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This three level

scheme was already propose

as a phenomenological

Lewis and Kasha (1944,

the metastable state T

state. Contrary

which are

states,

state is

two parallel spins

The val

angular

momentum S = 1 and her

in a molecular system are it in zero-magnetic

in

der Waals and

phosphorescent naphthalene diluted in a glass, From that time

experiments have become a standard technique

phosphorescent triplet stat

In order to observe the

the triplet state in the absence of an external magnetic field & micro-

wave spectrometer was constructed by

1966, Hutchison 1967). The advantage of such a zero-field experiment

would by the magnetic

field.

oriented molecules, This is important because often one has diffi-

culties in preparing & suitable single crystal con

phosphorescent substance. However the observation of the t ions
via microwave us te al problems. r

instance 1t 1s a sensitive wlde band microwave
detection system. Apparently, owing to these complics ero-field

spectroscopy has never become a generally applied
Of course one was aware of the optical detection experiments

of Brossel and Kastler and it was suggested that similar

might be feasible for observing the transitions between the spin
components of the lowest triplet state (de Groot et al., 1967).

Attempts were made to detect the ESR transitions optically (Jen et al.,

1967) with negative results until in 1967 Sharnoff observed the
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In the past two years we improved the
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horescence intensity at the same frequency. The output of the

photomultiplier is then connected to a Princeton Applied Research (PAR)
model 220 "lock-in" amplifier coupled to a recorder. The reference
frequency of the "lock-in" is used to drive the amplitude modulation of
the microwave source. The modulation frequency that cen be used depends
on the dynamics of the triplet system and usually is in the range of
20-400 Hz. The zero-field spectra are obtained by slowly sweeping the
microwave frequency through resonance. The modulated part of the
phosphorescence is phase-sensitive detected by the "lock-in" and its
output displayed on the recorder. The 3641 MHz transition in
quinoxaline shown in fig. 1.3 has been obtained in this way. The
improvement in signal-to-noise ratio compared with the d.c. detection
method (fig. 1.2) is mainly due to the "lock-in" detection and partly
to a more efficient light gathering system.

The helix is described in several textbooks on microwave
techniques (Watkins, Pierce) and also for application to magnetic
resonance by Webb (1962). Expressions are given for the electric and
magnetic field configuration in the physical abstraction known as the

not give them here because our helix is far

of the exact field configuration is not so
detection experiments. It is enough to know
that a microwave magnetic field is present within the coil. Because the
mode propagating along the wire is basically the same as in the coaxial

line it is

match the helix over a wide freguency range. At

the open end the wave is reflected and a standing wave exists. The
dimensions of our helix are: thickness of the wire 0.5 mm, inner dia-
meter 4.4 mm, distance between the wires 1 mm, number of turns 6.

The attractive feature of this resonator for optical experiments
is its open structure and for zero-field work its wide band operation.
We may expect however that the microwave magnetic field over a sample
10-20 mm3 will be rather inhomogeneous in amplitude and especially
in direction.

In the transient experiments a change in phosphorescent light
intensity is induced during the decay of the triplet state. In these
experiments the output of the photomultiplier is connected directly to

a Tektronix 549 storage oscilloscope. The exciting light is shut off

25
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ZERO-FIELD TRANSITIONS IN

QU

INOXALINE

4,1 INTRODUCT

In this chapter we discuss the shape of the zero-fi
observed for quinoline d gui ine under steady state

signals show a structure

corresponding transitions in naphthalene. Similar effects
been found by other groups in related aza-aromatic molecu
al. 1969).

In section 4.2 we fi present experim
systematic study of SPE 'or quinoline
section 4.3 we turn to the theoretical interpreta
shapes based on the known hyperfi and guadrupole interact

<11 : s s S . o3 : <
N'% nuclei. In this model we neglect hyperfine interaction

protons. In the conclusion we consider some general

fine interaction in zero-field. Particularl)
effect of h.f. interaction with groups

extensively by Hutchison, Nicholas and

4.2 RESULTS OF STEADY STATE EXPERIMENTS

The zero-field transitions of present interest have

measured at 4.2 K. At this temperature relaxation between

28
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Fig. 4.3 The optically detected zero-field transitions Z - Y and
Z - X of quinoline-d, in durene. T = 4.2 K. Amplitude modulation at
{
80 Hz together with phase sensitive detection. RC time 1 s. Sweer
g I I
0.05 MHz/s. The spectra (a) and (c) have beer Y Y W ro-
wave power of about 1 mW (20 db belos wer t

we have redrawn the calculated

indicate lines which we attribute t¢
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Fig. 4.4 The optically detected zero-field transitions Z - Y and

Z -X of quinoxaline—h6 in durene. T = 4.2 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 uW 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._| = 21.88 MAz, 2 - Y = 1187 Miz, e - e_= 3.0 MHz.
XX z y
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We shall show

they may seem

The spin function
now u and k =
absent , each of

components with

as indicated in fig. 4.6.

by a time dependent

Hamiltonian of the following form

Hgge Mg « ApxSyly

€x
z ,!‘ !l S T I €pea
2 €y

R $ T T

LI il £x
Y ;Y 1 £z-Q
i r 1 £y-a

! €x

Z-X Z-X

Fig. 4.6 Energy level scheme of

Each of the three zero-field electron spin

levels by the quadrupole splitting of the

some of the levels are shifted further by
2

action, a = A;x /(Z=Y) . At the bottom the spectrum that results has

been indicated. The "allowed" transitions are indicated by full lines

and the "forbidden" ones by broken lines.
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and corresponding eigen-

numerical values for the

symmetries A, and B, have

the 3 x 3 matrices in

table 4. € = 3,0 Miz and

In of quinoxali and -d,. (fig. 4.4 and 4.5)
1 é

5]

we observe that in the Z - X transition for maximum microwave

he predicte indeed occur: a pair displaced by

+ 6 MHz, In the

placed by ab
power much more satellites are present

. Quite ‘a number of mechanisms

additional lines. They might arise

|A‘ |
Yy

g that such lines would show

may be responsible

1s in the hyper

should be at least 100
caused by the term |A__|.
XX

clu

we may make some remarks about the present work

and about hyperfine interaction in general for the triplet state in

(a) An explanation has

given of the shapes in quinoline and

s of hypert

W

quinoxaline on the bas ine and quadrupole interaction

with the N'* nuclei., It must be realized that in the present

~

instance the solution is relatively simple because the term |Axx|
14

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 &
result the line shapes may become very complicated and make it

1se numerical methods to find the theoretical shape.
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observes is almost entirely caused by the fast decay of

level TZ. At a time t = t1 long compared with the decay

TZ , one suddenly sweeps the microwave field through the

resonance at 3585 MHz. In this way molecules are taken

decaying non-active level TX to repopulate the emitting

& sharp increase in phosphorescence i

observed (fig.

L]

sweep. Hence

AN + AN_ =0 :
The changes in population produced by the resonance
as a fraction of the population difference between

existed the moment the sweep was started

where the fraction f depends on the experimental conditic

particular on the microwave power (see below).

chosen such that N?(t1) is negligible relative to N (:1).

initial steady state populations N_(0) and N_(0) are about

1

54
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the condition t., 2 5 kz suffices. We then may approximate (5.D0) by

hx'?(i‘) of the leading edge of this delayed signal is given by
wer'/} | = o
by, o (AN, K )
h t,) = ¢ (A} ¢ + AN_ k) 5.2)
x»z' 1 "z Z 5T - \2
where Aﬁx and AN are the changes in pc micro-
wave field and ¢ is an instrumental co
Since the sweep through resonance short
compared with the lifetimes of the two levels we may that
total number of molecules 1s the same 1 y before and after the

4)

. \ e

AN = - AN = f{N (t.) - N (t,)}
We now write
{ =
= o N (t.) =N (t.) =i
h,,(ty) =cf (N (t,) - N (t,) K,




X5} s (5.6)

0 [ |

s I = ~

3 0 o _
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» O

£ D

' e

It t like fig. 5.3 provides a

heck < s when this is not yet
true, ill be clear that one can 4o

2 simil level Ev by sweeping through
£ completely negligible the

kept in contact with the fast

x_ and «_ then will not be equal

measurements at higher temperatures.

1.1

ct

0

ready slightly
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Table 5.1
’ . S RS X U o 3
ecay rates kK 1n s s relative radiative decay rates k , relative
: u

N (0) and relative populating rates P_ of the

plet states of qui

durene and quinoxs i ht measured at
systems and the values

of the individual spin

naphthalene were

decay rates 1in

m ESR experiments by Schwoerer and Sixl (1968, 1969) at

flash experiments;

o
Fo)

in the bottom section refer

eriments in which a steady state was

All values are averages of three measurements performed on

samples, cut from one large single crystal. The symbol o

1e standard deviation of the mean.

P
u

) S =
=P -Nk (u= x5 ¥, 2) ~ .13)
_“\— u uu 2] “ ’ b ( 5
In steady state the change of population per unit time is zero and

Since N and k_ are known we find the relative populating rates P
3 u

As a check on the steady state experiments we have measured Pu

also in flash experiments. It follows from (5.13) that immediately

w
ct
e}
B
(L)
"
o
ct
o

q ) : - -1 -
tion by a flash of duration 71 << ku the populations
of the spin components are proportional to their populating rates Pu .

1 '

These "flash" populations were determined in the same way as in the

steady state experiments. The results of this method are also given in
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in table 5.2 we see that again the situation is such that at
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We now follow FVH and consider a linear vector

-+ - e
two vectors r and w that are defined by the

and w, , relative to three unit vectors

1

equations (6.11) can then be written in the
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——— T A
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e, , e, space

magnet in a magnetic

happens one may use the language

effects in magnetic r (see 61,
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components of t

vector
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the radiative level T_ and the dark level T . I
microwave field (V(t) = 0) we have w,6 = =
% ‘
with angular vel 3 A&t

precesses about e5
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(6.14)

2y H, cos Wt

o

1t 1
*0S

y one has

ance g

the e! axis and the equation of motion (€

iomena we

is composed of a

the proper sense of

rotating frame the perturbation now




>

=y

(o = @) 3L 4y B Sy xF =l x 6.1
— ). = £ I e x =y < -} y5 o2
5t Uiy W) B Y SO h, SIS o (6213

- >
At exact resonance y = wy and the vector r precesses about the e/

axis with angular frequency w, = y H., . If the componen
I e =

initially has a length r_(t.,) =1r
S ]

perturbation V(t) at time t = t, 1 be
. . \ o 1 I o 3
given by r.‘,(L1 + £) = r_ cos y<n1€ (fig. 6.3 b).
o | 3 e
In our experiment on the decay of quinoline at we
A : o 3 = = \
switch on the microwaves r_ = N (t1) N .) = =N "]; ; >
3 A i Y
the duration of the microwave pulse is short as compared with the
lifetimes of T _ and Ty we have N (t1 + £) + N}(LI + £) =N (t,) and
2 A 4 . de
thus
N (¢, +%)=3N(t.)(1 =cos y HTE) and (6.16)
z 1 = e 1
N ('u i E) = :L . (6.17)
5 sl
Hence the change in phosphorescence intensity is given by the
expression
3 + U ) P, o s I3 o w oe\( L [
h (t E)= 3 N (t,)(1 = cos ¥ H.T)( = k) > (6.18)
y*z 1 y'al e 1 Y

and this is borne out by the experiment.

corresponds with y H.£ = 7 and the minimum at € = 0.54 ps with

into play and the phosphorescence signal tends to a value of about
one half of the maximum at € = 0.27 ups .
In order to give a proper description of

extend (6.13) with relaxation terms. Before doin

mention a complicating factor that arises in

durene unit cell two sites occur, but from experiments (
and Maki 1965) it is known that four magnetically inequivalent
quinoline molecules exist. Fortunately, there are only two different

to each other and me

an

x-axes, which are almost

0 ol . . : 3 i
angle of about 5  with the ab cleavage plane, In the experiment the
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the individual triplet systems get out of phase. Hence, the ccherent
modulation is visible for times short as compared with T} ; it

4 - o DSy - +
gradually decays due to the spread in effective field w over the

triplet systems. This spread in ;eff is caused by the inhomogeneity
of 31 in amplitude and direction, the presence of four sites and
the linewidth Av. Since the decay of the modulation proceeds in a
time of about 0.5 = 1 us we believe that it is mainly due to the

spread in resonance freéguency.

6.4 CONCLUSION

We have shown that the modula

occurs when a strong microwave field is applied to a zero-field
transition of a triplet state, may be explained conveniently by the
FVH model. The analysis proceeds in the same way as the description

of precessing magnetic moments in a magnetic field. However an

important difference exists: in NMR and ESR

¥
(%)
®
8
©
o
'™
o
8
i_f:

associated with each of the two states, while for a triplet state in

zero-field < S >=0 f{

the two systems

have in common is a matrix element of a dipole moment operator between

the two states, which effects the coupling to the radiation
fact the only and necessary condition for the use of the FVH picture

is that the matrix V(t) the form

vit) = i (6.21)

It may be worthwhile to mention that essentially the same model
has been used to deseribe the phenomenon of photon echoes (Abella,
Kurnit and Hartmann 1966). In their case an electric dipole moment
operator connects the two states and again no expectation value of an
electric or magnetic dipole moment is associated with the ground or
excited state.

From the similarity of the behaviour of the triplet system with a



moment a magnetic field one also understands the adiabatic

1

We expect that the

following a sweep through resonance.

such an experiment is

least in the order of

the homogeneous spin-pack

that accounts for

at+ri

natrix

and it

mixture of saturation and inversion

brought alc

periment would

but even for
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submitted to multiple zone refining. The mixed crystals of quinoline

and -d7 in durene were grown in a similar way as described above; the
starting solution containing 3% of the guest. The concentration in the
resulting mixed crystals was not determined.

The single crystal of naphth&lene-ds in durene was made by

A

Mr. M. Noort. Naphthalene-d, was kindly sup

Shell-Laboratorium, Amsterdam. The sample showed a d/h ratio of 97.8%

and contained 83.6% naphthalene—dg, 15.1% naphthalene-d.-h. an

naphthalene—d6-h3 . Durene (Baker) was purified by multiple zone

.« ‘The mixed

7

refining and then chromatographed over a column of Al O

crystal was grown from a 3% solution of naphthelene-do in durene.

concentration of naphthalene-dc

in the mixed crystal was not

determined.
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In the first chapter

shown that microwaves

of organic molecules. The effect is

may affect the phosph

observed at liquid helium temperatures, on molecules diluted in a

crystalline matrix and excited by u.v. irradiation

show up as a change in

Although resembling the well known experi

phnosphnorescence. A

on Hg atoms and of

some important

in the absence o1

To this end we discuss three kinds of
with results on

aza-naphthalenes

aza-naphthalenes

volving the nitrogen

structures one finds the quadrupole splitting

state.




irradiated during a

emperature where the relaxation

between ible. Spectacular changes in the

wave field suddenly resonance during the decay of the system
fter switching off the exciting light. With this kind of experim

one solves the dynamics of populating and depopt

lating the individual

provide information

yin levels of the triplet state. The res
about processes involving spin-orbit coupling and radiationless

transitions in these polyatomic molecules,

eriments. The triplet system is subjected to a

strong monochromatic microwave field resonant with one of the zero-

rield 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 &
modulation of the phosphorescence with a frequency determined by the

amplitude of the field. With the help of an elegant model developed

ct

by Feynman, Vernon and Hellwarth, it is possible to describe the

coherent coupling in & way analogous to the behaviour of a gyromagnet
in a magnetic field. From such coherence experiments we hope 1o
obtain detailed information about relaxation processes in

phosphorescent triplet states.
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