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1.

AISTRACOT

The observations of delayed fluorescence in the gas phase

and in solution, together with the theories proposed to account

for its origin and associated phenomena, are reviewed to the date

at which the research reported here was started.

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 As, the exoimerp

As -. A + A 2.

which follows the association of electronically-excited and
,

unexcited noLecules A and A of an aromatic compound

A + A -, Ae

According to this mechanism the lifetime'D of the delaed

fluorescence component is given by

11 - 1/k,

which requires that the radiative lifetime of the dimer in the

vapour phase is considerably longer than rD ('- m secs.) since no

dimer emission represented by
*

As-. (At) + 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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( i ) process 2 has a rate c'mnstant of 4 x 102 seo-1 for antl-aosne

at 220°C.

(ii) process 1 has a collisional efficiency of approximately 10%

for perylene at 3620 C.

(iii) process 4 must be associated with a radiative lifetime of the

order of a second.

Althoudi 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.

Iollowing the observations of Parker and Hatchard oonoernning

the delayed fluorescence xshibied 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 Hatohard

propose

3 A + 3A A * + A 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

3 A -+ A 9.

A comparison of the expressions obtained for the observed decay

of delayed fluorescence and that provided by this mechanism



leads to the relationship

-r 1/2k9

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 neoessitr 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-established. A further example, that

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

Introduction

Delayed fluorescence in fluid media was first reported by
1

Kautsk1 who observed that extremely dilute, carefully outgssed

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 A2 from excited and unexcited

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

by 2 and 3.

A + A -+ A 1.

- A + A 2.
*h1

A- A + hv 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 l03 see-I. Pireover the disappearance of the

k2 -+ ( 2) +1w" 4.

delayed fluorescence component with increasing solute concentrationO

remained unexplained.

Some 16 years later Dikun2 reported a delayed fluorescence

component of similar duration exhibited Iby the vapours of several

aromatic m lecules including phenathrene and carbazolep and

concluded that, since the spectra of delayed and normal fluorescenoe



5-

components are identical, the former is due to the population of an

unspecified metastable state which is thermally promoted to the

fluorescent state. his work was confirmed and extended by Williams3

who observed delayed fluorescence from the vapours of perylene, pyrene,

phenanthrene and anthracene and foumd that although the intensity of

the delayed component is of the order of in0 at low pressures, this

increases with pre!.:-e up to a maximum of 47% of the total emission

intensity in the case of phenanthrene. Since the temperature

coefficient for delayed fluorescence intensity was found to be

very much lower than that expected for a thermal repopulation of the

fluorescent from the triplet state, azid since the ratio of delayed to

normal component intensities increased with pressure, Williams concluded

that the metastable state responsible is unlikely to be the molecular

triplet state, and suggested as Kautaky had done, that an excited

dimerio species is responsible~i.e. processes 1-3 are operative.

Williams further suggested that a theoretical treatment of the

electronic states of the excited dimer might show why process 4 is

forbidden; Hoijtink4 subsequently demonstrated that if the dimer has

a parallel sandwich-like struoture, the wave function for its stable form

will be the antisymmetrio combination of the product functions of the

individual molecules lk. and in excited singlet and gound states

respectively i.e.

~(dimer) -- w

from which radiative transition to the ground state is syunetry-forbidden.

However, any deviation from strict coplanarity of the aromatic molecules,
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such as might attend interplanar vibrations, would remove the

symmetry restriction and emission should be observed.

Such an emission had already been reported by obrater and

Kosper 5 as a broad structureless band some 5000 om"1 to the red

of the normal structured fluorescence of pyrene in concentrated

solutions. Since they could find no absorptiemetrio 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 photoassooiation 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

6at room temperature; moreover Birks and Christophorou , 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 directly under

identical conditions.

If the excited dimerio 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 pyreno,

it might be expected that the latter should have a lifetime in tha

millisecond region. Stevens and Hutton7 reported that a oompnent

with a lifetij. .i 1.8 + 0.2 x 10-3 sevords for 2 x 10"3 molar

pyrene in degassed cyclohexane at 20°0 , showed that its speotrum is

identical with that of dimer fluorescence, and suggested the rame

'excimer' be used to distinguish the excited dimerio species formed
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in prooess 1 from that produced by direct light absorption fr•hu

stable unexcited dimers in conoentrated solutions of dyes in solvents

of high dielectric constant.. iollowing the failure of Parker and

atchard8 to detect the millisecond component of emission from

concentrated solutions of pyrene, Stevens and Hutton , on reinvest-

igating, found that it constituted approximately 1% of the total

dimer band intensity.

Meanwhile Stvens, Hutton and Porter10 observed that the delayed

fluorescence spectrum from phenanthrene vapour is identical with-

the normal fluorescence spectrum of anthracene vapour excited under

the urne conditions; since absorption measurements placed an upper

limit of -10-8 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 anthraoene and a

lifetime in excess of 10-3 seconds, i.e. the phenanthrene exoimer.

On the grounds that the delayed fluorescence of naphthaoene vapour

cannot be excited directly but can be sensitised by pyrene vapour
11

Hutton and Stevens 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 z.sgative temperature coeffioient,
12

Hardtl and Scharmann independently suggested that self-quenching

proceeds via photoassociation (process 1) followed by internal

conversion of the exoimer, process 5,
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A2 A2  orA+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 exoimer dissooiation

in preference to self-quenching. Stevens and lMoCartin 1 3 confirmed the negative

temperature coefficient for self-quenching in this system and showed that, if

process 2 is responsible for delayed fluorescence the pressure independence

of the self-quenching constant (measured at high pressures) is not inconsistent

with the pressure dependence of delayed fluorescence lifetime ("Ad2) observed

for low pressures by Williams3, if the unimoleoular process 2 follows a Lindemann

mechanism, 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 occurs with unit gas-kinetic collisional

efficiency, these authors obtained a difference in activation energies for

processes 2 and 5 of

E2 - E5 = 8.0 kcal/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 Stevens14 to suggest

that this is of general. occurence for planar aromatic molecules in fluid

media; the absence of aelf-quenching, excimer emission and delayed fluorescence

from such a non-planar molecule as 9,10 - dipherzlanthracene being attributed

to sterio hindrance of photoassociation.
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Subsequently excimer emission has been reported for a considerable

number of planar aromatic Vystems including benzene 1 5 , toluenP1 5

(but, presumably due to sterio hindranoe, not xylene1 5 ) naphthalene17,

16 -- 6
acnarphthene , methyl derivatives of 1,2 -benzanthraoene, , 2,5,

18 6 6
diphenyloxazole1, cholazthrene and I,2-benzperylene

Although a qualitative picture of the effects of photoassooiation

is beginning to emnrge, some inconsistencies are evident of which

the following demand further attentions-

a) although there is now no doubt that photoassociation

is operative in a number of fiuid(and presumably crystalline29)

aromatic systems a3 evidenced by exoimer fluorescence, if

excimer dissociation is responsible for delayed fluorescence

with a decay constant of some 103 sea"4 , 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

faster than this (e.g. for perylene 99% of the dimer emission

in solution has a lifetime of < 10-7 see.) and indeed, is

observed in aerated solutions,' 6

b) the pyrene excimer fluorescence band has both slow

(.-., 1073 sec.) and fast (--- 107 sec.) components; 7 ',

c) excimer emission has not yet been observed in the vapour

phase at temperatures in the range of 2-300°C; under these

conditions asymmetric interplanar vibrations might be expected

to remove the symmetry restriction on radiative relaxation.

d) if excimer dissociation is responsible for delayed fluorescence

it is difficult to reconcile the low rate constant (~ 103 sec1")
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for this process with the low dissociation enerar (,.m. ekoal/mole

in the case of anthraoene.

The researches described below were carried out with a

view to elucidating the mechanism of delayed fluorescence in

aromatic vapours, and to obtaining additional examples of oompounds

exhibiting photoassociation in solution.

Ecperimental

The principal parameters characterising delayed fluorescence

in the vapour phase are

a) the associated lifetime -rED or decay constant k3 which

are of the order of 10-3 sec. and 103 sec:' respectively.

b) the ratio of intensities of delayed to normal

fluorescence components ID / IF.

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 focussed 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  , falls on the fluorescent

sample in the cylindrical cell 1vi contained in the furnace U. The

fluorescence radiation is focussed by lens L onto a photomultiplier

tube P (iazda 2713) placed directly behind the second wheel B of

the phosphoroscope which has two identical slots arranged out of

phase 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 vheel A is 'transparent' (at which

time B is tpaque') whilst the delayed fluorescence is detected only

when wheel B is transparent ( at which time A is opaque); the

phosphorosoope acts as a time filter since the fast fluorescence

( T >/ 10-6 sec.) has completely decayed between the excitatiorl

out-off by wheel A and the onset of detection tLrough wheel B.

The interval - between excitation cut-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 maxirmum speed

of 3000 revolutions per minute F•. is given by

- 60 x 5.5 x 105 seconds
P 3000 Y6

if Y is expressed in degrees of arc. The introduction of

slits T, and T2 enabled t to be reduced to some 20 without

introducing effects due to stray light, thus

T 1o7 seconds.
P

i.e. a luminescence of hb.tf-life 10-3 seconds would be r3duoed

in intensity by only

"(1°"4 1°' 3)9
100 1 l- e- 9

before the onset of detection. The voltage supply to the motor

was regulated by a Variac (Duratrak, Type V.S.H.N.T.) so that

its speed could be varied between 10 and 3000 r.p.m. to obtain

maximum intensity of the delqted compDnent; if requiredt the
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the angular velocity of the phosphoxwoope could be measured by

counting the number of defleotions produced by the detector signal

on a low speed time-base of the oscilloscope (see below).

Sinoe it was essential that the source should remain at

constant intensity for periods of 10-6 - 20 seconds, 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 aocumn•l-

ators assembled so as to be charged in 10 units of 24 volts and

discharged in series to provide 240 volts d.c.

Fi•ture 2 shows the detector circuit. The Mazda 27M3

photomultiplier (with maxinmm sensitivity in the region 360-500 ml)

was powered by an Ediswan power unit type R1184. The anode was

earthed through a 500 K ohm fA watt resistor, and the potential

across this led to vhe grid of the 6J5 triode in the cathode

follower circuit. By feeding the cathode follower signal to the Y

plates of the Solartron double beam oscilloscope (CD 71152) through

the 16• 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

osciloscope was internally triggered by the emission signal to

produce repeated traces of the decay curves on the screen and these

were photographed on J(odak R60 35 mm. film by means of an attached

Cossor oscillograph Camera (model 1428). Times bases in the

region 0.2 - 2-0 m sec./o. were used and calibrated by displaying

semisoidal waves of accurately predetermined frequency from an

Advance signal generator(type J2).
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The fluorescent vapour samples were produced in

cylindrical Pyrex cells some 50m. x 2om. diameter fitted with a

narrow lower limb contaitm~the solid or liquid sample, as shown

in Figure 3. The same figure shows a plan and elevation of the

furnace constructed from two concentrically-bored cylindrical

blocks of aluminium wired independently, thermally insulated

from each other and equipped with recesses for thermocouples; the

upper block equipped with quartz-shielded windows W controls the

temperature of the vapour whilst the lower one aooomodates the cell

limb containing the condensed sample and so controls the vapour

pressure.

To eliminate extraneous light, the source, cell,

phosphoroscope and detector were housed in a sPeially-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 2.54 x 10-4 seconds 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 a 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 curves

produced by a particular vapour sample were photographed under the



14.

same conditions of temperature, pressure, phosphorosoope speed and

oscilloscope sensitivity but with Wratten neutral density filters

of different optical dansity between the light source and cell.

The height of the decay aarve 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 incident light intensity. For these

measurements 9 mm of Chance OXI filter was used to isolate the Eq

lines at 365 m• and the optical densiti es/the neutral density

filters at this wavelength were measured on a Unieam SP 730 recording

sPectrophotometer.

To measure the ratio of intensities I/IF of delayed

to fast components of fluorescence the phosphorimeter was modified

as 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

focussed directly onto the photomultiplier P along an axis at right

angles to the excitation beam, F2 being a filter (1/8 X aqueous NaN0 2 )

to remove scattering exciting radiation, selected by the Chance

OXl filter F but which transruits the fluorescence radiation.

The signal generated by the photomultiplier was displayed on the

screen of the oscilloscope as previously describehL

Under thece 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 A. The
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fluorescence intensity I t of the exposed vapour thus increases with

time t to a maximum value Io during each pulse according to the

equation
it - 1,0 1 - et/

where ris the fluorescence lifetime. Similarly, after excoitation

cut-off, the intensity of fluorescence decays according to

It - e-/r

so that the square-wave excitation pulse is distorted in the

emission signal. This is illustrated in FLgure 6 for orystaline

uraryl sulphate luminescence the lifetime 'r 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

delayed fluorescence component; after excitation cut-off the fast

component decays immediately to be followed by a much slower deoa

of the slow component. Provided the pulse is of sufficient

duration ( -- 4 'Y) to allow the slow component to attain its

maximum intensity, the ratio of intensities is given by

IF - initial pulse height

IF + ID final pulse height

whence ID/IF can be obtained. In the cases examined I1/IF was

less than 176 and the following proceedure was adopted to measure

this with sufficient accuracys- 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

diametey 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 I/IP was

obtained from these signal heights by multiplying the total

signal by a factor of 30.

c) The Measurement of Past 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
19measurements using an apparatus described previously . 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 m• isolated from a 125

watt high pressure atabilised arc by means of a Hilger quartz

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 vacuum

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 2440C.

d) Rccimer Fluorescence

As a part of this programme it was decided to continue

the search for aromatic compounds which exhibit exoimer 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 -700C (ethanol-solid 002

mixtures) at the maximum concentration 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 special quartz tubes provided

with this irsrument for use in conjunction with the dewar vessel.

Blank runs were made on the pure solvent in the ethanol-oardioe

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 fraotional

microsublimation 20 in each case. B.D.H. speotroquality solvents

were used without further purification and oxygen was taken from a

bulb supplied by the British Oxygen Company sealed directly onto

the vacuum 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 ( - 1/1rD) for the vapours

of perylene and of pyrene under the conditions stated. The decay

was found to be strictly exponential over the whole pressure ranges

studied and the data obtained in the pressure-independent region (at

lower concentrations) are in agreement with previous measurements 2 1;

however, at higher pressures 1 D increases with pressure, an effect

not previously noted.

b) The Effect of Absorbed Li~ht Intensity on the Intensity
of Delayed Fluorescence

If 10 ( A ) is the intensity of radiation absorbed by the

vapour in the cell is

ij X ) - Io( X) ( - D(

where D( A ) is the optical density of the vapour at this

wavelength. If now a neutral density filter of optical density
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d (A ) is placed betweenthe light source and cell the incident

light intensity is reduced to

1, ( X)O )
and the vapour absorbs an amount

IA( X ) _ "( \o) 1o-d() (1 _ i0"•7 ))

The intensity of ID of delayed fluorescence varies as the nth

power of IA(/ ) i.e.
ID O • (> ) I0 d A ( -i "(A ))] n

so that provided I1( )s) and D(A ) remain constant

log I D constant -nd(\))

Figures 10 and 11, in which log ID is plotted against d(e\ ) for the

vapours of perylene and pyrene under the conditions stated show that

log. 1D varies linearly with d( A ) and from the slope of the line

n - 1"9 + 0.1

i.e. within the limits of experimental error the intensity of delayed

fluorescence varies as the square of the absorbed light intensity.

Figure 12 shows the variation of ID/IF with concentration

for perylene vapour under the conditions stated.

c) The 0xy-en-Quenchink of Perylene Vapour (Fast) Fluorescence.

The addition of quenching species at conoentrrtion Q

reduces the yield of a fluorescent compound in the gas phase or in

solution from YO toy which are related to the que. ,hing constant

K; by the Stern-Volmer equations-

- 1 + K ., i
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Thus if Fo 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 presoence of oxygen at concentration 03 1 this

relationship becomes Fol¥- - 1+,K
X oiF/I1+ Ko. a

For perylene vapour at 244 0C and 0.2 mm Hg pressure excited by the

Hg lines at 365 mBI., the oxygen quenching data are plotted according

to the Stern-Volmer equation in Figure 13; from the slope of the line

and the relationship

o02 - Z

mhere P is the collisional quenching probability (assumed to he unity)

and Z is the collision frequency at unit ooncentration, it is found

that the lifetime of the potentially fluorescent perylene molecule is

given by

"T'=. 0"56 x 10-9 sec.
o 0

under the conditions stated (values of 5.0 A and 1.7 A are taken for

the collision radii of perylene and oxygen respeotively).

d) Fluorescence Spectra

During a search for new compounds exhibiting exoimer fluorescence

evidence was obtained for this behaviour in the case of aoena$phthere.

No concentration dependence of the emission spectrum could be detected

at room temperature but on cooling a moderately dilute (1073M) solution

in toluene to -400C the exoimer band was observed. Figure 14 shows

the recorded fluorescence spectra of this solution at -40 0C and at
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room temperature.

Disoussion

a) The Ebcoimer Dissociation hisohaniam of Delayed Fluoresoenoe

The mechanism of delayed fluorescence proposed by Williams3

for delayed fluorescence in the vapour phase is summarised by the

following processes:-

A + hv -* A*

A -* A+hv 3.
* A (or 3A) 8.

A

A +A + . A2  1.

A2  - A +A 2.

A2 +A - * + A 6.

A2 +AA 2* +A 7.

Stevens and MoCartin 13 introduced the additional process

A* -4 (A) -+ A + A 5.

to accomodate overall self-quenching of fluoresoence 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 exoimer

disappearance is given by

- d ( rrA2*J d k2 L A2  +k5 [A 2 *
dt
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or In A2*] + LA* k2 C[A-2  + k 5 A2 I"- ;7.. [0__.org( -d.¢ni(LA 2 J + h ] "•r ]÷

dt LA;'I CA2.1 [A*' +[A*]

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

k D - 1 '"

and since the decay is exponential

dkD "0

dt

Thus - d A2*'] - - d CA2*

dt dt

or [A 2*13 k5 +_2k7 LA]

[A 2 ] k2 + 21 L A3

and

~ 2 { -[A2 k~ 2 *
-]÷ 2*.1 LA2*hJ + LCA]

"k ÷2 (k -5 k2 ) A2*]

N1A2' + [A2*

- k2  + k - )k 2  + 2k6 [A]

k2 [+ k5 + c6 (A] + 2k 1 [A]
I

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

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

kD• c k2 k + k5, k
D 2 __6

k6 +I II

and becomes

D 2 1-rkkD •1c- III
k2 + k 5

as the pressure approaches zero. Moreover the initial slope

S of the plot of kD against pressure is given by

Sm ý[A)' 2k6 (k5-k2) I

A3-+0 1- -6k
so that S may be negative or positive depending on tRe relative
magnitudes of k5 and k.

Anthraoene

An examination of the concentration-dependence of kD for

anthracene vapour obtained previously21 (given by Figure 15) shows

that

kD 0 =M 8 x 108 sec at 2200C

S - 1"4 x 107 lit. mole- 1 sec" 1 at 22000

-D >, 3"3 x 103 sec"I at 22000

Since these three experimental parameters are related to four rate

constants k2 ,k ,k6 and k by equations II, III 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 oollisional

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

k 7 4 k 6

then from II
kD k2 + k5

or since S is positive (whence k5 > k2 )

kD t ., k5 > 3-9 x 103 sea"I at 2209C.

If k2 << k5 equation III becomes

k 0 2k2 8 x 10 2 sec at 2200C

i.e. k2 is an order of magnitude less than k5 as assumed.

By defining
LA*) - 1•A

when kD - kD N) - kD )/2 V

we show that ,. AO+ [ A

kD"k21i -Ai. + LAS [A

and with k2  - 4 x 102 sec"I plot the L.H.S. of VI against

CA I / (1 + LA] / CA ]) for various values of :AJ I to obtain

curves of slope S. It is found that

S - 1.4 x 107 lit.mole"I sec"1

in agreement with the experimental value when

[A ] - 4 x (o"4 mole. lit-l

At this concentration

klD - 35 x 103 seo"

whence from V QO
kD s6"2 x 103 seo"1 at 22000
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Finally from IV and the approximate values for k2 and k5 we

obtain

k6  . 8 x 106 lit. mole-' sec"I at 220°C.

The curve through the experimental points in Figure 15 is drawn

according to I with

k2  M 4 x 102 sea-1

k5 = 6.2 x 103 sec"I

k6 - 8 x 106 lit. mole-' sea"I

k - 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 fluorescence self-quenching in these vapours13 indicates

that

k5 <-e, k 2

in which case

kD - k2

or k2  • 307 x 102 sec" 1 for pyrene at 260°C.
S1.3 x 103 sec-I for perylene at 3620 C.

The absence of excimer emission in the vapours of anthraoene, perylene

and pyrene shows, on the basis of this mechanism that

k4 -< k2

i.e the radiative lifetime of the exoimer must be in the region of
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0.1 - 1.0 seo; this is extremely difficult to justif on theoreti•al

grounds unless the exoimer is in a triplet state, in which case is

formation from singlet excited and ground state molecules (process 1)

infringes the requirement of spin oonservation.

The Efficieno•y of Exoimer Formation in Perylene Vapour.

In the absence of self-quenching 13, and under photostationary

conditions the photokinetio scheme outlined above leads to the following

expressions for the quantum yield ýD of delayed fluoresoences-
" klC k•
k,+ [A)k 1 AkoD ~k3 + ke + • k3 + k8 + k,- [•

and for the quantum yield N. of fast fluorescence

ki3 + k8 + k1i L A]

Thus the ratio of intensities of slow to fast fluorescence is given by

ID/IF - XD - k 1 [A]

)IF k 3 + k8 + kI •LA

and the limiting slope of the curve obtained by plotting ID/ IS

against [AJ is
d(ID/IS) k1 kT1

d CA) A]i k + k

where 1' i/(k 3 + k8 ) is the lifetime of the excited monomer

in the same concentration region.

3br perylene vapour it is seen from gwigre 12 that

d(ID/ IS) " k'1  37.2 lit. mole~l at 362°C.drA3
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Smeasured by oxygen-quendhing of fluorescenoe at 24400 hhs

the value of 5.6 x 16"10 seco. hich is unlikely to be exceeded

at 36200. The temperature of the 02-quenching measurements was

limited by that at vhich the Hoke packless valve could be safely

operated. Thus with

4" 4.ý 5.6 x l0o'lseo.

"" 3 .2 6"6 x 1010 lit.mole-l seo"1

0
Under these conditions and using a value of 5.0 A for the collision

radius of perylene the simple kinetic thoory expression provides

the value

Z - 6"2 x 1011 lit. mole"I seo"I

for the oollisional rat,, constant. Thus either

(i) the lifetime of the excited perylene molecule at low Iaess-ures

is shorter at 3620C than at 2440C by a factor of 10 and process 1

occurs with unit collision frequency, or

(ii) T is independent of temperature (which is unlikely) and one

collision in 10 leads to exoimer formation.

b' The Triplet-Triplet Annihilation Mechanism of Delaed 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

3A A 9
3A + 3 A 10

3A + A quenching 11
3A + Q -) 12
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and flash absorption experiments 2 2 ' 23 have shown that the rate of

triplet decay is given by

- d LA]_ k9  3A) + kl 0 L3A1 2  + kll L3 ARA]+k 12 L3A4 CQ"

where Q is arq quenching species present.

For aromatio hydrocarbons it is found that 2 2

kll << klo

so that in carefully deoxygenated systems and in the absence of added

quenchers

d EA) - k 9[3A] + kl° 3A] 2

If k1o • 3A)>> k9

the triplet decay is second-order; this condition prevails

(i) in solution immediately following flash excitation which

produces a high instantaneous population of triplet states;

(ii) in the gas phase following flash exoitation24 sinoe the

collision frequency is some orders of magnitude faster than

the diffusion rate in solution, i.e.

klo(v&pour)>> klo(solution).

The final stage of triplet decay following flash excitation in solution

is virtually first-order since the triplet state concentration is

reduced to the level.
I 3A << k 9 / ke

and values of k9 can be obtained from the experimental curves in this

region.

During the course of the work described in this report, Parker and
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Hatchard2 5 published their findings concerning the delayed fluorescence

of phennthrene and anthracene in solution. To explain their

important observation that the intensity of the delayed component

varies as the squ3re of the absorbed light intensitY, these authors

suggested that delayed fluorescence originates in the two quantum

process 10 which produces an excited singlet state of the molecule

i.e.

3A + 3A Y ' + A 10.

Under conditions of low intensity (non-flash) illumination

klO C 3A I <<

so that the triplet decays essentially by the first-order process 9

and after excitation out-off its concentration is given by

L 3A] t [ 3Ato e-kgt

The delayed fluorescence component decays according to

d ID - k 3 A, 2

dt

M k 1 1 C3A -j2 21rý t

which may be compared with the experimental observation

- dID --- t-Tx constant

dt

to give D "- 1/k 9 9 /kcD

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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FiLawea 10 and 21 show that the intensity of delqed

fluorescenoe in the vapour Phase also varies as the square of the

absorbed light intensity. It thus appears that process 10 is

responsible for delayed fluorescenoe in the vapaz phase as in

solution; if this is the case then a method is available for

measuring the triplet state lifetimes of aromatic hydrooarbons

in the vapour phase. Values of these lifetimes (- 1/i 9 ) together

with values of '"T colleoted from this and previous work are

given in Table 1.

Table 1. Delayed Fluoresoence ("F) and riplet ate (1/k)
- D 9

lifetimes of Aromatic Rydrooarbons in the Vapour

Phase .2k9 ) A ex . 36 5ne.

M1oleule T0 C 103 CA) m./l. 103 '5~seo. l/1~ac

Anthracene 220 0* 1.2 2.4
" 220 2 0.4 0.8

220 4 0.3 0.6

220 8 0.26 0052

5. 250 4 0"7 0-54
300 4 026 052

"3 50 4 0.24 0.48

Perylene 362 0-1-6 0.77 1.54
Pyrene 260 0-0.8 2.7 5"4
Anthanthrene 362 0.05-0.25 1.2 2.4
1,12-benz-

perylene 362 0053 1o06

extrapolated value
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A striot first-order decor of triplet states has not been

observed following the flash-exoitation of aromatic hydrooarbon

vapours since by the time the triplet state concentration has been

reduced to satist'y the inequality
C 3A 3 <

410

it is too small to be detected reliably in absorption. However

by analysing the composite first and second-order decay curves

obtained in this way for the triplet state of anthracene vapour,

West24 estimates that

k9 - 1-08 + 0"20 x 10 sec"I at 160oC

consistent with

- 0.5 + 0.1 x 10-3 sec.

which is in agreement with the experimental values obtained at 220°C.

c) Excimer Fluorescence in Aoenaphthene

Since by definition the ground state of the excimer is

dissociated it is not ob.served in absorption and the only direct

evidence for its formation is the appearance of its characteristic

structureless fluorescence spectrum to the red of the molecular

fluorescence spectrum. Dissociation (process 2) and internal

conversion (process 5) compete with exoimer emission (process 4)

which has a quantum yield YD given by

D 1 NI + 2 k

Thus conditions favouring exoimer emission are

(i) a long lifetime T of the excited monomer from which



32.

it is formed,

(ii) a low visoosio solvent in uhich the diffusion-controlled

rate constant k1 is as large as possible,

(iii) a high ooncentration -A I of the aromatic solute,

(iv) low rate constants k2 and k5 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 ' and k5 are parameter charaoteristic of the system.

However it is possible to reduce the rate of process 2, which

requires an activation energy equal to the enthalpy of excoimer

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 Iller and Arster 17 have demonstrated the

appearance of the naphthalene exoimer band by cooling a solution

in toluene to -62 0 C. According to Figure 14 solutions of

aoenaphthene in toluene behave similarly.

It is not possible to estimate the enthalpy of exoimer

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 same interplanar

distance, and the absence of structure removes the possibility of

assigning a 0" - 0' band. However by measuring the temperature

dependence of the rate of monomer to dimer bands in a solvent for



which the temperature coeffioient of visCosity is known, it shculd

be possible to estimate the acti vation energy for dissooiation whidh

is equal to the enthalpy of excimer formation. Such measurements

are in progress.
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3. INPLICATION OF THE RESULTS F% POSSIBLE WME 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 show2 20 2 6 that the triplet state

lifetimes (- 1/k 9 ) increase with increasing solvent viscosity and

approach the radiative (phosphorescent) decay time in rigid media.

Moreover the measured lifetime appears to decrease with increasing

temperature, an effect which may in part be due to a simultaneous

lowering of viscosity. Vapour-phase measurements should provide

limiting zero-viscosity values for triplet state lifetimes and

enable their temperature-dependence to be investigated without

changing the viscosity 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 electronic states is accumulated

in one molecule , is the conversion of light of low to higher

frequencies if the low frequency radiation can be used to populate

the triplet state indirectly by energy transfer27. Such a process has
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long been suggested by Jamas Ffet-c 28 in connection with the

physical aspects of photosynthesis.
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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/am.
B-Total Delayed Fluorescence with
Y sensitivity = 3 volts/cm.
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Figure 8. i/T for perylene vapour
as a function of pressure
at 3620C.
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Figure 9. 1/TID for perylene vapour as a function
of pressure at 25000.
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Figure 11. Variation of
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Figure 12. Plot Of ZIRF aganst oon~entration
of perylene vapour at 262'C. 365m.
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Figure M•. Fluoresence signal recorded for
10-3 molar solution of acenaphthene
in toluene. A- at room temperature;
B- at -400C.
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