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1.
AISTRACT

The observations of deleyed fluorescence in the gas phase
and in solution, tngether with the theories proposed to account
for its origin and associated phenomena, are reviewed to the date
at which the research reported here was gtarted.

It was originally proposed that delayed fluorescence, with
a lifetime of the order of milliseconds and a spectrum identical
with that of the corresponding fast fluorescence, originates in

the dissociation of the excited dimeric species A:, the excimer,

b - A" o+ A 2.
which follows the association of electronically-excited and
unexcited motecules A* and A of an aromatic compound
£+ 4 o+ ag L.
According to this mechaniem the ufetime’T’D of the delayed
fluorescence component is given by
Tp = Vke
which requires that the radiative lifetime of the dimer in the
vapour phase is considerably longer than T’D (~ m secs.) since no
dimer emission represented by
A: -+ (4g) + hv 4.
is observed,
An analysis of the data presented and previously obtained
for anthracene, perylene and pyrene vapours is presented in terms

of this (excimer) dissociation mechanism from which it is found that
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(1) process 2 has & rate constant of 4 x 10° sec™! for anthracene
at 220°C,

(11) process 1 has a collisional efficiency of approximately 10%
for perylene at 362°C.

(iii1) process 4 must be associated with a radiative lifetime of the
order of a second.

Although this mechanism gives a qualitative account of the observed
phenomena, the extent to which radiative relaxation of the excimer
(process 4) is forbidden is difficult to justify on theoretical
grounds.

Following the observations of Parker and Hatchard concernning
the delayed fluorescence e¢xhibited by solution of phenanthrene and
of anthracene, it has been established that the intensity of delayed
fluorescence varies as the square of the absorbed light intensity
for perylene and pyrene in the vapour phase. This indicates
that delayed fluorescence originates in a process involving
two electronically-excited molecules for which Parker and Hatchard
propose

5+ 24 4 4" 4+ 10.
and which, at the low stationary triplet-state concentrations
excited by a constant intensity light source, proceeds to a much
lesser extent than the first-order process

W - 2 9.
A comparison of the expressions obtained for the observed deoay

of delayed fluorescence and that provided by this mechanism

L]
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leads to the relationship
Ty - Yy

which, insofar as independent estimations of k9 are available
for the vapour phase, appears to be obeyed, Thus the lifetime
of delayed fluorescence is determ’ * d by the rate of first-order
decay of the triplet state and its measurement affords a useful
estimate of triplet state lifetimes in the vapour phase.

This mechanism removes the necessity for postulating a
long-lived excimer, although during the period covered by this
report excimer emission has been reported for some 30 systems

and its existence is well-establighed. A further example, that

of acenaphthene, has been observed and is described.
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2, RESEARCH REPORT

Introduotion

Delayed fluorescence in fluid media was first reported by
Kautskyl who observed that extremely dilute, carefully outgassed
solutions of chlorophyll and related molecules, and of certain dyes,
emit a component of fluorescence with the normal spectral distribution
but with a lifetime of the order of milliseconds. Kautsky
suggested that this was due to the reversible formation of a
metastable electronically-excited dimer A; from excited and unexcited

aromatic molecules A* and A respectively i.e. process 1l is followed

by 2 and 3.
%* *
A+ A - Ag 1,
A§-» A + A 2.
A" 4 4 o+ omt 3,

It is implicit in this mechanism that the radiative relaxation of
*

the excited dimeric species A2 (process 4) is very much slower than

the competing process 2 which itself must have a rate constant

of the order of 10° sec"l. Moreover the disappearaice of the
*

Ay - (&) + v 4.
delayed fluorescence component with increasing solute concentrationd
remained unexplained.

Some 16 years later IJ:l.kun2 reported a delayed fluorescence
component of similar duration exhibited hy the vapours of several
aromatic m lecules including phenathrene and carbazole, and

concluded that, since the spectra of delayed and normal fluorescence
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components are identical, the former is due to the population of an
unspecified metastable state which is thermally promoted to the
fluorescent state. This work was confirmed and extended by \»I:l.ll:l.amz:3
who observed delayed fluorescence from the vapours of perylene, pyrene,
phenanthrene and anthracene and  found that although the intensity of
the delayed component is of the order of 1% at low pressures, this
increases with preczwre up %o a maximum of 47% of the total emission
intensity in the case of phenanthrene, Since the temperature
coefficient for delayed fluorescence intengity was found to be
very much lower than that expected for a thermal repopulation of the
fluorescent from the triplet state, and since the ratio of delayed to
normal component intensities increased witihh pressure, Williams concluded
“hat the metastable state responsible is unlikely to be the molecular
triplet state, and suggested as Kautsky had done, that an excited
dimeric species is responsible,i.e. processes 1l-3 are operative.

Williems further suggested that a theoretical treatment of the
electronioc states of the excited dimer might show why process 4 is
forbidden; Hoijtink4 subsequently demonstrated that if the dimer has
a parallel sandwich-like structure, the wave function for its stable form
will be the antigymmetric combination of the product functions of the
individual molecules \,JL, and )LL' in excited singlet and ground states

respectively i.e,
[ 1l / !
(dixner) - - + \}}
‘f/. A/?’ (\}: ‘E t a )
from whioch radiative transition to the ground state is symnetry-forbidden,
However, any deviation from strict coplanarity of the aromatio moleocules,
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such as might attend interplanar vibrations, would remove the

gymmetry restriction and emission should be observed.
Such an emission had already been reported by Forgter and

1 to0 the red

Kasper > as a broad structureless band some 5000 om
of the normal structured fluorescence of pyrene in concentrated
solutions. Since they ocould find no absorptismetric or oryoscopio
evidence for molecular association in the ground state, these
authors concluded that this new fluorescence band is due to

process 4 which follows the photoassociation process 1.

This was confirmed by the observation that the concentration at
which the dimer band intensity equalled that of the monomer
fluorescence increased with increasing viscosity of the solvent

at room temperature; moreover Birks and Christophorou6 s using

the low intensity nano-second flash technique have been able to
follow the "rise-time" for dimer emission and relate this to the
decay constant for the monomer fluorescence measured diractly under
identical conditions.

If the excited dimeric species responsible for delayed
fluorescence in the gas phase and in solution is that which gives
rise to a new emission band in concentrated solutions of pyrena,
it might be expected that the latter should have a lifetime in the
millisecond region. Stevens and Hutton7 reported that a compinent
with & lifetir. .° 1.8 + 0.2 x 10™> geconds for 2 x 10™> molar
ryrene in degassed cyclohexane at 20°C, showed that its speotrum is
identical with that of dimer fluorescence, and suggested the name
'excimer' be used to distinguish the excited dimeris species formed
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in process 1 from that produced by direct light absorption f1ow
stable unexcited dimers in concentrated solutions of dyes in solvents
of high dielectric constani. Following the failure of Parker and

Hatchard®

to detect the millisecond component of emission from
concentrated solutions of pyrene, Stevens and Hutton9, on reinveste
igating, found that it constituted approximstely 1% of the total
dimer band intensity.

lMeanwhile Stvens, Hutton and Porterlo obgerved that the delayed
fluorescence spectrum from phenanthrene vapour is identical with
the normal fluorescence spectrum of anthracene vapour excited undey
the s~me conditions; since absorption measurements placed an upper

limit of - 1070

moles/lit. °n the anthracene concentration in their
vapour .sample these authors concluded that this could only be
sensitised by a metastable state of pheranthrene with an energy at
least equal to that of the fluorescent state of anthraocene and a
lifetime in excess of 1072 seconds, i.e. the phenanthrene exoimer.,

On the grounds that the delayed fluorescence of naphthacene vapour
cannot be excited directly but can be sensitised by pyrene vapour
Hutton and Stevensll suggested that in this case also the pyrene
excimer is the sensitising species.

In connection with their observation that fluorescence self-
quenching in anthracene vapour has a n.gative temperature coefficient,
Hardtl and Scharmenn'® independently suggested that self-quenching
proceeds via photoassociation (process 1) followed by internal

convergion of the excimer, process 5,
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A; - AzorA-o-A 5

which in this case could lead to the formation of the locally-bonded dimer,
dianthracene. If the computing process 2 requires a greater activation energy
than process 5, then an increase in temperature will' promote excimer dissociation

13

in preference to self-quenching. Stevens and McCartin™” confirmed the negative
temperature coefficient for self-quenching in this system and showed that, if
process 2 is responsible for delgyed fluorescence  the pressure independence
of the self-quenching consiant (measured at high pressures) is not inconsistent
with the pressure dependence of deleyed fluorescence lifetime (-1/k2) observed
3

for low pressures by Williams”, if the unimolecular process 2 follows a lindemann
mechaniasm, i.e.it is second-order at low pressures and becomes first-order as the
pressure approaches the self-quenching region, On the basis of this mechanism,
and the assumption that process 1 ococurs with unit gas-kinetic collisional
efficiency, these authors obtained a difference in activation energies for
processes 2 a_.nd 5 of
E, - Eg == 80 keal/mole
from their own and Hardtl and Scharmann's data.

A review of the available evidence for photodissociation (process 1)
based on the criteria of excimer emission, delayed fluorescence, fluorescence
self-quenching and sensitised delayed fluorescence, led Stevens:L4 to suggest
that this is of general. occurence for planar aromatio molecules in fluid
media; the absence of self-quenching, excimer emission and delayed fluorescence
from such a non-planar welecule as 9,10 - diphenylanthracene being attributed

to steric hindrance of photoassociation.
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Subsequently excimer emission has been reported for a considersable

15 15

number ¢f planar aromstic systems including benzene ”, toluene

(but, presumably due to steric hindrance, not xylenels) naphth;lenel7,
16

acensphthene  , methyl derivatives of 1,2 -benz;nthraoene,6, 2,5,
diphenyloxa.zolele, cholca.ntsh:r:ene6 and 1,2-benzperylene6.
Although a qualitative picture of the effecis of photoassoociation
is beginning to emarge, some inconsgistencies are evident of which
the following demund further attentioni-
a) although there is now no doubt that photoassociation
is operative in a number of fiuid(end pi‘esumably crysta.lline29)
aromatic systems &1 evidenced by excimer fluoresocence, if
excimer digsociation is responsible for delayed fluorescence

3

with a decay constant of some 10° sec s excimer emission in
the same or similar systems should have a decay constant of the
same order of magnitude; the emission however is very much
fagter than this (e.g. for perylene 99% of the dimer emission
in solution has & lifetime of < 107 sec.) and indeed, is
observed in aerated 'solutions? 6

b) the pyrene excimer fluorescence band has both slow

(~ 10~ sec.) and fast (~ 1077 sec.) componenta;7’9
c) excimer emission has not yet been observed in the vapour

phase at temperatures in the range of 2-30000; under these
conditions asymmetric interplanar vibrations might be expected

to remove the symmetry restriction on radiative relaxstion.

d) if excimer dissociation is responsible for delayed fluorescence

it is difficult to reconcile the low rate constant (-~ 10°sec™ )
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for this process with the low dissooiation energy (~ 8.0koal/mole
in the oase of anthraocene.

The researches desoribed below were carried out with a
view to elucidating the mechanism of delayed fluorescence in
aromatic vapours, and to obtaining additional examples of compounds
exhibiting photoassoociation in solution.

Experimental

The principal parameters characterising delayed fluorescence
in the vapour phase are

a) the'associated lifetime Y p OF decay constant kD which

are of the order of 10"3 sec. and 103 sec:f1 respectively.

b) the ratio of intensities of delayed to normal

fluorescence components I / In

a) lifetime measurement

A Becquerel phosphoroscope was used to isolate the millisecond
fluorescence component from the normal fast fluorescence of the sample;
a plan of the optical arrangement is shown in Figure 1. Light from
a d.c. high pressure mercury arc (described below) is fooussed by
lens L1 onto one wheel A of the phosphoroscope; when one of the
two slots in this wheel coincides with the optical axis, the light
beam, after further focussing by lens L2 y falls on the fluorescent
sample in the cylindrical cell }i contained in the furnace U. The
fluorescence radiation is focussed by lens 1.3 onto a photomultiplier
tube P (Mazda 27M3) placed directly behind the second wheel B of
the phosphoroscope which has two identical slots arranged out of
rhase with those in wheel A, Thus when the wheels of the
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phosphoroscope are rotated by the electric motor E, fluorescence
is excited in the sample when wheel A is 'transparent' (at which
time B is ‘paque') whilst the delayed fluorescence is detected only
when wheel B is transparent ( at which time A is opaque); the
phosphoroscope acts as a time filter since the fagpt fluorescence
(T 1076 sec.) has completely decayed between the exocitation
cut-off by wheel A and the onset of detection tlLrough wheel B.

The interval 7T, between excitation out-off and the
beginning of detection is determined by the angular velocity of the
wheels and the angle Y between the rear edge of the slot in A
and the leading edge of that in B. Thus at its maximum speed

of 3000 revolutions per minute “T., is given by

g P 60 x § = 5.5 x 1072 gseconds
P 3000 360 Y l

if Y is expressed in degrees of arc. The introduction of
slits T, and I, enabled \5 to be reduced to some 2° without
introducing effects due to stray light, thus

7; ~ 10 seconds.
i.e. a luminescence of half-life 107> seconds would be raduced
in intensity by only

100 § l-e '(10.4/10-3)} % = 9esth

before the onset of detection., The voltage supply to the motor
vas regulated by a Variac (Duratrak, Type V.S.H.M.T.) so that
its speed could be varied between 10 and 3000 r.p.m., to obtain

maximum intensity of the deleyed comppment; if required, the
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the angular velocity of the phosphommcope ocould be measured by
counting the number of deflections produced by the detector signal
on a low speed time-base of the oscilloscope (see below).

Since it was essential that the source should remain at
constant intensity for periods of 10'6 - 20 seoonds, a Mazda 125
watt high pressure stabilised arc (type MBL/D.) was used in
conjunction with a bank of twenty 12 volt, 75 ampere-hour acocuml-
ators assembled so as to be charged in 10 units of 24 volts and
discharged in series to provide 240 volts d.c.

Figgure 2 shows the detector circuit., The Mazda 27M3
photomultiplier (with maximum sensitivity in the region 360-500 my)
was powered by an Ediswan power unit type R1184. The anode was
earthed through a 500 K ohm % watt resistor, and the potential
across this led to the grid of the 6J5 triode in the cathode
follower circuit. Ry feeding the cathode follower signal to the Y
plates of the Solartron double beam oscilloscope (CD 71152) through
the 16y farad condenser it was possible to reduce the time constant
of the circuit to a value much lower than the duration of the
measured pulse, All leads were screened and the screening
carefully earthed to eliminate electrical interference. The
oscilloscope was internally triggered by the emission signal to
produce repeated traces of the decay curves on the socreen and these
were photographed on Kodak R60 35 mm, film by means of an attached
Cossor oscillograph Camera (model 1428)., Times bases in the
region 0:2 - 20 m sec./c. were used and calibrated by displaying
semisoilal waves of accurately predetermined frequency from an
Advance signal generator(type J2).
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The fluoresoent vapour samples were produced in
cylindrical Pyrex cells some 5cm, x 2cm, diameter fitted with a
narrow lower limb containingthe solid or liquid sample, as shown
in Figure 3. The same figure shows a plan and elevation of the
furnace constructed from two concentriocally-bored cylindriocal
blocks of aluminium wired independently, thermally insulated
from each cther and equippelwith recesses for thermocouples; the
upper block equipped with quartz-shielded windows W controls the
temperature of the vapour whilst the lower one accomodates the cell
limb containing the condensed sample and so controls the vapour
pressure.

To eliminate extraneous light, the source, ocell,
phosphoroscope and detector were housed in a spesially-constructed
wooden box with an inspection cover, with the controls, power
supplies and oscilloscope outside. The apparatus was calibrated
by measuring the lifetime of uranyl sulphate luminescence for
which a value of 254 x 1074 seoonds has been reported; our
measured value from an exponential plot of the enlarged photograph
of the decay curve was 2+53 x 1074 seconds from which we conclude
that the response time of the apparatus is well below the limit
required. Figure 4 shows & typical oscilloscope trace of the
delayed fluorescence decay for anthracene vapour,

b) Intensity measurements

To investigate the variation in intensity of delayed
fluorescence with incident light intensity, the decay ocurves

produced by a particular vapour sample were photographed under the
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same conditions of temperature, pressure, phosphoroscope speed and
oscilloscope sensitivity but with Wratten neutral density filters

of different optical dznsity between tne light source and cell,

The height of the decay curve above the base line after a particular
decay interval was taken as a measure of the delayed fluorescence
intensity since under these conditions the decay constant was found
to be independent of the inoident light intensity. For these
measurements 9 mm of Chance OXl filter was used to isolate the Hg
lines &t 365 myu and the optical densitd es}"h‘.he neutral density
filters at this wavelength were measured on a Unicam SP 730 recording
sPectrophotometer,

To measure the ratio of intensities ID/IF of delayed
to fast components of fluorescence the phosphorimeter was modified
ag shown in Figure 5. 'The light beam from the same source S is
focussed first onto wheel A of the oscilloscope and then onto the
vapour sample in the cell M, Fluorescence from the sample is then
fooussed directly onto the photomultiplier P along an axis at right
angles to the excitation beam, F, being a filter (1/ 8 M aquecus NaNO,)
to remove scattering exciting radiation, aselected by the Chance
0X1 filter F but which transuits the fluorescence radiation.

The signal generated by the photomultiplier was displayed on the
screen of the oscilloscope as previously desoribed,

Under theee conditions the fluorescent vapour is
subjected to two square pulses of incident light, each of a few
milliseconds duration for each rotation of the wheel 4. The
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fluorescence intensity I % of the exposed vapour thus increases with
time t to a meximum value I, during each pulse according to the

equation

-t
I, = I, (L-e /T
where T~ is the fluorescence lifetime. Similarly, after excitation

cut-off, the intensity of fluorescence decays according to

I - I "t/?

t oo e

so that the square-wave excitation pulse is distorted in the
emigsion signal. ‘This is illustrated in Figure 6 for orystaline
uranyl sulphate luminescence the lifetime “V of which was used to
check the instrumental response. Vapours exhibiting both fast and
slow components of fluorescence distort the square-wave pulse as
follows:- the fast component reaches its maximum intensity almost
instantaneously and is followed by a much slower increase in the
delayeéd fluorescence component; after excitation cut-off the fast
component decays immediately to be followed by a much slower decsay
of the slow component. Frovided the pulse is of sufficient
duration ( ~ 4YD) to allow the slow component to attain its

maximum intensity, the ratio of intensities is given by

Ip - initial pulse height
IF + ID final pulse height

whence ID/IF can be obtained, In the cases examined ID/IF wag
less than 1% and the following proceedure was adopted to measure

this with sufficient accuracy:- the emission signal was displayed
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on the oscilloscope screen with the Y-plate sensitivity set at

0+1 volts/cm, corresponding to a deflection of several screen
dia.mete?‘i and the horizontal shift adjusted to display the
decay of the slow component which was photographed; the Y-plate
sensitivity was then reduced to- three volts/om. and the total
signal completely displayed on the screen was photographed.
Sample traces are shown in Figure 7. The ratio ID/IF vas
obtained from these signal heights by multiplying the total
signal by a facter of 30.

¢) The Measurement of Fast Fluorescence Lifetimes

During an analysis of the delayed fluorescence data
for aromatic hydrocarbon vapours it became necessary to have values
for the lifetime of the normal (fast) fluorescence of the same
compounds under the same conditions. In the case of perylene
vapour, the fluorescence lifetime was estimated from oxygen-quenching
measurements using an apparatus described previouslylg. The
perylene vapour contained in a quartz cell at a pressure determined
by the temperature of solid perylene in a lower limit and a
temperature equal to that of the furnace housing the cell, was
excited by the group of Hg lines a 365 my isolated from a 125
watt high pressure stabilised arc by means of a Hilger quartsz
prism monochromator. The intensity of fluorescence was measured
at right angles to the incident beam, relative to the intensity
of the incident beam partially reflected from a quartz plate onto
a second photomultiplier; in this way changes due to source
fluctuation are minimised. A Hoke packless valve operated at the
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cell temperature isolated the cell from a conventional vaouum
line and allowed oxygen to be admitted at known pressures; the
effect of added oxygen on light absorption by the vapour being
measured by a third photomultiplier which intercepted the
excitation beam after passage through the cell. The maximum
temperature at which the Hoke valve could be operated placed an
upper limit on the temperature of the vapour of 244°C.

d) Ixcimer Fluorescence

As a part of this programme it was decided to continue
the search for aromatic compounds which exhibit excimer fluorescence
in solution. The instrument used was an Aminco-Keirs spectro-
photophosphorimeter adapted for use as a low temperature fluorimeter
by removing the rotating cylinder but retaining the dewar holder
and assembly., Fluorescence spectra were recorded

(i) as a function of concentration in toluene at

room temperature

(ii) at room temperature and at -70°C (ethanol-solid Co,

mixtures) at the maximum oconcentration consistent with

complete dissolution at the lower temperature.
In this preliminary survey no attempt was made to degas the
solutions which were examined in the spécia.l quartz tubes provided
with this irgrument for use in conjunction with the dewar vessel,
Blank runs were mede on the pure solvent in the ethanol-cardice
mixture to ensure that observed spectral changes were due to the

solute only.
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e) Materials

Aromatic hydrocarbons from commercial sources were
purified by fractional recrystallisation followed by fractional

20 in each case. B.D.H. spectroquality solvents

microsublimation
were uged without further purification and oxygen was taken from a
bulb supplied by the British Oxygen Company sealed directly onto

the vaouum line,

Results

a) Lifetimes of Delayed Fluorescence in the Vapours of Aromatic
Hydrocarbons.

Figures 8 and 9 show the concentration dependence of

delayed fluorescence decay constant KD ( = 1/7‘])) for the vapours
of perylene and of pyrene under the conditions stated. The decsy
was found to be strictly exponential over the whole pressure rsnges
studied and the data obtained in the pressure-independent region (at
lower concentrations) are in agreement with previous mea.surementsgl;
however, at higher pressures KD increases with pressure, an effect

not previously noted.

b) The Effect of Absorbed Light Intensity on the Intensity
of Delayed Fluorescence

If I, ( A) is the intensity of radiation absorbed by the
vapour in the cell is
X)) =T (N) (1-10%N))
where D{ A ) is the optical density of the vapour at this

wavelength. If now & neutral density filter of optiocal density
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d (A ) is placed betweenthe light source and cell the incident
light intensity is reduced to

1, (A) 1004A)

and the vapour absorbs an amount
-d -
I(N) = I,(N) 10 (N) (1 -10 XN ).
The intensity of ID of delayed fluorescence varies as the nth

power of IA()\ ) i.e.

I e [I(N) 0¥ A 10"’()\))] ’

so that provided Io( A ) and D(A ) remain constant
log I, = constant - nd( N\ )

Figures 10 and 11, in which log I_ is plotted against d( A ) for the

D
vapours of perylene and pyrene under the conditions stated show that
log. 1D veries linearly with d(A ) and from the slope of the line
n = 19 + 0.1
i.e. within the limits of experimentel error the intensity of delayed
fluorescence varies as the square of the abgorbed light intensity.
Figure 12 shows the variation of I]/IF with ooncentration
for perylene vapour under the conditions stated.
¢) The Oxygen-quenching of Perylene Vapour (Fast) Fluorescence.
Tne addition of quenching species at concentre+ion Q
reduces the yield of a fluorescent compound in the gas phase or in
solution from X’ to\( wvhich are related to the que. ching constant

KQ by the Stern-Volmer equationi-

\(o/Y -1+ x_{a]
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Thus if F and I are the measured fluorescence intensity (in
arbitrary units) and absorbed light intensity due to perylene in
the absence of added oxygen, and F and I are the corresponding
quantities in the prescence of oxygen at concentration [ 0.] this

relationship becomes

Y"/‘(— B - .k, (o]

For perylene vapour at 244°C and 0+2 mm Hg pressure excited by the
Hg lines at 365 mu, the oxygen quenching data are plotted according
to the Stern-Volmer equation in Figure 13; from the mlope of the line
and the relationship

Kog ™ P 27T
uhereP is the collisional quenching probability (assumed to he unity)
and Z is the collision frequency at unit concentration, it is found
that the lifetime of the potentially fluorescent perylene molecule is
gven by

T 056 x 107 sec.
under the conditions stated (values of 5-0 % ang 1.7 1 are taken for
the collision radii of perylene and oxygen respectively).
d) Fluorescence Spectra

During a search for new compounds exhibiting excimer fluorescence
evidence was obtained for this behaviour in the case of acenapphthere.
No concentration dependence of the emission spectrum could be detected
at room temperature but on cooling a moderately dilute (10'5M) solution
in toluene to -40°C the excimer band was observed. Figure 14 shows

the recorded fluorescence spectra of this solution at -4o°c and at
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room temperature.
Digoussion

P

a) The Excimer Dissociation liechaniam of Delayed Fluorescence

The mechanism of delayed fluorescence proposed by Will:l.ams3
for delayed fluorescence in the vapour phase is summarised by the
following processes:-

A + hv - a*

A - A+ hv 3
A* - A (or 3A) 8.
A* + A - Aa*‘ 1.
by o A+ a 2.
* *
A, + A - A +4 6.
* *
Az + A - A2 + A Te

Stevens and Iflccta.r'!;:i.nl5 introduced the additional process

A" o (dg) » A + 4 5,
to accomodate overall self-quenching of fluorescence of the
monomer. Here again the asterisk denotes an electronically
excited species and the superscript indicates sufficient vibrational
energy for excimer dissociation. Under the non-photostationary
conditions following excitation out-off the rate of excimer

disappearance is given by

~a ([a") + [47]) | K, [8,7] +k5 [4,")

dt
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or ¢ _ - alnl ([A;'] + L"Z j)= ks ‘2 PR L‘z ]
° m (A1 [AS] [A"J [AT)

vwhere kD is the rate constant for delayed - fluorescence i.e.

k —~—
D - l/'b

and since the decay is exponential

D = o
at
Thus -d [A;’J - ~-d CAZ*]
dt dt
or [AZ*I] ) k5+21£I[.A]

and

p - kz{ [Az*] Y [A
4,1 + LAQH 3+ )
(kg - %) [85°]
[47] + [4]
-k, +(2k5-k2)(k2 + 2% (4]

ky + kg + 2% (4] + 20 [4]
I

vhere kn is the rate constant of process n and the square brackets

denote conoentration of the enclosed species.
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At high pressures I reduces to

[ &

kD ~ k2 k? + _kj k6
R H
and becomes
ko
D et 2k2k
&, + k I
2 5

as the pressure approaches zero, Moreover the initial slope

S of the plot of kD against pressure is given by

5 - . _ g (ks-kp)
{ 4 EA] A]—) 0 - )

k, + k
so that S may be negative or positive depending on tﬁe rela%ive

magnitudes of k5 and ks.

Anthracene
An examination of the concentration-dependence of kp for
anthracene vapour obtained previously21 (given by Figure 15) shows
that

k° = 8 x 10° sec ~T at 220°C

-1

S = 1'4x 107 1lit. mole™" sec~t at 220°C

by 2 3@x 10 sec™t at 220%

Since these three experimental parameters are related to four rate
constants k2,k5,k6 and k7 by equations II, IITI and IV it is

necessary to make an assumption concerning one of these if the other
three are to be estimated, If ve assume that the rate of collisional -

activation (process 7) of the dissociating species is very much less
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than the rate of collisional Laotivo.tion (process 6) i,e.

kL & K
then from II ™
k' ., k
D == 2 + k5
kg

or since S is positive (whence k5 > ky)

kﬁ"o ce l:5 > 39x 10° seo~! at 220°C.

If k, L k equation III becomes

k; >, = 8x10% sec} at 220°¢

i.e, k2 is an order of magnitude less than k5 as assumed,
By defining
(2] - [a]
(o] (" Lo}

when ky - kp - (ky" - kp)/2 v
we show that ; " -

ey - Ky 4 2 [s)+[a1 s [s]

C (2] + (a] 1+ [0/ (a]

and with ky = 4 x 10° sec™" plot the L.H.S. of VI against
I:AJ / (1 + [A] / [4]) for various values of {447 to obtain

curves of glope S. It is found that

S = 14 x 107 1it.mole~L gec™}

in agreement with the experimental value when

[#] = 4x10% mle, 11¢7!

At this concentration

k, = 3°5x 10° seo'l

D

vhence from V oo
kp =62 x 10° sec™ at 220°C
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Finally from IV and the approximate values for k2 and k5 we
obtain

k6 i.::iex106

1it, mole~t sec™t at 220°C.
The curve through the experimental points in Figure 15 is drawn
according to I with
ky = 4x 10% gec™t
- 62 x 10° gec™!

ke = 8x 106 1lit. mole":L am:":l

k7-0.

Perylene and Pyrene

According to Figures 8 and 9, kD is independent of vapour
pressure for perylene and pyrene except at higher pressures. The
absence of fluoreacence self-quenching in these va.poursl5 indicates

that

in which case

or 2 -1
k2 == 37 x 10” sec = for pyrene at 260°c.

== 1le3 x 10° seo'l for perylene at 362°C.
The abgence of excimer emission in the vapours of anthracene, perylene
and pyrene shows, on the basis of this mechanism that
k4 K k
i.e the radiative lifetime of the excimer must be in the region of
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O¢l = 1¢0 sec; this is extremely diffioult to Justify on theovetiocal
grounds unless the excimer is in a triplet state, in which cass is
formation from singlet excited and ground state molecules (process 1)
infringes the requirement of spin conservation.

The Efficiency of Excimer Formation in Perylene Vapour.
In the abgence of self--quencshi.ng]'3 » and under photostationary

conditions the photokinetic scheme outlined above leads to the following

expressions for the quantum yield XD of delayed fluorescences-

XD - ky EA] x kj

ky +kg + k] ky + kg +k) [A]

and for the quantum yield XF of fast fluorescence

Yp = ks
k3 +kg + kl[A]

Thus the ratio of in*ensities of slow to fast fluorescence is given by

1,/1, = %D -k 4]
SF k3+ke+kl[A]

and the limiting slope of the curve obteined by plotting ID/ Ig
against [A]) is

gdun/ Ig) - K - 5T
{ a ‘:Al 'A]"’C k} + kB

where V= l/(lc3 +kg) is the lifetime of the excited monomer
in the same concentration region.
For perylene vapour it is seen from :igure 12 that

A(Ip/ Ig) = kT~ 3.2 lit, nole™t

dpLa

at 362°C.
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“T’ measured by oxygen-quenching of fluorescence at 244°C has
the value of 5+6 x 10720 geo. which is unlikely to be exceeded
at 362°C. The temperature of the 0,-quenching measurements was
limited by that at which the Hoke packless valve oould be safely
operated, Thus with
T £56x 10"1%ge0.

-1 -1

.2 . 10
kl -2% ; 6°6 x 107" lit.mole ~— seo

o
Under these conditions and using a value of 5°0 A for the collision

radius of perylene the simple kinetic thoory expresaion provides

the value

11 1 -1

Z‘ = 6°2x 107" 1lit. mole -~ sec

for the collisional raté.constant. Thus either

(i) the lifetime of the excited perylene molecule at low pressures
is shorter at 36200 than at 244°c by a factor of 10 and process 1
ocours with unit collision frequenoy, or

(i1) T is independent of tewperature (which is unlikely) and one
collision in 10 leads to excimer formation.,

b The Triplet-Triplet Annihilation Mechanigm of Delayed Fluorescence
In fluid media the radiative relaxation (phosphorescence)

of triplet states of aromatic molecules is not usually observed

since the competing processes 9,10,11 and 12 are very much faster

7 - A 9
5 A + 3A - O 10
3
A o+ A - quending 11

o+ g - 12

o v s
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22,23h
and flash absorption experiments ave shown that the rate of
triplet decsy is given ty
3,12 3aqr
- a[%s] - kg 0247 + ko (2012 & gy (PAT0aT 4k, (410 Q)
AT
vhere Q is any quenching species present.

For aromatic hydrocarbons it is found tha.t22

ki & Ky

8o that in carefully deoxygenated systems and in the absence of added

quenchers
32
- - a?a) = kg00a] ¢ kg (4]
IE'}
1 kyo C2A35> kg

the triplet decay is second-order; this ocondition prevails
(1) in solution immediately following flash excitation which
produces & high instantaneous population of triplet states;
(i1) in the gas phase following flash excitation?? since the
collision frequency is some orders of magnitude faster than
the diffusion rate in solution, i.e.
klo(va.pour) » klo(solution) .
The final stage of triplet decay following flagh excitation in solution
ig virtually first-order since the triplet state concentration is

reduced to the level.

(1K kg /Ky

and values of k9 can be obtained from the experimental ocurves in this
region.

During the course of the work described in this report, Parker and
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Hatcha.rd25 publighed their findings concerning the delayed fluoresoernce
of phenanthrene and anthracene in solution. To explain their
important observation that the intensity of the delayed ocomponent
varies as the square of the absorbed light intensity, these authors
suggested that delayed fluorescence originates in the two quantum
process 10 which produces an exoclited singlet state of the molaocule
i.e.

4+ W 4 U4 0.
Under oonditions of low intensity (non-flash) illumination

ko [ 28] <K )

so that the triplet decays essentially by the first-order process 9
and after exoitation out-off its oconcentration is given by

[ %), = [°a], e*ot

The delayed fluorescence component decays according to

aI s3,72
- D = k,,L°4)
& 11

-3, -2 =2 t
- k(77 %
which may be compared with the experimental observation

_dI
at

D - e’t/"rD x constant

to give p = Y%y = 1/

i.e., the decay constant of delayed fluorescence is exactly twice the
first-order decay constant of the triplet state, The evidence

presented by Parker and Hatchard supports this statement.
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Figures 10 and 11 show that the intensity of delayed

fluorescence in the vapour phase also varies as the square of the
absorbed light intensity. It thus appears that process 10 is
responsible for delayed fluorescence in the vapar phase as in
solution; if this is the case then a method is aveilable for
measuring the triplet state lifetimes of aromatic hydroocarbons
in the vapour phase. Valuea of these lifetimes (= 1/k9) together
with values of 'T'D oollected from this and previous work are
given in Table 1,

Tsble 1. Delayed Fluorescence ('TD) and Triplet Utate (1/k9)
lifetimes of Aromatic Hydrocarbons in the Vapour
Phase CTD - 1/2k9) A ex » 365my.

Molecule 0 10° (4} m/1. 10° Tosec. 1;/59“0.
Anthracene 220 o* 1.2 2.4
" 220 2 04 0.8
" 220 4 03 0.6
220 8 002 05,
" 250 4 0-2, 05
300 4 02 0°5,
" 350 4 0-2, Odg
Perylene 362 0-1+6 077 1.54
Pyrene 260 0-0+8 2+7 54
Anthanthrene 362 0°05-025 1.2 244
e 362 ? 0453 1.06

*extragolated value
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A striot first-order decay of triplet states has not been
obgerved following the flash-excitation of aromatic hydroocarbon
vapours since by the time the triplet state oconcentration has been
reduced to satisfy the inequality

£33 <<;§o

it is too small to be detected reliably in absorption. However
by analysing the composite first and seoond-order decay ourves
obtained in this way for the triplet state of anthracene vapour,
West24 estimates that
kg = 1008 % 0°20 x 10° sec™" at 160°C
consistent with
Yp =0:5+01x 1072 gec.
wvhich is in agreement with the experimental values obtained at 220°¢,
o) Excimer Fluorescence in Acenaphthene
Since by definition the ground state of the excimer is

digsociated it is not obuerved in absorption and the only direoct
evidence for its formation is the appearance of its characteristioc
structureless fluorescence spectrum to the red of the molecular
fluorescence spectrum, Dissociation (prooess 2) and internal
conversion (process 5) compete with excimer emission (process 4)
vhich has a quantum yield XD given by

1

l/xb - {1 + 'T'klc A)}{l +_§E:__kj_}

Thus conditions favouring exoimer emission are

(1) a long lifetime T of the excited monomer from which
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it is formed,

(11) a low viscosity solvent in which the diffusion-controlled
rate constant kl is as large as possible,

(ii1) & high concentration |_A | of the aromatic solute,

(iv) low rate constants k, and kg for dissociation and
internal conversion compared with the rate constant k4
for emission,

Unfortunately these conditions cannot always be met simultaneously,
since the solubility of the hydrocarbon may be low in a low viscosity.
solvent whilst T and k5 are parameter characteristic of the system.
However it is possible to reduce the rate of process 2, which
requires an activation energy equal to the enthalpy of excimer
formation, by lowering the solution temperature although this advantage
is to some extent offset by an increase in viscosity and a reduction
in solubility; thus Doller and :I.i\z'a'ra‘cer17 have demonstrated the
appearance of the naphthalene excimer band by cooling a solution

in toluene to -62°C. According to Figure 14 solutions of
acenaphthene in toluene behave gimilarly.

It is not posgible to estimate the enthalpy of excimer
formation from the emission spectra of monomer and dimer since, as
shown in Figure 16, the position of the latter is determined by the
repulsive energy of two ground state molecules at the ssme interplanar
distance, and the absence of structure removes the possibility of
assigning a 0" - O' band, However by measuring the temperature
dependence of the rate of monomer to dimer bands in a golvent for
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which the temperature coefficient of viscosity is known, it shculd
be possible to estimate the acti vation energy for dissociation which
is equal to the enthalpy of excimer formation., Such measurements

are in progress.



3., IMPLICATION OF THE RESULTS FOR POSSIBLE FUTURE WORK

If the dependence of delayed fluorescence intensity on the
square of absorbed light intensity reported here for the vapours
of perylene and pyrene is indeed due to triplet-triplet annihilation
then for the first time a method is available for measuring triplet
state lifetimes of aromatic molecules in the vapour phase. Moreover
similar measurements in solution can be compared with data obtained
by the flash absorption technique under the same conditions.

Flash photometric measurements show22’26

that the triplet state
lifetimes (= l/kg) increase with increasing solvent viscosity and
approach the radiative (phosphorescent) decay time in rigid media.
Moreover the measured lifetime sppears to decrease with increasing
temperature, an effect which may in part be due to a simultaneous
lovering of viscosity. Vapour~phase measurements should provide
limi ting zero-viscosity values for triplet state lifetimes and
enable their temperature-dependence to be investigated without
changing the vigcogity of the medium; this may contribute to an
explanation of the puzzling viscosity dependence of the first-order
decay of the triplet state in solution.

A possible future application of process 10, in which the
energy of two long-lived excited electronioc states is accumulated
in one molecule , is the conversion of light cf low to higher
frequencies if the low frequency radiation can be used to populate

the triplet astate indirectly by energy tranafera. Such a process has



long been suggested by Jamas Franck
physical aspects of photogynthesis.

28

in connection with the
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l. Personnel utilised during the reporiing periods-

a) Prinoipal Investigator, Ir. B. Stevens, from Nov., lst 1961.
b) Dr. Chizuko Tanaka from May lst, 1962,

c) Dr. Miklos I. Ban, from October lst, 1962.

d) Mr. Michael S. Walker, from July lst, 1962.

2. Unofficial summary of man-hoursi-

a) Principal Investigator ceeseesesesd50
b) Post-mctoral.‘0.'..‘.....‘.‘.....1400

0) Post-Graduates csessssecesssccseses s 800

Expenditure on materisls - £150.
No important property acquired during the contract period

at contract expense.
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Figure 5. Flan of experimental arrangement used to
messure ration ID/IF of delayed to fast fluorescence
intensities,
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Figure 7.

Oscilloscope traces of distorted
square-wave fluorescence pulse
A-decay of Delayed Fluorescence
with Y sensitivity = 0.1 volts/om,
B-Total Delayed Fluorescence with
Y sensitivity = 3 volts/cm.
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Figure 8.

/T p_for perylene vapour
as a function of pressure
at 362°C.
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Figure 9. 1/7'p for perylene vapour as a function
of pressure at 250°C,
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Figure 10. Variation of log Ip
(intensity of delayed fluorescence)
against optical density d(f ) of
neutral dengity filter,




b

4

(_‘_3
il
t

}%r\/lecz \/aFou(.
Ts2207C
b= (;(1" mm
A = Blufm/bu

Q |
\‘ /‘/610’:(&‘5 -/

Figure 11, Variation of

log Ip (intensity of delayed
fluorescence) againgt optical
density 4(A ) of neutral density \\

o4k filter, D
O L
l S
|
AN
O‘O'. 1 1 4 i i 4 A
C ol -4 06

A(A)




.,,A\/

24+ A

T <

(J—D/ Iy
I 61 p
Q)
,f’j’/
1 /“‘"
N

s/ Concentralnion (m//i,)

CcC ﬂ o i ! i —L -4
o 4 a B 10

Figure 12,  Flot of Ip/Ip against congentration
of perylene vapour at 262°C. A = 365 my.
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Figure 13.

Stern-Volmer plot for quenching of
perylege vapour fluorescence by 02
at 244 C and 0¢2 mm. A = 365mu.
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Fluoresence gignal recorded for
10~3 molar solution of acenaphthene
in toluene, A- at room temperature;

B- at -400C,
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Potential energy diagram for interaction of planar

aromatio molecules in gzound and excited sigglet grates.
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are dimeric states desoribed by symmsetric and

antisymmetrio combinations of moleoular wave
functions for A% and A,




