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S T E L L I N G E N

1. Het experiment beschreven in hoofdstuk 6 van dit proefschrift is
verwant aan het coherentie experiment van Chase aan de Tg-aange-

P+ . • •slagen toestand van Eu in CaF_. Het essentiële verschil is dat
hij de interferentie waarneemt in het uitgezonden licht zoals die
bepaald wordt door de niet-diagonale elementen uit de dichtheids
matrix.

Chase, L.L., 1968, Phys.Rev.Letters, 21, 888.

2. Van Santen stelt, dat een relaxatie die leidt tot Boltzmann even
wicht tussen twee stralende niveaus de faserelatie tussen de twee
toestanden zodanig beïnvloedt, dat geen zwevingen in de straling
kunnen worden waargenomen. In werkelijkheid kunnen zwevingen ook
dan nog optreden.

Van Santen, R.A., 1971, On the theory of resonant
scattering, Proefschrift Leiden, p. 67.

3. Maier, Haeberlen en Wolf hebben aangetoond, dat de spin-rooster
relaxatietijd T. van de protonen in een anthraceen eenkristal wordt
verkort door de aanwezigheid van triplet excitonen. In analogie
hiermee zou men verwachten dat ook gelocaliseerde triplettoestanden
een verkorting van bewerkstelligen. Het is theoretisch aan te
tonen dat dit effect in het laatste geval waarschijnlijk te klein
is om te worden waargenomen.

Maier, G., Haeberlen, U. en Wolf, H.C., 1967,
Phys.Letters 25A, 323.



1*. Charlton en Bargon stellen seleetieregels op voor chemisch geïndu
ceerde kernspin polarisatie bij afwezigheid van een magneetveld.
Hoewel zij suggereren hetzelfde model te gebruiken als Closs,
Trifunac en Kaptein, Oosterhoff is hun aanname van een tijds
afhankelijke hyperfijninteractie daarmee in strijd.

Charlton, J.L. en Bargon, J., 1971, Chem.Phys.Letters,
8, 1*U2.

Kaptein, R. en Oosterhoff, L.J., 1969, Chem.Phys.
Letters, 1+, 195 en 21U.

Closs, G.L. en Trifunac, A.D., 1970, J.Am.Chem.Soc.,
92, 2138.

5. El-Sayed en medewerkers menen uit hun waarnemingen te kunnen
concluderen dat de fosforescentie van chinoxaline en chinoline in
een éinkristal van dureen, gepolariseerd is langs de lange as van
het molekuul, maar in biphenyl loodrecht op het vlak. Uit hun
experimentele gegevens is echter niet op te maken of hun conclusie
in het geval van dureen gerechtvaardigd is.

Chaudhuri, N.K. en El-Sayed, M.A., 1966, J.Chem.Phys.,
1+1*, 3728.

Ziegler, S.M. en El-Sayed, M.A., 1970, J.Chem.Phys.,
52, 3257.

6. Henry en Siebrand verklaren de waargenomen relatieve bevolkings-
snelheden van de spincomponenten van de laagste fosforescerende
triplettoestand T van naftaleen, bij intersystem crossing van
S -*■ Tq , door de aanwezigheid van een hoger gelegen triplet B2u.
Tegen deze argumentatie zijn twee bezwaren in te brengen.

Henry, B.R. en Siebrand, W., 1970, Chem.Phys.Letters,
7, 533.

7. De analyse van de microgolf faseverschuiver gegeven door Button en
Lax is onjuist.

Lax, B. en Button, K.J., 1962, Microwave ferrites and
ferrimagnetics, McGraw-Hill, p. 31*8 en 603.



8. Het is interessant op te merken dat Abragam voor de beschrijving
van pure kern-quadrupool-echo experimenten een precessievergelij-
king gebruikt die identiek is aan de vergelijking van Feynman,
Vernon en Hellwarth voor de beschrijving van maser-problemen.

Abragam, A., The principles of nuclear magnetism, 1 9 6 1 ,
Oxford Clarendon Press, p. 257 en p. 36.

Feynman, R.P., Vernon, F.L. en Hellwarth, R.W., 1957,
J.Appl.Phys., 28, U9 .

9. Ziekenhuizen en verpleeginrichtingen lenen geld tegen zeer hoge
rente. Een financieringsbank voor de Nederlandse zieken- en
verpleeghuizen zou hierin op goedkopere wijze kunnen voorzien.

J. Schmidt 2 juni 1971
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Aan Mieke, aan Wouter
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C H A P T E R  I

INTRODUCTION

The use o f  o p t i c a l  methods f o r  th e  d e te c t io n  o f  r a d io  frequency

t r a n s i t i o n s  between m agnetic s u b le v e ls  o f  e x c i te d  s t a t e s  was f i r s t

su g g ested  by B ro sse l and K a s t le r  in  19**9- The te c h n iq u e  i s  w idely  used

in  gases  s in c e  B ro sse l and B i t t e r  (1952) o bse rved  th e  t r a n s i t i o n s
between su b le v e ls  o f  th e  e x c i te d  s t a t e  o f  m ercury . The same method

was a p p l ie d  to  s o l id s  by Geschwind, C o ll in s  and Schawlow (1959) who
found ESR t r a n s i t i o n s  in  th e  E(^E) e x c i te d  s t a t e  o f  Cr^ io n s  in  AlgO^.

I t  has lo n g  been known th a t  many o rg a n ic  m o lecu les d i lu t e d  in  a

s o l id  m a tr ix  e x h ib i t  phosphorescence when i r r a d i a t e d  w ith  u l t r a  v io le t

l i g h t .  On i r r a d i a t i o n  th e  m olecu le i s  b rough t from th e  s in g l e t  ground

s t a t e  to  an e x c ite d  s in g l e t  s t a t e  and su b se q u e n tly  i t  r e la x e s  v ia  non-

r a d ia t iv e  p ro c e sse s  in to  th e  low est m e ta s ta b le  t r i p l e t  s t a t e  Tq

( f i g .  1 . 1 ) .  The phosphorescence i s  e m itte d  when th e  m olecu le decays in

a r a d ia t iv e  way from Tq , back to  th e  ground s t a t e .

s,

Phosphorescence

F ig . 1.1 The low er e l e c t r o n ic

s t a t e s  c h a r a c t e r i s t i c  f o r  a
phosp h o rescen t o rg a n ic  m o lecu le .

The components o f  th e  lo w es t t r i p 
l e t  a re  shown in  th e  c i r c l e .

9



T his th r e e  l e v e l  scheme was a lre a d y  p roposed  in  1933 by J a b lo n sk i

as  a  phenom enological model and Lewis and Kasha (191*1*, 19*+5) id e n t i f i e d

th e  m e ta s ta b le  s t a t e  T w ith  a  t r i p l e t  s t a t e .  C o n tra ry  to  s in g l e t

s t a t e s ,  w hich a re  d ia m ag n e tic , th e  t r i p l e t  s t a t e  i s  c h a r a c te r iz e d  by

two p a r a l l e l  sp in s  and i s  p a ram ag n e tic . The v a lu e  o f  th e  t o t a l  sp in

a n g u la r  momentum S = 1 and hence t h i s  s t a t e  has th r e e  sp in  le v e ls  which
in  a  m o le cu la r  system  a re  s p l i t  in  ze ro -m ag n etic  f i e l d .

In  1958 H utch ison  and Mangum succeeded  in  showing microwave ESR

a b s o rp tio n  in  th e  phosp h o rescen t t r i p l e t  s t a t e  o f  n ap h th a len e  d i lu te d
in  a s in g le  c r y s t a l  o f  du rene . T h is s u c c e s s fu l  experim ent confirm ed th e

t r i p l e t  c h a r a c te r  o f  th e  p h o spho rescen t s t a t e .  From th e  a n iso tro p y  o f
th e  s p e c t r a  in  th e  a p p l ie d  m agnetic  f i e l d  th e  m agnetic axes and th e

z e r o - f i e l d  s p l i t t i n g  co u ld  be d e term in ed . Soon a f te rw a rd s  in  1959 van
d e r  Waals and de Groot o bse rved  th e  "dm = 2" t r a n s i t i o n s  o f

p h o sp h o rescen t n ap h th a len e  d i lu t e d  in  a g la s s .  From t h a t  tim e ESR

experim ents ' have become a s ta n d a rd  te c h n iq u e  f o r  th e  s tudy  o f

ph o sp h o rescen t t r i p l e t  s t a t e s .

In  o rd e r  to  ob se rv e  th e  t r a n s i t i o n s  between th e  sp in  components o f

th e  t r i p l e t  s t a t e  in  th e  absence o f  an e x te r n a l  m agnetic f i e l d  a  m ic ro -

wave sp e c tro m e te r  was c o n s tru c te d  by H utch ison  and h is  sch o o l (E rickson

1966, H u tch ison  1967) .  The advantage o f  such a z e r o - f i e l d  experim ent
would be t h a t  one i s  f r e e  o f  th e  a n iso tro p y  in tro d u c e d  by th e  m agnetic

f i e l d .  Thus in  p r in c ip le  i t  must be p o s s ib le  to  work w ith  randomly

o r ie n te d  m o le cu les . T h is i s  im p o rtan t because  o f te n  one has d i f f i 
c u l t i e s  in  p re p a r in g  a s u i t a b le  s in g le  c r y s t a l  c o n ta in in g  th e

phosp h o rescen t su b s ta n c e . However th e  o b se rv a tio n  o f  th e  t r a n s i t i o n s

v ia  microwave d e te c t io n  p r e s e n ts  s e r io u s  te c h n ic a l  problem s. For
in s ta n c e  i t  i s  v e ry  d i f f i c u l t  to  make a s e n s i t iv e  wide band microwave

d e te c t io n  system . A p p aren tly , owing to  th e s e  co m p lic a tio n s  z e r o - f i e ld

sp e c tro sc o p y  has n ev e r  become a  g e n e ra l ly  a p p l ie d  method.

Of co u rse  one was aware o f  th e  o p t i c a l  d e te c t io n  experim en ts
o f  B ro sse l and K a s t le r  and i t  was su g g e s ted  th a t  s im i la r  experim ents

m ight be f e a s ib le  f o r  o b se rv in g  th e  t r a n s i t i o n s  between th e  sp in

components o f  th e  lo w est t r i p l e t  s t a t e  (de Groot e t  a l . ,  1967) .
A ttem pts were made to  d e te c t  th e  ESR t r a n s i t i o n s  o p t i c a l ly  (Jen  e t  a l . ,

1967) w ith  n e g a tiv e  r e s u l t s  u n t i l  in  1967 S h a rn o ff  observed  th e

10



"Am = 2" t r a n s i t i o n s  in  n ap h th a le n e  as  a  change in  th e  i n t e n s i t y  o f  i t s

phosphorescence. Soon th e  "Am = 1" t r a n s i t i o n s  were a l s o  fpund in

p hosphorescen t phenan th rene by Kwiram ( 1967) Mid by S chm idt,
H esselm ann, de Groot and van d e r  Waals (19 6 7 ) in  p hosphorescen t
q u in o x a lin e . In  th e s e  experim en ts th e  measurem ent o f  phosphorescence
i s  in tro d u c e d  to  re p la c e  microwave d e te c t io n  in  an ESR experim en t t h a t

i s  co n v e n tio n a l o th e rw ise : a s tro n g  e x te r n a l  f i e l d  i s  a p p l ie d  t o  " tu n e"

a t r a n s i t i o n  between th e  sp in  le v e ls  t o  th e  frequency  o f  th e  s p e c tro -

met e r .
The ap p a ren t advan tages o f  o p t i c a l  m ethods ov er wide band m icro -

wave d e te c t io n  system s made us b e l ie v e  t h a t  th e  te c h n iq u e  would be

p a r t i c u l a r l y  s u i t e d  fo r  th e  o b se rv a tio n  o f  t r a n s i t i o n s  betw een th e  sp in

le v e l s  in  ze ro -m ag n etic  f i e l d .  In s p ir e d  by t h i s  id e a  we c o n s tru c te d  a

z e r o - f i e l d  sp e c tro m e te r  em ploying a p h o to m u lt ip l ie r  as th e  d e te c t io n

system . The f i r s t  a ttem p t was made on q u in o x a lin e  as  a  g u e s t in  a

s in g le  c r y s t a l  o f  d u rene . The experim ent was s u c c e s s fu l :  on th e
2 h th  0f  Septem ber 1968 we o bserved  th e  1187 MHz and 36^1 MHz

t r a n s i t i o n s  th ro u g h  changes in  th e  phosphorescence i n t e n s i t y .  These

re c o rd in g s ,  d isp la y e d  in  f i g .  1 .2 were o b ta in e d  a t  1•52 K w ith  th e

p h o to m u l tip lie r  d i r e c t l y  coup led  to  a r e c o rd e r .  Soon o th e rs  to o k  up

th e  same te c h n iq u e  and r e p o r te d  r e s u l t s  on r e l a t e d  system s ( T in t i  e t

a l .  1969) .

I O  MHz

1.187 GHz

y

{ \  I

F ig . 1 .2  Z e r o - f ie ld  t r a n s i t i o n s  o f

durene h o s t as  d e te c te d  in  th e  ou tp 1

T = 1 .52 K. The s ig n a ls  co rresp o n d  1

l O M H z

3 .6 4 1  G H z

p hosphorescen t q u in o x a lin e -h g  in  a

it o f  th e  p h o to m u lt ip l ie r .

i t h  a d ec rease  in  l i g h t  i n t e n s i t y  .



In  th e  p a s t  two y e a rs  we improved th e  s e n s i t i v i t y  o f  th e  s e t-u p

and w ere a b le  t o  o b se rv e  z e r o - f i e l d  t r a n s i t i o n s  in  many o rg an ic  mole
c u le s .  To i l l u s t r a t e  th e  improvements made we ag a in  p re s e n t in  f i g .  1 .3
th e  36U1 MHz t r a n s i t i o n  in  q u in o x a lin e . T h is  tim e  th e  l i n e  was reco rd ed

a t  It. 2 K w ith  am plitude  m odu la tion  o f  th e  microwave power to g e th e r  w ith

p h a s e - s e n s i t iv e  d e te c t io n .  F u r th e r  a  more e f f i c i e n t  l i g h t  g a th e r in g

system  was u sed . In  f i g .  1.U we show th e  analogous t r a n s i t i o n  in  th e

r e l a t e d  m olecu le n ap h th a le n e -d g  , a ls o  as  a g u e s t in  durene .

A lthough n ap h th a le n e  and q u in o x a lin e  a re  very  s im i la r  we see  th a t

th e  l i n e  shape in  th e  l a t t e r  m olecule i s  much more co m p lica ted . We were
a b le  to  e x p la in  t h i s  d i f f e r e n c e  in  s t r u c tu r e  by an a n a ly s is  o f  th e

c o u p lin g  o f  th e  e le c t ro n  sp in  to  th e  n i tro g e n  atoms in  th e  a rom atic

r in g  (Schm idt and van d e r  Waals 1969). T h is e x p la n a tio n  w i l l  be one o f
o u r s u b je c ts  o f  i n t e r e s t .

3641 MHz

5MHz-5  MHz

F ig . 1 .3  The 36U1 MHz z e r o - f i e l d

t r a n s i t i o n  o f  q u in o x a lin e -h g  in

d u ren e , T = U.2 K. The s ig n a l  i s
re c o rd e d  w ith  am plitude m odula tion

o f  th e  microwave power a t  16O Hz
to g e th e r  w ith  phase s e n s i t iv e  de

t e c t i o n ;  RC tim e 1 s ,  sweep r a t e

0 .1  MHz/s.

3541 MHz y

5 MHz-5  MHz

F ig . 1.U The 35U1 MHz z e r o - f i e ld

t r a n s i t i o n  o f  n ap h th a len e-d g  in
d u ren e , T = h .2  K. The s ig n a l  i s

rec o rd e d  w ith  am p litude m odulation

a t  Uo Hz to g e th e r  w ith  phase
s e n s i t iv e  d e te c t io n ;  RC tim e 1 s ,

sweep r a t e  0 .05 MHz/s.
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The main purpose of the present thesis is to show the possi
bilities of zero-field spectroscopy with optical detection for the
study of phosphorescent triplet states of organic molecules. This we
shall do by presenting results of experiments on naphthalene, quinoline
(1-azanaphthalene), quinoxaline (1 ,U-diazanaphthalene), each present as
a guest in a single crystal of durene. We have chosen these three
molecules because they are iso-electronic and have very similar
phosphorescent triplet states. (In molecular orbital terminology the
state arises by excitation of an electron from the highest bonding v
m.o. to the lowest antibonding it*  m.o.) The differences in their
properties due to the insertion of nitrogen atoms in the aromatic ring
can be understood by simple theoretical models. Further they proved
attractive for illustrating several aspects of zero-field spectroscopy.

Three different kinds of experiments will be discussed:
(1) Steady state experiments (Chapter U). The system is irradiated

continuously with u.v. light in the presence of a microwave field
that is swept slowly through one of the resonant transitions. The
conditions are so chosen that the response time of the triplet
system is fast relative to a variation in microwave power produced
by amplitude modulation of the oscillator. The concurrent variation
in phosphorescence intensity is registered by a photomultiplier and
one records the line shape of the zero-field transition by passing
the signal from the photomultiplier through a phase sensitive
detector.

(2) Transient experiments (Chapter 5)* The system is irradiated during
a limited period at a temperature where the relaxation between the
spin components is negligible and a steady state population is
established. Spectacular changes in the phosphorescence intensity
may then be produced by applying a sudden resonant microwave field
during the decay of the system after switching off the exciting
light. From this kind of experiment we solve the dynamics of
populating and depopulating of the individual spin levels.

(3) Coherence experiments(Chapter 6). The system is subjected to a
strong resonant radio frequency field, with an amplitude exceeding
the linewidth of the zero-field transition. In this situation the
electron spins are coupled more strongly to the driving field than

13



with each other. One observes a modulation of the phosphorescence
due to coherent coupling. From such experiments we hope to obtain
detailed information about relaxation processes in phosphorescent
triplet states.



C H A P T E R  2

THE PHOSPHORESCENT TRIPLET STATE

2.1 MAGNETIC PROPERTIES

On th e  m agnetic p r o p e r t ie s  o f  th e  lo w es t p hospho rescen t t r i p l e t

s t a t e  o f  o rg an ic  m olecu les some e x te n s iv e  rev iew  p ap e rs  have been

p u b lish e d  (H utch ison  1967. van d e r  Waals and de G root 1967)- Here we
w i l l  on ly  g iv e  a b r i e f  summary. One o f  th e  m olecu les o f  i n t e r e s t  i s
q u in o x a lin e  and as an example we rep roduce in  f i g .  2 .1 i t s  energy  l e v e l

scheme. On th e  l e f t  a re  th e  s in g l e t  ground s t a t e  Sq and th e  low er
e x c i te d  s in g l e t  s t a t e s .  On th e  r ig h t  th e  lo w est (p h o sp h o rescen t)
t r i p l e t  s t a t e  T and th e  approxim ate p o s i t io n  o f  a  h ig h e r  t r i p l e t .  The

la b e ls  a t  th e  l e f t  s id e  o f  th e  le v e ls  g iv e  th e  o r b i t a l  sym m etries in

C2v ( th e  symmetry group o f  q u in o x a lin e ) .
When i r r a d i a t e d  by u l t r a  v io le t  l i g h t  a t  low te m p e ra tu re  in  a

d i lu t e  c r y s t a l l i n e  m a tr ix  th e  m olecu le i s  e x c ite d  from th e  ground s t a t e
50 in to  th e  s in g l e t  system . In  g e n e ra l th e  m olecule may r e tu r n  from th e

51 s in g l e t  s t a t e  to  th e  ground s t a t e  by th e  em ission  o f  f lu o re sc e n c e  o r

r e la x  to  th e  lo w est t r i p l e t  s t a t e  T0 . From th e r e  i t  th e n  decays to  th e

ground s t a t e  S0 e i t h e r  by em ission  o f  phosphorescence o r  v ia  non-
r a d ia t iv e  p ro c e s s e s . In  th e  ca se  o f  q u in o x a lin e  th e r e  i s  h a rd ly  any

f lu o re sc e n c e  and th e  r e la x a t io n  in to  th e  t r i p l e t  s t a t e  must be
r e l a t i v e l y  f a s t  as compared w ith  th e  r a d ia t iv e  decay o f  S-j which i s  o f

th e  o rd e r  o f  10*̂  s ^ ; th e  decay r a t e  o f  T0 i s  about 3 s
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F ig .  2 .1  The lo w e r e l e c t r o n i c  s t a t e s  o f  q u in o x a l in e .  The

l a b e l s  a t  th e  l e f t  o f  t h e  e n e rg y  l e v e l s  a r e  o r b i t a l  sy m m etries

in  C„ , th e  o th e r  l a b e l s  a r e  t o t a l  sy m m e trie s . The p o l a r i s a t i o n

o f  th e  tw o sym m etry a llo w e d  com ponents o f  p h o sp h o re sc e n c e  a r e

in d i c a t e d  t o g e t h e r  w ith  two s i n g l e t - s i n g l e t  t r a n s i t i o n s  from

w hich  th e y  d e r iv e  i n t e n s i t y .

T a b le  2 .1

C h a ra c te r  t a b l e  o f  th e  g roup

C2v E C2 G
y

. 0 .
X

Z A1 1 1 1 . 1

Tz A2 1 1 -1

Ty x B, 1 -1 1 -1

Tx  *  B2 1 -1 - j 1

The s p l i t t i n g  o f  t h e  lo w e s t t r i p l e t  s t a t e  in  z e ro -m a g n e tic  f i e l d

i s  m a in ly  d e te rm in e d  by  th e  m a g n e tic  d ip o le - d ip o le  i n t e r a c t i o n  betw een

t h e  e l e c t r o n  s p i n s .  The s p i n - o r b i t  i n t e r a c t i o n  c o n t r i b u t e s . t o  a  much



smaller extent although exceptions may occur, for instance in molecules
with orbital degeneracy. The dipole-dipole interaction JCgs is given by

2 h ,2 Y f(®i*®.i} 3(V rij)(s\rrij),
'e W  i<j <“ 73 " _5 ' * (2 .1)

Lij ij
where s. and s. are the spin angular momentum operators of electrons i

 ̂ ^  ̂ . .and j and r^. gives the position of electron i with respect to electron
j. To calculate this interaction energy one must integrate over the
spatial distribution of the electrons in the phosphorescent state Tq.
It has been shown by van Vleck (1951) that within the triplet multiplet
the microscopic Hamiltonian (2.1) can be written as a phenomenological
spin Hamiltonian in which only operators for the total spin angular
momentum occur. By introducing S = ?s. we obtain

l i

3C = 5 . T . 5 , (2.2)ss
where T is the zero-field splitting tensor; its elements involve
integrals of the operator (2.1) over the electron wave functions.

If an axis system x, y, z is chosen such that T is diagonal and
terms involving S S etc. disappear, 3f reduces tox y ss

jf = _ XS2 - YS2 - ZS2 . (2.3)ss x y z

The principal axes or spin axes of the tensor T coincide with the
molecular axes x, y, z if the molecule belongs to the symmetry group
Co or to a symmetry group which contains as a subgroup. We assume
in general that this occurs. If the symmetry of a molecule is lower and
the spin axes do not coincide with the molecular axes we shall label
the spin axes with primes.

The parameters X, Y and Z are the zero-field energies. Their
magnitudes are determined by the energy of interaction of the magnetic
moments of the electrons at distances comparable with the dimensions
of the molecule. This gives rise to zero-field transitions of the
order of 1000-10000 MHz. The triplet eigenfunctions T , T and T arex y z
linear combinations of the eigenfunctions of the S operator

T = ~r { |-1> - | + 1> ) (2.1+)x /2 1 1
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(2 .5 )T = i
y /2

T =z |0 > ( 2 . 6 )

These fu n c tio n s  have th e  p ro p e r ty

S T  = -  S T = iT  , e t c .  ; (2 .7 )x y y x z

S T = 0  u  = x ,  y ,  z . (2 .8 )u  u

The sp in  fu n c tio n  Tu i s  an e ig e n fu n c tio n  o f  w ith  e ig en v a lu e  0. In

o th e r  words th e  t r i p l e t  sp in  fu n c tio n s  co rresp o n d  t o  s i t u a t i o n s  where

th e  sp in  a n g u la r  momentum v e c to r  l i e s  in  one o f  th e  th r e e  c o o rd in a te

p la n e s  x = 0 , y = 0  or  z = 0 .  Moreover th e  t r i p l e t  sp in  fu n c tio n s

T tra n s fo rm  as  th e  u components o f  an a x i a l  v e c to r  (van d e r  Waals andu
de G root 1967). Hence in  th e  symmetry group C_ o f  q u in o x a lin e  T , TtV x y
and T be lo n g  to  th e  i r r e d u c ib le  r e p r e s e n ta t io n s  and (see

t a b l e  2 .1 ) .  In  t h i s  m olecu le where th e  s p in  axes c o in c id e  w ith  th e
m o le cu la r  axes th e  t o t a l  symmetry o f  each o f  th e  t r i p l e t  components i s

o b ta in e d  as  th e  d i r e c t  p ro d u c t o f  o r b i t a l  and sp in  symmetry. T h is  i s

in d ic a te d  in  f i g .  2 .1  a t  th e  r i g h t  o f  th e  t r i p l e t  sp in  l e v e l s .
The m agnetic  p r o p e r t ie s  o f  th e  p h o sp h o rescen t t r i p l e t  s t a t e  have

been s tu d ie d  very  e x te n s iv e ly  w ith  ESR sp e c tro sc o p y . In  such an
experim en t a  s t a t i c  m agnetic  f i e l d  Hq i s  a p p l ie d  and co n seq u en tly  a

Zeeman te rm  ap p ears  in  th e  sp in  H am ilton ian

JC = JC + JC = -  xs2 -  YS2 -  ZS2 -  Y 3 . 3  , (2 .9 )ss  z x y z e 2ir o

where y i s  th e  m agnetogyric  r a t i o  o f  th e  e le c t r o n .  The e n e rg ie s  o f  th e
e

sp in  components depend on th e  d i r e c t io n  and s t r e n g th  o f  Hq and a re

found from th e  s e c u la r  e q u a tio n ;

X -  X h „l  y H n h „- l  y ~ H  m1 e 2u o e 2x o

• h I.- i  Y H ne 2ir o
Y -  X • h ..l  y 7T~ H Ie 2ir o = 0 (2 .1 0 )

• h „l  y H m1 e 2u o - i  Y H Ie 2ir o Z -  X
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where I, m and. n are the direction cosines of Hq with the spin axes
x, y and z. The new eigenfunctions are linear combinations of T , T
and T with coefficients depending on the value of H and on i, m andz o
n. If Hq is very large and along a direction u the Zeeman term
dominates and the eigenfunctions approximate the eigenfunctions of S .
The schematic diagram in fig. 2.2 shows the energy levels when H is
parallel to x, y or z.

Fig. 2.2 The Zeeman splittings of a triplet state with a
magnetic field along the principal axes x, y or z. The
"Am = 1" transitions are indicated by full lines and the
"Am = 2"  transitions by broken lines.

ESR spectra are obtained by applying a microwave magnetic field.
A time dependent term then appears in the spin Hamiltonian (2.9)

V(t) = - yg . S cos ut . (2.11)

Transitions are induced between the spin states if the distance
between two levels corresponds with the frequency of the microwave
field. Three ESR transitions can be observed: one transition between
the highest and lowest component similar to Am = 2 in the atomic
case and two transitions corresponding to Am = 1 (fig.,2.2). The
lines occur at different values of the magnetic field. Their positions
depend on the orientation of Hq and the lines become stationary when
Hq is parallel to one of the principal directions. From these
stationary points the directions of the spin axes can be determined
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and from the corresponding positions of the ESR lines one obtains the
zero-field splitting parameters.

The ESR spectra are often split by the hyperfine interaction of
the electron spin with nuclear spins. This interaction is described by
a term in the spin Hamiltonian

3Cr f = 5 . A . I , (2.12)

where A is the hyperfine tensor and I the nuclear spin operator. If
the principal axes of this h.f. tensor coincide with the spin axes x,
y and z , (2.12) can be written as

A S I +XX X X A S Iyy y y a s Izz z z (2.13)

In a large magnetic field parallel to u = x, y or z the eigen
functions of are the approximate eigenfunctions. In this represen
tation one of the h.f. terms of (2.13) is diagonal and gives a first
order splitting of the electron spin levels. From the resulting
splitting of the ESR lines in the three principal directions one then
finds A , A and A .xx yy zz

Let us now consider the situation in zero field. Transitions then
may be induced between the spin states T , T and T by the sameJ r X y z
time-dependent term (2.11) as in normal ESR experiments. The trans
itions are linearly polarized in the x, y or z direction as can be
seen from the properties of the spin functions Tx , T and T^ (2.7)•

An important advantage of zero-field spectroscopy is that the
anisotropy introduced by the static magnetic field and the
corresponding scrambling of the zero-field functions is absent. The
splitting of the electron spin states is independent of the
orientation of the molecule in space. Hence in principle it is not
necessary to work with oriented molecules in a single crystal. In
order to induce the transitions one merely needs a component of the
magnetic microwave field along the corresponding direction of
polarisation. The directions of the spin axes however, can only be
obtained from the polarisation of the resonant microwave transition.
One would expect this to be less accurate than via an ESR experiment
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in  which th e  d i r e c t io n s  o f  th e  s p in  axes a re  determ ined  w ith  th e  h e lp

o f  a s t a t i c  m agnetic  f i e l d .
The problem  o f  th e  l i n e  shapes w i l l  be d isc u sse d  in  c h a p te r  It.

Here we m erely  n o te  t h a t  th e  z e r o - f i e l d  l in e s  cannot show th e  f a m i l ia r

h y p e rf in e  s t r u c t u r e  o f  o rd in a ry  ESR s p e c tr a :  because  o f  th e  r e la t io n s

(2 .7  and 2 .8 )  th e  h . f .  te rm  (2 .1 2 ) can on ly  g iv e  m a tr ix  elem ents
between d i f f e r e n t  z e r o - f i e l d  s t a t e s  and no f i r s t  o rd e r  s p l i t t i n g s  w i l l

occu r in  th e  e le c t ro n  sp in  l e v e l s .  I f  a s in g le  n u c le a r  sp in  I  = 5 i s

p re s e n t one even ex p e c ts  no s p l i t t i n g  a t  a l l  because  a  s t a t e  hav ing

h a l f  in t e g r a l  a n g u la r  momentum i s  a t  l e a s t  tw o -fo ld  d e g e n e ra te  in

ze ro -m ag n etic  f i e l d  (K ram ers' th e o re m ). Though a s in g le  p ro to n  does

n o t le a d  to  any s p l i t t i n g ,  groups o f  p ro to n s  may s t i l l  a f f e c t  th e  l i n e

shape (H utch ison  e t  a l .  1970) .  T h is a r i s e s  because t h e i r  combined
s t a t e s  may have a r e s u l t a n t  in te g r a l  sp in  an g u la r  momentum ( e .g .  1 = 0

o r  1 f o r  a p a i r  o f  e q u iv a le n t p ro to n s )  t h a t  coup les t o  th e  e le c tro n
sp in . In  o rd e r  t o  reduce  th e  c o n tr ib u t io n  to  th e  l i n e  w id th  due to

th e  p ro to n s , we have a l s o  s tu d ie d  a number o f  d e u te ra te d  m olecu les

in c lu d in g  q u in o x a lin e -d g .

2 .2  RADIATIVE PROPERTIES

The r a d ia t iv e  p r o p e r t ie s  o f  th e  sp in  components o f  th e

p hosphorescen t t r i p l e t  s t a t e  a re  de term ined  by th e  s p in - o r b i t  co u p lin g

in  th e  m o lecu le . T h is in te r a c t io n  mixes s in g l e t s  w ith  t r i p l e t s  and

allo w s e l e c t r i c  d ip o le  t r a n s i t i o n s  to  occu r betw een th e  low est t r i p l e t

s t a t e  and th e  s in g l e t  ground s t a t e .  Hence th e  phosphorescence appears
to  be s to le n  from allow ed  s in g l e t - s in g l e t  and t r i p l e t - t r i p l e t

t r a n s i t i o n s .  The m ixing i s  very  s e le c t iv e  because s p in - o r b i t  i n t e r 

a c t io n  on ly  g iv e s  m a tr ix  elem en ts betw een s in g l e t  and t r i p l e t  s t a t e s
o f  th e  same t o t a l  symmetry. As a  r e s u l t ,  th e  r a d ia t iv e  t r a n s i t i o n

p r o b a b i l i t i e s  kr  (u  = x ,  y ,  z) o f  th e  th r e e  sp in  components o f  a

p hosphorescen t t r i p l e t  s t a t e  in  g e n e ra l a r e  d i f f e r e n t .  For in s ta n c e

in  q u in o x a lin e  ( f i g .  2 .1 )  one m ight expect th e  to p  le v e l  and th e
low est l e v e l  A. t o  decay v ia  x and z p o la r iz e d  phosphorescence ,
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resp ec tiv e ly '* "  . Our p re v io u s  experim en ts (de G root e t  a l .  1968) as  w e ll

as  th e  r e s u l t s  o f  c h a p te r  5 show t h a t  th e  phosphorescence o r ig in a te s
p red o m in an tly  from th e  to p  l e v e l .

In  th e  o p t i c a l  d e te c t io n  te c h n iq u e  one makes use o f  th e s e

d i f f e r in g  r a d ia t iv e  decay r a t e s .  When m agnetic d ip o le  t r a n s i t i o n s  a re

induced  betw een two components o f  th e  t r i p l e t  s t a t e  th e  e q u ilib r iu m

p o p u la tio n s  o f  th e  le v e ls  a r e  a f f e c te d  and a change in  th e

phosphorescence in t e n s i t y  o c c u rs . T h is e f f e c t  w i l l  be more pronounced

th e  l a r g e r  th e  d if f e r e n c e s  in  r a d ia t iv e  decay r a t e s  o f  th e  in d iv id u a l

l e v e l s .  F u r th e r ,  one ex p e c ts  t h a t  i t  i s  advantageous to  work a t  low

te m p e ra tu re  ( l i q u id  helium ) in  o rd e r  to  o b ta in  la r g e  d if fe r e n c e s  in
th e  p o p u la tio n s  o f  th e  sp in  l e v e l s .

The im portance o f  t h i s  new approach i s  t h a t  th e  d e te c t io n  o f  th e

z e r o - f i e l d  t r a n s i t i o n s  i s  removed from th e  microwave re g io n  to

d e te c t in g  o p t i c a l  p h o to n s. From an ex p e rim en ta l p o in t o f  view t h i s

o f f e r s  a  c o n s id e ra b le  advantage because i t  c ircum ven ts th e  com plica

t io n s  in h e re n t  in  microwave d e te c t io n  te c h n iq u e s . I t  i s  w e ll  known th a t

in  norm al ESR sp e c tro m e te rs  where microwave c a v i t i e s  and b r id g e s  a re

used  th e  d e te c t io n  s e n s i t i v i t y  i s  s tro n g ly  frequency  dependen t.
C onsequently  one i s  fo rc e d  to  work a t  f ix e d  frequency  and in  o rd e r  to

ob serv e  th e  ESR l in e s  one v a r ie s  th e  m agnetic f i e l d .  In  z e r o - f i e ld

sp e c tro m e te rs  one must vary  th e  freq u en cy . Hence in  th e  in s tru m e n t

c o n s tru c te d  by E rick so n  (1966) a tu n a b le  c a v i ty  and microwave b r id g e

i s  employed. The o p t i c a l  d e te c t io n  te c h n iq u e  i s  f re e  from th e s e

d i f f i c u l t i e s  and hence a t t r a c t i v e  to  a p p ly , n o t on ly  in  ca se s  where a

m agnetic f i e l d  i s  p re s e n t  b u t p a r t i c u l a r l y  f o r  th e  d e te c t io n  o f  z e ro -

f i e l d  t r a n s i t i o n s .  Indeed  such a z e r o - f i e l d  sp e c tro m e te r  w ith  o p t ic a l

d e te c t io n  i s  r e l a t i v e l y  sim ple as  we s h a l l  see  in  th e  nex t c h a p te r

where e x p e rim en ta l d e t a i l s  a r e  g iv en .

In  o rd e r  to  keep th e  d is c u s s io n  sim ple we n e g le c t  th e  b rea k in g  o f
e l e c t r o n ic  s e le c t io n  r u le s  due to  v ib ro n ic  c o u p lin g . A lthough non-
t o t a l l y  sym m etric v ib r a t io n s  a re  im p o rtan t in  th e  s t r u c tu r e  o f  th e

Tq — *• Sq o p t i c a l  spectrum  (E l-S ayed  e t  a l .  1970), th e y  c o n tr ib u te

on ly  a  sm a ll f r a c t i o n  to  th e  t o t a l  i n t e n s i t y  o f  th e  phosphorescence.
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C H A P T E R  3

EXPERIMENTAL

3. 1 THE SPECTROMETER

The schem atic  d iagram  o f  th e  e x p e rim en ta l arrangem ent used  fo r

th e  s tu d y  o f  th e  z e r o - f i e l d  t r a n s i t i o n s  i s  shown in  f i g .  3 .1 .  The
microwave so u rce  c o n s is ts  o f  a H ew lett P ackard  HP 8690 B sweep

o s c i l l a t o r  which can re c e iv e  each o f  th e  HP 8690 s e r i e s  Backward Wave

O s c i l la to r s  (BWO's) as a  p lu g - in .  With t h i s  com bination  we cover th e

frequency  range  o f  100 to  121+00 MHz, where th e  BWO's p ro v id e  about

100 mW o f  microwave power w ith  a r e s id u a l  frequency  m odula tion  o f

about 30 kHz. The microwave power i s  fed  th ro u g h  c o a x ia l l in e s  v ia  an

a d ju s ta b le  a t te n u a to r  and a c i r c u l a t o r  t o  a h e l ix  a c t in g  as our

re s o n a to r .  The power r e f l e c t e d  from th e  open ended h e l ix  i s  d i r e c te d

th rough  th e  c i r c u l a t o r  to  a te rm in a tio n .  A sm all f r a c t i o n  i s  go ing  v ia

a d i r e c t io n a l  co u p le r  to  a frequency  m e te r.
The sample i s  mounted a g a in s t  th e  end o f  a q u a r tz  l i g h t  p ip e  in  a

sm all t e f l o n  c o n ta in e r  w ith  a q u a r tz  window. The l i g h t  p ip e  p r o je c ts

in to  th e  h e l ix  and can i f  n e c e s sa ry  be moved up and down to  b r in g  th e

sample to  a p o s i t io n  o f  maximum r . f .  f i e l d .  The whole assem bly i s

p la c e d  in  an o p t i c a l  l i q u i d  helium  dewar w ith  q u a r tz  windows in  th e
bottom  th ro u g h  which th e  u .v .  i r r a d i a t i o n  i s  a p p l ie d . Sm all h o le s  in

th e  t e f l o n  c o n ta in e r  perm it th e  l iq u i d  helium  to  p ass  f r e e ly  around th e

c r y s t a l  in  o rd e r  t o  p ro v id e  th e  co o lin g  n e c e s sa ry  t o  p re v e n t h e a tin g
o f  th e  c r y s t a l  by th e  e x c i t in g  r a d ia t io n .
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Ir e c o r d e r ]

DIRECTIONAL C O U P L E R ''''

F ig . 3.1 Schem atic diagram  o f  th e  z e r o - f i e l d  sp e c tro m e te r

w ith  o p t i c a l  d e te c t io n .

The l i g h t  so u rce  i s  a P h i l ip s  SP 1000 W att w a te rco o le d  su p e r-

h ig h  p re s s u re  m ercury a r c .  The e x c i t in g  l i g h t  p a s se s  th ro u g h  a s o lu t io n

f i l t e r  F^ and a g la s s  f i l t e r  F^. The phosphorescence o f  th e  sample i s
observed  by a p h o to m u lt ip l ie r  (EMI 952U B) v ia  th e  q u a r tz  l i g h t  p ipe

and a f i l t e r  F_. The f i l t e r  F  ̂ u s u a lly  was a s o lu t io n  o f  2l*0 g /1

NiSO^.éHgO p lu s  1*5 g /1  CoSO^.T^O and Fg a Chance P ilk in g to n  OX-7

o r  S c h o tt und Gen. UG-5 g la s s  f i l t e r .  F ,  c o n s is te d  o f  a p a i r  o f  O p tics

Technology In c . v a r ia b le  bandpass in te r f e r e n c e  f i l t e r s ,  t r a n s m it t in g

between 1*50 and 550 nm.
In  th e  s te a d y  s t a t e  experim en ts th e  sample i s  co n tin u o u s ly

i r r a d i a t e d .  In  th e  f i r s t  s u c c e s s fu l  experim ent on q u in o x a lin e  d isp la y e d

in  f i g .  1 .2  th e  s ig n a ls  were o b ta in e d  a t  1.52 K w ith  d .c .  d e te c t io n  a t

th e  p h o to m u l t ip l ie r  o u tp u t.  T h is d e te c t io n  method i s  n o t th e  most

s e n s i t iv e  one , because  th e  s ig n a l - to - n o is e  r a t i o  i s  s e v e re ly  d e te r io 

r a te d  by low frequency  i n s t a b i l i t i e s  o f  th e  l i g h t  so u rc e . In s te a d  one

would p r e f e r  to  d e te c t  th e  changes in  phosphorescence in t e n s i t y  by a

" lo c k - in "  a m p lif ie r  a t  a  frequency  where th e s e  i n s t a b i l i t i e s  a re

n e g l ig ib le .  In  o rd e r  to  o b ta in  th e  resp o n se  tim e  in  th e  t r i p l e t  system

n e c e s sa ry  f o r  th e  u se  o f  m odu la tion  te c h n iq u e s  th e  te m p e ra tu re  was
in c re a s e d  to  1*.2 K. At t h i s  te m p e ra tu re  th e  r e la x a t io n  i s  so f a s t  th a t

am p litude  m odulation  o f  th e  microwave power r e s u l t s  in  changes in  th e
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phosphorescence i n t e n s i t y  a t  th e  same freq u en cy . The o u tp u t o f  th e
p h o to m u lt ip l ie r  i s  th e n  connected  to  a P r in c e to n  A pp lied  R esearch  (PAR)

model 220 " lo c k - in "  a m p lif ie r  coup led  to  a  r e c o rd e r .  The r e fe re n c e

frequency  o f  th e  " lo c k - in "  i s  u sed  to  d r iv e  th e  am plitude  m odu la tion  o f

th e  microwave so u rce . The m odula tion  freq u en cy  t h a t  can be used  depends

on th e  dynamics o f  th e  t r i p l e t  system  and u s u a l ly  i s  in  th e  ran g e  o f

20-400 Hz. The z e r o - f i e l d  s p e c t r a  a re  o b ta in e d  by s lo w ly  sweeping th e

microwave frequency  th ro u g h  re so n a n ce . The m odulated  p a r t  o f  th e

phosphorescence i s  p h a s e - s e n s i t iv e  d e te c te d  by th e  " lo c k - in "  and i t s

o u tp u t d isp la y e d  on th e  r e c o rd e r .  The 3641 MHz t r a n s i t i o n  in
q u in o x a lin e  shown in  f i g .  1 .3  has been o b ta in e d  in  t h i s  way. The
improvement in  s ig n a l—t o —n o ise  r a t i o  compared w ith  th e  d .c .  d e te c t io n

method ( f i g .  1. 2 ) i s  m ain ly  due to  th e  " lo c k - in "  d e te c t io n  and p a r t l y

to  a  more e f f i c i e n t  l i g h t  g a th e r in g  system .
The h e l ix  i s  d e s c r ib e d  in  s e v e ra l  te x tb o o k s  on microwave

te c h n iq u e s  (W atk ins, P ie rc e )  and a ls o  f o r  a p p l ic a t io n  to  m agnetic

resonance  by Webb ( 1962) .  E x p re ss io n s  a re  g iven  f o r  th e  e l e c t r i c  and
m agnetic f i e l d  c o n f ig u ra t io n  in  th e  p h y s ic a l  a b s t r a c t io n  known as th e

"sh e a th "  h e l ix .  We w i l l  n o t g iv e  them h e re  because  ou r h e l ix  i s  f a r
from id e a l  and a knowledge o f  th e  ex a c t f i e l d  c o n f ig u ra t io n  i s  n o t so

im p o rtan t f o r  ou r o p t i c a l  d e te c t io n  ex p e rim en ts . I t  i s  enough to  know

th a t  a microwave m agnetic f i e l d  i s  p re s e n t  w ith in  th e  c o i l .  Because th e

mode p ro p a g a tin g  along  th e  w ire  i s  b a s ic a l ly  th e  same as  in  th e  c o a x ia l

l i n e  i t  i s  p o s s ib le  t o  m atch th e  h e l ix  ov er a  w ide freq u en cy  ra n g e . At

th e  open end th e  wave i s  r e f l e c t e d  and a s ta n d in g  wave e x i s t s .  The

dim ensions o f  ou r h e l ix  a re :  th ic k n e s s  o f  th e  w ire  0 .5  nn&s in n e r  d ia 

m eter 4 .4  mm, d is ta n c e  betw een th e  w ire s  1 mm, number o f  tu r n s  6 .
The a t t r a c t i v e  f e a tu r e  o f  t h i s  re s o n a to r  f o r  o p t i c a l  experim en ts

i s  i t s  open s t r u c tu r e  and f o r  z e r o - f i e l d  work i t s  w ide band o p e ra tio n .

We may ex p ect however t h a t  th e  microwave m agnetic  f i e l d  ov er a  sample
o f  10-20 mm3 w i n  be r a th e r  inhomogeneous in  am p litude and e s p e c ia l ly

in  d i r e c t io n .
In  th e  t r a n s i e n t  experim en ts a  change in  p h o sp h o rescen t l i g h t

in t e n s i t y  i s  induced  d u rin g  th e  decay o f  th e  t r i p l e t  s t a t e .  In  th e s e
experim en ts th e  o u tp u t o f  th e  p h o to m u lt ip l ie r  i s  co n n ected  d i r e c t l y  to

a T ek tro n ix  549 s to ra g e  o s c i l lo s c o p e .  The e x c i t in g  l i g h t  i s  sh u t o f f
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by a mechanical shutter (Synchro-Compur) with a closure time of 0.2 ms.
The closing of the shutter triggers the base line of the oscilloscope
while a delayed pulse subsequently triggers a sweep of the BWO through
the resonance frequency of a zero—field transition. In this experiment
no amplitude modulation of the microwave power is applied.

3.2 THE SYSTEMS STUDIED

We have studied quinoline-h™ and -d„, quinoxaline-h^ and -d, and
I f  o 6

naphthalene-dg as dilute solutions in single crystals of durene. The
"guests" replace durene molecules and can be considered as an "oriented
gas". The durene crystal is monoclinic with 8 = 113.3° and there are
two molecules per unit cell (Robertson 1933).

In the appendix details are given about the origin of the
chemicals, preparation of the crystals and mass spectrometric analysis
of the "perdeutero" compounds. As mentioned in section 2.1 the
deuterated isomers have narrower zero-field transitions than the hydro
compounds. An additional advantage of the former is their greater
phosphorescence intensity which arises because radiationless deactiva
tion of the triplet state is reduced on D substitution (Hutchison and
Mangum 1960, Robinson and Frosch 1963). The average degree of
deuteration of the samples (d/h ratio) in all cases exceeded 96% but
even then some 15-20$ of the molecules contain one or more H atoms.

In naphthalene the spin levels T , T and T lie in order ofx y z
increasing energy and in quinoline and quinoxaline the ordering is the
same (Hornig and Hyde 1963, Schmidt et al. 1970) (fig. 3.2). The three
molecules are approximately planar and hence one of the spin axes, in
our convention the x-axis must be perpendicular to the molecular
plane. In quinoxaline and naphthalene the in-plane axes are by
symmetry constrained to lie along and perpendicular to the central
bond, but for quinoline this is no longer true. Experimentally it is
observed (Vincent and Maki 1965) that the spin axes x' and y' deviate
by 13° from the directions x and y.

The phosphorescence spectra of the three molecules are very
similar and cover a broad region, roughly between 1*50 and 550 nm. In
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y DEUTERO - HYDRO-

k;
940 MHz

-2601 MHz
-3541 MHz

Tz
Ty

Tx

t  7-1001.3 MHz 10005 MHz

3585 MHz3597 MHz

1187 MHz1210 MHz

3641 MHz-3665 MHz

F ig . 3 .2  The p o s i t io n s  o f  th e  sp in  components o f  th e  lo w est
t r i p l e t  s t a t e s  o f  n ap h th a len e-d g  , q u in o lin e -d ^  and -h^  , and
q u in o x a lin e -d ^  and -h ^ . The symbols k^ and k s ta n d  f o r  th e

r a d ia t iv e  decay r a te s  o f  T and T . The arrow s in d ic a te  th ez y
dominant channels  o f  r a d ia t iv e  decay. The f re q u e n c ie s  o f  th e

t r a n s i t i o n s  observed  a t  1+.2 K a re  g iven  in  MHz. The f re q u e n c ie s

r e f e r  to  th e  h ig h e s t p o in t o f  d e f le c t io n  o f  th e  rec o rd e d  l i n e .

durene th e  0-0  band o f  q u in o x a lin e  i s  found a t  1+6U ran, (Chaudhuri and

E l-Sayed  1966), o f  q u in o lin e  a t  1+58 nm (Z ie g le r  and E l-S ayed  1970) and
o f  n ap h th a len e-d g  a t  1+67 nm. By f i l t e r i n g  th e  phosphorescence i s  e a s i ly
se p a ra te d  from th e  e x c i t in g  l i g h t  which i s  u s u a lly  betw een 250-320 nm.

27



C H A P T E R  4

THE STRUCTURE OF THE ZERO-FIELD TRANSITIONS IN PHOSPHORESCENT
QUINOLINE AND QUINOXALINE

4.1 INTRODUCTION

In this chapter we discuss the shape of the zero-field spectra
observed for quinoline and quinoxaline under steady state conditions.
As mentioned in chapter 1 the signals show a structure not found in the
corresponding transitions in naphthalene. Similar effects have since
been found by other groups in related aza-aromatic molecules (Tinti et
al. 1969).

In section 4.2 we first present experimental results of a
systematic study of the spectra for quinoline and quinoxaline. Then in
section 4.3 we turn to the theoretical interpretation of the line
shapes based on the known hyperfine and quadrupole interaction with the
N^1* nuclei. In this model we neglect hyperfine interaction with the
protons. In the conclusion we consider some general aspects of hyper
fine interaction in zero-field. Particularly we shall indicate the
effect of h.f. interaction with groups of protons, a subject treated
extensively by Hutchison, Nicholas and Scott (19T0).

4.2 RESULTS OF STEADY STATE EXPERIMENTS

The zero-field transitions of present interest have all been
measured at 4.2 K. At this temperature relaxation between the spin
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levels turns out to toe so fast that amplutude modulation of the micro-
wave power at frequencies between 20-U00 Hz results in variations of
the phosphorescence at the same frequency. The lines are measured toy
sweeping slowly through resonance with phase sensitive detection at the
output of the photomultiplier (section 3.1). The spectra are reproduced
in fig. b.1 to U.5 and their central frequencies have been collected
in fig. 3.2.

As expected deuterium substitution leads to narrower, better
resolved spectra, because of a reduction in hyperfine broadening. But
unfortunately the spectra of the "perdeutero" compounds show some
additional broad lines. We attribute these features, marked by double
arrows in the figures, to the isotopic impurities present in the
samples. For, it should be realized that a molecule like quinoline-dg-
h. has many different isomers and the zero-field splitting is expected
to vary slightly, not only with the number but also with the
position(s) of impurity atoms in the molecule.

Let us now consider the individual spectra and note their most
important characteristics.

2601MHz

Fig. 1+.1 The optically detected zero-field transitions of
naphthalene-dg in durene. T = h.2 K. The spectra are recorded
with amplitude modulation at kO Hz together with phase sensitive
detection. RC time 1 s. Sweep rate 0.05 MHz/s. The double arrows
indicate lines which we attribute to partly deuterated molecules.
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Naphthalene Only the deuterated isomer has been studied. From experi
ments by Sixl and Schwoerer (1970) on naphthalene-hg it turns out that
the top level T is the most radiative; kr > kr > kr . At k.2 K we

z z y x
observe all three transitions (fig. 1+.1). The three lines show no
structure and are considerably narrower than the corresponding trans
itions in naphthalene-hg found by Hutchison et al. (1970) in a micro-
wave absorption experiment.

Quinoline In quinoline the top level is by far the most radiative and
only two of the transitions are found: Z - Y and Z - X .

We discovered a remarkable variation of some of the transitions
with microwave power. This is shown in fig. k.2 for the Z - X trans
ition of quinoline-h^ , where at high power two satellites appear
around the central line at a distance of about 3 MHz. The Z - Y trans
ition consists of one line and no satellites were observed.

Secondly, when working at low power level the central lines in
quinoline-d show structure; the Z - Y line at the left in fig. It.3 is
split into two components separated by 0.75 MHz and with an intensity
ratio of 1:2, while the central Z - X line at the right shows a
shoulder at the low frequency side. In the perdeutero compound the
satellites in the Z - X transition are more difficult to see but
instead a strong broad signal indicated by a double arrow is present
2.1* MHz below the central line. The intensity ratio of this signal
relative to the central line is independent of microwave power and we
attribute it to the isotopic impurities.
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3585 MHz
1

1000.5 MHz

1 ' I
5 MHz- 5  MHz5 MHz- 5  MHz

F ig . U.2 The o p t i c a l l y  d e te c te d  z e r o - f i e l d  t r a n s i t i o n s  Z -  Y and
Z -  X o f  q u in o lin e -h ^  in  du rene . T = U.2 K. A m plitude m odu la tion  a t
80 Hz to g e th e r  w ith  phase s e n s i t iv e  d e te c t io n .  RC tim e 1 s .  Sweep r a t e

0 .1  MHz/s. The l in e s  in  (a) and (c ) a re  rec o rd e d  w ith  th e  maximum
microwave power o f  about 100 mW. The l i n e  in  (d) i s  o b ta in e d  w ith  1 mW.

In  (b) and (e ) we have drawn th e  c a lc u la te d  s p e c t r a  fo r  com plete

s a tu r a t io n  o f  a l l  t r a n s i t i o n s .  The s o l id  l i n e s  co rresp o n d  to  "a llow ed"

t r a n s i t i o n s  and th e  broken  l in e s  t o  " fo rb id d en "  t r a n s i t i o n s .  The
p o s i t io n s  o f  th e  l in e s  a r e  c a lc u la te d  w ith  th e  v a lu e s  |A^x | = 22 MHz,

Z -  Y = 1000.5 MHz, e z -  e = 3 .0  MHz.
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3597 MHz
i

1001.3 MHz

5 MHz-5M Hz 5MHz-5  MHz

Z-Y Z-X

F ig . 1».3 The o p t i c a l ly  d e te c te d  z e r o - f i e l d  t r a n s i t i o n s  Z - Y  and

Z - X  o f  q u in o lin e -d ^  in  du rene . T = h .2  K. A m plitude m odula tion  a t

Ö0 Hz to g e th e r  w ith  phase s e n s i t iv e  d e te c t io n .  RC tim e  1 s .  Sweep r a t e

0 .05  MHz/s. The s p e c t r a  (a ) and (c ) have heen rec o rd e d  w ith  a m ic ro -

wave power o f  about 1 mW (20 db below  maximum pow er). In  (b ) and (d)

we have redraw n th e  c a lc u la te d  spectrum  o f  f i g .  h . 2 .  The double arrows

in d ic a t e  l i n e s  w hich we a t t r i b u t e  t o  p a r t l y  d e u te ra te d  m o lecu les .
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Quinoxaline Xn quinoxaline "the top level again is dominant in the
radiative decay and at k,2 K two zero—field lines are found: Z — Y
and Z - X . Although the shape of the lines is now much more complex,
one encounters the same two features observed for quinoline: at high
microwave power satellites appear, and in the central part of the
spectra at low power a structure exists which is best resolved for the
low frequency transition of the perdeutero compound.

Let us first consider the spectra of quinoxaline-hg in fig. U.U.
At maximum microwave power the Z — X transition shows four satellites
instead of two in the corresponding line in quinoline-h_ (fig. h.2 c).
These satellites occur at distances of about ± 3 MHz and ± 6 MHz from
the center and disappear when the power is reduced (fig. U.I+ e). The
Z - Y transition at 1187 MHz has a complicated structure, which
changes slowly with decrease of power.

In quinoxaline-dg the spectra have the samé general appearance
but show better resolution (fig. U.5). Again some broader lines,
indicated by double arrows, are present which have a power independent
relative intensity and are attributed to the isotopic impurities.
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1187 MHz
»

5 MHz -5  MHz 5 MHz

Fig. U.U The optically detected zero-field transitions Z - Ï and
Z — X of quinoxaline-hg in durene. T = U.2 K. Amplitude modulation at
160 Hz together with phase sensitive detection. RC time 1 s. Sweep rate
0.1 MHz/s. The spectra (a) and (d) have been recorded with the maximum
microwave power of 100 mW; the lines in (b) and (e) with 0.5 mW and
10 yW respectively. In (c) and (f) we have drawn the calculated
spectrum for complete saturation of all transitions. The solid lines
correspond to "allowed" transitions and the broken lines to "forbidden"
transitions. The positions of the lines have been calculated with
|A I = 21.88 MHz, Z - Ï = 1187 MHz, e - e =■ XX' z y 3.0 MHz-.



1210 M Hz
i

3 6 6 5 .0  M Hz

- 5  MHz 5  M Hz - 5  MHz 5  M H z

F ig . U.5 The o p t i c a l l y  d e te c te d  z e r o - f i e l d  t r a n s i t i o n s  Z -  Y and

Z - X o f  q u in o x a lin e -d g  in  d u rene . T = U.2 K. A m plitude m odulation

a t  160 Hz to g e th e r  w ith  phase s e n s i t iv e  d e te c t io n .  RC tim e  1 s .  Sweep
r a t e  0.1 MHz/s. The s p e c t r a  (a )  and (d) have been re c o rd e d  w ith

maximum microwave power a t  100 mW; th e  s p e c t r a  (b ) and (e )  w ith  0 .5  mW

and 100 pW, r e s p e c t iv e ly .  In  (c )  and ( f )  we have rep roduced  th e  c a lc u 
l a t e d  spectrum  o f  f i g .  I t .1*. The double arrow s in d ic a t e  l i n e s  w hich we
a t t r i b u t e  t o  p a r t l y  d e u te ra te d  m o lecu les .
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U.3 INTERPRETATION

We shall try to understand the characteristic features of the
zero-field spectra of aza-aromatic molecules on the basis of quadrupole
coupling and hyperfine interaction involving the nitrogen nuclei. In
order to simplify the discussion it will be advantageous to split it
into two parts. First we shall treat quinoline, where only one nitrogen
nucleus is present, and then extend the discussion to quinoxaline. In
the latter molecule the mechanism remains the same, but because of the
interaction with two nitrogen nuclei the resulting line structure is
more complex.

A. Quinoline
We shall express energies in MHz and write our Hamiltonian as

+3fQ +JfHF where (j».i)

3C = - (XS2 + YS2 , + zs2,) (U.2)ss x yf z

K Q = ~ (ex" Ix" + V
t2 . T2 vV v V (U.3)

3fHF = ^ . A . Ï (h.k)

The first term 3C describes the familiar zero-field splittingss
of the electron spin system. We know from the ESR experiments of
Vincent and Maki (1965) that the in-plane spin axes deviate by +13 or
-13° from the molecular axes. In order to distinguish the spin axes we
designate them by primes.

The second term JCn describes the quadrupole splitting of the spinQ
states of the nitrogen nuclei in the principal axes system x" , y" , z"
determined by the electric field gradient at the nitrogen nucleus. 3Cq
is diagonalized by nuclear spin functions (k = x" > y" » z").
These nuclear spin functions for 1 = 1  obey the same relations as the
S = 1 electron spin functions T (u = x' , y' , z') (2.7 and 2.8).

For the present purpose one would need the eigenenergies and
principal axes directions of JC„ for quinoline in its phosphorescentQ
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state. These of course are not known. However, since we deal with a
H7T* state it is not unreasonable to suppose that the electric field
gradient in the excited state is not too dissimilar from that in the
ground states of the related molecules pyridine and pyrazine. For
these molecules the three NQR transitions have been found in zero-
field: in pyridine at 0.9 , 3.0 and 3.9 MHz and in pyrazine at 1.3 »
3.0 and 4.3 MHz (Guibé 1962, Schempp and Bray 1967)- The principal axes
of the quadrupole tensor were not determined, but theoretical analysis
(Lucken 1961) supports the idea that they approximately coincide with
the molecular axes. If we assume that the same theoretical model
applies to quinoline in its phosphorescent state, we may expect the
three nuclear states xyi > Xz» » Xx>i to lie in order of increasing
energy, with y" , z" and x" approximately parallel to the
corresponding molecular axes. Moreover we expect

: „ = 3.0 MHz (4.5 a)

: " * 4.0 MHzy (4.5 b)

The last term JC„_ describes the dipole-dipole interaction
between the electron and nuclear spin systems. Because of (2.7) and
(2.8) it can only give matrix elements between different zero-field
electron spin states. From the ESR experiments of Vincent and Maki
(1965) it follows that

Ia I = 22 MHz , Ia I < 4 MHz , l-A I 5 4.4 MHz . (4.6)1 xxi yy ' zz1

The main features of the zero-field spectra of quinoline and
later of quinoxaline can be understood by making two simplifying
assumptions suggested by the above information about 36ss > Ü q and

'K’hF'
(a) The principal axes of 3fgs , and Jfjjp, all are assumed

parallel to the molecular axes x, y and z.
(b) Because of the great disparity between the elements (4.6) the

hyperfine interaction further may be approximated by its leading
term
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( M )A S I
XX X X

We s h a l l  show l a t e r  t h a t  th e s e  app rox im ations a re  l e s s  r e s t r i c t i v e  th a n
th e y  may seem a t  f i r s t  s ig h t .

The sp in  fu n c tio n s  w hich d ia g o n a liz e  3fgg + Jf a re  T^xk (where

now u and k = x ,  y ,  z ) .  Hence i f  m agnetic  h y p e rf in e  in te r a c t io n  were
a b s e n t , each  o f  th e  th r e e  e le c tro n  sp in  l e v e l s  would c o n s is t  o f  th r e e

components w ith  e n e rg ie s  U + e (where U = X, Y, Z and k = x ,  y ,  z)
as  in d ic a te d  in  f i g .  k.6.

The z e r o - f i e l d  t r a n s i t i o n s  a re  induced  by a  tim e dependent
H am ilton ian  o f  th e  fo llo w in g  form

hs s .  h„ .  A„SXIX

'♦ f* r  Ez-a
"I— T -rr- ^ 0

i _ € y

ez-a

Z-Y Z-Y

| _  : |l •
Z-X Z-X

F ig . k.6  Energy l e v e l  scheme o f  th e  lo w es t t r i p l e t  s t a t e  o f  q u in o lin e .

Each o f  th e  th r e 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  i s  s p l i t  in to  th r e e

l e v e l s  by th e  quadrupo le s p l i t t i n g  o f  th e  n '** n u c le u s . At th e  r ig h t

some o f  th e  l e v e l s  a r e  s h i f t e d  f u r th e r  by second  o rd e r  h y p e rf in e  i n t e r -
a c t io n ,  a * A ^  /(Z -Y ) . At th e  bottom  th e  spectrum  t h a t  r e s u l t s  has

been in d ic a te d .  The "a llow ed" t r a n s i t i o n s  a re  in d ic a te d  by f u l l  l in e s

and th e  " fo rb id d e n "  ones by broken  l i n e s .
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V(t) = —  (-Y $ - V f) . H, cos d)t2ir ' 'e 'n ' 1 (fc.8)

where we have added a term for the interaction of the microwave
magnetic field with the magnetic moment of the nucleus (the factor 2tt
arises because the magnetogyric ratios are in radians.sec-^.gauss ).
For frequencies in the neighbourhood of one of the zefo-field
splittings only the electron spin part will contribute significantly to
the transition probability. Without the hyperfine term JC1 theHF
observed signal would correspond to transitions of the type
TzXjt "*—  T Xjj and T^x^ *—  ’ w^ere the electron spin state is
changed and the nuclear state conserved. In this situation the three
nuclear components of each electron transition would coalesce at the
single frequencies Z - Y  and Z - X , because the nuclear quadrupoles
do not "feel" the electron spins.

When next considering the hyperfine term A S I we see thatXX X X
because of (2.7) and (2.8) it cannot affect the T manifold but it willx
give matrix elements between the states T x and T x , and betweenz z y*y
TzXy and T^xz • In table U.1 we give the resulting spin functions to
first order in |A | and the eigenenergies to second order. The
influence on the shape of the Z - X and Z - Y transition is twofold
(see fig. U.6).
(a) The three "allowed" transitions in each zero-field line, in which

the nuclear spin state is conserved and which coincide if JC isHF
neglected, will be split by the second order energy shift
a = P? /(Z-Y) = 0.1* MHz. As a result in the Z - X transition
one line will occur at (Z - X) and the other two at (Z - X) + a.
In the Z - Y  transition one at (Z - Y) and two at (Z - Y) + 2a.

These splittings are indeed observed in the spectra of
quinoline-d^ (fig. U.3). The "allowed" Z - Y  line is split into
two components with an intensity ratio 1:2. In the "allowed" Z - X
line the second order energy splitting is halved and the transition
only has a shoulder at the low frequency side. From the separation
of 0.75 MHz observed for the two components of the "allowed" Z - Y
line we calculate |Ax | = 19.1* MHz instead of the value
|A | = 22 MHz derived from a high-field ESR spectrum by Vincent
and Maki (1965)•
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Table 1+. 1
The spin functions of quinoline to first order and the

• • 2eigenenergies to second order, a = A /(Z-Y) ,
B = Ax x /(Z-Y) .

First order eigen functions Second order energies

Tzxx Z + ex

T x - B T x Z + e + azAz yAy z

T x + B T x Z + e + azAy yAz y

1

t-3
*<
 

1
X Y + E

T x - 3 T xyAz zAy Y + e - az

T x + 6 T xyAy zAz Y + e - ay

Tx*x X + Ex

Tx*z X + ez

T x X + ExAy y

(b) "Forbidden" lines will occur in the Z - X transition, which are
displaced by +(e^ - e ) = 3  MHz with respect to the allowed line
at (Z-Y) + a and which have relative transition probabilities of
B^ = P? /(Z-Y)^ : It x 10“ . These satellites correspond with a
nuclear flip in addition to an electronic transition (fig. 1+.6 and
table U. 1).

In the spectrum of quinoline-h^ shown in fig. h .2 we observe
that for maximum microwave power two satellites indeed occur in
the high frequency transition.These satellites are displaced by
about ± 3 MHz and disappear upon reduction of microwave power.
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The low frequency Z - Y transition at 1000.5 MHz does not show
satellites even at maximum power, just as expected from our model.

In the spectrum of quinoline-d^ the satellites around the
Z - X line unfortunately are obscured by the lines due to isotopic
impurities like quinoline-d^-h^. Hence for the study of the
satellites they are less suited then the hydro compound and in
fig. U.3 we have presented only low power recordings of
quinoline-d^ in order to show the splitting of the allowed line.
Before turning to the discussion of quinoxaline we shall make two

remarks about the validity of the approximations (a) and (b). First,
the approximation (b) is better than one would expect from the
inequality of the tensor elements (U.6) alone, because Ia^ I  and |AzzI
give matrix elements between spin states that have energy differences
two and three times larger than Z - Y. For instance, the two
corresponding terms that have been neglected in the energy expression,
Ia  l2/(Z-X) and |a  |2/(Y-X) are less than 0.01 MHz. Second, if onlyI yy 1 z z ‘
IA I is considered with x perpendicular to the molecular plane, then
1 xx1
the direction of the in-plane principal axes does not affect the line
shapes: the term A S I only gives matrix elements between Tzxu
and T v and this interaction does not depend on the orientation ofy v
the in-plane principal axes which need not to be coincident for the
different tensors.
B. Quinoxaline

In this molecule two equivalent nitrogen atoms are present and
hence we have to extend the last two terms in our Hamiltonian (U.1)

-(e if + e if + e if ) - (e -x i x  y i y  z 1 z x 2 x

-*■ = ->= S . A . I, + S . A . I0

2 + e I2 + e I2 )y 2y 'z 2z (U.9)

(U.10)

For symmetry reasons the spin axes now coincide with the molecular axes
x , y, z and for the same reasons as in quinoline we have assumed that
the principal axes of the quadrupole interaction also are parallel to
x , y and z. Moreover we expect the quadrupole splittings of the
nuclear levels to be as (1+.5 a,b).

The hyperfine interaction in quinoxaline has been measured
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recently by Vincent (1970) in an ESR experiment. He found

|A I = 21.88 MHz , IA I = 7.3 MHz , Ia  |< 1 MHz. (U .11)1 xx1 yy 1 zz1 -

We make the same assumption as in quinoline and approximate the hyper-
fine interaction by its leading term

JC„_ = A S (I, + I„ ) . (It. 12)HF xx x 1x 2x

In order to find the eigenfunctions of JC one has to diagonalize
a 27 x 27 matrix. The analysis is greatly simplified if we use the
invariance of If under the symmetry operations of the group and
relative to interchange of the two nuclei. Accordingly the eigen
functions of Jf + JC„ are written in such a form that they are basesss Q
for irreducible representations of the group C^  and have a definite
parity under nuclear interchange,

TuTkk " Tux1kx2k

TuTkS.- = /2 Tu*x1kx2fl ± xU X2k^

(u,k,J. = x,y,z) (U. 13)

If the hyperfine interaction were absent each of the electron
spin levels would consist of 6 components with energies U + ,
three of which are doubly degenerate. This splitting again is
independent of the electron spin state and the components of the zero-
field transition would all coalesce at one single frequency.

When next introducing the h.f. interaction, which is totally
symmetric, we see that it only gives matrix elements between the T
and T multiplets. The non-vanishing elements occur between those
substates that have (a) the same total symmetry, (b) differ by an
electron spin flip T -- ► T^ together with a nuclear flip xz — **■ Xy
or vice versa. By arranging the spin functions symmetrywise the
27 x 27 interaction matrix blocks out into nine 1 x 1 matrices of
the T multiplet and further into the matrices shown in table k.2.

The spin functions with total symmetry A^ and form 2 x 2
matrices. The eigenfunctions to first order and the energies to second
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order are given in table k.3« For the functions with total symmetry
A and B 1 the situation is slightly different. Here two 3 x 3
matrices occur, which because of near degeneracies cannot be solved
by simple perturbation theory. Therefore we have diagonalized these
two matrices numerically assuming - ey = 3-0 MHz ,
|A | = 21.88 MHz and Z - Y = 1187 MHz. The resulting eigen
functions together with their energies are given in table U.3*

Inspection of the table shows the influence of hyperfine inter
action again to be twofold:
(a) The nine components of the Z — Y and Z — X transitions will

be split by the second order energy shift. As a result in the
Z - Y transition four components will occur with intensity ratios
2:U:2:1 and in the Z - X transition five components with
intensity ratios 2:U:1:1:1 .

These splittings are observed in the spectra of quinoxaline-
dg (fig. U.5). The allowed Z - Y line at 1210 MHz at low power
is indeed split into 1* components with separations and relative
intensities very close to the predicted values. In the Z — X
transition, where the second order energy splitting is half as
small, this splitting is not resolved, but the shape of the line
at low power is very close to the predicted one. From the
separation of the components in the "allowed" Z - Y line we cal
culate |A | = 21.1 MHz which is very close to the value
|A | ■ 21.88 MHz found by Vincent (1970) in an ESR experiment.

(b) Forbidden lines will occur. In the Z - X transition two sets of
four lines displaced by about ± ( S y - s z) = ± 3  MHz and with
relative transition probabilities of about 10-^ , which corre
spond with one nuclear flip in addition to an electron spin
transition should occur. However additional forbidden lines are
expected: in both the Z - X and Z - Y transitions two lines
displaced by + 2(e — £^) ■* 6 MHz with relative transition
probabilities of about 2 x 10~2 . These lines correspond with
two nuclear spin flips in addition to the electron spin
transition. They are related to the spin function ^zTyy * ^zTzz
of block A- and T t , T t of B, , which are mixed with each2 y yy y zz 1
other.
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T able U. 2

The h am ilto n ian  m a tr ix  f o r  q u in o x a lin e  b lo ck ed  o u t symm etrywise. The
sp in  s t a t e s  o f  th e  T m u l t ip le t  which do n o t y ie ld  any o f f -d ia g o n a l

elem en ts a re  n o t g iv en .
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T a b le  U.3
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Table *+.3
Approximate spin functions for quinoxaline and corresponding eigen-
energies; a = A^/tZ-Y), B = A^/fZ-Yj.The numerical values for the
functions of the T and T multiplet with symmetries A„ and B. havez y £ b 1 #
been obtained from the diagonalization of the 3 x 3  matrices in
table U.2, with |A^l = 21.88 MHz, ez - ey = 3-0 MHz and
Z - Y = 1187 MHz . Further e - e = *+.0 MHz.x y

In the spectrum of quinoxaline-hg and -dg (fig. ***** and *+ • 5)
we observe that in the Z - X transition for maximum microwave
power the predicted satellites indeed occur: a pair displaced by
about ± 3 MHz and a pair displaced by about ± 6 MHz. In the
Z - Y transition for maximum power much more satellites are present
than the two predicted by the model. Quite a number of mechanisms
may be responsible for these additional lines. They might arise
through the neglected terms in the hyperfine interaction lAyyl
and |AZZI- However, it is surprising that such lines would show
up, because their transition probability should be at least 100
times smaller than the forbidden lines caused by the term jA ^ J .

U.U CONCLUSION

In conclusion we may make some remarks about the present work
and about hyperfine interaction in general for the triplet state in
zero-field.
(a) An explanation has been given of the line shapes in quinoline and

quinoxaline on the basis of hyperfine and quadrupole interaction
with the N1** nuclei. It must be realized that in the present
instance the solution is relatively simple because the term |A3CXI
of the h.f. interaction with the N^ nuclei is the most important.
In general there is not such a large difference between the h.f.
terms and many additional forbidden transitions may occur. As a
result the line shapes may become very complicated and make it
necessary to use numerical methods to find the theoretical shape.



(b ) A lth o u g h  i t  was in d i c a t e d  i n  s e c t io n  2 .1  t h a t  g ro u p s  o f  p ro to n s

may c o n t r ib u t e  t o  th e  l i n e  w id th  o f  th e  z e r o - f i e l d  t r a n s i t i o n s  we

h av e  n e g le c te d  them  in  th e  p r e s e n t  a n a l y s i s .  H ere we s h a l l  e s t im a te

t h e i r  e f f e c t  on th e  l i n e  w id th  in  t h e  a z a -a r o m a t ic s  by lo o k in g  a t

t h e  h y p e r f in e  i n t e r a c t i o n  w ith  tw o e q u iv a le n t  p r o to n s .

In  n a p h th a le n e  a s  w e l l  a s  in  q u in o l in e  and  q u in o x a l in e

( H i r o ta  e t  a l .  196U, V in c e n t and  Maki 1963, 1965) h . f .  i n t e r a c t i o n

w ith  th e  a  p ro to n s  i s  c o n s id e r a b ly  l a r g e r  th a n  w ith  t h e  B p ro to n s

and  we n e g le c t  th e  e f f e c t  o f  t h e  l a t t e r .T w o  e q u iv a le n t  a p ro to n s

w ith  1 = 5  may b e  com bined t o  n u c le a r  s t a t e s  h a v in g  1 = 0  and

1 = 1 .  H y p e rf in e  i n t e r a c t i o n  w ith  th e  n u c le a r  s i n g l e t  s t a t e

v a n is h e s  and  a s  we know t h e  p re s e n c e  o f  a  n u c le a r  s p in  I  = 1

g iv e s  a  seco n d  o r d e r  s p l i t t i n g .  In  g e n e r a l  one e x p e c ts  fo u r
. . Pco m p o n en ts , w ith  a  maximum s p l i t t i n g  o f  ab o u t A ^ /C Z -Y ) ~ 0 .3  MHz.

The t o t a l  e f f e c t  o f  a l l  p ro to n s  o f  c o u rs e  w i l l  b e  s l i g h t l y  l a r g e r

and  a  l in e b r o a d e n in g  in  t h e  o r d e r  o f  0 .5  -  1 MHz can b e  e x p e c te d .

An e x a c t  c a l c u l a t i o n  on n a p h th a le n e -h g  h a s  b een  p e rfo rm e d  by

H u tc h is o n , N ic h o la s  and  S c o t t  (1 9 7 0 ) . They p r e d i c t  s t r u c t u r e l e s s

z e r o - f i e l d  s p e c t r a  w ith  l i n e w id th s  o f  1 -  1.U MHz and  c o n firm

t h i s  p r e d i c t i o n  w ith  s p e c t r a  o b se rv e d  in  a  m icrow ave z e r o - f i e l d

s p e c t ro m e te r .

The c o n t r ib u t io n s  t o  th e  l i n e w id th s  o f  t h e  p ro to n s  in  th e  two

a z a -a r o m a t ic  m o le c u le s  may b e  e x p e c te d  t o  b e  ab o u t th e  same a s  th e

seco n d  o r d e r  s p l i t t i n g s  due t o  t h e  N1 n u c le u s .  Hence in  q u in o l in e -

h„  and q u in o x a l in e - h g  th e  " fo rb id d e n "  l i n e s  a r e  s t i l l  s e p a r a te d

from  th e  "a llo w e d "  o n e s ,  b u t th e  s t r u c t u r e  in  th e  " a llo w e d "  p a r t  i s

l o s t .

( c )  R e c e n tly  B u ck ley  and  H a r r i s  (1970 ) have  o b se rv e d  b e a u t i f u l l y

r e s o lv e d  z e r o - f i e l d  s p e c t r a  o f  2 ,3 - d i c h lo r o q u in o x a l in e  w here f o r -
• 35 /■, 37b id d e n  l i n e s  o c c u r  in v o lv in g  a  s im u lta n e o u s  n u c le a r  Cl o r  Cl

t r a n s i t i o n .  The q u a d ru p o le  s p l i t t i n g s  o f  th e s e  n u c le i  a r e  ab o u t

35 MHz and  th e  " f o rb id d e n "  l i n e s  a r e  v e ry  w e l l  s e p a r a te d  from  th e

"a llo w e d "  o n e s . In  m ore r e c e n t  w ork F a y e r ,  H a r r i s  and  Yuen (1970)
35 '  37even  o b se rv e d  s a t e l l i t e s  in v o lv in g  n u c le a r  Cl and  C l

t r a n s i t i o n s  o f  n e ig h b o u r in g  " h o s t"  m o le c u le s .

From th e  e x p e r im e n ta l  m a t e r i a l  p r e s e n t ly  a v a i l a b l e  i t  may be
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concluded that zero-field spectroscopy offers a tool for measuring
the quadrupole splittings of nitrogen and chlorine nuclei of
molecules in their phosphorescent triplet State.

(d) It has been shown by Chan et al. (1969) in this laboratory and by
Harris et al. (1969) that it is possible to do ENDOR experiments
on photo-excited triplets in zero-field. The experimental set-up is
analogous to that described in section 3.1 with the addition of an
r.f. oscillator for saturating the nuclear transitions, which is
connected to the microwave helix or to a second coil surrounding
the sample. In this way the transitons between the nuclear levels
of an electron spin multiplet are observed via a change of the
phosphorescence intensity and in favorable cases the hyperfine
splitting can be analyzed with much higher precision than in the
present work. However the analysis in molecules containing hydrogen
atoms often proves to be very complicated because of additional
effects due to h.f. interaction with the protons.
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C H A P T E R  5

THE DYNAMICS OF POPULATING AND DEPOPULATING

THE PHOSPHORESCENT STATE

5 .1  INTRODUCTION

From th e  s te a d y  s t a t e  e x p e r im e n ts  d e s c r ib e d  in  c h a p te r  1* we know

t h a t  a t  b . 2  K in  n a p h th a le n e ,  q u in o l in e  and  q u in o x a l in e  r e l a x a t i o n

betw een  th e  s p in  l e v e l s  o f  t h e  t r i p l e t  s t a t e  i s  much f a s t e r  th a n  th e

d ecay . In  f a c t  t h i s  f a s t  r e l a x a t i o n  a llo w e d  u s t o  u se  m o d u la tio n

te c h n iq u e s  f o r  t h e  d e t e c t io n  o f  z e r o - f i e l d  s p e c t r a  a t  f r e q u e n c ie s

h ig h e r  th a n  th e  d ecay  r a t e s  k ^ .

The r e l a x a t i o n  r a t e s  a r e  s t r o n g ly  te m p e ra tu r e  d ep en d en t (d e  G roo t

e t  a l .  1967) and. we t h e r e f o r e  i n v e s t i g a t e d  w h e th e r  by lo w e r in g  th e

te m p e ra tu re  we c o u ld  r e a c h  a  s i t u a t i o n  w here r e l a x a t i o n  becom es slow

com pared t o  t h e  d ecay  r a t e s  o f  t h e  i n d i v id u a l  l e v e l s .  I t  tu r n e d  o u t

t h a t  in  many m o le c u le s  t h i s  s i t u a t i o n  in d e e d  o c c u rs  (A n th e u n is  e t  a l .

1970 ). D u rin g  th e  d ecay  o f  su ch  an " i s o l a t e d "  t r i p l e t  sy s tem  d r a s t i c

ch an g es  may be  in d u c e d  in  t h e  p h o sp h o re sc e n c e  i n t e n s i t y  by t h e  sudden

i r r a d i a t i o n  o f  a  m icrow ave t r a n s i t i o n  betw een  a  p a i r  o f  l e v e l s  (S c h m id t,

Veeman and  van d e r  W aals 1 9 6 9 )-  As an exam ple we have shown in  f i g .  5*1

th e  decay  o f  q u in o l in e - h ^  in  d u re n e  a t  1 .25  K. A t a  t im e  t  = 1 .2 8  s

a f t e r  s h u t t i n g  o f f  t h e  e x c i t i n g  l i g h t  t h e  m icrow ave fre q u e n c y  i s  sw ept

th ro u g h  t h e  Z -  X t r a n s i t i o n  a t  35Ö5 MHz and  a  s h a rp  i n c r e a s e  in

l i g h t  i n t e n s i t y  o c c u r s .

S in c e  t h e  f i r s t  o b s e r v a t io n  o f  su ch  a  "m icrow ave in d u c e d  d e la y e d

p h o sp h o re sc e n c e  s i g n a l"  we have  d e v e lo p e d  i t  i n t o  a  sy s tem  o f  t r a n s i e n t
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F ig . 5.1 The decay o f  phosp h o rescen t q u in o lin e -h _  in  durene a t  1.25 K.

H o riz o n ta l 0 .2  s p e r  d iv is io n .  The de lay ed  s ig n a l  i s  induced  by

sweeping th ro u g h  th e  Z -  X t r a n s i t i o n  a t  35Ö5 MHz, 1 .28 s a f t e r

s h u t t in g  o f f  th e  e x c i t in g  l i g h t .

experim en ts f o r  so lv in g  th e  dynamics o f  p o p u la tin g  and d e p o p u la tin g

th e  in d iv id u a l  sp in  components o f  th e  phosp h o rescen t t r i p l e t  s t a t e .
A p re lim in a ry  d is c u s s io n  o f  t h i s  method has a lre a d y  been given  w ith

phenazine  as an example (A ntheunis e t  a l .  1970). In  t h i s  c h a p te r  we

s h a l l  p re s e n t  a  more com plete d e s c r ip t io n  o f  th e  te c h n iq u e  and

i l l u s t r a t e  i t  w ith  experim en ts on our m olecu les o f  i n t e r e s t :

q u in o lin e  and q u in o x a lin e .

5 .2  THE EXPERIMENTAL METHOD AND RESULTS FOR QUINOLINE-h^ IN DURENE

In  o rd e r  t o  d em onstra te  th e  e s s e n t i a l  f e a tu re s  o f  th e  te c h n iq u e

we s h a l l  c o n s id e r  th e  "a lm ost id e a l"  ca se  o f  q u in o lin e -h ^ .. The
p o s i t io n s  o f  th e  sp in  le v e ls  o f  t h i s  m olecu le have been in d ic a te d  in

f i g .  5 .2  to g e th e r  w ith  th e  r a t e  p ro c e sse s  t h a t  govern th e  s te ad y  s t a t e

p o p u la tio n s  o f  th e  th r e e  com ponents.
1. The p o p u la tin g  r a te s  P o f  components Ty (u  = x ,  y ,  z ) .
2 . The a b s o lu te  r a te s  o f  decay k^ from T^ to  th e  ground s t a t e ,  which

c o n s is t  o f  a  r a d ia t iv e  p a r t  k£ and a r a d ia t io n le s s  p a r t  k^ .

3. The r a t e s  o f  sp in  r e o r ie n t a t i o n  (u , v = x ,  y ,  z) .

By red u c in g  th e  p re s s u re  above th e  l i q u i d  helium  to  0 .3  mm we

o b ta in  a te m p e ra tu re  o f  1.1 K and th e n  f in d  in  q u in o lin e -h ^  t h a t
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(5 .1)W << k , k , kuv x y z

When this "isolation condition" holds the spin components decay inde
pendently. We shall now show how one can take advantage of this
"isolation" to measure the absolute decay rates k , the relativeu
radiative decay rates k^ , the relative steady state populations N (O)
and the relative populating rates of the three spin levels.

P* Py Pz

Fig. 5.2 The zero-field splitting of the lowest irtr* triplet state of
quinoline-h- in durene and the populating, depopulating and relaxation
rates.

In all our examples, quinoline-h^ and -d„ and in quinoxaline-hg
and -dg it turns out that depopulation, radiative as well as non-
radiative, occurs predominantly from the top level T , in other words:
r r rk >> k , k and also k >> k , kz y x z y x

T h e  a b s o l u t e  d e c a y  r a t e s  ku
These we measure in experiments such as that shown in fig. 5.1.

The sample is irradiated at 1.1 K, where the isolation condition (5.1)
holds, and a steady state population established. Then the exciting
light is shut off (t = 0) and the phosphorescence monitored with a
photomultiplier connected to the oscilloscope. The signal one initially
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o b se rv es  i s  a lm ost e n t i r e l y  caused  by th e  f a s t  decay o f  th e  e m ittin g

l e v e l  T . At a tim e  t  = t ,  lo n g  compared w ith  th e  decay tim e k o fz 1 z
T , one suddenly  sweeps th e  microwave f i e l d  th ro u g h  th e  Z -  Xz
resonance  a t  3585 MHz. In  t h i s  way m olecu les a re  ta k e n  from th e  slow ly

decay ing  n o n -a c tiv e  l e v e l  T to  re p o p u la te  th e  e m itt in g  le v e l  Tz and

a  sh a rp  in c re a s e  in  phosphorescence i s  observed  ( f i g .  5 .1 ) .  The h e ig h t

h ( t „ )  o f  th e  le a d in g  edge o f  t h i s  de lay ed  s ig n a l  i s  g iven  by :
x-*-z 1

h ( t j  > c (ffl kr  + Ml kr ) , (5 -2 )
X- *Z 1 Z Z X X

where AN and AN a re  th e  changes in  p o p u la tio n  induced  by th e  m ic ro -
x z

wave f i e l d  and c i s  an in s tru m e n ta l  c o n s ta n t .
S ince  th e  sweep th ro u g h  resonance i s  perform ed in  a tim e  sh o r t

compared w ith  th e  l i f e t im e s  o f  th e  two le v e ls  we may assume t h a t  th e

t o t a l  number o f  m o lecu les i s  th e  same im m ediate ly  b e fo re  and a f t e r  th e

sweep. Hence

AN + AN = 0 . (5 -3 )
Z X

The changes in  p o p u la tio n  produced by th e  reso n an ce  may be e x p re ssed

as a  f r a c t i o n  o f  th e  p o p u la tio n  d i f f e r e n c e  betw een Tx and Tz th a t

e x is te d  th e  moment th e  sweep was s t a r t e d

AN = -  AN = f  ( N ( t J  -  N ( t J }  . (5.*»)
Z X X I  Z I

We now w r i te

hi +z ( t l l s c f { V t 1) - Nz( t 1) ) ( k z - llx ) * ( 5 -5)

where th e  f r a c t i o n  f  depends on th e  e x p e rim en ta l c o n d i tio n s  and in

p a r t i c u l a r  on th e  microwave power ( s e e  below ).
The decay r a t e  kx i s  low er th a n  kz and hence th e  tim e  t^  can be

chosen such th a t  N ( t , )  i s  n e g l ig ib le  r e l a t i v e  t o  N ( t . ) .  I f  th ez 1 *  1 .
i n i t i a l  s te a d y  s t a t e  p o p u la tio n s  Nz (0) and Nx ( 0) a re  about th e  same

th e  c o n d it io n  t .  > 5 k " 1 s u f f i c e s .  We th e n  may approxim ate (5 .5 )  by
z
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lW t 1) = c f N x ( t 1) ( k z - kx ) •
(5 .6 )

In  f i g .  5 .3  lo g  h ( t , j )  has heen P l° t t e d  a g a in s t  t 1 . F or tim es
t  £ 2 s th e  c o n d itio n  >> a p p l ie s  and a s t r a i g h t  l i n e  r e s u l t s .

I f  r e la x a t io n  i s  n e g l ig ib le  th e  s lo p e  *x o f  t h i s  l i n e  must be eq u a l t o

th e  r a t e  c o n s ta n t k^ t h a t  we seek .

F ig . 5 .3  A lo g a r i th m ic  p lo t  o f  h ( t j  f o r  a  s e r i e s  o f  experim en ts

on q u in o l in e -h -  in  w hich th e  d e lay  tim e t 1 was v a r ie d ;  T = 1.1 K. The

s lo p e  o f  th e  s t r a i g h t  l i n e  f o r  t  > 2 s i s  eq u a l t o  «x . F or t 1 = 0

th e  s ig n a l  becomes n e g a t iv e ,  in d ic a t in g  th a t  in  e q u i l ib r iu m  Tx i s

u n d erp o p u la ted  r e l a t i v e  t o  T ( c f .  t a b l e  5*1).

I t  may be n o te d  t h a t  a lo g a r i th m ic  p lo t  l i k e  f i g .  5*3 p ro v id e s  a

check on th e  assum ption  Nz ( t .j )  = 0 ; f o r  t  < 2 s when t h i s  i s  n o t y e t

t r u e ,  th e  l i n e  i s  n o t ic e a b ly  cu rv ed . I t  w i l l  be c l e a r  t h a t  one can do
a s im i la r  experim ent w ith  th e  o th e r  "d ark "  l e v e l  T by sw eeping th ro u g h

th e  Z -  Y t r a n s i t i o n  a t  1000.5 MHz.
I f  th e  r e la x a t io n  r a te s  W a re  n o t com p le te ly  n e g l ig ib le  th e

slow ly  decay ing  le v e ls  to  some e x te n t a re  kep t in  c o n ta c t w ith  th e  f a s t

decay ing  l e v e l  . The o bserved  s lo p e s  <x and th e n  w i l l  n o t be eq u a l

to  th e  a b s o lu te  decay r a t e s  k and k o f  th e  in d iv id u a l  « levels asx y
d e f in e d  in  f i g .  5 .2 . In  o rd e r  t o  v e r i f y  t h a t  e f f e c t iv e  i s o l a t i o n  had
been ach iev ed  we have re p e a te d  th e  m easurem ents a t  h ig h e r  te m p e ra tu re s .

The r e s u l t s  in  f i g .  5.U show t h a t  rem ains c o n s ta n t from 1.1 to

1.25 K b u t t h a t  in  th e  same te m p e ra tu re  re g io n  k a lre a d y  s l i g h t l y
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increases. At temperatures higher than 1.25 K the observed values
increase rapidly with temperature because spin relaxation opens an
extra decay route for the two dark levels via the fast decaying level
T . If we assume that W still decreases on cooling from 1.25 toz uv
1.1 K, where the observed decay rates remain constant, it may be con
cluded that at 1.1 K relaxation has a small effect. Although the real
temperature dependence of between 1.1 and 1.25 K is unknown, we
assume that in the case of quinoline-h_ at 1.1 K the observed rates
are the absolute decay rates k^ and k^ of the levels and Tx .

os___ u> ts 20 20

Fig. 5.U The apparent decay rates Ky and <x of quinoline-h^. in durene
as a function of temperature.

We are left with the determination of the absolute decay rate of
the radiative level Tz . This problem can be solved in the following
way. We remember that the delayed phosphorescence is caused by
selective repopulation of T^ from a "dark" level. Hence the tail of
this signal represents the decay of Tz> The base line of this decay
almost coincides with the line of zero light intensity because in the
present case the radiative decay rates of the "dark" levels are small
and phosphorescence from impurities may be neglected. As an
illustration we show in fig. 5-5 the decay of quinoline-h^ under
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d i f f e r e n t  ex p e rim en ta l c o n d ito n s . A ll t r a c e s  s t a r t  5 s a f t e r  s h u t t in g

o f f  th e  e x c i t in g  l i g h t  and th e  tim e s c a le  i s  0 .2  s p e r  d iv is io n .  T race

A re p re s e n ts  th e  d e layed  s ig n a l  induced  by a sudden sweep th ro u g h  th e

Z -  X t r a n s i t i o n  a t  3585 MHz. T race B i s  th e  norm al decay and C th e

l i n e  o f  zero  l i g h t  i n t e n s i t y .  The phosphorescence e m itte d  by th e

re p o p u la te d  r a d ia t iv e  le v e l  T q u ic k ly  decays to  a v a lu e  very  c lo s e  to

zero  and hence in  t h i s  p ic tu r e  C can be used  as  a base  l i n e  w ith o u t

in tro d u c in g  an im p o rtan t e r r o r .

F ig . 5 .5  The decay o f  phosp h o rescen t q u in o lin e -h _  in  durene a t  1.1 K.

The t r a c e s  s t a r t  5 s a f t e r  s h u t t in g  o f f  th e  e x c i t in g  l i g h t  and th e

tim e s c a le  i s  0 .2  s p e r  d iv is io n .  A: de lay ed  s ig n a l  induced  by a
sudden sweep th ro u g h  th e  Z -  X t r a n s i t i o n  a t  3585 MHz. B: norm al

decay , C: ze ro  l i n e ,  D: decay when th e  Z — X t r a n s i t i o n  i s
c o n tin u o u s ly  s a tu r a te d .  In  t h i s  p a r t i c u l a r  experim ent th e  t r a c e  D

c o in c id e s  w ith  C and shows i t s  p re se n ce  on ly  in  th e  b eg in n in g  as a

b roaden ing  o f  C.

I f  th e  r a d ia t iv e  r a t e s  o f  th e  sp in  le v e ls  a re  l e s s  extrem e th a n

in  q u in o lin e ,  we need th e  ex ac t p o s i t io n  o f  th e  b a s e l in e  o f  th e

delayed  s ig n a l  f o r  a p r e c is e  measurement o f  th e  a b s o lu te  decay r a t e  o f

th e  re p o p u la te d  l e v e l .  In  o rd e r  to  show how such a b ase  l i n e  i s

determ ined  we have d isp la y e d  in  f i g .  5*5 th e  r e s u l t  o f  an a d d i t io n a l

experim ent D, in  which th e  Z -  X t r a n s i t i o n  i s
s a tu r a te d  from th e  moment th e  e x c i t in g  l i g h t  i s  shu t o f f .  V ia th e
microwave t r a n s i t i o n s  th e  slow ly  decaying  l e v e l  T^ i s  kep t in  c o n ta c t

w ith  th e  r a d ia t iv e  l e v e l  T and th e  two le v e ls  decay to g e th e r .  At th ez
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moment t r a c e  D s t a r t s  ( t  = 5 s )  we may th e n  assume b o th  T^ and Tx to  be

empty. Hence th e  d if fe r e n c e  B (t^ )  -  D (t^) j u s t  b e fo re  th e  microwave

sweep s t a r t s  i s  due t o  m olecu les in  T which in  B c o n tr ib u te d  to  th e

phosphorescence v ia  t h e i r  weak r a d ia t iv e  decay . ( In  th e  p re se n t

case  where D p r a c t i c a l l y  c o in c id e s  w ith  C, we know m oreover t h a t

phosphorescence from o r  from im p u r i t ie s ,  a t  t  = 5 s o r  lo n g e r ,  may

be n e g le c te d .)  When th e  de lay ed  s ig n a l  i s  induced  a t  tim e  t^  a  f r a c t io n

f  o f  N ( 't . )  i s  t r a n s f e r r e d  to  th e  e m ittin g  l e v e l  T^ and a f r a c t io n

(1 -  f)Nx ( t 1) l e f t  b eh in d . T hus, th e  b ase  l i n e  o f  th e  d e layed  s ig n a l

i s  found by adding  to  t r a c e  D a v a lu e

{ B (t1) -  D ( t1)}(1 -  f )  e x p { - ( t  -  t 1 ( t  > t j )  . (5 -7 )

In  t h i s  e x p re ss io n  f  i s  s t i l l  unknown and i t s  v a lu e  i s  o b ta in e d  from

a s e p a ra te  experim en t.

T h e  t r a n s f e r  c o e f f i c i e n t  f .
T h is p aram ete r i s  m easured by sweeping tw ic e  th ro u g h  th e  Z -  X

t r a n s i t i o n .  F i r s t  a t  tim e t .  g e n e ra tin g  a de lay ed  s ig n a l  w ith  a h e ig h t
* __ 1

g iven  by (5 .6 )  and ag a in  a t  tim e tg  such th a t  tg  -  t^  > 5 k^ . Hence

j u s t  b e fo re  th e  second s ig n a l  i s  induced  th e  r a d ia t iv e  l e v e l  Tz aga in

i s  em pty, w h ile  th e  dark  l e v e l  T c a r r i e s  a  p o p u la tio n

Nx ( tg )  = (1 -  f )  Nx ( t 1) e x p { -( tg  -  ' t 1)kx ) . (5 .8 )

The e x p re ss io n  f o r  th e  second de lay ed  s ig n a l  th e n  becomes

= c f  ( 1 "  f ) »x ^ >  ~ t j ) k x J ( <  ” ^ )  • (5 -9 )

From th e  r a t i o  o f  th e  h e ig h ts  o f  th e  two c o n se c u tiv e  s ig n a ls  -  (5*9) a t

tim e t „  and (5 .6 )  a t  t^  -  we f in d  th e  v a lu e  o f  f .
The r e s u l t s  o f  such f  m easurem ents fo r  th e  Z -  X t r a n s i t i o n  in

q u in o lin e -h „  as a fu n c tio n  o f  microwave power a re  d isp la y e d  in  f ig .

5 .6 . At th e  maximum microwave power o f  200 mW and a sweep r a t e  o f

10 MHz/ms , f  rea ch es  a  v a lu e  o f  0.715*
I t  may look  s u r p r i s in g  t h a t  th e  t r a n s f e r  c o e f f ic ie n t  i s  h ig h e r
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F ig . 5 .6  The t r a n s f e r  c o e f f i c ie n t  f  f o r  th e  Z -  X t r a n s i t i o n  in

q u in o lin e -h „  in  durene as a fu n c tio n  o f  microwave power; T = 1.1 K.

The r e l a t i v e  v a lu e  P . = 1  co rresp o n d s w ith  th e  maximum microwavemic
power o f  200 mW fe d  in to  th e  h e l ix .  The v a lu e s  o f  f  a re  o b ta in e d  from

two co n se c u tiv e  d e layed  s ig n a ls  w ith  an in te r v a l  o f  2 s induced

betw een 5 and 10 s a f t e r  s h u t t in g  o f f  th e  e x c i t in g  l i g h t .  The r e s u l t

f  = 0.715 f o r  maximum microwave power i s  th e  average o f  5 m easurem ents

and has a  s ta n d a rd  d e v ia tio n  o f  0 .005 .

th a n  0.5» th e  v a lu e  co rresp o n d in g  w ith  s a tu r a t io n  o f  th e  t r a n s i t i o n .

Indeed  in  ou r p rev io u s  example phenazine (A ntheunis e t  a l .  1970) we

found f  very  c lo se  t o  0 .5  and concluded  th a t  in  t h i s  case  s a tu r a t io n

was ach iev ed . In  th e  mean tim e i t  has been shown by H a rris  (1971) t h a t
a sweep th ro u g h  one o f  th e  reso n an ces o f  a  t r i p l e t  s t a t e  in  z e r o - f i e l d

may le a d  to  a  p a r t i a l  in v e rs io n  o f  th e  p o p u la tio n s  o f  th e  two sp in
le v e l s .  T h is  e f f e c t  i s  analogous to  th e  w e ll known a d ia b a t ic  f a s t

p assage in  m agnetic resonance and i t  o ccu rs  when co h e ren t co u p lin g
e x i s t s  between th e  t r i p l e t  system  and a s tro n g  microwave m agnetic

f i e l d .  In  th e  nex t c h a p te r  we s h a l l  g iv e  a d e s c r ip t io n  o f  such co h e r
en t in te r a c t io n  and i t s  e f f e c t  on phosphorescence. Here we m erely  n o te

t h a t  a p a r t i a l  in v e rs io n  may indeed  occu r as shown by our o b se rv a tio n
t h a t  in  q u in o lin e -h  a t  maximum microwave power f  = 0 .715 •

A n ic e  v is u a l  p ro o f  o f  t h i s  phenomenon i s  shown in  f i g .  5*7 >
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w here t h e  Z -  X d e la y e d  s i g n a l  i s  a g a in  p r e s e n te d ,  b u t  now a f t e r  th e

f i r s t  sw eep th ro u g h  re s o n a n c e  th e  m icrow ave fre q u e n c y  i s  im m ed ia te ly

sw ept b a c k . The i n i t i a l  h e ig h t  h ( t . )  c o r re sp o n d s  w ith  a  t r a n s f e r

o f  0.715N  ( t . )  t o  t h e  em pty r a d i a t i v e  l e v e l  T w h ile  0.2Ö5N ( t  ) i s
X I  Z X  I

l e f t  b e h in d  in  Tx . At t im e  t  + 20 ms th e  p o p u la t io n  d i f f e r e n c e

e s t a b l i s h e d  by  th e  f i r s t  sweep i s  a g a in  r e a r r a n g e d ;  b e c a u se  th e

p o p u la t io n  o f  t h e  r a d i a t i v e  l e v e l  i s  now re d u c e d  a  sudden  r e d u c t io n  in

p h o sp h o re sc e n c e  o c c u r s .  The o b se rv e d  s i g n a l  h e ig h t s  a t  t im e s  t^  and

t . |  + 20 ms h av e  a  r a t i o :

h ( t ,  + 20 ms)z-»x 1___________

V z ( t 1>
0.1+27

T h is  i s  in  good ag reem en t w ith  th e  t h e o r e t i c a l  v a lu e  0.1+13 c a l c u l a t e d

f o r  a  t r a n s f e r  c o e f f i c i e n t  o f  0 -715 in  b o th  sw eeps.

hz_*x(ti+20ms)

F ig .  5 -7  The d e la y e d  p h o sp h o re sc e n c e  s i g n a l  o f  q u in o lin e -h ^ . in  d u re n e ,

in d u c e d  by  a  sudden  sw eep th ro u g h  th e  Z -  X t r a n s i t o n  a t  3585 MHz

w ith  th e  maximum m icrow ave pow er o f  200 mW: sweep r a t e  10 MHz/ms,

f  = 0 .7 1 5 ,  T = 1.1 K. The t r a c e  s t a r t s  5 s  a f t e r  s h u t t i n g  o f f  t h e

e x c i t i n g  l i g h t  and  th e  t im e  s c a l e  i s  0 .1  s p e r  d i v i s i o n . The m ic ro -

wave f r e q u e n c y  i s  sw ept b ack  20 ms a f t e r  t h e  f i r s t  sw eep and  a  sudden

d e c re a s e  o f  t h e  d e la y e d  s i g n a l  o c c u r s .  (S in c e  t h e  t r a c e  i s  d i f f i c u l t

t o  fo l lo w ,  i t  i s  red raw n  a t  th e  r i g h t . )

We p r e f e r r e d  t o  in d u c e  th e  d e la y e d  s i g n a l s  by sw eep ing  th ro u g h

re s o n a n c e  in  s t e a d  o f  a p p ly in g  a  m onochrom atic  m icrow ave p u ls e .  In

t h i s  way we a f f e c t  t h e  w hole sp e c tru m  and  n o t  o n ly  a  s l i c e  o f  th e

inhom ogeneously  b ro a d e n e d  z e r o - f i e l d  l in e s . .  We m ust n o t f o r g e t  how ever
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th a t very d iffe r e n t  t r a n s it io n  p r o b a b il it ie s  occur in  th e  spectrum
(chapter k ) . Hence th e  in te g ra ted  e f f e c t  o f  th e  sweep through resonance,
measured as th e  delayed s ig n a l ,  i s  a com plicated m ixture o f  sa tu ra tio n
and a d ia b a tic  in v er s io n .

R e l a t i v e  r a d i a t i v e  d e c a y  r a t e s  k^ .
Once f  i s  known th e kr are obtained  from th e  experiment d isp layed

in f i g .  5 .5 . This can be understood in  th e  fo llo w in g  way. The
d iffe r e n c e  between tr a c e s  B and D in  f i g .  5*5 ju s t  b efore  th e  delayed
s ig n a l i s  induced, r e s u lt s  from m olecules in  l e v e l  Tx :

B ( t 1) -  D (t^) = c Nx ( t 1 , (5-10)

w h ile  th e  h eigh t o f  th e  delayed  s ig n a l i s  g iven  by (5*6) .  From th e  two
r rexp ression s and th e va lu e o f  f  we deduce th e  r a t io  o f  k^ and k^. The

r a t io  o f  kr and kr can be determined in  an analogous manner. Thez y
r e s u lts  summarized in  ta b le  5-1 r e fe r  to  experim ents at 1.1 K and show
th a t indeed th e  top  le v e l  T i s  by fa r  th e  most r a d ia t iv e .

T h e  r e l a t i v e  s t e a d y  s t a t e  p o p u l a t i o n s
N (0) can now be found as fo llo w s . The phosphorescence a t t  = 0 i s

g iven  by

1(0)  = c E N (O) kr . (5 .11)
u u u

Further, fo r  th e h eigh t o f  th e  delayed  s ig n a l h ( t . | )  *o r

s u f f i c ie n t ly  long t .  we have th e  exp ression  ( 5 - 6 ) .  This may a lso  be

w ritten  as

h ( t , )  = c f  N (O) exp{-k  t . } ( k r -  kr ) . (5-12)x-*-z 1 x x 1 z x

One has a s im ila r  exp ression  to  r e fe r  h ( t , )  t o  th e  stead y s t a tey+z 1
value N ( 0 ) .  From th e se  two equations to g eth e r  w ith  (5*11) we f in d

» r
Nx (0) : : ®z (0) » because th e  va lu es o f  f  , k^ and k^ are
known.
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ONro Table 5.1
quinoline-h_ quinoxaline-hg naphthalene-hg

in a in a in
durene naphthalene-dg naphthalene-dg

k 3.1 s'1 0.03 s“1 12.0 s"1 0.2 s“1 O.65 s-1
ky
k X

0.32 s"1
0.19 s“

0.02 s-1
0.01 s"1

0.80 s'1
0.1+2 s“1

0.02 s"1
0.01 s“1

0.1+0 s-1
0.15 s”

k rz 1 1
k ry 0.036 0 . 0 0 8 0.013 0.002
k rX 0.025 0.002 0.013 0.001

Nz(0) 1 1
Ny(0) 0.19U 0.023 0.362 0.031+
N (0)X 0 . 5 5 ^ 0.037 0.362 0.015

p z 1 1

p y 0.020 0 . 0 0 3 0.021+ 0.003
j PX 0.031* 0.003 0.013 0.001

p fz 1 1

: p fy 0.021+ 0.003 0.032 0.003

Pf
X 0.033 0.002 0.021 0.001



T able 5*1
• ■“1 • • •  1 r 1Decay r a te s  k^ in  s , r e l a t i v e  r a d ia t iv e  decay r a te s  , r e l a t i v e

s te a d y  s t a t e  p o p u la tio n s  N^(0) and r e l a t i v e  p o p u la tin g  r a te s  P o f  th e
sp in  components o f  th e  p hosphorescen t t r i p l e t  s t a t e s  o f  q u in o lin e -h ^  in

durene and q u in o x a lin e -h g  in  n ap h th a le n e -d g  as m easured a t  1.1 K. At

t h i s  te m p era tu re  i s o l a t i o n  i s  o b ta in e d  in  b o th  system s and th e  v a lu es

g iven  a re  b e l ie v e d  to  r e p re s e n t  th e  p ro p e r t ie s  o f  th e  in d iv id u a l  sp in
le v e l s .  The decay r a te s  in  th e  l a s t  column f o r  n ap h th a le n e  were

o b ta in e d  from ESR experim en ts by Schw oerer and S ix l  (1968 , 1969) a t
k . 2  K. The r e s u l t s  in  th e  bottom  s e c t io n  r e f e r  to  f la s h  ex p e rim en ts ;

a l l  o th e rs  to  experim en ts in  which a  s te a d y  s t a t e  was f i r s t

e s ta b l is h e d .  A ll v a lu es  a re  averages o f  th r e e  m easurem ents perform ed on

two d i f f e r e n t  sam ples, cu t from one la rg e  s in g le  c r y s t a l .  The symbol o
s ta n d s  f o r  th e  s ta n d a rd  d e v ia tio n  o f  th e  mean.

T h e  r e l a t i v e  p o p u l a t i n g  r a t e s  P .
These fo llo w  by com bining th e  decay r a te s  w ith  th e  s te a d y  s t a t e

p o p u la tio n s  o f  th e  l e v e l s .  B ecause, when r e la x a t io n  may be n e g le c te d

th e  change o f  p o p u la tio n  p e r  u n i t  tim e  o f  l e v e l  T i s  determ ined  by

dN
— -  = P -  N k , (u  = x ,  y ,  z) . (5 .1 3 )d t  u  u  u * * * * '

In  s te a d y  s t a t e  th e  change o f  p o p u la tio n  p e r  u n i t  tim e i s  ze ro  and
hence

P
y ° )  =  • „  ( 5 .  i u )

u

S ince N and k a re  known we f in d  th e  r e l a t i v e  p o p u la tin g  r a te s  Pu u  ^  °  u
g iven  in  t a b l e  5«1-

As a check on th e  s te a d y  s t a t e  experim en ts we have m easured P^

a ls o  in  f la s h  ex p e rim en ts . I t  fo llo w s from (5*13) t h a t  im m ediately
a f t e r  an e x c i ta t io n  by a  f la s h  o f  d u ra tio n  t << k ^  th e  p o p u la tio n s

o f  th e  sp in  components a re  p ro p o r t io n a l  t o  t h e i r  p o p u la tin g  r a te s  P
These " f la s h "  p o p u la tio n s  were determ ined  in  th e  same way as in  th e

s te a d y  s t a t e  ex p e rim en ts . The r e s u l t s  o f  t h i s  method a re  a ls o  g iven  in

63



table 5*1 and it is satisfying to find that there is close agreement
between the two methods.

5.3 FURTHER RESULTS

In addition to quinoline-h^ we have applied the same method to the
systems quinoline-d^ in durene, quinoxaline-hg and -dg in durene and
quinoxaline in naphthalene-dg. The experimental method for measuring
the dynamics is the same as for quinoline-h^ and needs no further
comment. We shall now consider the different systems.

Q u i n o l i n e - d _  i n  d u r e n e .  (table 5*2)
In this molecule the absolute decay rates k^ are lower than in

quinoline-h_ because by deuteration of the molecule the nonradiative
decay rates k^ are decreased. It is not possible to obtain good iso
lation as can bè seen in fig. 5*8. The values < and derived from
the experiments do not become independent of temperature in the tem
perature range covered. As a result, the values , k^ , N^(0) and

Fig. 5.8 The apparent decay rates k and iĉ  of quinoline-d^ in durene
as a function of temperature.
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Pu f o r  T and T^ do n o t r e p re s e n t  th e  p r o p e r t ie s  o f  th e  i s o l a te d

le v e l s .  For example we expect th e  t r u e  ky and to  he low er th a n  th e

m easured k  = O.O69 and < = 0 .068 s -1 . However th e  to p  l e v e l  Ty x z
decays much f a s t e r  and <z must be very  c lo se  t o  th e  v a lu e  k . We have

on ly  g iven  a ,  th e  s ta n d a rd  d e v ia tio n  o f  th e  mean f o r  th e  m easurem ents

o f  , because  th e  sy s te m a tic  e r r o r  in  th e  o th e r  r e s u l t s  i s  un-

d o u b tly  l a r g e r  th a n  th e  v a r ia t io n  in  th e  m easurem ents. A lthough
r e la x a t io n  s t i l l  p la y s  a r o le  a t  1.1 K we ob serv e  t h a t  th e  s te ad y

s t a t e  p o p u la tio n s  d e v ia te  from a Boltzmann d i s t r i b u t io n  because  th e

to p  l e v e l  T w ith  i t s  f a s t  decay to  a  la r g e  e x te n t i s  independen t o f
th e  o th e r  two.

F ig . 5-9 The ap p a ren t decay r a te s  k and o f  q u in o x a lin e -h g  in

durene as a fu n c tio n  o f  te m p e ra tu re .

Q u i n o x a l i n e - h g  a n d  -  d,  i n  d u r e n e .  ( ta b l e  5 . 2 )
In  q u in o x a lin e -h g  th e  v a lu es  and d i f f e r  a t  1.1 K ( f i g .  5 .9 )

b u t we do n o t f in d  a te m p e ra tu re  independen t b eh a v io u r. The p r o p e r t ie s

o f  T and T a re  ag a in  a f f e c te d  by r e la x a t io n .  We expect t h a t  k i s
7  -1  y .

s l i g h t l y  h ig h e r  th a n  0 .59  s and k s l i g h t l y  low er th a n  0.i+0 s '  . The
-1  Xv a lu e  kz = 11.1 s however must be very  c lo s e  t o  k .W e  have on ly
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ON Table 5.2

quinoline-d_ quinoxaline-hg quinoxaline-dg

in a in a in c

durene dxirene durene

K 1.05 s"1 0.03 s“1 11.1 s-1 0.2 s“1 6 .̂61 s 0.1 s-1
Z

0.069 s"
-1

K 0.59 s ' 0.22 s
y

K 0.068 s“1 0.U0 s“1 0.20 s“?
X

kr 1 1 1

k r 0.028 0.020 0.020
y

k r 0.0U3 0.015 0.038
X

Nz(°) 1 1 1

Ny (0) 0.676 0.U21 Ö.7U2

N (0) 1.028 O.68U 0.788
X

p 1 1 1
z

p 0 .0UU 0.022 0.025
y

0.021»p 0.067 0.025X

Pf 1 1 1
z

p f 0 .0U7 0.019 0.02U
y
Pf 0.027 0.025 0.023
x



Table 5.2_  "J t  >  t j »
Apparent decay rates in s , relative radiative decay rates k ,
relative steady state populations N^(0) and relative populating rates
P of the spin components of the phosphorescent triplet states of
quinoline-d and quinoxaline-hg and -dg in durene. Except for
quinoxaline-dg where we worked at 1.24 K the numbers refer to experi
ments at. 1.1 K. The results in the bottom section again refer to flash
experiments; the others to experiments in which a steady state was
first established. All values are averages of three measurements per
formed on two different samples cut from one large single crystal. In
neither of the three systems complete isolation is obtained and the
values for T and T do not correspond exactly with the properties ofJ x
the individual spin levels because relaxation cannot be neglected. We
have only given the value of a for the measurements of k .̂ The top
level of the three molecules decays so fast that it hardly "feels" the
other levels and the observed decay rate of T must be close to the
real value k . The other two levels decay much slower and the systema
tic error introduced by relaxation should exceed the value of a.

given c for the measurement of k z
In quinoxaline-d^ , T , T , and T live longer than in6 x y z

quinoxaline-hg. The observed values < and k are equal and temperature
dependent just as in fig. 5.8 for quinoline-d . Again no isolation is

• —  1obtained and k^ and kx are lower than 0.22 and 0.20 s respectively.
The value k = 6.61 s must be very close to k . Again a is onlyz z
given for the measurement of k

Our results for in quinoxaline-hg and -dg are identical to the
values obtained by de Groot et al. (1969). It has been remarked by
these authors that the decay rates of quinoxaline-hg and -dg at 4.2 K
increased with about 3% over a period of about a year. Our results are
obtained on new "fresh" crystals, but in the old crystals formerly used
by them we found k to be about k% higher. However the apparent decay
rates for the other two levels and also their temperature dependence
turned out to be the same. Apparently this "aging" only affects the
radiative level Tz . The reason for this effect may perhaps be the
diffusion of oxygen into the crystal, as suggested by the former
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authors.

Q u i n o x a l i n e - h g  i n  n a p h t h a l e n e  - dg. (table 5-1)
In order to check the influence of the matrix and see if we could

attain better isolation we have also measured the dynamics for
quinoxaline-hg present as a substitutional guest in a single crystal
of naphthalene-dg. In this crystal the quinoxaline triplet state forms
a shallow trap and phosphorescence is only observed at helium temper
atures (Hammer et al. 1970)* We were fortunate to find that, contrary
to the system quinoxaline-durene, k and k become temperaturey ^
independent below 1,5 K (see fig. 5»10). This suggests that in this
crystal isolation obtains at 1.1 K. Hence the values given in table
5.1 represent the properties for the isolated sublevels. We indeed find
that they are more extreme than in the system quinoxaline-durene.

o * . +

Fig. 5.10 The apparent decay rates <y and <x of quinoxaline-hg in
naphthalene-dg as a function of temperature.

The results for the two "isolated" systems,
and quinoxaline—hg in naphthalene—dg , have been
while the results for the other molecules, which

quinoline-h„ in durene
given in table 5*1,
are known to be
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affected by relaxation, are found in table 5-2. We have added values
for of naphthalene-hg obtained by Schwoerer and Sixl (1968, 1969)
from ESR experiments in high field.

In order to check the effect of the matrix on the populating
mechanism of the triplet state we have repeated the measurements for
the durene systems with a durene solution filter in the exciting light
path. In this way we ensure that only the guest singlet system is
excited and prevent the host from contributing in the populating
process. We did not find a substantial variation in the numbers of
table 5.1 and 5*2 and concluded that with our light source the
populating mechanism of the triplet 'state of the guest in the durene
matrix is mainly an intramolecular process.

A discussion of the experimental numbers in terms of molecular
properties is beyond the scope of this thesis; a preliminary analysis
has already been given elsewhere (Schmidt et al. 1969). We are present
ly engaged in a more complete interpretation based on results for a
larger group of molecules.

5.U CONCLUSION

Using quinoline and quinoxaline as examples we have shown that
the phenomenon called "microwave induced delayed phosphorescence" can
be developed into a successful technique for solving the dynamics of
populating and depopulating the phosphorescent triplet state. At this
point it may be useful to make some remarks about the application of
the method in general.
(a) The examples given allow of a simple interpretation of the observed

signals since one level dominates in the radiation and the total
decay rates are very different. However, one is by no means
restricted to such simple systems. Generally speaking the method
is applicable if the triplet state has at least one slowly
decaying spin component. In the decay of such a triplet we can
always find a delay time where this "slow" level is the only one
populated. With the resonant microwave field we can then re
populate each of the "fast" levels separately and measure its
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p r o p e r t ie s  in d e p en d e n tly  o f  th e  o th e r  ones. The b eh a v io u r o f  th e

"slow " l e v e l  th e n  fo llo w s from th e  v a r ia t io n  in  h e ig h t w ith  th e
d e lay  tim e. T h is method has been used  f o r  example in  is o -q u in o l in e

(Schm idt e t  a l .  1969) where two r a d i a t i v e ,  f a s t  decay ing  le v e l s  a re

p re s e n t  which in  a norm al decay cannot be d is t in g u is h e d  from each
o th e r .  The same te c h n iq u e  has been a p p lie d  t o  p y rim id in e  (B urland

e t  a l .  1971) and te tr a -m e th y lp y ra z in e  where a ls o  two " f a s t "

r a d i a t i v e  le v e l s  o cc u r.
In  system s w ith  sm a lle r  d if f e r e n c e s  in  a b s o lu te  and r a d ia t iv e

decay r a te s  th e  s i t u a t i o n  i s  more complex. N e v e r th e le s s ,  w ith

microwave f i e l d s  re so n a n t w ith  th e  th r e e  ze ro —f i e l d  t r a n s i t i o n s ,

one can re a rra n g e  th e  p o p u la tio n s  in  a v a r ie ty  o f  ways. In  doing

so one can g e n e ra te  a  system  o f  eq u a tio n s  from which th e  p r o p e r t ie s

o f  th e  t r i p l e t  s t a t e  a re  found.
(b) Most im p o rta n t i s  th e  i s o l a t i o n  o f  th e  l e v e l s .  One may ex p ec t — and

t h i s  i s  confirm ed by o u r experim en ts on ph en azin e  (A ntheun is e t  a l .

1970) -  t h a t  t h i s  c o n d itio n  i s  th e  e a s ie r  f u l f i l l e d  th e  h ig h e r  th e

decay r a t e s  k o f  th e  t r i p l e t .  Guided by th e  ex p e rim e n ta l m a te r ia l

p r e s e n t ly  a v a i la b le  we have th e  im pression  th a t  in  t r i p l e t s  w ith

k < 0 . 1  s_1 i t  i s  im p o ss ib le  t o  have i s o l a t i o n  a t  a te m p e ra tu re
u  “

o f  1.1 K, ou r e x p e rim en ta l l i m i t .
(c )  The d e p o p u la tio n  o f  th e  slow  le v e ls  Ty and Tx a t  h ig h e r

te m p e ra tu re s  i s  a f f e c te d  by r e la x a t io n .  For in s ta n c e ,  in  q u in o lin e —

h_ in  durene ( f i g .  5 -1*) th e  ap p a ren t decay r a t e  k in c re a s e s
7 . . .

f a s t e r  th a n  k w ith  in c re a s in g  te m p e ra tu re . T h is in d ic a te s  th a t

W s t a r t s  to  in c re a s e  sooner th a n  th e  o th e r  r e la x a t io n  r a t e s .
yz

F u r th e r ,  in  q u in o x a lin e -h g  in  durene ( f i g .  5 -9) we se e  t h a t  th e
and k f i r s t  e q u a liz e  and th e n  in c re a s e  w ith  in c re a s in g  tem pera

t u r e .  Hence c o n tra ry  to  q u in o lin e -h ^  th e  th r e e  r e la x a t io n  r a te s

seem to  in c re a s e  more ev en ly . F in a l ly  in  q u in o x a lin e -h g  in
n ap h th a le n e -d g  a t  1.1 K th e  r e la x a t io n  r a te s  a re  low er th a n  in
q u in o x a lin e -h g  in  d u rene . T his o b se rv a tio n  seems to  in d ic a te  th a t

p a r t  o f  th e  mechanism re s p o n s ib le  f o r  r e la x a t io n  i s  due t o  i n t e r 

a c t io n s  w ith  n e ig h b o u rin g  m o lecu les .
So f a r  v ery  l i t t l e  i s  known about r e la x a t io n  in  phosphorescen t

t r i p l e t  s t a t e s .  In  th e  system s where i s o l a t i o n  i s  o b ta in e d , th e
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a b s o lu te  decay r a te s  a re  known v ery  p r e c is e ly  and hence i t  must

be p o s s ib le  t o  m easure th e  r e la x a t io n  r a t e s  by o b se rv in g  th e
in c re a s e  o f  k and k  w ith  te m p e ra tu re . I t  i s  ou r purpose t o  s tudyy  x
th e  r e la x a t io n  more s y s te m a tic a l ly  and in  do ing  so we hope to

p ro v id e  in fo rm a tio n  about th e  o r ig in  o f  th e s e  p ro c e s s e s .
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C H A P T E R  6

COHERENT INTERACTION WITH STRONG MICROWAVE FIELDS

6.1 INTRODUCTION

In the preceding chapter we have shown that a sweep through
resonance at sufficient microwave power may lead to a partial inversion
of the populations of two spin levels. This effect was first observed
by Harris (1971) and he has given a theoretical discussion of the
phosphorescence modulation that might arise through the coupling of a
triplet state with a microwave field. The analogue of this effect is
well-known in ESR and NMR, where a fast passage through resonance may
lead to an inversion of the magnetization if the amplitude of the
applied r.f. field exceeds the spin packet linewidth and the sweep rate
moreover fulfils certain conditions (Abragam, 1961, Ch. II, XII).

In the following we shall see that the behaviour of a triplet state
in zero—field can be described in the same way as a gyromagnet in a
magnetic field. From this analogy one would expect that inversion might
also be achieved via a so-called 18O0 pulse of a strong monochromatic
microwave field resonant with the zero-field transition. Just as in NMR
a prerequisite for such an experiment to succeed is that the r.f.
magnetic field is practically constant in amplitude and direction
relative to all molecules in the sample. Further, the amplitude must be
such that the duration of the pulse is short relative to the time with
which the different spin packets of the line get out of phase (i.e.
short relative to the inverse of the width of the resonance expressed as
an angular frequency).
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With the microwave .oscillators available to us these rather
exacting conditions needed the replacement of the helix in our spectro
meter by a specially constructed cavity and the selection of a system
with a narrow resonance line. In this way we were able to observe a
modulation of the phosphorescence of quinoline—d,̂  which we attribute to
the coherent coupling of its triplet state to the microwaves. In
particular we have observed the inversion of the populations of the two
levels by a 180° pulse.

We first consider the experiment and then discuss it in terms of
the elegant geometrical model developed by Feynman, Vernon and
Hellwarth (FVH, 1957) for visualizing coherent coupling of a pair of
states to a radiation field. It will appear that our results hold a
promise for the realization of electron spin—echo experiments on photo
excited triplets in zero-field.

6.2 THE EXPERIMENT

In quinoxaline-d_ in durene-d^ the Z - X transition is found at
3597 MHz and the Z - Y transition at 1001.0 MHz. We have observed the
coherent modulation of phosphorescence produced by a microwave field
tuned to the 1001.0 MHz major hyperfine component of the Z - Y trans
ition (see insert fig. 6.2).

In order to obtain sufficiently strong microwave fields we con
structed a tunable re-entrant cavity of a type described by Erickson
(1966). This instrument replaces the helix in the experimental
arrangement of fig. 3.1 * The dimensions of the cylindrical cavity, as
presented in fig. 6.1, were calculated from design curves given by
Moreno (1948). We have indicated in fig. 6.1 b the approximate electric
and magnetic field configurations. The electric field is concentrated in
the narrow gap and the magnetic field in the coaxial region. By changing
the position of the plunger the resonance frequency can be varied from
800 - 2200 MHz with a Q between 500 and 1000, depending somewhat on
frequency and temperature.

In the experiment the cavity is immersed in liquid helium. The
crystal, mounted against the light pipe, is irradiated through a hole in
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F ig . 6 .1  a The tu n a b le  microwave c a v i ty .

F ig . 6 .1  b A schem atic  draw ing o f  th e  e l e c t r i c  and m agnetic f i e l d

c o n f ig u r a t io n s .  The e l e c t r i c  f i e l d s  a re  in d ic a te d  by th e  l i n e s  and th e
c i r c u m f e r e n t ia l  m agnetic  f i e l d s  by d o ts .

th e  bo ttom  o f  th e  c a v i ty .  The phosphorescence in t e n s i t y  i s  d e te c te d

w ith  th e  p h o to m u l t ip l ie r  connected  d i r e c t l y  t o  th e  o s c i l lo s c o p e .  The
c a v ity  i s  connected  to  a  Rohde and Schwarz power s ig n a l  g e n e ra to r  w ith

an o u tp u t o f  1 W v ia  a s p e c ia l  HP 871^ A PIN d iode  m odu la to r. W ith t h i s

assem bly microwave p u lse s  can be g e n e ra te d  w ith  a d u ra tio n  v a r ia b le

betw een 0.1 -  100 p s . The maximum am plitude  o f  th e  microwave m agnetic

f i e l d  in  th e  c a v i ty  th e n  i s  about 1 G auss.
The m odu la tion  o f  th e  phosphorescence i s  observed  in  th e  fo llo w in g

way. The t r i p l e t  s t a t e  i s  p o p u la te d  by u .v .  e x c i ta t io n  a t  1.1 K where

r e la x a t io n  i s  slow . (The decay r a t e  o f  T^ i s  f a s t  as  compared w ith

th e  r e la x a t i o n ,  b u t T and Tx a re  n o t com p le te ly  i s o l a t e d . )  When a

s te a d y  s t a t e  has been e s ta b l is h e d  th e  l i g h t  i s  sh u t o f f .  A fte r
t  = 8 s a de lay ed  phosphorescence s ig n a l  i s  induced  by a 1001.0 MHz

microwave p u lse  re so n a n t w ith  th e  Z -  Y t r a n s i t i o n .  From th e  numbers

in  t a b l e  5 .2  we see  t h a t  ag a in  th e  s i t u a t i o n  i s  such t h a t  a t  th e

moment th e  p u lse  s t a r t s  T i s  empty w h ile  T s t i l l  c a r r i e s  a
Z j

c o n s id e ra b le  p o p u la tio n  N ( t i j ) .  In  good app rox im ation  th e  h e ig h t o f  th e
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s ig n a l  on th e  o s c i l lo s c o p e  i s  due to  th e  f r a c t i o n  f  N ( t^ )  t r a n s 

f e r r e d  to  T and i s  g iv en  by an e x p re ss io n  s im i la r  t o  (5 -6 )z

h ( t , )  :  c  f  S ( t , ) U r - k r ) , ( 6 .1 )y+z V  y 1 z y

where f  i s  now a  fu n c tio n  o f  th e  microwave p u ls e  le n g th  t .  The

experim ent i s  re p e a te d  w ith  th e  d u ra tio n  o f  th e  microwave p u lse  as a

v a r ia b le .  In  f i g .  6 .2  th e  observed  s ig n a l  h e ig h ts  h ^ ^ C t^ )  a re
p lo t t e d  as a  fu n c tio n  o f  th e  microwave p u lse  d u ra tio n  £ .  We observe

t h a t  th e  s ig n a l  f i r s t  in c re a s e s  and th e n  d e c re a se s  a f t e r  go ing  th ro u g h

a maximum a t  €= 0 .27  u s .
I f  th e  experim ent w ere d e s c r ib e d  by means o f  a  tim e-in d ep e n d en t

t r a n s i t i o n  p r o b a b i l i ty ,  one would ex p ect th e  p o p u la tio n  o f  th e

r a d ia t iv e  l e v e l  T to  in c re a s e  a s y m p to tic a l ly  to  a s a tu r a t io n  v a lu ez
w ith  in c re a s in g  d u ra tio n  o f  th e  re so n a n t f i e l d .  The observed

o s c i l l a to r y  b eh a v io u r p r e d ic te d  by H a r r is  (1971) i s  a m a n ife s ta t io n  o f

m  1001.0 MHz)

Quinoline d7

100.0

F ig . 6 .2  The h e ig h t o f  th e  s ig n a l  h ( t ^  induced  by a microwave

p u lse  a t  1001.0 MHz, g iven  8 s a f t e r  sw itc h in g  o f f  th e  e x c i t in g  l i g h t .

The curve r e p re s e n ts  a s e r i e s  o f  experim en ts w ith  v a ry in g  p u lse  le n g th

€ ; T = 1.1 K.
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the coherence forced on the system by the microwave field. In
particular we shall show that the maximum at 0.27 ys is caused by an
inversion of the populations, equivalent to what in NMR is commonly
called a 180° pulse.

6.3 APPLICATION OF THE FEYNMAN, VERNON AND HELLWARTH MODEL TO A
PHOSPHORESCENT TRIPLET SYSTEM

We express energy again in MHz and write the Hamiltonian of the
triplet system in zero-field under the influence of a radio-frequency
perturbation as

3C = 3C + V(t) , (6.2)ss

where 3C is the familiar zero-field splitting Hamiltonian. Thess
coupling between the electron spin system and the microwave magnetic
field is represented by the second term. We concentrate on the Z - Y
transition and thus consider a coupling of the special form

V(t) = — —— y H.S cos ut , (6.3), 2tt e 1 x

where u> is close to the resonance frequency <dq = 2ir (Z - Y). We may
then disregard the third level (Abragam, 1961, Ch. II) and describe our
two level system by the wave function

V = a(t)T + b(t)T . (6.1*)z y

We are interested in the behaviour of the triplet system in time
intervals short compared with the lifetimes of the spinlevels and hence
assume V to be normalized; aa* + bb* = 1 .

The change in time of our ensemble of two level systems is given
by the equation of motion of the density matrix

•Sê. = 2nilp,JCl . (6.5)dt

76



The 2 x 2  m a tr ic e s  p and H can be w r i t te n  as  l i n e a r  com binations o f

th e  u n i t  m a tr ix  E and th e  P a u li  sp in  m a tr ic e s  a , a and a ,x y z

p = j  r , E + £ ( r . a  + r_ a  + r , a  )' 1 *  1 x  2 y 3 z and (6 .6 )

3f = s E + J(w.|Ox + “ 2ay + 0)3a z^ (6 .7 )

S ince  th e  m a tr ic e s  p and H a re  h e rm itisn  th e  c o e f f i c ie n t s  in  th e

expansions (6 .6 )  and (6 .7 )  a r e  r e a l .  One f in d s  t h a t

r  = ab* + a*b

r^  = i( a b *  -  a* b )

r ^  = aa*  -  bb*

r . = aa* + bb* = 1

( 6 . 8 )

u = (V + V ) = 01 zy yz
ük = i(V  -  V ) * 2y H, cos u t2 zy yz e 1 (6<9)
(p = 2it(Z -  Y) = taQ

u. = 2ir(Z + Y) = 0 ,

7+Y \where ——  ( th e  mean energy o f  th e  le v e l s  Z and Y) has been ta k e n  as

th e  ze ro  o f  energy .
One f in d s  by s u b s t i t u t i n g  (6 .6 )  and (6 .7 )  in to  (6 .5 )»  and because

o f  th e  com mutation r e l a t i o n s  o f  th e  P a u li  sp in  m a tr ic e s

I ia e t c . ( 6 . 10)

t h a t

d t * u2r 3

^ 2  _
d t “ 3r 1

^ 3
d t 1 2

d t 0

“ 3r 2

“ l r 3

Vi

(6 .11  a)

(6 .11  b)

(6 .11  c)

(6 .1 2 )
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We now fo llo w  FVH and c o n s id e r  a l i n e a r  v e c to r  space in  which we have

two v e c to r s  r  and a) t h a t  a re  d e f in e d  by th e  components r„  , r^  , r^
-►
e..

|  1 \ T2 * ‘ 3
1 • eg , e 3 . The

e q u a tio n s  (6 .1 1 )  can th e n  be w r i t te n  in  th e  sh o r t-h a n d  form
and (I). , i»2 « 3 r e l a t i v e  t o  th r e e  u n i t  v e c to rs

d r
d t (6 .1 3 )

2  2 2 “The v e c to r  r  h as  a  le n g th  ( r^  + + r  ) s which i s  eq u a l to

r , = a a *  + bb*k 1 and th u s  c o n s ta n t in  tim e .

The b ea u ty  o f  t h i s  d e s c r ip t io n  i s  t h a t  th e  b eh a v io u r o f  th e
ensem ble as d e s c r ib e d  by th e  m otion o f  v e c to r  r  in  th e  a b s t r a c t  e ,

space i s  m a th e m a tic a lly  i d e n t i c a l  t o  th e  b eh a v io u r o f  a g y ro -

magnet in  a m agnetic  f i e l d  in  r e a l  sp ace . So in  o rd e r  to  see  what

happens one may use th e  language developed  f o r  d is c u s s in g  t r a n s i e n t

e f f e c t s  in  m agnetic  reso n an ce  (se e  Abragam 1961, in  p a r t i c u l a r  Ch. I I ) .

Of co u rse  we have to  remember t h a t  th e  e q u a tio n s  ( 6 . 5 ) and (6 .1 3 )
as g iv e n , m ere ly  r e p re s e n t  th e  tim e—dependent S ch ro d in g er e q u a tio n . In

o rd e r  t o  g e t th e  p ro p e r  tim e  e v o lu tio n  o f  th e  ensem ble one shou ld

accoun t f o r  r e la x a t io n  tow ards thermodynamic e q u ilib r iu m . L a te r  we

s h a l l  fo llo w  th e  s ta n d a rd  p r a c t ic e  o f  adding  phenom enological

r e la x a t io n  te rm s , b u t g.t th e  moment we n e g le c t  r e la x a t io n  s in c e  i t  w i l l

p rove r e l a t i v e l y  slow  on th e  tim e s c a le  o f  ou r experim en t.

Let us f i r s t  lo o k  a t  th e  p h y s ic a l  meaning o f  th e  d i f f e r e n t

components o f  th e  v e c to r  r .  The component r_  i s  th e  analogue o f  th e
lo n g i tu d in a l  m a g n e tiz a tio n  in  an NMR experim ent and equa l to  th e

p o p u la tio n  d if f e r e n c e  o f  th e  two t r i p l e t  l e v e l s  T and T :

r  = aa*  -  bb* = N -  N . The component r „  i s  r e l a t e d  to  th e3 z y 2
e x p e c ta t io n  v a lu e  o f  Sx and th u s  to  th e  x-component o f  th e  m agnetic

d ip o le  moment: r_  = i  ( ab* -  a*b) = -  < y |S  |v  > . F in a l ly  th e  compo

n en t r 1 ap p ears  to  be r e l a t e d  to  a  m agnetic  quadrupole moment;

r ,  = ab* + a*b = -  < y |S  S + S S k  > .1 1 y z z y '
The m odu la tion  o f  th e  phosphorescence i s  determ ined  by th e

b eh a v io u r o f  r ^  , which m easures th e  d i s t r i b u t io n  o f  th e  system s over

th e  r a d i a t i v e  l e v e l  T and th e  d ark  l e v e l  T . In  th e  absence o f  az y
microwave f i e l d  (V (t)  = 0) we have u . = — 0 and th e  v e c to r  r  th e n

p re c e s s e s  about e^ w ith  an g u la r  v e lo c i ty  ; as  i l l u s t r a t e d  in

78



f i g .  6 .3  a  th e  v a lu e  o f  rem ains c o n s ta n t and so does th e

in te n s i t y  o f  th e  phosphorescence. In  o rd e r  to  see  what happens when
th e  p e r tu r b a t io n  V (t)  i s  sw itch ed  on i t  i s  advantageous t o  fo llo w  th e

p r a c t ic e  custom ary in  m agnetic  resonance  o f  tra n s fo rm in g  to  a prim ed
fram e r o ta t in g  a t  th e  frequency  u> about e^ in  which th e  e q u a tio n  o f

m otion becomes

F ig . 6 .3  a The v e c to r  space w ith  r  r e f e r r e d  to  th e  f ix e d  axes e . ,

a t  ex a c t reso n an ce . The on ly  component o f  i s  Ye -̂] which i s

The l i n e a r l y  p o la r iz e d  f i e l d  = 2yeH.| cos comPose<i  a
l e f t  and r ig h t  r o ta t in g  component. Only one has th e  p ro p e r sense  o f

r o ta t io n  and as u su a l in  resonance  phenomena we n e g le c t  th e  o th e r

(Abragam 19 6 1, Ch. I I ) .  In  th e  r o ta t in g  fram e th e  p e r tu rb a t io n  now

6r + , i  i—  = (W -  «, e 3 ) x r (6.1U)

2 y  H, cos OJt

a b

e2 , e 3 .

F ig . 6 .3  b The r o ta t in g  v e c to r  space w ith  u n i t  v e c to rs  e

s ta t io n a r y  a long  e^ . The v e c to r  r  r o t a t e s  about e^ w ith

an g u la r  frequency  ; when r ^  p o in ts  up a lo n g  e^ th e  e n t i r e
p o p u la tio n  i s  in  T^ ; when i t  p o in ts  down i t  i s  in  T^..

appears s ta t io n a r y  a lo n g  th e  ei, a x is  and th e  eq u a tio n  o f  m otion (6 .1 U)

reduces to
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It = {(“0 - u) H + YeH 1 ®2} x ? = “eff X ? * {6-15)

At exact resonance a> = Wq and the vector r precesses about the e^
axis with angular frequency . If the component r^
initially has a length r^(t^) = r then on switching on the
perturbation V(t) at time t = t ̂ , the time dependence of r will be
given by r^t.j + £) = r° cos (fig. 6.3 b).

In our experiment on the decay of quinoline at the moment we
switch on the microwaves r ° = N  (t_) - N  (t.) s - N (t.) . Because3 z 1 y 1 y 1
the duration of the microwave pulse is short as compared with the
lifetimes of T and T we have N (t. + €) + N (t. + €) = K (t.) andz y z 1 y 1 y 1
thus

Nz(t1 + €) = I N (t^)(l - cos yeH^€) and (6.16)

N (t1 + ï) = J N (t 1)(1 + cos VgH^) « (6.17)

Hence the change in phosphorescence intensity is given by the
expression

hy+z(t 1 + £) = 2 N ( t ^ O  - cos YeH 1€)(k^ - k£) , (6.18)

and this is borne out by the experiment. The maximum at € = 0.27 ps
corresponds with YeH-|£ = ^ and 'the minimum at € = 0.5*1 ps with
YeH^€ = 2ir . When the pulse length is further increased the effect of
a spread in resonance frequency between the individual systems comes
into play and the phosphorescence signal tends to a value of about
one half of the maximum at € = 0.27 ps .

In order to give a proper description of this effect we have to
extend (6.13) with relaxation terms. Before doing so we first should
mention a complicating factor that arises in our experiments. In the
durene unit cell two sites occur, but from ESR experiments (Vincent
and Maki 1965) it is known that four magnetically inequivalent
quinoline molecules exist. Fortunately, there are only two different
x-axes, which are almost perpendicular to each other and make an
angle of about 5° with the ab cleavage plane. In the experiment the
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crystal was so oriented that the field had to lie in this cleavage
plane, with in general unequal field components along the x-axes of
the different sites. By a subsequent rotation of H. in the ab plane
the curve of fig. 6.2 was obtained for which the 2u minimum proved
deepest. On turning the crystal by a further U50 the minimum became
much shallower and advanced to 0.U3 ys. The curve in fig. 6.2 should
correspond to a situation where H. bisects the angle between the two
x-axes and the effective field is about the same for all quinoline
molecules. In this specific orientation the precession frequency
Y /2tt S 2 MHz a value which is seen to be larger than the linewidth
of the Z - Y transition.

To show the significance of this inequality we conclude the
present section by a brief discussion of relaxation. At thermodynamic
equilibrium the off-diagonal elements of the density matrix vanish
because of the randomness of phases and hence = r®" = 0 . Further,
r > has a value that corresponds to a Boltzmann distribution over the
levels T and T at the temperature of the "lattice". If we accounty z
for relaxation by adding terms to (6.13) linear in the displacement
p - pe<1 from equilibrium, then one obtains an expression similar to
the Bloch equations

, e1 \
d _ -  - - l i -  l2 + , (r3 ~ r3
dt r - “ X r - T^ ®1 “ T£ e2 3 (6.19)

In our experiment we expect T^ ~ (2wAv)  ̂ (Abragam and Bleany 1970,
Ch. II), where Av is the linewidth of the zero-field transition. This
relaxation time accounts for the disappearance of any non-zero value
of r^ and r^ due to the spread in precessional velocities of the
individual triplet systems. The relaxation time T^ defines the rate
with which r^ approaches equilibrium. Since T^ is of the order of
seconds its effect can be neglected during the time interval of the
microwave pulse. The coherence effects should occur when

| YeH.| | > 2xAv = ^7 . (6.20)

If this condition applies the time interval related to the angular
frequency YeH1 is smaller than the characteristic time T^ with which
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th e  in d iv id u a l  t r i p l e t  system s g e t ou t o f  p h ase . H ence, th e  co h e ren t

m odula tion  i s  v i s i b l e  f o r  tim e s  s h o r t  as compared w ith  T^ ; i t

g ra d u a lly  decays due to  th e  sp rea d  in  e f f e c t iv e  f i e l d  o v er th e
t r i p l e t  sy stem s. T h is  sp re a d  in  me f f  i s  caused  by th e  inhom ogeneity

o f  H. in  am p litude  and d i r e c t i o n ,  th e  p re se n ce  o f  fo u r  s i t e s  and

th e  lin e w id th  Av. S ince th e  decay o f  th e  m odula tion  p roceeds in  a

tim e  o f  about 0 .5  -  1 us we b e l ie v e  t h a t  i t  i s  m ain ly  due t o  th e

sp rea d  in  resonance  fré q u e n c y .

6 .U  CONCLUSION

We have shown t h a t  th e  m odula tion  o f  th e  phosphorescence t h a t

o ccu rs  when a s tro n g  microwave f i e l d  i s  a p p l ie d  to  a z e r o - f i e l d

t r a n s i t i o n  o f  a t r i p l e t  s t a t e ,  may be e x p la in e d  c o n v e n ie n tly  by th e

FVH m odel. The a n a ly s i s  p ro ceed s in  th e  same way as th e  d e s c r ip t io n

o f  p re c e s s in g  m agnetic  moments in  a m agnetic f i e l d .  However an
im p o rta n t d if f e r e n c e  e x i s t s :  in  NMR and ESR th e r e  i s  a  m agnetic moment

a s s o c ia te d  w ith  each o f  th e  two s t a t e s ,  w h ile  f o r  a  t r i p l e t  s t a t e  in

z e r o - f i e l d  < S > = 0 f o r  a l l  th r e e  sp in  s t a t e s .  What th e  two system s

have in  common i s  a m a tr ix  elem ent o f  a d ip o le  moment o p e ra to r  between

th e  two s t a t e s ,  w hich e f f e c t s  th e  co u p lin g  to  th e  r a d ia t io n  f i e l d .  In

f a c t  th e  o n ly  and n e c e s sa ry  c o n d itio n  f o r  th e  u se  o f  th e  FVH p ic tu r e

i s  t h a t  th e  m a tr ix  V(t )  has th e  form

V ( t )
 ̂0

i Vyz

( 6 . 21 )

I t  may be w orthw hile  t o  m ention th a t  e s s e n t i a l l y  th e  same model

has been u sed  to  d e s c r ib e  th e  phenomenon o f  photon echoes (A b e lla ,

K u ra it and Hartmann 1966) .  In  t h e i r  case  an e l e c t r i c  d ip o le  moment

o p e ra to r  co n n ects  th e  two s t a t e s  and ag a in  no e x p e c ta tio n  v a lu e  o f  an

e l e c t r i c  o r  m agnetic d ip o le  moment i s  a s s o c ia te d  w ith  th e  ground o r

e x c i te d  s t a t e .
From th e  s im i l a r i t y  o f  th e  b eh a v io u r o f  th e  t r i p l e t  system  w ith  a
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m agnetic moment in  a m agnetic f i e l d  one a ls o  u n d e rs ta n d s  th e  a d ia b a t ic

in v e rs io n  fo llo w in g  a sweep th ro u g h  reso n an ce . We expect t h a t  th e

n e c e s sa ry  c o n d it io n  w i l l  be

( 6 . 2 2 )

A f u r th e r  c o n d it io n  f o r  such an experim ent i s  t h a t  th e  p re c e s s io n a l

frequency  i s  a t  l e a s t  in  th e  o rd e r  o f  m agnitude o f  T2 . Here

T now i s  a  m easure o f  th e  homogeneous sp in -p a c k e t l in e w id th  and

accoun ts  f o r  th e  i r r e v e r s i b l e  lo s s  o f  coherence o f  th e  t r i p l e t  system s
(Abragam and B leaney 1961, Ch. I I ) .  T h is  c o n d itio n  i s  much e a s ie r  to

f u l f i l  th a n  ( 6 .2 0 ) ,  s in c e  in  g e n e ra l T~ i s  sm a lle r  th a n  th e  v a lu e
th a t  acco u n ts  f o r  th e  t o t a l  inhomogeneous lin e w id th  o f  th e

2
spectrum .

The a c tu a l  s i t u a t i o n  f o r  an a d ia b a t ic  p assag e  may be r a th e r  com
p l i c a t e d  because  in  th e  z e r o - f i e l d  s p e c t r a  a l s o  fo rb id d e n  t r a n s i t i o n s

o cc u r. F or th e s e  t r a n s i t i o n s  th e  m a tr ix  elem ents co n n ec tin g  th e  two

s t a t e s  a r e  s m a lle r  th a n  y  H. and i t  may be im p o ss ib le  t o  f u l f i l

c o n d itio n  (6 .2 2 ) .  A cc o rd in g ly , a  m ix tu re  o f  s a tu r a t io n  and in v e rs io n

may r e s u l t .
From th e  FVH model to g e th e r  w ith  th e  p re s e n t r e s u l t s  one would

ex p ect sp in -ec h o  experim en ts t o  be f e a s ib le .  The d e s c r ip t io n  ag a in  i s

s im i la r  t o  th e  w ell-know n p ic tu r e  f o r  NMR. By a ^  p u lse  a  v e c to r

r= r^ e^  i s f i r s t  b ro u g h t along  th e  e^ a x is  ( f i g .  6 .3  b) and subse
q u e n tly  i t  fad e s  o u t because  o f  th e  sp rea d  in  resonance  f re q u e n c ie s  o f

th e  in d iv id u a l  s p in s .  A second 180° p u ls e  in v e r t s  th e  phase

d if f e r e n c e s  and an echo sh o u ld  be form ed along  th e  e ’ a x i s .  S ince
r  = -  < S > th e  echo must m a n ife s t i t s e l f  as a p u lse  o f  microwave

2 x
power sp o n tan eo u sly  e m itte d  by th e  t r i p l e t  sp in  system .

An im p o rta n t r e s u l t  from such an experim ent would be th e
"genu ine" r e la x a t io n  tim e  T2 a s s o c ia te d  w ith  th e  i r r e v e r s i b l e  lo s s  in

coherence betw een th e  t r i p l e t  sp in  sy stem s. T h is  r e la x a t io n  tim e T

has n ev e r been m easured f o r  p hospho rescen t t r i p l e t  s t a t e s  b u t even f o r

e le c tro n  param agne tic  system s in  g e n e ra l o n ly  a  few ex p e rim en ta l

r e s u l t s  a re  a v a i la b le .  The rea so n  f o r  t h i s  s c a r c i t y  o f  in fo rm a tio n
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about in electron paramagnetic systems as opposed to nuclear
magnetic systems is the experimental problems that arise in fulfilling
the condition equivalent to (6.20).

An important advantage of doing spin-echo experiments in zero-
field resides in the following. As we have seen, the resonance
transitions in zero-field tend to be far narrower than in normal ESR
experiments because h.f. interaction becomes a second order effect in
the absence of an external field. As a result the condition (6.20)
can be fulfilled without having to face the serious experimental
problems associated with strong microwave fields of very short
duration (Mims 1965, Rowan 1965, Brandle et al. 1970). We think that
the electron spin-echo technique in zero-field is promising and may
provide valuable information about the interactions responsible for
relaxation processes.
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A P P E N D I X

PREPARATION OF THE CRYSTALS

The crystals of quinoxaline-hg and quinoxaline-dg in durene were
kindly supplied by the Koninklijke/Shell-Laboratorium, Amsterdam and
their preparation described by de Groot et al. (1968), will be repeated
here. Quinoxaline-hg was prepared from a commercial sample (Schuchardt)
by vacuum distillation and subsequent multiple zone refining in a
nitrogen atmosphere. Quinoxaline-dg was synthesized by Mr. M.J. van den
Brink of KSLA by contacting quinoxaline-hg with a large excess of 0.8?
DC1 in DpO for 60 hours at 230°C in the presence of a Pt-catalyst. The
product was isolated from the reaction mixture by extraction and then
purified by vacuum distillation and chromatography over A120_. The
sample of quinoxaline—d^ thus obtained had a d/h ratio of 96.^? and the
the total mass spectrometric analysis showed that it consisted of 80.2?
quinoxaline-dg , 17.9? quinoxaline-d -h1 and 1.9? quinoxaline-d^-hg.

Durene (Shell Chemical Corporation) was sublimed under vacuum and
then submitted to multiple zone refining. Two single crystals, one
doped with quinoxaline-hg and the other with quinoxaline-d^ were grown
by slowly passing a sealed tube containing a 1? solution of
quinoxaline in durene under nitrogen through a sharp temperature
gradient. In the case of quinoxaline-dg an average concentration of
0.01U? was found in the crystal.

The samples of quinoline-h_ and quinoline-d^ in durene were kindly
prepared by Mrs. G.M. Gorter-la Roij, Mr. J. van Egmond and
Mr. M. Noort. Quinoline-h^ was prepared from a commercial sample
(Fluka) by vacuum distillation. Quinoline-d^ was synthesized from
quinoline—h^ in the same way as quinoxaline—d^ , except for a 150 hours
contact time with the DC1-D20 mixture at 180-190°C and purification by
vacuum distillation only. The sample of quinoline-d had a d/h ratio of
96.8? and the total mass spectrometric analysis showed that it con
sisted of 78.8? of quinoline-d^ , 19.2? quinoline-d^-l^ , 2.1?
quinoline-d_-h2 . Durene (Baker) was also vacuum sublimed and then
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su b m itte d  to  m u lt ip le  zone r e f in in g .  The mixed c r y s t a l s  o f  q u in o lin e -h ^

and -d ^  in  durene were grown in  a  s im i la r  way as  d e s c r ib e d  above; th e

s t a r t i n g  s o lu t io n  c o n ta in in g  3? o f  th e  g u e s t .  The c o n c e n tra t io n  in  th e

r e s u l t i n g  mixed c r y s t a l s  was n o t determ ined .
The s in g le  c r y s t a l  o f  n ap h th a le n e-d g  in  durene was made by

Mr. M. N o o rt. N aph tha lene-dg  was k in d ly  s u p p lie d  by th e  K o n in k lijk e /

S h e ll-L a b o ra to riu m , Amsterdam. The sample showed a d /h  r a t i o  o f  97-8?

and c o n ta in e d  83 .6? n a p h th a le n e -d g , 15. 1? n ap h th a le n e-d „-h ^  and 1.2?

n a p h th a le n e -d g - t^  . Durene (B aker) was p u r i f i e d  by m u lt ip le  zone

r e f in in g  and th e n  chrom atographed ov er a column o f  Al^O^. The mixed
c r y s t a l  was grown from a  3? s o lu t io n  o f  n ap h th a le n e -d g  in  du rene . The

c o n c e n tra tio n  o f  n ap h th a le n e -d g  in  th e  mixed c r y s t a l  was n o t

d e term in ed .
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SUMMARY

In  th e  f i r s t  c h a p te r  o f  t h i s  t h e s i s  i t  i s  shown t h a t  m icrow aves

may a f f e c t  t h e  p h o sp h o re sc e n c e  o f  o rg a n ic  m o le c u le s .  The e f f e c t  i s

observed , a t  l i q u i d  h e liu m  te m p e r a tu r e s ,  on m o le c u le s  d i l u t e d  in  a

c r y s t a l l i n e  m a t r ix  and  e x c i t e d  by u .v .  i r r a d i a t i o n  in t o  t h e i r  lo w e s t

(p h o s p h o re s c e n t)  t r i p l e t  s t a t e .  The e x p e r im e n ts  a r e  b a s e d  on th e  id e a

t h a t  r a d io  f r e q u e n c y  t r a n s i t i o n s ,  in d u c e d  be tw een  th e  s p in  com ponents

o f  t h e  t r i p l e t  s t a t e ,  show up a s  a  change  in  i n t e n s i t y  o f  th e

p h o sp h o re sc e n c e . A lth o u g h  re s e m b lin g  t h e  w e l l  known e x p e r im e n ts  o f

B r o s s e l  and  K a s t l e r  on Hg atom s and  o f  G eschw ind , C o l l in s  and  Schawlow

on C r^+ io n s  i n  Al^O^ , some im p o r ta n t d i f f e r e n c e s  e x i s t .  The

e x p e r im e n ts  a r e  done in  t h e  ab se n c e  o f  an  e x t e r n a l  m ag n e tic  f i e l d  and

f u r t h e r  t h e  p o l a r i z a t i o n s  o f  t h e  r a d io  fre q u e n c y  t r a n s i t i o n s  a r e

d e te rm in e d  by th e  m o le c u le .

The p u rp o s e  o f  t h i s  t h e s i s  i s  t o  show t h e  p o s s i b i l i t i e s  o f  t h i s

new te c h n iq u e  f o r  t h e  s tu d y  o f  t h e  m a g n e tic  and  o p t i c a l  p r o p e r t i e s  o f

t h e  t r i p l e t  s t a t e .  To t h i s  end  we d is c u s s  t h r e e  k in d s  o f  e x p e rim e n ts

and  i l l u s t r a t e  them  w ith  r e s u l t s  on t h r e e  r e l a t e d  m o le c u le s :

n a p h th a le n e  and  th e  a z a -n a p h th a le n e s  q u in o l in e  and  q u in o x a l in e .

S te a d y  s t a t e  e x p e r im e n ts .  The sy s tem  i s  i r r a d i a t e d  c o n tin u o u s ly

w ith  u .v .  l i g h t  in  t h e  p r e s e n c e  o f  t h e  m icrow ave f i e l d  t h a t  i s  sw ept

s lo w ly  th ro u g h  one o f  t h e  r e s o n a n t  t r a n s i t i o n s .  In  t h i s  way one o b ta in s

t h e  l i n e  sh ap e  o f  t h e  t r a n s i t i o n .  The t y p i c a l  s t r u c t u r e s  t h a t  a p p e a r

in  t h e  s p e c t r a  o f  t h e  a z a -n a p h th a le n e s  a r e  e x p la in e d  by h y p e r f in e  and

q u a d ru p o le  i n t e r a c t i o n  in v o lv in g  th e  n i t r o g e n  n u c l e i .  From th e s e

s t r u c t u r e s  one f i n d s  t h e  q u a d ru p o le  s p l i t t i n g  o f  t h e  n i t r o g e n  n u c le i  in

th e  e x c i t e d  t r i p l e t  s t a t e .
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Transient experiments. The system is irradiated during a
limited period with u.v. light at a temperature where the relaxation
between the spin components is negligible. Spectacular changes in the
phosphorescence intensity may then be produced by sweeping the micro-
wave field suddenly through resonance during the decay of the system
after switching off the exciting light. With this kind of experiments
one solves the dynamics of populating and depopulating the individual
spin levels of the triplet state. The results provide information
about processes involving spin-orbit coupling and radiationless
transitions in these polyatomic molecules.

Coherence experiments. The triplet system is subjected to a
strong monochromatic microwave field resonant with one of the zero-
field transitions and with an amplitude exceeding the linewidth of
the zero-field transition. In this situation the electron spins are
coupled coherently to the driving microwave field. One observes a
modulation of the phosphorescence with a frequency determined by the
amplitude of the field. With the help of an elegant model developed
by Feynman, Vernon and Hellwarth, it is possible to describe the
coherent coupling in a way analogous to the behaviour of a gyromagnet
in a magnetic field. From such coherence experiments we hope to
obtain detailed information about relaxation processes in
phosphorescent triplet states.
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SAMENVATTING

In het begin van dit proefschrift wordt aangetoond hoe men met
microgolven de fosforescentie kan beïnvloeden van organische moleculen
die door bestraling met ultra violet licht zijn geexciteerd in de
laagste (fosforescerende) triplet toestand. Deze moleculen zijn verdund
aanwezig in een kristallijne matrix en het verschijnsel nemen we waar
bij de temperatuur van vloeibaar helium. De experimenten berusten op
het idee dat radio-frequente overgangen, geïnduceerd tussen de spin
componenten van de triplet toestand, zich uiten via een intensiteits-
verandering van de fosforescentie. Hoewel er punten van overeenkomst
zijn met de bekende experimenten van Brossel en Kastler aan Hg atomen

3+en Geschwind, Collins en Schawlow aan Cr ionen in A ^ O ^  , zijn er
enkele essentiele verschillen. In de eerste plaats is er geen uit
wendig magneetveld aanwezig en verder zijn de radio-frequente over
gangen lineair gepolariseerd volgens richtingen vastgelegd door het
molecuul.

Het doel van dit proefschrift is om de mogelijkheden aan te tonen
die deze nieuwe techniek biedt voor de studie van de magnetische en
optische eigenschappen van de triplet toestand. Daartoe behandelen we
drie soorten experimenten en illustreren ze met resultaten aan drie
verwante moleculen: naftaleen en de aza-naftalenen, chinoline en
chinoxaline.

Ten eerste "steady state" experimenten, waarin men het systeem
continu bestraalt met u.v. licht in de aanwezigheid van het micro-
golfveld dat langzaam in frequentie wordt gevarieerd. Op deze manier
verkrijgt men de lijnvorm van de overgangen. De typische structuur die
blijkt op te treden in de spectra van de aza-naftalenen kunnen we ver-
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k la re n  door m iddel van de h y p e r f i jn — en q ü a d ru p o o lin te ra c t ie  van de

s t ik s to f k e m e n .  U it deze s t r u c tu u r  i s  h e t dan m o g e lijk  de quad rupoo l-

s p l i t s i n g  van de s t ik s to f k e m e n  in  de t r i p l e t  to e s ta n d  t e  b erekenen .
Ten tw eede " t r a n s ie n t "  experim enten  w aarin  men h e t  systeem  ge

durende een b e p e rk te  p e r io d e  met u .v .  l i c h t  e x c i t e e r t  b i j  een tem pe
r a tu u r ,  waar de r e l a x a t i e  tu s s e n  de sp in  componenten v erw aa rlo o sb aa r

i s .  Na h e t u i t z e t t e n  van h e t e x c ite re n d e  l i c h t  l a a t  men gedurende
h e t v e rv a l  van de f o s fo r e s c e n t ie  h e t m ic ro g o lfv e ld  p lo t s e l i n g  een

s n e l le  passag e  door r e s o n a n tie  maken. Op deze w ijz e  in d u c e e r t men aan
z i e n l i j k e  v e ran d erin g en  in  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 .  Met

behu lp  van d i t  s o o r t  experim enten  kan men de dynamiek van h e t bevolken

en o n tvo lken  van de in d iv id u e le  n iv eau s  van de t r i p l e t  to e s ta n d  o p lo s 

sen . De r e s u l t a te n  v e rsc h a ffe n  in fo rm a tie  ov er sp in -b aa n  k o p p e lin g  en

s t r a l in g s lo z e  p ro ce ssen  in  d i t  s o o r t v ee la to m ig e  m olecu len .
Ten derde c o h e re n tie  experim en ten . Men onderw erpt h e t t r i p l e t

systeem  aan een s te r k  m onochrom atisch m ic ro g o lfv e ld , r e so n a n t met een

van de overgangen en met een am plitude  g r o te r  dan de l i j n b r e e d te .  E r
t r e e d t  dan een c o h e re n te  k o p p elin g  op van h e t t r i p l e t  systeem  aan h e t

m ic ro g o lfv e ld . A ls gevo lg  neemt men een m o d u la tie  waar van de fo s fo r e s 

c e n t ie  met een f re q u e n t ie  d ie  w ordt b ep a a ld  door de am plitude van h e t

v e ld . Met behu lp  van een e le g a n t m odel, gegeven door Feynman, Vernon

en H e llw a rth , i s  h e t m o g e lijk  de c o h e re n tie  t e  b e s c h r ijv e n  op een
m anier ana loog  aan h e t gedrag  van een gyrom agneet in  een m agneetveld .
Met d i t  so o r t c o h e re n tie  experim enten  hopen we in  de toekom st g e d e ta i l 

le e rd e  in fo rm a tie  t e  v e rk r i jg e n  over de r e l a x a t i e  p ro ce ssen  in  de

fo s fo re s c e re n d e  t r i p l e t  to e s ta n d .
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Op verzoek van de Faculteit der Wiskunde en Natuurwetenschappen volgt
hier een kort overzicht van mijn studie.

Nadat ik in 1951* het diploma HBS-B heb gehaald aan de toenmalige
3e-vijfjarige HBS-B te Amsterdam, ben ik mijn studie begonnen aan de
Universiteit van Amsterdam. Na mijn candidaatsexamen d in 1958 vingen
mijn werkzaamheden aan in de afdeling microgolf spectroscopie van het
Zeeman Laboratorium. Deze afdeling werd in i960 toegevoegd aan het
Natuurkundig Laboratorium, waardoor de leiding in handen kwam van
Prof.Dr. G.W. Rathenau. De experimenten waarbij ik toen heb geassis
teerd varieerden van microgolf spectroscopie aan gassen tot ferro-
magnetische resonantie in dunne metaalfilms. In 1961 werd het
doctoraalexamen in de experimentele natuurkunde afgelegd.

Ingelijfd bij de Koninklijke Landmacht bracht ik een belangrijk
deel van mijn dienstplicht door op het Physisch Laboratorium van
RVO-TNO.

In 1963 trad ik in dienst van het Koninklijke/Shell-Laboratorium,
Amsterdam. In de afdeling Fundamentele Research heb ik onder andere
meegewerkt aan kemspin resonantie proeven in vloeistoffen.

In 196U stelde het Koninklijke/Shell-Laboratorium, Amsterdam mij
in staat te studeren aan de Ecole Polytechnique te Parijs. Hier heb ik
onder de voortvarende leiding gestaan van Professor I. Solomon. Tijdens
mijn verblijf aldaar werd aan een verscheidenheid van experimenten
gewerkt: kemspin relaxatie in vaste stoffen, thermische detectie van
ESR en ESR in halfgeleiders.

In 1966 ben ik teruggekeerd naar het Koninklijke/Shell-
Laboratorium, Amsterdam waar werd begonnen met het opbouwen van een
ENDOR opstelling.

In 1968 ben ik als wetenschappelijk medewerker in dienst getreden
van de Rijksuniversiteit te Leiden en vingen mijn werkzaamheden aan op
het Kamerlingh Onnes Laboratorium in de werkgroep Moleculen in
Aangeslagen Toestand onder leiding van Prof.Dr. J.H. van der Waals.



De o p le tte n d e  l e z e r  h e e f t  gem erkt d a t op de t i t e l p a g i n a  van d i t

p r o e f s c h r i f t  de su g g e s tie  w ordt gewekt a l s  zou de inhoud h e t r e s u l t a a t

z i j n  van de in sp an n in g  van êên en k e l p e rso o n . D it id e e  e c h te r  b e r u s t

op een m is v a tt in g .  In  w e rk e l i jk h e id  i s  deze d i s s e r t a t i e  de v ru c h t van
een samenwerking in  de w erkgroep M oleculen in  A angeslagen T oestand .

De d a g e l i jk s e  d is c u s s ie s  met de andere  le d e n  van deze w erkgroep en de

in te r n a t io n a le  c o n ta c te n  v ia  con g ressen  o f  b ezo ek e rs  hebben de b a s is

g e leg d  voor de ideeën  waarvan de c o n c re te  r e s u l t a t e n  z i j n  besch reven

in  de voorgaande p a g in a s .
Al deze id eeën  waren id eeën  geb leven  a l s  ik  geen h u lp  had gekregen

om de experim en ten  u i t  t e  vo eren . Zo z i j n  de k r i s t a l l e n  w aaraan de

m etingen z i jn  gedaan e n e rz i jd s  t e r  b e sch ik k in g  g e s te ld  door h e t
K o n in k lijk e /S h e ll-L a b o ra to r iu m , Amsterdam, en a n d e rz ijd s  g e p re p a re e rd

door mevrouw G.M. G o r te r - la  R oij en de h e re n  M. N oort en

D rs. J .  van Egmond. V erder ben ik  op h e t K am erlingh Onnes L aboratorium

om ringd gew eest met te c h n is c h e  f a c i l i t e i t e n  w aarvoor een g ro o t a a n ta l
personen  zo rg  d ragen . H iervan w il i k  in  h e t  b i jz o n d e r  noemen de heren

T. N ieb o e r, J .F .  B enning, J .  van den Berg en L. van As. Voor de

i l l u s t r a t i e  van de r e s u l t a t e n  heb ik  n o o it  te v e r g e e fs  een beroep
hoeven doen op de h e e r  W.F. T e g e la a r  en in  h e t b i jz o n d e r  voor d i t

p r o e f s c h r i f t  op de h e e r  H .J . R ijskam p. T e n s lo t te  h e e f t  M arian Zurburg
z ic h  b e l a s t  met h e t ty p e n  van h e t m an u scrip t zonder o o i t  h a a r  goede

humeur e r b i j  t e  v e r l ie z e n .
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