e l d .  U n fo r tu n a te ly ,  our p ro ced u re  f o r

grow ing th e  c r y s t a l s  and m ounting them  in  th e  sam ple tu b e  p roved  to
be such t h a t  th e  DBB x axes l i e  ro u g h ly  p e rp e n d ic u la r  t o  th e  a x is  o f
th e  tu b e .  T hat i s  th e y  f a l l  in  a re g io n  w h ich , b ecau se  o f  th e  geom etry
o f  o u r p r e s e n t  e x p e rim e n ta l s e t  u p , i s  in a c c e s s ib le  f o r  experim en ts

w ith  a  h ig h  deg ree  o f  o r i e n t a t i o n a l  p r e c is io n .
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D. L, L'-diehlorobenzophenone
1. Preparation and structure of the crystal.

0

Fig. 5.21 -diehlorobenzophenone

U,L'-diehlorobenzophenone (DCB) was recrystallized from ethanol
and zone-refined (1*0 passes). The crystals were grown from ether
solution and are monoclinic with four molecules in the unit cell. The
molecular axes of all four sites are parallel; the direction cosines
of the molecular axes relative to the crystal axes are given by Dym
and Hochstrasser (1969).
2. Level anticrossing and cross-relaxation.

The spectra of DCB are given in figs. 5*22 and 5*23. The low-field
spectrum of fig. 5.22 shows the triplet-triplet and triplet-radical CR
line which proves that indeed all DCB molecules in the crystal are
magnetically equivalent when H // z.

The spectra in fig. 5*23 show the LAC lines and the S-lines
around them. We may point to two differences compared to benzophenone
and DBB. First, the S-lines are split and second, they are found at
magnetic fields much closer to the LAC lines.
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GAUSS

Fig. 5.22 The triplet-triplet and triplet-radical CR line in DCB for
S // z.

GAUSS

Fig. 5-23 The LAC lines and S-lines in DCB.
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The LAC l i n e s ,  e s p e c ia l ly  in  th e  x o r i e n t a t i o n ,  have a  s t r u c tu r e

w hich i s  th o u g h t to  be caused  by th e  c h lo r in e  n u c le a r  s p in .  J u s t  as  in
DBB th e  n u c le a r  s p in  s t a t e s  a re  s p l i t  by a quadrupo le  in t e r a c t io n

w hich , how ever, i s  much sm a lle r  th a n  f o r  th e  brom ine n u c le i  ( f o r  C l '0'*'
in  ClCgH^ Q ^  35 MHz, Das and Hahn 1958). T h e re fo re  th e  s p l i t t i n g  o f
th e  LAC l i n e  in  DCB i s  n o t as s p e c ta c u la r  a s  in  DBB.

The z e r o - f i e ld  s p l i t t i n g  p a ram e te rs  have been d e te rm in ed  from th e
p o s i t io n  o f  th e  LAC l i n e s  and compared to  th e  v a lu e s  c a lc u la te d  from
ESR ( t a b le  5 .U ).

T able  5.U

ESR LAC

-O.O719 cm"1 -O.O72O cm"1X

Y -0 .0 2 3 7 -0.02U5

Z 0.0956 0.0966

The z . f . s .  p a ram e te rs  o f  H jl+ '-d ich lo robenzophenone d e te rm ined
by ESR and LAC e x p e rim en ts . The s ig n s  have been  chosen  as in
benzophenone.

E. O ther system s s tu d ie d

In  a l l  system s we have lo o k ed  a t  LAC a n d /o r  CR s ig n a ls  were

o b se rv ed . These system s a r e ,  b e s id e s  th e  c r y s t a l s  a lre a d y  m en tioned ,
s in g le  c r y s t a l s  o f  a n th ra q u in o n e , p y rim id in e  as a  g u e s t m olecule
in  a  benzene c r y s t a l ,  durene a ldehyde in  a  durene c r y s t a l ,  s in g le
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crystals of U-bromobenzaldehyde and of U,l*'-difluorobenzophenone.
The spectra of most of these components are complicated and only

partly understood. In all these substances photochemical products
(triplets and doublets) are detected via CR. Here we only give the
results of two of these crystals; pyrimidine in benzene and -
difluorobenzophenone.
•Pyrimidine in benzene.

Fig. 5.2U Pyrimidine in benzene.

The crystal preparation and the populating and depopulating
of the lowest triplet state are given by Burland and Schmidt (19T1)•

The LAC lines are shown in fig.. 5«25; these are broader than in
bënzophenone (7^ Gauss for H // x and 53 Gauss for H // z).

Fig. 5«25 The LAC lines in a pyrimidine/benzene crystal. Both lines
correspond to an increase in light intensity. The line in
the z orientation is 8 times weaker than in the x
orientation. v. ' 100



A lso in  t h i s  c r y s t a l  a f r e e  r a d i c a l  i s  d e te c te d  v ia  CR (se e  f i g .  5 .2 6 ) .

250 350 6  350 250

------ *  H H «-------

F ig . 5 .26  The l i n e  found a t  293 Gauss w ith  H / /  x w hich i s  th e  r e s u l t
from  CR betw een p y rim id in e  and a  f r e e  r a d i c a l .

The l i n e  shape o f  t h i s  l i n e  depends on th e  d i r e c t io n  o f  th e  f i e l d

sw eep. In  th e  n e x t c h a p te r  we s h a l l  see  t h a t  t h i s  i s  c h a r a c t e r i s t i c
f o r  a  l i n e  r e s u l t i n g  from  CR betw een a  t r i p l e t  s p in  and a  sp in  sp e c ie s

w ith  a  r e l a t i v e l y  slow  s p i n - l a t t i c e  r e la x a t io n .
U, V -d if lu o ro b e n z o p h e n o n e .

F ig . 5 .2 7  U,U’-d if lu o ro b e n z o p h e n o n e .

The spectrum  o f  U, U '-d iflu o ro b en zo p h en o n e  w ith  H / /  z i s  g iv en  in  f i g .
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5 .2 8 . T h is spectrum  i s  q u i te  d i f f e r e n t  from  th e  co rre sp o n d in g  s p e c t r a
o f  benzophenone, U, U' -dibrom obenzophenone and h , 1*'-d ic h lo ro b en zo p h en o n e .

The s t r o n g e s t  l i n e  o f  f i g .  5*28 a and b i s  u n d o ub tly  a  LAC l i n e .  The

two l i n e s  r e l a t i v e l y  f a r  from  th e  LAC l i n e  a t  h ig h e r  f i e l d s  seem to  be
cau sed  by an im p u rity  m olecu le  o r  a  pho tochem ica l p ro d u c t e x c i te d  in to

th e  t r i p l e t  s t a t e .  The l i n e s  c lo s e ly  su rro u n d in g  th e  LAC l i n e  in  f i g .

5 .28  seem t o  have no r e l a t i o n  w ith  th e  S - l in e s  in  th e  o th e r
c r y s t a l s  and no eaqalanation  i s  p re s e n te d .

a b

F ig . 5 .2 8  The spectrum  o f  U .U t-d ifluo robenzophenone w ith  H / /  z ;

the sweep rate o f the spectrum in a is  2500 Gauss/5 minutes,
in b 1000 Gauss/0.5 minute.
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C H A P T E R  6

A. The s lo w -reco v e ry  l in e s

In  th e  spectrum  o f  benzophenone ( f i g s .  5*2 a  and 5 » 3 ), U ,V -
dibromobenzophenone ( f i g .  5*1^) and 4 ,U '-d ich lo ro b en zo p h en o n e  ( f i g s .

5-23) a  p a i r  o f  l i n e s  i s  found alm ost sy m m etrica lly  lo c a te d
around th e  LAC l i n e .  These l i n e s  we c a l l  s lo w -reco v e ry  o r S - l i n e s ,

because  o f  t h e i r  p e c u l ia r  "slow " b e h a v io u r . When th e  m agnetic  f i e l d  i s

swept th ro u g h  one o f  th e s e  l i n e s  and th e n  swept back a g a in ,  th e  l i n e
in v o lv ed  i s  e i t h e r  com ple te ly  a b se n t o r  weak in  th e  re v e r s e  sweep. I f

we w a it a  c e r t a in  tim e  b e fo re  sw eeping b a c k , we may f in d  th e  S - l in e
a g a in y  The tim e  one has to  w a it b e fo re  th e  l i n e  has re c o v e re d  i t s
o r ig in a l  i n t e n s i t y  i s  s t ro n g ly  dependent on th e  c r y s t a l .  In  our f i r s t

ex perim en ts on benzophenone (Veeman and Van d e r Waals 1970 a )  th e

reco v e ry  tim e  was about 30 seco n d s . L a te r ,  in  experim en ts w ith  new

benzophenóne c r y s t a l s  w hich to  th e  b e s t  o f  our knowledge had  been

p re p a re d  in  th e  same way, t h i s  tim e had in c re a s e d  to  more th a n  10 ho u rs!
In  DBB and DCB th e  re c o v e ry  tim e i s  alw ays lo n g e r  th a n  10 h o u rs .

When th e  m agnetic f i e l d  i s  s e t  r i g h t  on to p  o f  one o f  th e s e
S - l i n e s ,  th e  l i n e  c o lla p s e s  ( f i g .  6 . 1 ) .

When th e  re c o v e ry  tim e i s  v e ry  lo n g  th e  o n ly  way to  f in d  a
c o lla p s e d  l i n e  a g a in  i s  by sw eeping th ro u g h  i t s  p a r tn e r  on th e
o p p o s ite  s id e  o f  th e  LAC l i n e .  An example o f  t h i s  i s  g iven  in  f i g .  6 .2
where th r e e  subsequen t sweeps th ro u g h  th e  spectrum  o f  benzophenone a re
shown to g e th e r  w ith  an e x p la n a tio n  o f  what happens.
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6 sec

Fig. 6.1 The collapse of an S-line of henzophenone when the
magnetic field is set on top pf the line at time t = 0.

2100

sweep
direction
reversedGAUSS

1100 —

Fig. 6.2 Three subsequent sweeps through the S-lines of henzophenone
with H // z. In the first sweep the magnetic field is
increased from 1100 to 2100 Gauss and two lines around the
LAC are observed, S. and S, . At the end of this sweep the
sweep direction is reversed and in the second sweep the
high-field S-line is found to be much weaker than in the
first sweep. If the sweep time is made longer than used in
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this spectrum ( 1000 Gauss in 2.5 minutes) the high-field
S-line in the second sweep is completely gone. The
original line intensity can only be recovered by sweeping
through the low-field S-line , as shown at the right.

A similar behaviour of the S-lines in DCB is shown in fig. 6.3.

-1200

sweep
direction
reversed

GAUSS

-  700

Fig. 6.3 Three subsequent sweeps through the S-lines of
dichlorobenzophenone with H // x. The sweep time is
500 Gauss in 10 minutes.

The slow behaviour is what one would expect for these lines
resulting from CR between a triplet state system and another spin
system with a slow spin-lattice relaxation (case 2° of section 5C)»
k_T << , k . This case is once more represented in fig. 6.It; Tcbli Ln + o
here represents the spin temperature of the unknown system S, which
we shall later identify with "free" hydrogen atoms.
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Fig. 6.k.

When <<: k+< then at the field where the splitting between the
two spin states of S becomes equal to the splitting between two of the
triplet substates, the temperature Tg and T_ quickly become equal and
subsequently both tend to T°, the spin temperature of the two triplet
substates imposed by the optical pumping cycle. As soon as T̂ , again
equals T° no effect of CR is found anymore on the phosphorescence
intensity.

After sweeping the magnetic field through one of the S-lines say
S at field H„ , the spins S are polarized and have the same spin
temperature as^the two triplet substates. When the field is then swept
once more through the field H no effect in the light intensity can

°1 .be observed as long as the polarization of the spins S is unchanged. A
recovery time of the S-line of more than 10 hours found for T < k.2 K
in some of the benzophenone crystals, in DCB and in DBB implies that
the spin-lattice relaxation time of spins S is longer than 10 hours.

When the magnetic field is swept slowly through an S-line, the
spins S become polarized already before the magnetic field has reached
the point where the cross-relaxation rate is maximal and instead of a
dispersion-shaped line we find approximately the first half of it (see
e.g. first signal in fig. 6.2). When the field sweep is made faster,
the line shape approaches the normal derivative form.
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In fig. 6.2 and 6.3 we have seen that an S-line which has been
collapsed can be made to reappear by sweeping through the other S-line.
This is easy to understand: when the two triplet substates involved
are the two states which are anticrossing at the field Hq the electron
spin temperature T_, at the left of the crossing is roughly opposite to
that at the right of the crossing. Thus when the spins S have been
polarized by the triplet spins at the CR field H_ this polarization
. . lis reversed by the CR at H_ , or vice versa.

Apparently, the two triplet substates involved in the CR process
have to be | 0 > and | + > in the z orientation and | 0 > and | - > in
the x orientation (see fig. 2.3). This idea is substantiated by what
happens when the orientation of the magnetic field is changed. In fig.
5.8 it is shown for benzophenone how the S-lines shift when the
magnetic field is rotated in the plane OAB of fig. 5«1« When the angle
between H and a, molecular z axis is made larger than about 7 degrees
the S-lines suddenly disappear» because |eg-e+ | becomes too large.

At the magnetic field where CR occurs between spin system S and
the triplet system, the splitting between two levels of S must be equal
to Eg - e+ in the z orientation or equal to e^ - e in the x
drientation. From the positions of the S-lines in these two principal
orientations the splitting between the two states of the system S can
be calculated., The results are summarized in table 6.1.
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T ab le  6•1

m o le c u le o r i e n ­
t a t i o n

m easu red
m a g n e tic  f i e l d s
o f  S - l i n e s

c a l c u l a t e d
s p l i t t i n g
o f  sy s te m  S

E _ - E i  o f  f r e e
h y d ro g en  atom s
( s e e  f i g .  6 . 5 )

benzophenone H / /  z 1380 (2 )  G auss 830 (6 )  MHz 837 MHz

1970 (2 ) 80 6  ( 6 ) 801

H / /  x 505 (5 ) 1013 (3 ) 1005
1300 (2 ) 859 (6 ) 81*5

l* ,l* '-d ibrom Q - 5  / /  z 123U (2 ) 850 (6 ) 850
benzophenone 181*3 (2 ) 83U (6 ) 808

1*,1*'- d i c h l o r o - H / /  z 1371 (2 ) 1*80 (6 ) 838
benzophenone 1381 (2 ) 1*55 (6 ) 837

1398 (2 ) 1*10 (6 ) 835
1656 ( 2 ) 1*25 (6 ) 817
1675 (2 ) 1+75 ( 6 . )  ' 816
168U (2 ) 1*95 (6 ) 815

H / /  x 759 (2 ) 1+1*0 ( 6 ) 926
77** (2 ) 1*08 (6 ) 923

1122 (2 ) 1*10 (6 ) 868
1135 (2 ) 1*38 (6 ) 862
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Table 6 .1  The s p l i t t i n g s  o f  th e  sp in  system  S r e s p o n s ib le  f o r  th e  slow

l i n e s „ The e n e rg ie s  in  th e  fo u r th  column a re  c a lc u la te d

w ith  th e  a id  o f  (2 . 7 ) and (2 .8 )  from  th e  m agnetic  f i e l d s
g iv en  in  th e  t h i r d  column. The f i e l d s  in  t h i s  column a re

th e  mean o f  f iv e  ex perim en ts f o r  benzophenone and th r e e
experim en ts f o r  th e  o th e r  m o lecu le s .

The numbers in  p a re n th e se s  a re  th e  s ta n d a rd  d e v ia t io n s

o f  th e  mean. For benzophenone when H / /  x a x is  o f  m olecule
1 th e  s p l i t t i n g  betw een | 0 > and | -  > o f  m olecu le  1 a t

505 Gauss i s  8 U5 MHz, th e  co rre sp o n d in g  s p l i t t i n g  in
m olecu le  2 whose x a x i s  makes an an g le  o f  22° w ith  H, i s

1013 MHz. I t  i s  assumed t h a t  m olecu le  2 i s
re s p o n s ib le  f o r  th e  S - l i n e ,  b u t t h i s  i s  n o t  p ro v en .

For t t d i c h l o r o b e n z o p h e n o n e  i t  i s  in d ic a te d  t h a t  th e

S - l in e s  a re  s p l i t  in to  th r e e  components when H / /  z and
in to  two components f o r  3  / /  x (s e e  f i g .  5*23).

Thé r e s u l t s  o f  th e  ex p erim en ts  on ^ ,U '-d if lu o ro b en zo p h en o n e
have n o t been  in c lu d e d  because  th e  assignm en t o f  th e  l i n e s
in  f i g .  5 .28  i s  n o t c l e a r .

The e n e rg ie s  in  th e  l a s t  column a re  th e  s p l i t t i n g  betw een

th e  two low er sp in  s t a t e s  o f  a  f r e e  hydrogen atom ( f i g .  6 .5 )
c a lc u la te d  w ith  th e  B re it-R a b i fo rm ula .
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B. F re e  hyd ro g en  atom s a s  th e  c a u se  o f  t h e  S - l i n e s

The id e a  o c c u r re d  t o  us t h a t  th e  unknown s p in  sy s te m  m ig h t c o n s i s t

o f  t h e  tw o lo w e s t  s t a t e s  o f  p h o to c h e m ic a lly  p ro d u c e d  f r e e  hyd ro g en

a to m s. A f r e e  h y d ro g en  atom  h a s  an e l e c t r o n  s p in  I and  a  n u c l e a r  s p in  5 ,

c o u p le d  by  a  v e ry  l a r g e  i s o t r o p i c  h y p e r f in e  i n t e r a c t i o n  ( c o u p lin g

c o n s ta n t  a  = '\b2'\ MHz) w hich  le a d s  t o  th e  e n e rg y  l e v e l  scheme o f  f i g .

6 .5 .

<!>,= |a a > '

*  H1GAUSS1

F ig .  6 .5  The s p in  s t a t e s  o f  a  f r e e  h y d ro g en  atom  a c c o rd in g  t o

B r e i t  and  R ab i (1 9 3 1 ).

F o r co m p ariso n  th e  s p l i t t i n g  E^ -  E^ b e tw e en  th e  tw o lo w e s t  s p in  s t a t e s

an d  a t  th e  m a g n e tic  f i e l d s  w here t h e  S - l i n e s  a r e  fo u n d , i s  g iv e n

in  th e  l a s t  colum n o f  t a b l e  6 .1 .  F o r benzophenone and DBB th e  ag reem en t

o f  th e s e  e n e r g ie s  w i th  t h e  c a l c u l a t e d  s p l i t t i n g s  o f  sy s te m  S i s

s u r p r i s i n g .  The s p l i t t i n g s  i n  DCB a r e  ro u g h ly  h a l f  o f  t h e  e n e r g ie s

E_ -  E^ an d  a l s o  much s m a l le r  th a n  t h e  d i f f e r e n c e  E^ -  Eg o f  th e

h y d ro g en  a to m s.

B ecause o f  th e  c lo s e  ag re em e n t b e tw een  th e  e n e r g ie s  o f  t h e  tw o

l a s t  colum ns o f  t a b l e  6 .1  f o r  benzophenone and  DBB i t  seem s t h a t  in d e e d

in  th e s e  c r y s t a l s  f r e e  hy d ro g en  atom s a r e  c a u s in g  th e  S - l i n e s .  However

e x p e r im e n ts  w h ich  we s h a l l  d i s c u s s  n e x t  do n o t  p ro v e  t h i s  u n am biguously

an d  t h e r e f o r e  i t  i s  no  more th a n  a  r e a s o n a b le  a s su m p tio n  t h a t  th e  f r e e
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hydrogen atoms cause  th e  S - l in e s .

The most rem arkab le  th in g  about th e  S—l i n e s , assum ing f r e e  hydrogen
atoms to  be r e s p o n s ib le ,  i s  th e  m iss in g  o f  CR l in e s  w ith  th e  two upper

s t a t e s  o f  f i g .  6 . 5 . At th e  m agnetic  f i e l d s  o f  i n t e r e s t  th e  s p l i t t i n g
betw een ip ^  and ip2  i s  much s m a lle r  them betw een r p ^  and e .g .  a t  1500

Gauss E.j -  Eg = 593 MHz and E^ -  E^ = 828 MHz. T h e re fo re  one m ight

ex p ec t t o  f in d  a  f u r th e r  p a i r  o f  S - l in e s  c lo s e r  around th e  LAC l i n e s ;
such  l i n e s  howeVer a re  n o t found.

Independen t o f  th e  p r e c is e  form  o f  th e  in t e r a c t io n  betw een th e
benzophenone t r i p l e t  system  and th e  hydrogen a tom s, one can show th a t

th e  same in t e r a c t io n  t h a t  cau ses  th e  CR t r a n s i t i o n  | + > -*■ | 0 > and

s im u lta n e o u s ly  (low  f i e l d  S - l in e  S^) shou ld  a l s o  be e f f e c t iv e
f o r  th e  CR p ro c e ss  | + > -*■ | 0 > and \p 2  -*• ip . The same i s  t r u e  f o r  th e
p ro c e s se s  | + >-*- |  0 >,  ^  \p and | + > -*• | Here

| 0 > and | + > a re  th e  t r i p l e t  s u b s ta te s  w ith  H / /  z and V» 1» *P2 ,  i p ^ ,  ^
th e  fo u r  s p in  s t a t e s  o f  th e  hydrogen atom . The m iss in g  o f  two S - l in e s

can th e r e f o r e  n o t be th e  consequence o f  some s e le c t io n  r u le  b u t must be
a t t r i b u t e d  to  a  much s m a lle r  p o p u la tio n  ( a t  l e a s t  te n  tim es  sm a lle r )  o f
ij)1 and  ip2  r e l a t i v e  t o  i|i and Because a t  1500 Gauss th e  c o e f f i c ie n t

|b | o f  f i g .  6 .5  i s  sma l l e r  th a n  0 .16  t h i s  means t h a t  in  th e s e  hydrogen
atoms th e  e le c t r o n  s p in  i s  s t ro n g ly  g o la r iz e d  in  th e  s t a t e  mg = - J .  The

mechanism c a u s in g  t h i s  sp in  p o la r i z a t io n  i s  n o t  c l e a r ,  b u t we b e l ie v e

th e  p o la r i z a t io n  to  be e s ta b l i s h e d  d u rin g  th e  pho to ch em ica l c r e a t io n
o r su b seq u en t reco m b in a tio n  o f  th e  hydrogen atom s. In  th e  n ex t s e c t io n
t h i s  w i l l  be d is c u s s e d  f u r th e r .

ESR ex perim en ts on i r r a d i a t e d  benzophenone c r y s t a l s  a t  he lium
te m p e ra tu re s  show two l i n e s  (d en o ted  by H in  f i g .  2.U) which a re

1°. s p l i t  by 530 Gauss and sym m etrica l around  th e  f i e l d  where f r e e
r a d i c a l  s ig n a ls  a re  found ,

2 . e x i s t in g  lo n g e r  th a n  30 m inu tes a f t e r  th e  e x c i t in g  l i g h t  i s  c u t
o f f ,
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3°. independen t o f  th e  o r i e n ta t io n  o f  th e  m agnetic  f i e l d .

We conclude t h a t  th e  ESR s ig n a ls  o f  f i g . .2.1* d en o ted  by H a re  caused
by " f re e "  hydrogen atom s, a lth o u g h  th e  h y p e rf in e  s p l i t t i n g  c o n s ta n t o f
th e s e  atoms c a lc u la te d  from  th e  ESR l i n e  (1 U8U MHz) i s  somewhat l a r g e r
th a n  th e  f r e e  a tom ic v a lu e  11+21 MHz. But acc o rd in g  to  ex perim en ts o f
H a ll  and Schumacher (1962) on hydrogen atoms doped in  CaF^ such a

d e v ia t io n  seems p o s s ib le .  So we conclude  t h a t  hydrogen atoms a re

p re s e n t  in  benzophenone c r y s t a l s  i r r a d i a t e d  a t  h e liu m  te m p e ra tu re s .

F urtherm ore  th e s e  ESR ex perim en ts show t h a t  a lre a d y  w ith  a very  weak
microwave f i e l d  ESR t r a n s i t i o n s  can be induced  in  th e  hydrogen atom s.

T h e re fo re  in  a number o f  ex perim en ts i t  has been  t r i e d  to  s a tu r a te  th e

ESR t r a n s i t i o n s  in  th e  H atoms c a u s in g  th e  S - l in e s  (see  f i g .  6 .5 )  w ith  a

microwave o s c i l l a t o r  and a  b ro ad  band h e l ix .  By s a tu r a t io n  o r  n e a r

s a tu r a t io n  th e  p o p u la tio n  o f  th e  two upper s t a t e s  would be in c re a s e d

to  such an e x te n t  t h a t  two e x t r a  S - l in e s  would a p p ea r. In  s p i t e  o f
s e v e ra l  a tte m p ts  t h i s  has been  w ith o u t s u c c e s s . S t i l l  assum ing H atoms
to  cause  th e  S - l i n e s ,  th e  o n ly  e x p la n a tio n  can be t h a t  th e  l i f e ­

tim e" o f  th e  hydrogen atom as a  f r e e  atom i s  very  s h o r t .  The microwave

power o f  th e  tu n a b le  microwave o s c i l l a t o r  i s  l im i te d  (^  100 mW) and i t
i s  co n c e iv a b le  t h a t  th e  microwave induced  t r a n s i t i o n  p r o b a b i l i ty  in

th e  hydrogen i s  much s m a lle r  th a n  th e  in v e rs e  o f  th e  f r e e  atom l i f e ­
tim e t .  In  t h a t  case  th e r e  i s  h a rd ly  any change in  p o p u la tio n  o f  iK and

i|/p. W ith th e  same microwave equipm ent however we co u ld  s a tu r a te
t r a n s i t i o n s  betw een benzophenone t r i p l e t  s u b s ta te s  and th u s  th e  l i f e -

_U
tim e o f  th e  f r e e  hydrogen atoms has t o  be s h o r te r  th a n  ^  10 se c .

The hydrogen atoms which we d e te c te d  by ESR, how ever, l iv e d  lo n g e r

th a n  30 m inu tes so th e  hydrogen atoms re s p o n s ib le  f o r  th e  S - l in e s

canno t be th e  same as th e  atoms c a u s in g  th e  ESR s ig n a l s .  A lso w ith

a n o th e r  experim en t we can prove t h a t  th e  H atoms c a u s in g  th e  ESR
spectrum  a re  n o t r e s p o n s ib le  f o r  th e  S - l in e s .  We have shown b e fo re  t h a t
by sw eeping slow ly  th ro u g h  an S - l in e  th e  sp in s  S become p o la r iz e d  fo r

a lo n g  tim e . Thus v ia  th e  c o n ta c t  w ith  th e  "co ld "  t r i p l e t  s t a t e  th e
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populations of and i|̂  change, so that approximately only one of
these states is populated. Which one depends on which S-line is
collapsed. Then this should have an effect on the relative intensity
of the two ESR lines denoted by H in fig. 2.h but this is not observed.

The following experiment also strongly suggests that the lifetime
of the hydrogen atoms causing the S-lines is very short. After sweeping
through one of the S-lines it has been tried to induce by microwave
irradiation transitions between the hydrogen states \p̂ and in order
to re-establish an equal population of ip̂ and so that by sweeping
again through this S-line it has its original intensity. However
irradiation with the proper frequency during half an hour did not have
any effects

There seem to be two kinds of hydrogen atoms: one transient kind
-Uliving 10 Sec or shorter, which cannot be detected by ESR because of

their short lifetime, but is responsible for the S-lines. Another,
metastable kind lives 30 minutes or longer and that causes the ESR
signals. Anticipating the next section it seems that the difference in
lifetime depends on whether the hydrogen atoms are in a situation where
they can recombine with triplet state benzophenone or not.

In a crystal of perdeuterated benzophenone we could not find any
S-lines (figs; 5 .1 0 and 5*11). This, at first sight, supports our idea
that free H atoms are responsible for the S-lines in benzophenone. Then,
however, the question arises why we do not see CR with free deuterium
atoms. Although the hyperfine interaction in a free deuterium atom is
much smaller,than in a free hydrogen atom, it is large enough to
resolve any S-lines from the strong LAC line, if the former were to
appear. Two explanations axe possible: first it has been noticed
(Heller 1969; Yip and Siebrand 1972) that deuteration decreases the
rate of certain photochemical reactions which as we shall see in the
next section, may be responsible for the formation of free hydrogen or
deuterium atoms. The second possible explanation is the following. In
order to effect a change in the phosphorescence intensity the lifetime
of the "free" H atoms may not be much shorter than the inverse of the
rate for CR between the phosphorescent molecules and the H atoms. The
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CR rate for D atoms k_,_(D) however must he lower than for H atoms,On
k__(H), because the gyromagnetie ratio Yr. of a deuterium nuclear spinOx\ u
is about 6.5 times smaller than that of a proton, Yu- Whether the

11

interaction between the phosphorescent molecules and the nuclear spins
of the free atoms is via exchange interaction with the electrons, or
via direct dipole-dipole coupling, in any case one would expect (see
i*. 39)

kCR(D) ^  1
k.CR(H) = * ÏÖ

It thus may be that the lifetime of the free deuterium atoms is too
short compared to k__,(D) to cause a change in phosphorescence intensityOR
of benzophenone-d^. To a certain extent this supports the idea of the
existence of very short-living H atoms in benzophenone.

It is surprising that the S-lines in U,U '-dichlorobenzophenone are
caused by a spin system with a much smaller energy splitting (table 6.1)
further the S-lines in this crystal, are split (fig. 5*23).
Apparently, the substituting of two Cl atoms for two H atoms in the
benzophenone molecule completely changes the S-lines and this also
holds for fluorine substitution ( see'fig. 5.28). The recovery time
> 10 hours again points to a spin system with a very long spin-lattice
relaxation. This, together with the energy splittings of table 6.1, is
the only knowledge we have about the unknown spin system which may be
weakly bonded hydrogen atoms, photochemically produced "free" chlorine
atoms, or colour centers.

Besides the above arguments which are more or less in favour of
the existence of free hydrogen atoms in benzophenone and 1+,4'-dibromo-
benzophenone, we have to mention an experiment which seems to disagree
with this conclusion. This experiment has been inspired by the following
reasoning. As said before, it is very likely that the lifetime of the
free H atoms responsible for the S-lines is so short because they can
recombine with benzophenone molecules. Further, we have seen that when



th e  S - l in e  i s  c o lla p s e d  th e  p ro to n  sp in  o f  th e  f r e e  atom s ta y s
p o la r iz e d  f o r  a  lo n g  t im e , which must mean t h a t  th e  p o la r i z a t io n  o f

th e  p ro to n  sp in  has t o  he t r a n s f e r r e d  t o  th e  reco m b in a tio n  p roduct
- 1+because  th e  H atom  i t s e l f  l iv e s  on ly  10 sec o r  s h o r te r .  But th e n  i t

sh o u ld  be p o s s ib le  t o  d e s tro y  th e  n u c le a r  sp in  p o la r i z a t io n  (and r e ­
k in d le  th e  co rre sp o n d in g  S - l in e )  by a p p ly in g  an r . f .  f i e l d  which
s a tu r a te s  th e  t r a n s i t i o n s  betw een th e  two p ro to n  s t a t e s  in  th e
re c o m b in a tio n  p ro d u c t. U n fo r tu n a te ly , a tte m p ts  t o  do t h i s  have f a i l e d .

A d i f f i c u l t y  in  t h i s  expeim ent i s  t h a t  we do n o t know th e  s p l i t t i n g
o f  th e  two sp in  s t a t e s  t h a t  have t o  be " t i c k le d "  in  th e  reco m b in a tio n

p ro d u c t , becuase  i t  i s  q u i te  p o s s ib le  t h a t  th e  p ro d u c t i s  a  r a d i c a l  (a

k e ty l  r a d i c a l ,  see  n e x t s e c t io n )  and th e n  th e  s p l i t t i n g  and th u s  th e
r . f .  frequency  to  be used  depends on th e  h y p e rf in e  i n t e r a c t i o n .  More­

o v e r , th e  l i n e s  may be v e ry  narrow .
In  s p i t e  o f  t h i s  n e g a tiv e  experim ent we b e l ie v e  t h a t  th e re  a re

many argum ents in  fav o u r o f  s h o r t - l i v i n g  H atoms b e in g  r e s p o n s ib le  f o r
th e  S - l i n e s .  Then th e  co n c lu s io n  from  th e  S - l in e s  i s  t h a t  th e s e  H atoms

show a  v e ry  s tro n g  e le c t r o n ic  sp in  p o la r i z a t io n .
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C. Electron spin polarization and photochemistry.
In the previous section we arrived at the conclusion that when

irradiating benzophenone (and l+,V-dibromobenzophenone) crystals with
UV light transient "free" hydrogen atoms occur which show a strong spin
polarization: only the two lower spin states and of fig. 6.5 are
populated. At the magnetic fields involved these two states correspond
in reasonable approximation to the two hyperfine components withv
m-j- = +_ I of the electron spin state with mg = - £. In the model we
proposed the lifetime of the hydrogens as free atoms is short (10 ** -
10 ^ sec) and therefore, to reach a steady-state, free atoms must be
formed continuously with their electron spin parallel to the field by
some photochemical process.

Spin polarization in photochemical products is not unusual. Many
examples of photochemically induced nuclear spin polarization have been
found (see for instance Kaptein 1971 and. references in there), but only
a few experimental results on photochemically induced electron spin
polarization have been reported (Smaller, Remko and Avery 1968; Atkins,
Buchanan, Gurd, McLauchlan and Simpson 1970). Smaller et. al. found
photochemical products with one half of the hyperfine ESR lines in
emission and the other half in enhanced absorption. Atkins et. al.
observed products with all hyperfine lines in emission, which points to
a pure electron spin polarization without nuclear spin polarization.

At first sight there is a remarkable resemblance between our
results and those of Atkins et. al.. They observed emission ESR spectra
from free radicals obtained by the exposure at room temperature of
carbonyl compounds such as benzophenone in liquid paraffin solution to
a pulse of 3371 X light from a laser. The free radicals are thought to
be produced through abstraction of hydrogen atoms from solvent
molecules by excited carbonyl molecules. It is well-known that on
irradiating benzophenone in solution ketyl radicals are formed through
transfer of hydrogen atoms (Porter and Wilkinson 1961)ï
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«(jjgCO + hv ■> (Ĵ CO

#  o
>̂2C0 ( nir') + RH -*■ «figCOH* + R ‘

(6.1)

where (jigCO = benzophenone
RH = hydrogen containing solvent molecule
(j>pCOH* = ketyl radical.

The lowest nir' triplet state is the reactive state of benzophenonè
in this process (Beckett and Porter 1963)*

Suppose the radicals giving the emission ESR spectra observed by
Atkins et. al. were the solvent radicals R* and if the electron spins
forming the bond R-H are in a singlet state at the moment the bond is
broken then the hydrogen atoms would come off in a state mg = - \, just
what we observe!

Apart from this general, very speculative consideration, the
photochemistry of benzophenone in liquid solution does not seem to
provide a clue to the mechanism that yields the S-lines in our spectra
of solid benzophenone at liquid helium temperatures. The short life­
times of the' free hydrogen atoms and the long memory time of the
nuclear spin polarization imposed by the CR may indicate that the H
atoms recombine to a recombination product and become free again after
a while, maintaining their state of nuclear polarization. A continuous
process of recombination and separation between certain hydrogens and
another system then must exist and during this (photochemical) process
the electron spin polarization is thought to be created. It is
reasonable to assume that the system which recombines with the hydrogen
atoms is a triplet state benzophenone.molecule, giving a ketyl radical.
But it is not clear to us how pure electron spin polarization can be
created in the process of the formation of the ketyl radical through
recombination of a triplet state molecule and a free hydrogen atom.
In particular we do not see how to explain our results by extending
the radical pair theory of Closs (1969) > Kaptein and Oosterhoff (1969)»
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which was so successful in explaining the chemically induced nuclear
spin polarization, to a triplet-radical pair theory.

A possibility that remains is that the separation of an H atom
from the ketyl radical is responsible for the spin polarization. But,
since nothing is known about such a photochemical process this is just
a speculation.

D. Transitions in a two-spin system induced by an r.f. magnetic field -
experimental distinction between LAC and CR.

Several times we have mentioned that it is often difficult or even
impossible to decide whether a change in phosphorescence intensity is
caused by LAC or CR. This is illustrated in section 5C for U,l*'-dibromo-
benzophenone where the lines Br and 2Br of fig. 5.1*+ could be explained
equally well as the result of a LAC effect or Of a CR process. This
distinction is so difficult because, as shown in section UF and 5C, at
the magnetic field where a two-spin CR process can occur between spins
S. and Sg, an anticrossing is found ih the energy scheme of the combined
system F = + Sg. A change in phosphorescence intensity at this
magnetic field is attributed to a CR or LAC effect depending on the
magnitude of the interaction between S. and Sg relative to the width of
the spin states near the crossing.

In this section we want to show that in some cases one can
experimentally prove which of the two effects is involved. Therefore
let us consider the following experiment. An r.f. coil is mounted in
the cryostat close to a benzophenone crystal. The coil is mounted in
such a way that when the magnetic field is parallel to the z axis of
one of the benzophenone molecules the r.f. magnetic field is also
parallel to this z axis. In this orientation the dependence of the
phosphorescence intensity on magnetic field is shown in fig. 6.7 a; on
either side of the LAC line two S-lines are present. Further, remember
that the derivative of the phosphorescence intensity is shown because
of magnetic field modulation and phase-sensitive detection of the P.M.
output.
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When now a  h igh-pow er 5 W att) r . f .  o s c i l l a t o r  i s  made to

produce a s tro n g  r . f .  m agnetic  f i e l d  p a r a l l e l  t o  th e  z a x is  w ith

frequency  65 MHz th e  spectrum  o f  f i g .  6 .7  a. changes in to  t h a t  o f  f i g .

6 .7  h .  A part from a number o f  s t ro n g  l i n e s  in  th e  LAC re g io n  i t  i s
s u r p r i s in g  t h a t  th e  S - l in e s  have go t two s a t e l l i t e s  around  them . The

s tro n g  l i n e s  in  th e  LAC re g io n  a re  e a s i ly  e x p la in e d  as  changes in
phosphorescence  in t e n s i t y  caused  by r . f .  in d u ced  t r a n s i t i o n s  betw een

th e  two t r i p l e t  s u b s ta te s  | 0 > and | + > which h a v e , c lo s e  to  th e

a n t i c r o s s in g ,  somewhere a s p l i t t i n g  o f  65 MHz. The r . f .  power i s  so

la rg e  t h a t  even w ith  th e  r . f .  f i e l d  as p e r f e c t ly  p a r a l l e l  t o  th e  z a x is

as p o s s ib le  th e  f i r s t  and second  harm onics o f  65 MHz g iv e  s tro n g  changes

in  phosphorescence  in t e n s i t y  a t  th e  m agnetic  f i e l d s  where |e_  -  e+ | =
130 MHz and 195 MHz. I t  co u ld  be checked how ever, t h a t  th e  s a t e l l i t e s

o f  th e  S - l in e s  a re  caused  by th e  65 MHz r . f .  f i e l d .
N e ith e r  in  th e  f r e e  hydrogen atom , n o r in  th e  benzophenone m olecule

sp in  s t a t e s  e x i s t  which have a s p l i t t i n g  o f  65 MHz a t  th e  f i e l d s  where
th e  s a t e l l i t e s  o f  th e  S - l in e s  o c c u r. However, we can f in d  t h i s

s p l i t t i n g  in  th e  combined system  F = S . + Sg where S^ i s  th e  t r i p l e t

system  ( s u b s ta te s  | 0 > and | + >) and S^ co rresp o n d s t o  th e  hydrogen

s t a t e s  ^  and o f  f i g .  6 . 5. The s t a t e s  > and > ° f  sp in  F
a re  c ro s s in g  each o th e r  in  th e  absence o f  an i n t e r a c t io n  betw een S and

S0 a t  th e  m agnetic f i e l d  H_ where th e  lo w - f ie ld  S - l in e  i s  o b se rv ed . A
c ro s s in g  betw een | Oi|i_ > and I +i|ii > i s  found a t  a h ig h e r  f i e l d  H_ .  As

J  4  D ,

a  r e s u l t  o f  th e  in t e r a c t io n  3C  betw een S. and S^  th e s e  c ro s s in g s  Decome
a n t ic r o s s in g s  and in  th e  ca se  o f  f i g .  6 .6  th e  new e ig e n fu n c tio n s  a re

♦ 1 = {1 + | r | 2 }"* ( R  > + |+i|)3 >)

*2 = {1 + | r | 2 >“ * ( lO i^  > -  R |+<|i3 >)

where R i s  g iven  by (U.25)

6

J | a e | + U(AE)2 + |<5|2 r

( 6 . 2 )

(6 .3 )
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and

« -  < 0*̂  |3C' | -+*3 > .

F ig . 6 .6 .  The a n t ic r o s s in g  o f  two s t a t e s  o f  sp in  F a t  th e  f i e l d  where

th e  lo w - f ie ld  S - l in e  S.. i s  found.

Owing to  th e  m ixing betw een | Oi)»̂  > and l+ i^  > 8,11 r *f* f i e l d  w ith
am p litu d e  p a r a l e l l  to  z can induce t r a n s i t i o n s  betw een and <t>g

w ith  a  t r a n s i t i o n  jnoment:

< Ig B H ^S ^T ) + Sz (H)} -  gNBNHTI z r > =
(6.U)

I | 2-RH * M

“ H Ï p  {s6 Re(iCx?y ) "  1+ | u | 2 }

where S (T) and S (H) o p e ra te  on th e  t r i p l e t  sp in  and hydrogen e le c tro nz z
s p in ,  r e s p e c t iv e ly ,  and I  on th e  hydrogen n u c le a r  s p in ;  t  and c a rez x y
g iv en  by (2 .7 )

+ > = Cx  | *  > + Cy  |y  > »
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y i s  th e  c o e f f i c ie n t  shown in  f i g .  6 .5 .
C lose t o  th e  c ro s s in g , where R # 0 , th e  t r a n s i t i o n  moment (6.1*)

i s  n o n -z e ro . Because a t  m agnetic  f i e l d s  unequal t o  L  <l>1 and <f»_ have
. .1 . 'd i f f e r e n t  s t e a d y - s ta t e  p o p u la tio n s  and d i f f e r e n t  r a d i a t i v e  decay

r a t e s ,  in d u c in g  a t r a n s i t i o n  betw een $ and 4>g w i l l  change th e
phosphorescence  i n t e n s i t y .  So th e  s a t e l l i t e s  o f  th e  S - l in e s  in  f ig .
6 .J  b a re  ESR l in e s  r e s u l t i n g  from t r a n s i t i o n s  betw een two s t a t e s  o f

s p in  F . Of c o u rs e , th e  c o n d itio n  f o r  o b se rv in g  th e s e  o p t i c a l l y  d e te c te d
ESR l in e s  i s  t h a t  th e  t r a n s i t i o n  moment (6.1+) sq u a red  i s  n o t much
sm a lle r  th a n  th e  decay r a t e s  o f  ^  and ^g , th o u g h t t o  be m ain ly
de te rm in ed  by th e  l i f e t im e  o f  th e  hydrogen atoms as f r e e  atom s. We

r e tu r n  to  t h i s  p o in t  l a t e r .
E x p e rim en ta lly  i t  was found t h a t  th e  s a t e l l i t e s  s h i f t  away from

th e  S - l in e s  and become weaker when th e  r . f .  freq u en cy  i s  in c re a s e d .

Above 75 MHz- no s a t e l l i t e s  a re  o bserved  anymore. T his i s  e x p la in e d  by

lo o k in g  a t  f i g .  6 .6  and th e  t r a n s i t i o n  moment (6.1*). By in c re a s in g  th e

r . f .  freq u en cy  th e  ESR t r a n s i t i o n s  in  f i g .  6 .7  b move to  f i e l d s  where
R and th u s  th e  t r a n s i t i o n  moment (6.1*) a re  s m a lle r ,  and more r . f .
power i s  needed to  induce  t r a n s i t i o n s  betw een <|>, and <t>g. So th e
d isa p p e a ra n ce  o f  th e  s a t e l l i t e s  when u s in g  f re q u e n c ie s  above 75 MHz i s
caused  by la c k  o f  r . f .  power. By lo w erin g  th e  frequency  each  S - l in e

and i t s  two s a t e l l i t e s  c o lla p s e  i n to  one.
I f ,  in s te a d  o f  m agnetic f i e l d  m o d u la tio n , th e  r . f .  power i s

m odulated  in  am p litu d e  o n ly  th e  ESR s a t e l l i t e s  o f  each  S - l in e  a re

o b serv ed  wh^n th e  p h o to m u lt ip l ie r  o u tp u t i s  d e te c te d  by p h a s e - s e n s i t iv e

d e te c t io n  lo ck ed  to  th e  phase o f  th e  freq u en cy  w ith  w hich th e  r . f .
power i s  m odulated . The d e te c t io n  system  now no lo n g e r  i s  s e n s i t iv e  to

th e  c e n t r a l ,  r . f .  in d ep en d en t S - l in e  (o r  LAC l i n e )  and th e  o bserved

spectrum  i s  shown in  f i g .  6 .7  c .
Im p o rtan t i n  th e  p re s e n t  c o n te x t i s  t h a t  two re s o lv e d  ESR s ig n a ls

a re  o b serv ed  in  t h i s  way f o r  each o f  th e  S - l i n e s ,  w ith  r . f .  f re q u e n c ie s

as low as 25 MHz. Below 25 MHz one b ro ad  l i n e  i s  o b se rv ed . From th e
freq u en cy  dependence o f  th e s e  s a t e l l i t e s  th e  i n t e r a c t io n  betw een th e
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a b c
Fig. 6.7 a The LAC line and two S-lines in benzophenone with H // z

axis.
b The same spectrum when irradiated with a high-power r.f.
magnetic field // z axis with frequency 65 MHz. In fig. a
and b the magnetic field is modulated with ^0 MHz and phase-
sensitive detection of the P.M. output is used; therefore
the derivative of the phosphorescence intensity with respect
to the magnetic field is recorded. The field sweep rate is
1000 Gauss/1 minute.

c The same spectrum as in b but now the r.f. power P is
modulated between zero and maximum. Therefore the quantity
along the vertical axis is proportinal to the change in
phosphorescence intensity. By modulating the r.f. power
only the r.f. power dependent lines show up. The satellites
of the S-lines are indicated by arrows. The magnetic field
sweep rate is 1000 Gauss/5 minutes.
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hydrogen atom and th e  t r i p l e t  s t a t e  benzophenone i s  e s tim a te d  a t

betw een 10 and 20 MHz. The e x is te n c e  o f  th e s e  ESR l in e s  v e ry  s t ro n g ly
su g g e s ts  t h a t  th e  S - l in e s  a re  n o t caused  by CR b u t a re  th e  r e s u l t  o f

a  LAC e f f e c t  betw een w e l l-d e f in e d  energy  l e v e l s .

That th e  assignm en t o f  th e  s a t e l l i t e s  i s  c o r r e c t ,  i s  su p p o rte d  by
what happens when th e  r . f .  m agnetic  f i e l d  i s  a p p lie d  p e rp e n d ic u la r  to

th e  s t a t i c  m agnetic  f i e l d .  Then th e  t r a n s i t i o n  moment f o r  t r a n s i t i o n s
betw een and o f  f i g .  6 .6  v a n ish e s . T his i s  in  agreem ent w ith  th e
e x p e rim e n ta l o b s e rv a tio n : th e  s a t e l l i t e s  become v e ry  weak.

In  th e  f i r s t  p a r t  o f  t h i s  c h a p te r  we e x p la in e d  th e  S - l in e s  as th e

r e s u l t  o f  a  CR p ro c e s s . The slow  b e h av io u r cou ld  be e x p la in e d  because
v ia  CR th e  hydrogen n u c le a r  sp in  i s  p o la r iz e d  and t h i s  p e r s i s t s  fo r  a

lo n g  tim e because  th e  s p i n - l a t t i c e  r e la x a t io n  f o r  th e  hydrogens i s  so
slow . In  c h a p te r  5 s e c t io n  C i t  has been shown t h a t  th e  two p i c t u r e s ,

CR and LAC, le a d  to  th e  same c o n c lu s io n s  so t h a t  i t  i s  n o t n e c e ssa ry

to  " t r a n s l a t e "  th e  e x p la n a tio n  o f  th e  S - l in e s  b ased  on CR as g iv en  in
th e  b e g in n in g  o f  t h i s  c h a p te r  i n to  LAC lan g u ag e . We o n ly  want to
m ention t h a t  th e  slow  c h a r a c te r  o f  th e s e  l i n e s  a g a in  stem s from th e

f a c t  t h a t  th e  hydrogen n u c le i  a re  p o la r iz e d .  The mechanism c a u s in g  t h i s

p o la r i z a t io n  i s  e x a c t ly  as d e s c r ib e d  in  c h a p te r  U s e c t io n  E.

The s a t e l l i t e s  around  th e  S - l in e s  show e x a c t ly  th e  same slow

b eh av io u r as th e  S - l i n e s ,  w hich i s  ap p a re n t in  f i g .  6 .7  c . Here th e
m agnetic f i e l d  i s  swept more slow ly  th a n  in  f i g .  6 .7  a  and b and one

sees  t h a t  th e  s a t e l l i t e s  a t  th e  h ig h e r  f i e l d  a re  s m a lle r  th a n  t h e i r
p a r tn e r s  a t  low er f i e l d s .  A lso , th e  s a t e l l i t e s  s t e a l  i n t e n s i t y  from
th e  S - l i n e s ,  compare f i g .  6 .7  a and b . T his i s  because  th e  hydrogen

s p in s  a lre a d y  become p o la r iz e d  when <(>̂ and <J>g a re  coup led  by th e  r . f .

f i e l d  s in c e  th e  g o v ern ing  r a t e  e q u a tio n s  a re  a lm ost e x a c t ly  l i k e  (U.35)*

For th e  o th e r  CR l i n e s  i n  benzophenone ( s ig n a ls  T ^ .,  T .g ,  ^2 2 ’ ®1

and Rp o f  f i g .  5 .2  a) no s a t e l l i t e s  o f  th e  k in d  shown in  f i g .  6 .7  b

f o r  th e  S - l in e s  a re  found when i r r a d i a t i n g  w ith  a s tro n g  r . f .  m agnetic

f i e l d  a t  a  frequency  betw een 25 and 100 MHz and s t i l l  u s in g  m agnetic
f i e l d  m o d u la tio n . However, when m o du la ting  th e  power o f  a  50 MHz f i e l d
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we ob serv e  one u n re so lv e d  ESR s ig n a l  a t  ev e ry  f i e l d  where a T- o r  R-

ty p e  l i n e  o c c u rs . We have n o t made an e x te n s iv e  s tu d y  o f  th e  r . f .
induced  s ig n a ls  a s s o c ia te d  w ith  th e  T and R l i n e s .  In  a  CR p ic tu r e

th e y  a re  d i f f i c u l t  t o  e x p la in . In  LAC language t h e i r  o b se rv a tio n  w ith

a  freq u en cy  o f  50 MHz im p lie s  t h a t  th e  i n t e r a c t io n  6 betw een th e  two

c ro s s in g  s t a t e s  i s  weak, b ecau se  a p p a re n tly  50 MHz > 2 |f i [ /h  (se e  U.23)
and f i g .  U.U).  Hence we a re  l e d  to  th e  c o n c lu s io n  t h a t  th e  m agnetic

in t e r a c t io n  w ith in  p a i r s  o f  m o lecu les r e s p o n s ib le  fo r  th e  T and R l in e s
i s  o f  th e  o rd e r  o f  10 MHz, o r  l e s s .  T h is i s  v e ry  s m a ll ,  f o r  in s ta n c e

compared to  th e  exchange in t e r a c t io n  betw een two e x c i te d  n e a r e s t
n e ig h b o u rs  in  th e  benzophenone c r y s t a l  w hich i s  o f  th e  o rd e r  o f  9000 MHz

( th e  Davydov s p l i t t i n g  in  th e  t r i p l e t  e x c ito n  band o f  benzophenone,

H o c h s tra s se r  and L in 1968). Thus, f o r  a s ig n a l  due t o  n e a r e s t  neighbour
in t e r a c t io n  th e  LAC re g io n  in  f i g .  U.8 around  H_,j, would ex ten d  over

more th a n  1000 Gauss and th e r e f o r e  we would n o t see  i t s  e f f e c t  on th e

in t e n s i t y  o f  th e  p h o sp h o rescen ce . But i t  i s  rem arkab le  t h a t  no p a i r s
seem to  e x i s t  w hich have an in t e r a c t io n  o f  th e  o rd e r  o f  hundreds o f
MHz. The f a c t  t h a t  we alw ays see  narrow  T and R l i n e s  c o r ro b o ra te s  ou r
c o n c lu s io n  t h a t  th e  i n t e r a c t io n  re s p o n s ib le  f o r  th e s e  l i n e s  i s  q u ite

weak and i t  th e r e f o r e  must r e l a t e  t o  n o n -n e a re s t  n e ig h b o u rs .

The r . f . e x p e rim e n ts , b e s id e s  p ro v id in g  an i l l u s t r a t i o n  o f  th e

d if f e r e n c e  betw een LAC and CR a ls o  t e l l  us two th in g s  abou t th e
hydrogen atom s. F i r s t ,  th e  i n t e r a c t io n  betw een th e  hydrogen atom and

th e  t r i p l e t  benzophenone in v o lv e d  in  th e  LAC seems to  be th e  same f o r

a l l  p a i r s ,  o th e rw ise  one would n o t  f in d  two s e p a ra te  s a t e l l i t e s  around
th e  S - l i n e s .  T h is means t h a t  th e  hydrogen atoms a re  found in  a f ix e d

p o s i t io n  a t  a  f ix e d  d is ta n c e  r e l a t i v e  t o  th e  e x c i te d  benzophenone

m o le c u le s '.

The second  c o n c lu s io n  we can draw concerns th e  l i f e t im e  o f  th e
hydrogens as " f r e e "  a tom s. A p p a re n tly , w ith  an r . f .  am p litude  Ĥ  ^  3
Gauss we can induce  t r a n s i t i o n s  betw een s t a t e s  o f  th e  combined sp in

system : benzophenone t r ip le t - h y d r o g e n  f r e e  atom. The f i e l d  H. p re s e n t
in  th e  h e l ix  when o p t i c a l l y  d e te c t in g  ESR in  benzophenone i s  e s tim a te d
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to  be 20 mGauss. Thus, w ith  an r . f .  am p litu d e  o f  3 Gauss we can induce
3 2ESR t r a n s i t i o n s  in  a  system  w hich l i v e s  'v» ( " / 0 . 0 2 )  = 2250 tim es s h o r te r

th a n  th e  20 msec l i f e t im e  o f  s t a t e s  | + > and | -  > in  benzophenone.

In  t h i s  way we can l i m i t  th e  l i f e t im e  o f  th e  " f r e e "  hydrogen atoms
• -6 -Ubetw een about 10 and 10 s e c .
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SUMMARY

In the experiments discussed in this thesis the phosphorescence
intensity is measured as a function of the strength and orientation of
an applied magnetic field for UV irradiated organic molecular crystals
at low temperature (< k.2 K). For certain orientations of the magnetic
field a recording of the intensity of the phosphorescence as a
function of the field yields a "spectrum" with rather narrow lines
corresponding to an increase or decrease of the emission intensity.

All these lines in the systems investigated - single crystals of
benzophenone, U,l+'-dibromobenzophenone, U, V-dichlorobenzophenone,
l+,U'-difluorobenzophenone and the mixed crystal pyrimidine in benzene -
are ascribed to level anticrossing and cross-relaxation effects.

Sofar these two effects were studied in different areas of
physics: level anticrossing in spectroscopic research on atomic gases
at room temperature and cross-relaxation in magnetic resonance
experiments and susceptibility measurements on solids at low
temperatures. However, level anticrossing and cross-relaxation appear
to be so closely related that in our experiments it is very hard or
even impossible to distinguish between them.

It is shown that another related effect, level crossing, can not
show up in the phosphorescence of our organic crystals.

The primary goal of this research was to investigate if these
"crossing" effects occur in the phosphorescence from organic crystals.
But these "spectra" also yield information.
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First, they give information about the phosphorescent molecules,
like the zero-field, splitting parameters and (qualitatively) about the
orientation and the spread in the orientation of the phosphorescent
molecules in the crystal, the interaction between the phosphorescent
molecules and about hyperfine interaction in the phosphorescent
molecules;

Secondly, other paramagnetic systems present in the phosphorescent
crystals may be detected optically owing to the influence they have
via level anticrossing and cross-relaxation on the phosphorescence
intensity. In some cases this means an improvement in detection
sensitivity compared to magnetic resonance. In this way many photo­
chemical products are detected (but in most cases not identified). In
particular we want to mention the detection of "free" hydrogen atoms
which live very short and show a strong electron spin polarization.

In the last part of chapter 6 experiments using a r.f. magnetic
field are discussed which show that many lines in our "spectra" which
at first sight seem to be caused by a cross-relaxation process, should
be explained as resulting from level anticrossing.
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SAMENVATTING

In  de experim en ten  w elke in  d i t  p r o e f s c h r i f t  z i j n  b esc h re v e n ,

w ordt de i n t e n s i t e i t  van de f o s f o r e s c e n t ie  van met u l t r a v i o l e t  l i c h t

b i j  T < h,2  K b e s t r a a ld e  o rg a n isc h e  m o le c u la ire  k r i s t a l l e n  gemeten a l s

fu n c t ie  van de s t e r k t e  en r i c h t i n g  van een aan g e leg d  m agnetisch  v e ld .

Wanneer men de gemeten f o s f o r e s c e n t ie  i n t e n s i t e i t  a l s  fu n c t ie  van de
v e ld s te r k te  r e g i s t r e e r t ,  b l i j k t  d a t men voor b ep aa ld e  o r i ë n t a t i e s  van

h e t  m agneetveld  een "spectrum " k r i j g t  d a t ta m e li jk  sm alle  l i j n e n  v e r ­

to o n t d ie  co rre sp o n d e ren  met een t o e -  o f  afname van de e m iss ie  in te n ­
s i t e i t  .

A l deze l i j n e n  in  de o n d erzo ch te  system en -  é é n k r i s t a l l e n  van
benzophenon, U, ^ 1-dibroom benzophenon, U, U' -d ich loo rbenzophenon  en

A jU '-d iflu o rb en zo p h en o n  en h e t  verdunde jn e n g k r is ta l  p y rim id in e  in

benzeen  -  worden to e g e sc h re v en  aan l e v e l  a n t ic r o s s in g  en c r o s s - r e la x a t i e
e f f e c te n .

T ot dusver werden deze b e id e  e f f e c te n  b e s tu d e e rd  in  v e r s c h i l le n d e
g eb ieden  van de n a tuu rkunde: l e v e l  a n t ic r o s s in g  in  sp e c tro sc o p isc h

onderzoek van a to m a ire  g a ssen  b i j  kam ertem peratuur en c r o s s - r e l a x a t i e

in  m agnetische  r e s o n a n t ie  experim en ten  en s u s c e p t i b i l i t e i t s  m etingen

aan v a s te  s to f f e n  b i j  la g e  te m p e ra tu u r . L evel a n t ic r o s s in g  en c ro s s -
r e l a x a t i e  b l i j k e n  e c h te r  zo verw ant t e  z i j n  d a t  ze in  onze experim en ten
n i e t  o f  s le c h t s  met g ro te  m oeite  t e  o n d e rsch e id en  z i j n .

Van een  an d er e f f e c t  u i t  de a to o m sp ec tro sco p ie»  l e v e l  c ro s s in g ,
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w ordt aangetoond  d a t h e t n i e t  kan worden gevonden in  de f o s f o r e s c e n t ie

van de door ons b e s tu d e e rd e  o rg a n isc h e  k r i s t a l l e n .
Het d i r e c t e  d o e l van d i t  onderzoek was n a  t e  gaan o f  deze

" c ro s s in g "  e f f e c te n  in  fo s fo re s c e re n d e  k r i s t a l l e n  o p tre d e n . D aarn aast
b l i j k t  d a t men ook in fo rm a tie  u i t  d e r g e l i jk e  s p e c t r a  kan h a le n .

In  de e e r s te  p la a t s  gegevens over de fo s fo re s c e re n d e  m oleculen
z e l f ,  z o a ls  de n u lv e ld  s p l i ts in g s p a ra m e te r s  en k w a l i ta t ie v e  gegevens

over de l ig g in g  en s p re id in g  in  de l ig g in g  van de fo s fo re s c e re n d e  mole­

c u le n  in  h e t  k r i s t a l ,  i n t e r a c t i e  tu s s e n  de fo s fo re s c e re n d e  m olecu len
o n d e r lin g  en h y p e r f i jn  i n t e r a c t i e  in  de fo s fo re s c e re n d e  m o lecu len .

In  de tw eede p la a t s  kunnen andere p aram ag n e tisch e  system en d ie  in

h e t  fo s fo re s c e re n d e  k r i s t a l  aanw ezig z i j n ,  d a n k z ij de in v lo e d  d ie  z i j

hebben v ia  l e v e l  a n t ic r o s s in g  o f  c r o s s - r e l a x a t i e  op de f o s f o r e s c e n t ie
i n t e n s i t e i t ,  o p tis c h  g e d e te c te e rd  worden. In  sommige g e v a lle n  b e te k e n t

d i t ,  v e rg e le k e n  met m agnetische  r e s o n a n t ie ,  een v e rb e te r in g  van de

d e te c t i e  g e v o e lig h e id . Op deze m an ier z i j n  in  benzophenon en gesub­

s t i tu e e r d e  benzophenon k r i s t a l l e n  v e e l  photochem ische p ro d u c ten  aange­
to o n d  (maar i n  de m eeste g e v a lle n  n i e t  g e ïd e n t i f i c e e r d ) .  H iervan  w i l ­

le n  w ij in  h e t  b i jz o n d e r  noemen z e e r  k o r t  le v e n d e , photochem isch ge­

c re ë e rd e  " v r i j e "  w a te r s to f  atomen d ie  een s te r k e  e le c t r o n  sp in  p o l a r i ­
s a t i e  v e rto n e n .

In  h e t  l a a t s t e  g e d e e lte  van h o o fd s tu k  6 komen experim en ten  t e r
sp rak e  w aar met b eh u lp  van een m agnetisch  r . f .  v e ld  aangetoond w ordt

d a t v e le  l i j n e n  in  onze " s p e c tr a "  d ie  op h e t  e e r s t e  g e z ic h t  l i j k e n  t e
z i jn  v e ro o rz a a k t door c r o s s - r e l a x a t i e  p ro c e sse n  in  w e rk e l i jk h e id  b e te r
a e t  l e v e l  a n t ic r o s s in g  kunnen worden v e rk la a rd .
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