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PREFACE

In this thesis I have given an account of the experimental work carried out
by me at Bhodes University from the beginring of 1954 to the end of 1955, and the
analysis of the results which was completed during the following twe years, 1956
and 1957,

The dissertation is divided into two sections; Part I deals with the photo-
fluorescence spectra of a large group of organic compounds, and Part 2 describes an
investigation of the photo-fluorescence properties of and energy transfer in liquid
organic solutions,

My entry into the research school was shepherfied by Dr. J.B. Birks, who
supervised the commencement of the work performed in Part I until his departure from
the University in mid 1954, Because of the time taken in the lengthy process of
agsembling the apparatus, calibrating the instruments, and standardising on specimen
thickness, etc.,, few results had been obtained when Dr, Birks departed; the work
continued at a slowerpace partly due to my own inexperience in research methods and
partly because I carried out most discussion of the results in correspondence witn
Dr, Birks, However, by early 1955, most of the experimental results had been
obtained and early analysis showed the interesting results which are contained in a
paper I read at the South African Association for the Advancement of Science
Conference held in Grahamstown in July, 1955, and which are published in the South
African Jou?nal of Science,

It was at this stage that discussions with Dr. Wright led to the decision to
leave further analysis of the spectral meesurements until later, and to perform the
experiments described in Part 2, During this period Dr. Wright left the University
and I completed the experimental work and early analysis unsupervised until Prof,

Js A, Gledhill was appointed to the Chair of Physiecs during the latter half of 1955,
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Durirng 1956, while I was resident in England, I continued with tke analysis of
tte results and was fortunzte in being able to confer with Dr. Birks regularly, and
with other workers conducting research intc some of the many aspects of organie
fluorescence, Such discussions were very valuable in produecing a sound background
which helped to guide me along the right track in the final analysis of the results,

The work was completed during 1957: the results of Part I are to be published
in the “Prcceedings of the Royal Society" during 1958, the results of Part 2 are

published in the "Proceedings of the Physical Society".
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SUMMARY.

The work report:d in this thesis is divided into twec distinct sections,
Part I desncribes =2n erperiment for the measurement of the crystalline photo-
fluorescence spectra of aromatic hydrocarbons; Part 2 cdeals with ar investigation
into the photo-fluerescence of ligquid orgenic solutions of para-terphenyl in itoluene
and the inter-moleculzr energy transfer cccurring within such a system,
PART I:

An apraratus wec designed for the measurement of the fluorescence spectra
of crystalliz> speciinens, It consisted of a concave grating spectrometer (Cenco-
Sheard spectrophotelenater), whose transmission coefficient over the spectral range
studied was known, attached to a photomultiplier tube of known spectral response
whose output current was measured on a sensitive galvanometer, The overall spectral
responge of the spectrometer-photomultiplier corbination was used to correct the
chbserved fluorescence intensity of the spectra to the trusrelative intensity, L.
The relative quantum intensity, Q, which is proportional te I’A was obtained ard
plotied as a function of wavelength /AL , Microcrystalline specimens were prepared
by evaporating a certain volume of solution of kpown concentration onto a circular
élass plate, The layers obtained gave an intense fluoreacence uriformly distributed
over the surfece and were fiznely grained,
The three solvents used for the preparation of the solutions, cyclohexane, chloroform
and acetone, were chosen primarily by solubility consideraticns but all three
evaporated to leave finely-grained specimens,
Preliminary measurements on specimens of various thiclpesses showed that a thickness
of approximately 0.%}& was the most suiteble to give sufficient intensity and the
best spectral resolution. All specimens were thus made to this standard thickness

which is sufficient to absorb over 90% of the incident radiatiom.,
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Fluorescence was excited by a monochromatic radiation of 253.7 IR wavelength
incidert on the front surface of the specimen, arnd the spectra were chbserved in
transmission through the specimen itself and the glass backing plate.

Glass plates were used because the quartz plates used previously by Birks and Wright
{1954) were found to be feebly luminescent in the regionrl-n 360 m A to 420 mu

In this way, the fluorescence spectra of a total of 4] organic compounds were
measured.,

I'or the anthracene spectrum, normalisation of the spectra prepared from
different solvents or the maximum corresponding to the 10 -+ 01 vibraticnal
transiticen, showed that the spectra coincided at longer wavelengths but that the
intensity of the lo = 00 transition varied over a wide range.

A similar effect is exhibifted by 1:2 benzanthracere thoughk the corresponding intensity
of the 10-» 90 tronsition is greater in all cases,

The reduction of irtensity of band O is due to self-absorption of the
flnorescence in this gvecirel region caused by the coincidence of the short wavelienggh
end of the fluorescence rpectrum and the long wavelength end of the absorption
spectrun, Using vhe crystallirpe absorptier measurements of Kortum & Pinckh (1942)

a metkod is evolved for correcting the intensity of band 0 to the value it would have
if rerbserpticr were ahsent, and the true molecular fluorescence spectrum is
obtaired.,, This methcd is shown to apply ecuelly to 1:2 benzenthracene and thz =~rno-
methyl end die-meifbyl derivatives of anthracene and 1:2 benzanthracene in which
reebsorption occurs to a varying extent,

The maximum of the molecular fluorescence 1o > 00 transition dces not

coincide exactly with tke corresponding absorption transition due to the existence of

"trapped excitons" described by Sidman (1958),
3/cus
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The cpectra have been classified using anthracene, 1:2 benzanthracene and
mono~methyl and di-methyl derivatives of both, A sequence of spectral types is
abserved rvenging from Type A, where the vibrational structure is well-resolved {a
in the parent compourds), to Type F, which have a single broad diffuse band
accompanicd by a major bathochromic shift.

The spectra of cll the other polyecyclic hydrocarbons and other compounds exhibit
Tvpe A to F spectra,

In the analivsis of the spectra three separate effects are distinguished :-~

1, The "Solvent or Environment Effect" associated with the permittivity of

the medium in which the fluorescent molecule is located, The result is a

major bathochromic shift of the whole spectrum recletive to that ih light

petroleum solution measured by Schoental & Scott (1949),

2, "Me Molecular Substitution Effect " whick causes the spectral shift realtive
toa the parent compound, This is particularly interesting in the series

of cnmpounda like 1:2 benzanthracene and its mono-methyl derivatives and

the derivatives of 3:4 benzophenanthrene, The amount of shift, L for

the crvsiailine spoctra i3 compared to that for solution measurements m_ s

which show a similar effect,

3. "The Grystal Interaction Effert™ due to intcermolecular forces within the

o

crystal, is rceponsible for the remaining differesnces between the spectra

£

aif crystals and solations. The diifuseness and major bathochromic shifwua of
the spectra relative to the correspounding scoluiion spectra are attributable
to large molecular interactions within the crystal, This type of molecular

interation hes not been reported previously though an analysis of the resulta of

Northrop & Simpson (1956), who measured the fluorescence spectra of solid
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solutions of anthanthrene in anthraccne for various concentrations,

skows its existence in other organiec compounds,

Tke decay times of many of the compounds where the crystal interaction effe
is streng are greatly jncreased ccmpared to the parent compound,

29 of the compounds studied are carcinogens and a search was made for
digtinctive rclations between the fluorescence spectra and the carcinogenic activit
Some correlation is found between the degree of crystalline interaction and the
cercirogeric potency, strong interactior leading to high potency. An approximate
correlation between the shift of the spectra of the 1:2 benzanthracene deriwvatives

relative to the parent compound and their carcinogenic potency is also suggested,

PART 2:

The experiments reparted were designed to investigate solwvent-soiute encrgy
trapnsfer is liguid solutions of para—terphenyl in toluen2 exzited by ultra-violet
radiaticn, The scletion under investigatior was contained in a cylindrical glas:
vessel (to a depth of ~r1 cm,) and was excited by illumination of the *opn surface
with morochromatic radiation from a Beciman Yodel D,U. spectrophoiometer,

The integrated intensity of fluorescence trassmitted through the bese of the
contairn-r was dotected msiny a photomultiplier tube, the observation being reporzed
for excitation wavelengths beiwoen 2200 R ana 27200 R, the region wbich inelundes Lotk
the tecluenz and the terphenyl first absorntion bands,

The relative gquantum intensity of the monochromator exit beam was devermined over
he spectral range studied {A = 2200-3300 R) and the obsgerved fluorescence

1tengities are corrected to correspond to the same quantum flux of incident radi=ation,
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Thus the fluorescence fquantum intensities of normal and oxygern-free solutions of
pera~terphenyl in toluene have been measured as a function of concentration, ¢, ¢
excitation wavelength, A, from 2200 £ to 3300 1.

The absorption spectra of toluene and terphenyl have also been observed. The
probability of solvent-solute transfer is found to be proportional to the solute
concentration.

Three distinct regiona are distinguished in the excitation spectra, The first
where the toluene is transparant to the incident radiation which is absorbed directl
by the terphenyl. AtA~ 2800 & the toluene begins to absorb and the intensity of
terphenyl fluorescence decreases rapidly as the toluene absorbs an increasing
fractidn of the incident radiation,

In the secmd and third regions corresponding to wavelengths below ~~2700 3, the toluene
absorption is high and the terphenyl fluorescence is mainly excited indirectly by
energy transfer from excited toluene molecules,

Analyzis of the excitation spectra leads to the derivation of an expression for the
energy trensfer coeffircient, f, {this is the fraction of quanta initially absorled
by the solvent which are transferred to the solute) in terms of experimental
varameters,

£ is found to depend on wavelength, /A, and two characteristic values are found;

£, in the second region (A = 2500-2650 &) and f, (which is greater than fl) in the
third speetral region { /L= 2200-2350 R).

The observed wavelength dependence of f is in direct contradiction to an account of
similar studies published by Cohen & Weinreb {1956), The two spectral regions

riving yise to the values fl and f_ correspond to excitation into the first and

2

econd excited electronic singlet states of the toluene molecule, and the results

ow that the energy transfer coefficient from toluene molecules excited initially
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into the gsecond exeif«d state, is higher then for moleculcs excited initially int
thg first execited stoi:e. It is shown thaet the process of solvent-solute erergy
transfer from the seccnd excited state, which cccurs in approximetely 10 sec,
compctes efficiently with conversicen to the first excited state of toluene,
Although no fiual counclusicns are drawe about the energy transfer mechaniem,
the results are consigtent with the radiative transfer process of photen emission

and reabsorption rather than with any short-range non-radiative transfer process,
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PART 1.

THE CRYSTALLINE PHOTO-FLUGRESCENCE

SPECTRA OF SOME AROMATIC HYDROCARBOKNS
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PART 3.

THE CRYSTALLINE PHOTO-FLUORESCENCE SPECTRA

CF SCME ARCMATIC HYDROCARBONS

1, INTRODUCTTION

This work deals with the photo-fluorescence properties of organic cempounds
and waa carried out in order to determine more of the physical properties cof these
materials in the crystalliine state, In order to interpret the data reperted, an
understanding of the process giving rise to fluorescence within a molecule is
necegsary, A3 a a3i:ple approximation, we will consider the theory of the
luminescance of a sirple diatomic molecule which has been derived from luminescence

studiee [BGWEN 1949),

1. 1. SIMPLE MOLTCULAR MODEL:

The fluorescence of organic materials is en inherent molecular property and is
brought =2bout by the molecule changing from a higher to & lower energyr state
accempanied by the emiassion of light, The binding forces In crgnnic cryatala ers
relatively weak, ccmoared with inorganic 2rystals, so that the molecuies are iocaozly
stacked and their emergy levels are practically wnperturbed by anvitorment, If the
potential énergy of the configuration, V, is plotteld agaiast the interatomic
separaticn, r, {FIG. 1) we cbtein the familar Morse diagram which suitably represenv
thke energyv system of a diatomic molecule, where O and A are the constituent atoms,
We cen imsngine atom 0 at rest with atom A vwibrating about it so that curve ad2?
represects the vikration amplitudes for atom A relative to atem 0 for a2ll vibrutiana
energies of the mcolecvle in the ground state, The molecule iz in equilibrium wien

the ateme are at O and A, i.e. atom A is at the minimum of potential energy. A
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moleeule in thermnl equilibrium will possess only a few guanta of vibrational

energy represented by the lower levels near A, The curve bBb' represents the
vibrations of a molecnle in an excited eleetronic state, and the lower vibrational
levels near B represent the normal wvibrational levels when the excited molecule is
in thermal equiiibrium, The minimuom cf potential energy, B, of this curve is
displaced to the right of A showing that the position of equilibrium for this
excited state is at a different nuclear separation from that of the ground state.
This is because the molecule may have here a rotational energy causing a centrifugal
broadening and the molecule will interact with its environment to an extent dependent
on ita eclcetronic energy. Since these excited electrons are less "bonding", the
molecule finds itself in & "“compressedY condition immediately after an electronic
transition to a lower atate, Above bBb! there are other excited levels extending
np to the curve c¢Cc”" which has no minimum, At this ercrgy there are no stable
vibrational levels, attraction is changed to repulsion, and the atoms separate
cauging drasociatior of the molecule, In the case of organic molecules composed

of & larger number of atoms, the number of vibrational sub-~levels becomes =¢ large
and their spacing so cloge, that the discrete peaks of the spectra tend to coalesce
into broad absorption bands or"band eovelcpes", This tendency is greatly enoanced
in the liguid state and in solution where the vikrations are further damped by

physieal interaction between neighbouring molecules and by chemical solvation,

1, 2, FATE OF THE EXCITED MOLECULE - FLUORESCENCE:

The absorptior of a zhoton by an unexcited molecule, which is in cne of the lowe
vibrational levels of the ground state, will cause a transition from the ground state

ehn? to cne of the excited states depending on the energy of the incident photon,
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Sach o transition will be represented by a vertical line on the diagram (e.g, AD)
asince, according «o the FBANCK-CONDON principle, the electronic emergy change is
much more rapid than the atomic movements so that the momentum and separation of
the rmolecular constituents will not change during the time for this electrenic
transiftion, Therefore, even though the energy abscrbed by the molecule is greater
than +he disgociation energy, S, dissociation does not take place., However, the
trausition {rom A to C for a high energy photor causes the "photo-chemical
dissociaticr" of the iiclecule into atoms as represented by Cec', The electronie
energy represented bty the ordinate of C is converted into chemical energy given
by the ordinate of c', the remainder going irtc translational energy of the atoms,
On the diagram the vertical line will meet one of the vibrationmal levels of
tho excited state bBb! at such a place that the momentum conditiorn will be satisfied
in thias levsl, If D lies above b', dissociation will again occur, otierwise fhe
molecnlz ie in a high vibrational level of the excited state, It will dissipate

]

“ sec,) and *all to B,

-1

its exsess vibrational energy as hzat rapidly {iz ~v 10
Mcest commonly, the excitation energy is given up as infra-rad radiation or degradad
inte beat by stepwise loss of vibrational energy; partly spontanecus and parily
pesisted by thermal collisions, Altermatively, if it is etrongly coupled to itn
neighbours, the molecule may return to the ground state along BE, a spantanecus
cleetronic downward tramsitioa, by the emission of visible or ultra~-violet flucrescensce
Toe emitted light is generally of longer waveiength than the absorbed light beci-iss

the excited molecule loses some vibrational energy before the downward electronie
trarsition takes place, awd also returns at first to a higher vibratioral level ¢f the
ground state than that from which it started, This is in agreement with Stokes' Law

(PRINGIHZIM 1949), If it is not sc strongly coupled to its neighbours, the optical
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transition may take piace befere the melecule hasg reached thermal equilibriur.
e moiecnie can then make any transition between AD end BE,. This iy krewn os
the "resonant" tronsition since the process of ebsorpticn and emicsion can talte
nlace at the same freguency. This would result in & strong overlap of
abaorption and emisgsiou spectra,

The menner in which the FRANCE-CONDON principle will affect the transitiozn
provabilities may be seen from FIG, 2. In this figure the curves for the
probability density distribubtion of qufunctions for the various vibraticral states
are shown with their corresponding energy levels (q) = wave function of meolecule in
vihrational level), The vibrational guantum number fer the excited state is v'!
and for tke ground state v', For the exzcited state, v'' = 0, the most probable
vatuae ¢f the Internuclear separaticn at the time of emission will be that feor which
ky ie at & maximum, Hence the most likely transition wiil be along the deshed lire,
ar v' = 0 we note that%}(v') is small go the intensity of the transition ie small,
Tha transition <o v’ = 1 will he greater and to v' = 2 even greater, In this
presentation it is ssen *hat the probability depends upon the value of q}(v4) or

L
the dashed line, In the consideraticn of polyalomic melecules these general
conaiderntiony hnld trne though a quantum description of the electronic stale is very
comnpli~ated,

Fluorescence 13 eapecialiy prevalent in compiex organic melecules in which tihe
nuciear Framework is particularly rigid as in the polycyclic aromatic compourdsy, end
winen the region of excitation is shiclded frem ccllisional enccunters, This effect
can be enhanced by using a viscous or frozen solvent sc thet the excited molecules
are embedd=d in a rigid giass; undetr such conditions the rate of thermal ekergy

dissipation is ruch decreased and delayed fluorescence, phosphorescence, witk life
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timea up to the order of 10-2 seccnds can be observed with compounds undergoing
forbidden transitions (LEWIS & KASHA 1944 & 1945), The fluorescence mean iife
time, itself, is long (~ 1078 gec,) comparéd with the period of melecular vibratioas
and, therefure, Ffluorescence occurs only in those molecules in which energy is not
readily digssipated in other ways, Irn many molecules the curves sfa' and bBb! may
come close to each other, at a point F say, (FIG, 1) and & molecule in the excited
state vibrating along GF may make a non-radiative trarsition to a high vibratioral
level of the electronic ground state and all the energy is lost as heat to the
iattice, A rise in temperature increases the probebility of a non-radistive
transfer and thus causes a decrease in the quentum efficisency of the prccess,
Thercfore, for an efficient fluorescence process the following conditions should be
gsatisfied;-~
{i) The potential energy curves of the ground and excited
electronic statens should be well seperated.
{ii) No photo-chemical dizsociation skould occur on light
absorptinn,
{iii)}) Th> probability of any transition frum B other than to

E 0f the ground stacte shouid be smaly,

The ovrganic phospbnrs are mainiy pure aund substituled arrmatic hydrcecrbans,
whose meclecules contein conjugated deuble bonda. The benzene ring strucinre, wiih
its six TV—-electronz shared between the carbon atoms to form molecular orbitala,
pecurs im 8l) organic phosphers and forms the basis of the two well--known seriaa,
naphthalene, anthraccne, rte., and diphenyl, terphenyl, etc.

The ebgorpltion spectrwn corresponds to the rlectronic tramsition from the first few
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Tihrational levels of the ground state up %o bBbL',

Tha Plgnr

(]

gcence gpectrum consists of a system of regularly spaced bands

!

corregponding to the zmacing of the vibrational leveles in the ground state; the
absorption spectrum fine structure corresponds to the separation of the exeited
atate vihvavtional levzals, This produces the sc¢-called "mirror image relation
hatween absowption and emission spectire,

Abgorption hands aiso occur at shorter wavelengths due to transitions into
the second and higher electronie atates, but the fluorescence spectrum ecorresponds
to transitions from the first excited electronic state only, and ne transitions
from higher statas have yet been observed. An exception to this, is the recertly
observed fluorescence from the second excited electronic state of azuliene, but
thia is amomevhat different molecule since there is no observable fluorescence
from the first excited state (SIDMAN & McCLURE 1956), The possibility of
flusrescence from the second excited state of toluene is discussed in Part 2,

3vectrs nf the same comrpound in the gaseous, iigquid and sclid states are usweily

differont, much of the fine structure of the gaseous phase being lost and only regions

of continuous spectral activity oecur, Thias is due to greater molecular dersity in
the condevsed nphases, Sometimes the absence 0f & band in the condensed phase
corresponds to a nand from the gaseous pkase and vice versa, This is due to lattice

vibrations within the crystal and loss of vibrational struciure has beecn demorciratec
in zaaecus form by increasing the pressure, However, this spectrum is very diiferent
from the condensed phase.

It has been found experimentally that the fluoresceant spectrum and the guentum
efficiency {nmumber of quanta emitted/number ebsorbed) of fluorescence is independent

of the waevelength of the exciting light down to at least 2500 g, Therefore,
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flnorescenca can he produced with equal efficiency by excitation inte the secernd

ar higher eizetronic states, For excitatiovn intc the higher states there are four

pnzoibie modes of de-excitation, namely - fliuorescence emission to the gronrnd stete,

internal guenching to the ground state, fluorescence emission to the first excited

state, and imternal cusnching to the first excited state, It is tourd (PRINGSEEIM

1949) that invernal gnenching to the firat excited electronic staie has a much

greater probability than the other three processes. Neither of the two poasibic

fluorescence emissions is observed while the emission that is observed haas all the

charagteristics of emission from the first excited electronic state showing thai

direct imternal guenching to the first exeited state musd occur. This guenching

. . ~11 . . , .

is very rapid { ~+ 10 sec.) compared to the life time of the detected emisnion

-8 . . , e .

{~ 12 §€C, ) An alternative *theory ‘BIPY3 1953) suggesis the’ excitation into

’ . . . . o- ’ -11

tihe higher zlectroric states is followed by ultraw~fast fiuorescence v 10 -
~-12 . .. . : . .

16 sec,) to the ground state with 100% efficiency, The neighbouring molecuies

reabacrbh the erissiorn and the process recurs until excess vibrationa® z2nergy 13

dissipated thermally and the molecule is in the first excited state where normal

fluerescence occurs,

kud

. 3 SPECTRAL RETATTCONSHIPS IN AROMATIC HYPROCARDONS - PREVICUS WOIK:

e

Turing 19531 a programme of research was iniéiated st Rhodes Caiversity on uany
of +ho flvorecscence characteristics of the well~koown efficient organic vhosphora,
e,g, anthrecene, trans—stilbene, para-terphenyl and diphenylacetylene, which are of
perticular interest in scintilleticn counting, Among these characteristics are the
gscintillatien ard photo—flucrescence decay times and their dependence on temperature,
the scintilleiior sfficieney and its temperature dependence, the scintillation response
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to ionizing particles of different spscific ionization and of different range, axnd
the photo--flucreycence duantum efficiency, Many important results have zlready
heen obtained and BIRIS (1953, 1954) has developed a guantitative theory which

cgrees with these and other experimertal date,

i, 3.1, LB3ONPTION SPECTRA:

Absorntion spectrosecopy in the ultra-violet is a well zgtablished znd
important toni For the study of organic compounds in liguid soluticn. Prominent
amongst those who heve msed this teehnique for the atvdy of polycyclic eromatic
compounds are MAYNIORD & DROR (1035), JONES (1947) arnd perticularly CIAR (16£2)
who has reviewed in some detail the investigations intc the spectrel reletiorshirs
of these compounds, The absorption spectra due to electromic transiticrs ere
con3iderably complica®sd by the superimposnd vilretional fine structure and for
this reason Iinfra-red and Haman spectre are often empjoyed by chemists for tke
analysis ni compounds. Characteristic groups c¢f bands are chteircd for eack
chrononhoric group of the molecule, and these spectre are more semnsitive to smell
shanges in the molecniar structure, c.g. prnsition of methrl substituent, thar the
corrveaponding elesctrunic snectra, Most of fthe complcz aromatic hydrocarbona givwe
rige to adsorption in three well defined regions of the ultra—violet and/er tke
visibie regions.
The shortest wavelength region of abseorption, group I bands; usnally has logé?m&anéaS
to 5.2 whereé%nax ig the maximum molar extinction coefficienty the next group,
gronp II bands has 10gE§ma£u3°6 to 4,31, and the third group IIT bands, ig & regicn
of low intensity absorpéion with 10gE§m&xnu2.3 to 3.2, FIG, 3 is tke abscrptign of
1:2 benzanthracene and is a typical spectrum showing the three groups of bands,
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Th2 nomenciature of these bands is not fixed and ithey have been called the %g P
ﬁbandfb& hands by CLAR {1952) andle’ ILB’ ILb, by KLEVENS & PLATT (1949},

€LAR found that not only do the polycyclic hydrocarbons give rise 1o regions
of absorption closely related to those of benzene but that the shifts produccd by
linear or angular "anellation® follow certain definite and simple rules, In the
volyacenes, for example, the series of linear homologues of benzene all the
absorption bands are progressively dimsplaced towards longer wavelengths as the
number of rings increases, As the iength of the molecule increeses, the group IT

v

bands are shifted to a greater extent than the grounp III and group I bandaz, with

the result that in anthracene and the higher poiyvacenea, the group I1II abecrption

is "ewamped" under that of group II, and the absorption band of longest wavelength
becomes the "p"™ band according +to CLAR aud the ILn according to LLEVENS & PLATT.
Similarly, three main groups of absorption may be discerned usually in the specira

nf "angular" polycyclic compounds, but the shift of the group IT bands with
increasing number of benzene rings is much smaller than for linear anmelation anc
the absorption spectrum of 1:2 benzanthraczne shows the weak group III bands,

FIG, 4 shows the absorption spectrum of anthraccne in which only group I and II
bands aprear, Grounp T 1s represented by A and B and is due to excitation of tue
molecule into the secound excited electromic ztate, thal is the 0 -» 2 electronic
tracsition, Similarly the group II seriss at longer wavelength represented by C

to H is the fundamental absorption of the molecule inte its Tirst singlet atate,

that is the 9 5 1 electronic transition. It is %o this group that most attentisn is
directed since the various maxima represent the vibrational sub-levelsof the first
excited state and it is interesting to note that the freguency difference between the
bands is practically constant and egual to 1400 cmGHl JONES (1¢47) mssociates these
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vibretional syh-levein with the carbon-hydrogen bending vibraiicn of the molecule,

1, 3.8 FLUORESCENCE SPELTRAG

Iz flucrescence oaly the tranaition eguivalent to the absorpticn band of
longeat wavelengin is shsearved, To some extent, fluoreszence is the reverse of
absarptisn, for, while absorption corresponds to the excitation of1{ ~siectrons fron
the ground atats o cne of the vihratioral levels of the excited sitate, fiucrennomer
representa the rctura of the Tl ~electrons from the lowest vibrationmzl level of ke
excited state, to the ground atate. BOWEN {1947) has stated that while the counstanm
wvavenumber spacing wkhich is observed in che ahsorplion spectrnit cuarreipouda Lo the
vibratioral sub~levels of the firat exzcited state, the aimilar constan’ frequency
sracings ‘u the fluerescence snectrum correzpond to the vibrational sub-Yiwei~ o2

™

the ground stete, Herce, the sc-called “mirrsr-image” relabtiononip {yraviously
referred to in 1:2) betwszen absorption and fluorescence spectra (PRINGSIALM i9-9}
opplies ¢nvelly te the palyeyelic aromatic hydrocarbsns, and the same welatiosnaiipn
roted in at ovptior a2re t3 be found in f£laoraseceace spectra, That is to say

(i) erbstitution genereliy shifts the flucrascenz» bands %c longer -rewelengliia and

{3:) argulesr er linear Tusicn of further brozeze riazs also shif#s the pogisiom of
the Brrzds %o longer vwavelenaths, the magnitude of the shift being greater for Ilinear
froicn, Bowever, coapared witn wltye-violst chbsorpliion spesctroscopy, relativelw

7 I5 B .
Lxttle vee has Leen made of flucrescence spectroscopy, deapite the avccesas 2F 4he

£ ’

ciesgic reseaxrchcs by which 2:4 benzyyrene, the potent carcincgen was identifiod and
isolated from coal ter extracts by meanms of its fluoresceancc apa2ctvam, TINIAWAY Lina

described the flucrescence cf this compound as "tu2 single thread that led all through

this labrrinth! However, in the last few years much reesearch hes beea directed iato
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the elucidation of the physical properties of the polyeyciic aromatiecs, among the
nere importont of which are:—

) Infra-red spectra (FUSON & JOSIEN 1955)

[

(ii) Phosphorescent spectra and singlei—iriplet transitioms
P
(8ZWARC 1955, MeGLYNN, PADHYE & KASHA 1955),

(1ii} Polarized ahsorption speetrum of anthracene (CRAIG e%
al 1655),
(iv) Fluereszent spectra at low temperatures (McCLURE 1954,
SITMAN X ¥cCLURE 1958),
{v) Methyl =ffinities (LEVY & S7WARC 1954 CQULS0N 1955),
(vi) Theoretical tTeatments on the exeitfed states of aromalic

rolecules Dased on the valencs - hond and mniecular
orbital mcdels {LONGUET-HIGGINS et al (i055) & MURRBL (1935},

The system usually used in tnese investigaiions was liguid golntionay of +he
compournds, both fexr convenience and because appreximations fo “he true moliecular
behaviosur capn be cbtained by using dilute solutions, The important effezt of
molecular interaction in the aclid siate has received rathor less exiansioca, she

first imporiant work on tha 3pectra of cryasiailine hydrocarbons being reperted by

KORTUM & VINCKH (1942} consisting of absorption anl fiuarescence spectus cf
gnthracene in the vapour, liguid solusion, and gnlid states, DOWEN & LAWILY

(19049} studied the effect of crystal size on fluorescemere intensity and chowed

that the sprctrum of the photo-flusrascence observed Zu transmissicn throuvghk en
organic cryztal is critically denendent ox ervysie: ihicknesg, Sometime. BiTel,
3IRKS pronorzd hia photon zascads proczess of ewmission end zreabserption of fluoroscend
dne to the overlan of enissiovn and absorption apecvra which wes exihibited by LITILE &

,

BIRKS {1932}, They measuved ithe fluorescence trarnsmission spectrz of anihrecene for

- ’
18/ nn



varicus ihicknesses ranging from a 1 cu, cube to a very thin flake where reabasrplio
cf the flucrescence iz almost absent, and eeriainly small enough to allew rescivvion
c¢f the vibrational structure, These measurements confirmed those of KORTUM & [INCIS
and showed that due to the overlep of the absorption spectrum, there is a major
difference between the molecular emiszion spectrum and the "technicaleminsion
spectrum observed in transmission through a thick crystal. Approximately 80% of ths
fluorescence emission from the anthracene molecule is reabsorbed within the crystal
Thig self-absorption, followed by further emimssion and absorptiom processes, incresas
the moletular photo-fluorescence decay time from 6.3 o see, to itg techniceil value
y
24 :an?u sec, (HAMILTON 1958), BIRKS & WHIGHT {1954} used even thinner specimens
of crystelline anthracene and obtained well resolved spectra approaching the true

molecular emission.

e 3.3, FLUORESCANCT AND CARCINOGENICITY:

This subject ia d2alt with in 1V.4, hulb e brief intreduction is necesscyy here

before procreding to IV bocsanse neariy all the more potent carcinmogens ere fluciesce:r

and many of the compounds siudied in vhe presend woxk are ecarcinpogeric, Muecs werk
¥ bre: na ¥ . a4 Ba. ¥U 556) on th lectronie swructure of the srcmelic
has Szem done by A. & B TLIMAK {2955) on the electronie gwnructur t th 1
bydrocarvons ia reletion te carcinegenicity. Their work shows that elecctroni-

strusture vlavys oa impertant rele in carcinepgenic potency, and it was thought theat

“he presant measursments on elezironic spechra would throw furtrer light on there

important hionhysical and hiechemicel proporiies. ke most importent work deme

g

rreviougly on relationships hetween spectra end cercivegenicity is 1hat of BCEQCENITAL

3507 {1943), who obsmrved the fluorescence spectra of 78 peiyeyclic arcmetic

hydrocarbons in difute gniutinng, A relationship Letween ilhie position of the

13/ ..,



-13-

fluoresssence bands and the "reastivity™ of the molecule wos reperted (a similar
ielaticn o2 Taund by CLAR for absorpiion syectra;, but since litile information
¢r. the reactivity of polycyclie compounds is available 3this relationship is
regarded as somewhat fortuitous, t was also stated that no direct relaticn
between carcinogericity and the position or intensity of the fluarescence spestrum
could be detected, This vork is important sincec it represents the first attennu
to icvestigate the similaritiee and differences in the fluorescence apzcura ol
closely releted compounds, the interpretation of which may preduce further data on

the ztructure of the rolecule,

The spectral messurements described in the present work were obtainedusiug
an apparatus similar 1o bt more rofined tham has nsed by BIRKS & WRIGHT {1054},
The purroese of the investigation was ;-

(a) To study crvsestalline spectra for a whole rounge of reladed
f)luorescent aremetic hvdvocarbong, which has not nreviously
been done for compounda mora complaex thaa ansthraszers,

Coxpari=ons have been made be*rwwnen the snactra of comnenands
velongizg to a particular structural series, and some
intevestiiny dizcovarien ara ra23aviad,

(r) To search for amy cryetailine intaoraction effecwa on the
fluorescence spectrz of the compsunlds, Th.oz is done by
comparing the apectra of mole2uies bound 1n a ¢crystallinag
latwice (present resulis) with the spectra of the froe molecules
cf the same compounds in diluts liquid solution, obtained by

)a

)

SCIOTNTAL & SCODPT {104
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il wEBEASUREMENT CF FPLUORITLECENCE

E2EOTRA O AND DECAY TIMES,

I, i, AAPERIMENTAL ARRANGEMEWT:

The fluorescence apectra were excited with menochromatic radiatian of wnvalengt
253,7 ﬁkk' Tt can be scenx from the absorption spectra that the extinction
coefficient of each of “he compounds studied ia go high at this wavelength that
the exciting wavelensrth is completely absorbed in a very small thicliness of the
order of a wavelengih. This is very convenient since it allowy extremely +thin
layers of crvstallice moterial io be azed; witheut transmiussion of auny incident
radiation, thereby preserving similar fluorescence efficiencies for vorious thichke
necses,

Lr inptepse steady fource of radiation was obtained fron o 7 watt WModei 114 Hangia
auartz envelope mercury discharge tube, in which a large fraction of the
rediaticr emerpy 1w of 2853.7 miywavelangth, Thz dischargs tube wns plaszed

rd
centrally in the sxtirance plene of a sirall gquarts svectrograph from which the noxrmal
glit meckaniem Pad heer remowed, The removal of the alit allowei more lighi iata
the gpeetropyaph e thel er ereiting line of grester intensity zould be obtaiace,

Lnodrvtense imege of Lthe 280,.7 mya iire. completelv resolved from the other nerc.yy

prxsaien linen, wes iormed in the exit plans of the spectragraph. This radintiea e
thicn focussed ento the speciner vrder investigatien, The flocreacence spectrn wei.s

mearurad asing A fenco-BSleard grating "sreatrorkrotelometer" t¢ monmovhm -ate thz

fluorewtence enission and an R,M,Y, 6202 photomvltiplier *tube =3 & detcelsr, Tre

. . . 1
dhohemriltinlicr was operaved {rom a staliiised power supply ard had e gain of 10 at

:
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maxizmim allowable inserstaze voltage {00 V. per stage). it was coupled to & very
seasitive galvanometer through a Universal shunt and the intersiiy of flucrescercs
was rvead off as a galvanometer deflection, S:nce the intensity of fluorcscence
over tis spectral rangs considered varied over wide limits, it was neceacary 4o wse
the Universal shunt in several different positions and, therefore, in c¢rder that the
deflestion should be directly proportional to the fluorescence intensity, the
linearity of the galvannmeter was checked for all shunt settings.

In order that the fluorescence smectra should represent the true relative
emiggion over the whole spectral range measured, the variation of sensitivity of
the protomultiplier with wavelength muat be lmown, This calibratvion was carried
out by Dr, M,E, Szendrei and is outlined briefly in a paper by BIRKS & SZENDREI (ES&L
Large variation» in the spectral responsge nf photomuliiplier itubes oceur oo that
the manufacturer's calibration is not sufficiently accurate for tuis work. The

experimental method and results are recorded helow,

11, 3.1, T2ANSMISSION CORFFICIENT O7 SPECTROMETER:

a

™

In the Cenco-Sheard spectrophotelometer light from an entrance nlii
reflected by aix nluminised mirrar on to a concave diffraction greting, which fenuscoro
2 narrew wavelenzth hand through the constant width exit slit, The light emerging
fells on 2 barrier layer photocell, which kas a lincar c¢urreni response which ig
propertional to the intensity and is measured on a galvanometer, The grating moves
o modified Eagle mounting, so that the Rowland circle passes through the exit slit Zo:
ail positiens of the grating, With such an arvangement the waveleugtih banddﬁL emory
from the exit glit iz independent of the wavelength”A , for a fixed slit widih, The

spectromester is shown diagramméatically in FIG, 5, A narrow wavelenginh band waa
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geiectod by o menschruvantor {actually a Beclman Model D.U. spectrophotometer), and
forussel on the eatrauce slit of the specirometer, which was set for this wavelergth,
All the incident light paszed through the entrence slit and, after dispersion, it dic
no? cxceed the exit slit width which was kept to its maximum, The intensities of
the light before and sfter passinmg through the spectrometer were compared using the
berrier photocell., The transmission coefficiert, T, of the instrument ai wevelengtd

‘A.  thus obtained is piotted in FIG. 8,

11, 1.2, RELATIVE SPECTRAL RESPCNSE OF PEOTOMULTIPLIER:

The gonochromatic light was replaced by a standard tungsten lamp of knove colour
temperature, =2nd hence ol known spectral energy distributicn, The photomultipliar,
which was connected to the sensitive linear galvanometer, was used to view the lipht
from the exit sli% of the spectrometer, The reletive respomse, R, of the
photomultiplier {in arbitrary units) can then be obtained 2s a function of tke wavc-
langth?k , 8ince the galvanometer deflection is proportional te the prodvet 27T 2,
whare € is the emiasivity of the lamp at wavelengthfh.andtfk_is constant for ithe
instrument, The variation of R with A for the particular photomultiplier fule
used is shown in FIG, T, where the average curve for this type of tube is also shour
for comparison, It wiil be noved that elthouglh the maxima of {the curves coiveide,
congiderable differences oucur, partinulerlyr at Lungoer wavelerngtha,

The combined correciion curve for the overall specural respouse of the apectro-

chotelometer and photomultiplier vogether iw ghown in FIG, 8,

1. 2, PRFEPARATION 7 CRYITAL SPECIMENS:

L —

The earlier measurem?nts of filvorescence spectrz in the sclid state (DIRKS &
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LITTLE 1953) showed the importance of using extremely thin specimens to obtain
rosninticn of the vibraticnal structure, These early measurements were made cn
vexry thin flakes, which, however, were very muck thicker than the mean free path

¢f a fluorescence photon produced near the surface, ILater measurements by

JIRKS & WRICET (1954) were made using specimens abont %}& thick which were formed
hy evaporatina from xylene solution, These ppecimens gave spectra much rearer to
thzs true moiscular emisgion and all the vihrational meximo were resclved, Before
the present measurements were commenced, the method of preparation of anthracene
apecimens used by BIR”.3 & WRIGHT wos repeated using the same xylene, The xylere
vas nobt highly purified and was siighily colioured,. The inclusion of impurities
may, ii they are fluorescent, influence the spectrum of the solute very strongly,
but this effect is absent in their readings. However, microscopic examinctica of
such specimens sghowad that they were non—uniform in thickness znd this was though?
to be parfly due to the relatively poor volatility of xylene which allowed the

solute to crvastallizse out preferentiaily around tke first microcryatul, Waiming;
the plates befare evaporation did not improve the specimen as the xylene did net
flow evenly over the heated sarfase, More voiatile solventa were, theresrore, triod
in place of xylene, znd of these the apectroscopically pure grade of chloroforu,
aycloberane and acetone were fpund to He the most suiftabia, Microvrystnlline iay.l 1
evaporeted from these solvents were finely grained, and gave an intense fluoresccace,
uniformly distributed over the sutiace, 3ince thz fluorescence was fairly intensc
compared with specimerns prepared from xylene solubtion, the obvious advantage
presented itself of th= possibility of using consgiderably thinner specimens whoaa
emiggior wasg initense enough to bhe detected by the photomﬁltiplier, thus allowing
ryeater rgzoiution ¢f the vibratiosnal zirveture, A seriea of speetra ol anshracene

18/
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were measured for apecimens of thicknesses ranging from %}&tc Onoau_prepared frem
svelichexane selutions, It was found tha® the intensity of the shortesi waveliensih
peaXk im very sensitive to changes in specimen thickness, a decrease in invensity
heiny exhibited for sach successive increase in sampie thickness, and in order %o
obtain ag close an approximeation to the true melecular emission as possible, the
thickness of the layer shouald be reduced as much as possible, The limiting cptimnm
condition applied to the reduction of thickness is aupplied by the sengiitivity o
the apperatus, The +hickness muat be such that the fluorescence intensity emittert
ig sufficient to be cntected by the photomultiplier after it has vasased throungh *he
spectrophotelometer, The thickness chosen rhich satisfied these conditions was
O.%}A. For practically all the compounds studied, it is estimated, from solution
ebsorption data (FRIZDEL % ORCHIN 1951), “hat over 90% of +hz incilent radin*:ion is
abscerbed in the specimen,
On the other hand, the specimens are almost completely transparent to their own
Tluorescence emicsiorn, excert at the shortest wavelengthe.

BIRKS & WRBIGHT prepared their specimens on fused quartz plates but these wers
found to be feelly luminescent and the specimens used in the presesnt studies wers

T

wounted on place glass plates which vwere non-leminescent iIn the spesctral regiocr =

S

intereat, Thig is disenssed furtbhevr in IXT7.2,7. The method of depseitiag t:e
golution on the glaus plates vas as follows :-~

A capiilary tuhe of measured bore was used as the "dropper®, A fixed wark woro

mads along the tube whichk determined the bsight to wihiich fhe solutior was drawn ints
thie capillapy, The volume of liguid thus cortaired in the tube and which was finelily
deprarted on the eivcular glass nlete was, therefore, known, The surface avea of the

glaas viste wan calealeted and hence frr & given rthickirss of sclute te cover tlic
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surizce sroa, the reguired comcentraticn of sslution coull be calculated, Sincs
veww emell nuontities of the ccmpeounds studied were available, it wae found
convenient to prepare 2 ml, of solution ceonteining appreximately 1.8 x lbm3gm.

of solute, This value, which was calculated fer anthracene, depends on the
denaity of the compound. Hewever, the density of nll the compounds studied is
pimilar and fer greater errors ere intreduced in the weighing, so that this mase of
golate was weighed approximetely for each compound, The solution was deresited or
the glass plate im one drep which completely covered the area and was prevented
irom overflowing by surface tension. Uniform evapcration left a very fire
solysrystalline surface of apparent uniicrm thicknese, but the size of the
indivicdual microcrystals differed with the sclvent, This wes unevoidable in some
nasgan a9 the srlvents were chosen primarily by selukility ccpsiderations,
Cyvclohexane haa besn used wherever pnssible but it hes pometimes been necessary to
employ chloroform or acetone and all the compounds were solukle in at leas* cme ¢i
thasze solvents, Thew are indicated in Tables by tke letbers (a) syclohexane,

RN i
{b) enloroform and (¢} eceione,

-
i
L ]

The degree 0f accuracy of flucrescence data depends cn the sharpness c¢f fhn
hands, Wo% oaly 19 tu.a3 a charscyeriaitic of some electryenic iransitions, but iv ir
nise asociated with the state 2f "Iluoresecence purity" cf ibhs gpecimen, The eriteiia

af purity far fludresrcence spectrography are different froem these for cther purpeser,
23 amall traces of strongly flusrescent impuridy zay conpletely viiiate the
flaerescence apectmm of the compound, and ceare must Le taken te erciude ever weally

4 -

Larescany AmMuriilr. On the otvher hand, contemination wiih pnon~fluorsscent materials

EY
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is usunlly of little impertance, The fact that compourds of similar structure
exhibit fluorescence snectra of similar pattern furnishes a useful guide to the
reliability of the spectra, Thus the persistence of the set of bands ohserved.
in the majority of the 1:2 behzanthracenes indicates that these bands are a
characteristic feature of ithe spectra of hydrocarbons ¢f this character, A
further check was made on identical compounds derived from different sources,

The compounds used in this investigation were domated by Professecr Newman of Chic
State University, Prof, J.W, Cook and Dr, E, Clar of Glasgow University and Prof.

A, Bergel of the Chester Beatty Hegearch Institute, who assure their purity,

11, 3, PLOTTING THE FLUORESCENT SPTCTHA:

The microcrystaliine specimen 00%}L thick was supported in the same horizontal
olane as the enirance slit of the spectromater, There are three alternstive ways

of obhserving the fluores~ence emitted; these are

o

{a) 1In reflection from the front surface of the specimen, This
w2s the metiiod originally used to determine a suitable standard
specimen thickmness, The front surface of the shecimen was
illuminated with the exaiting light and placed near 4o the
entrance 8iit of the spectrograph so that the fluorescence
emnitted from The surface entered the Instiument, fllowing the
fluoreacence to enter the mpectrometor directly was found to be
more efficient than focussing the flucreszence light on 4o the
entrance alit with gquartz lenses,

{b) 1In transmissioen through *he spacimen, The specimen was placed
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as cloge te the eniropece slit of the oppectrometer as

(o]

ressible and illumipated as shown in FIG.3. Precautions
were takea to prevent stray light from the visible mercury
lines from entering the spectrometer, the scattered 2537 L
radiation bcing unimportant aince spectra were not observed
below 3400 ﬂ. This method was found to be 8o susccesaful
ihat the spectra for all the compounds were eventually
pletted uoing this geometrical arrangemrent, with physical
conditions, inclnding temperaiure, kept constand,

(¢) This method consisted of enserviny the flusresconce smitsed

through the edge ¢f the glass plate on which the specimen waa

L]

+

mounted, ot tha intensity of emisaien in this direction wna

found tt te too low,

Frem now on, reference will be made ts the measured "fluorescence apestra™ ai
it ig %6 he implicitly updersitood thet ithesa readinge werz teken in transmisaon
through the specimen whose thickness wasapproximately C,1 4. The relotive

2
intensity of the flusrescence, I, is proportional ie the output carrest from the

photomultiplier which iz detesied on 2 malvanowmaiar, From this Ze
. T \

relative guantum intensity /4;0 OCCI:R whers h = Planclk'a congtrnt,\!, the fragueacy

cf the fluerescence and "/ the wavelength, was obtained and plotted as a funetion of

wevelength,

ity 4, MEASURENENT OF PHOTO-FLUCOBESCENCE DUCAY TIF3:

The melecular photo-flnorescence decay times of 32 of the compounds werse
h o

p——

neasured by BLMILTON (1958) using the same microcrystalline specimens used far spsctral

/

;e

[
[

-
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sagurenanta, fn irvmrover form of the apparatus develc—<: by BIERS & LITTLE (1653)
3 . " F

‘a3 employed, A1 ulitra-violet source, consisting of a high frequenrcy discharge

tube, modulated at a frequency, f (12~390 Mc/s.), was used fcr excitation of tre

photo~fiuorascences of the speciman. Observations were made with a photemuitiplicr,

¥hose sensitivity was alsc modulated at frequency, f, and whose ouitput current wes

measured with & sensitive galvanometer. The degree of modulation of the scurce. mn_;

was measurasd by varying the phase of the photomultiplier sensitivity relative to the~

of the source intensity, and this waa compared with a similar measurement of the

degree of modulation of the specimen fluorescence, Moo The fluorescence decay iime

—o 18 given by:

—— » * 1 7
LD = Lmﬁ (r(i\jl-_i{)"l J

oL ‘%
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Iir, ANALY I & 0F RESULTS

ITII, 1, THPEX 70 COMPOUNDS;

The gpectra 2f a total of 41 related conjugated aromatic kydrocarbon cempewind.

Aave heen measured ans ere shown in PIGS, 9-21, The relative quantum intenaitisa

pave hecn normalised Yo & certain maximum inteneity, either or the vibration

maximum representiag the O = 1 transition, i.e. penk 1,.for those cecmpounds f:
which the wibrationsi atructure is well reselved; or on the maximum of the bai
envelope for the diffuaa spectira where Zine vibraticnel structure is lest. .
advantapge of such normaiisacion ig showrn in the clarity preservved, ewcu thour!
several gnecira ara reproduced on the same axes, and small differences betwee:
spectra of similar zempounds hecome apparent, No ilmpoertant information s 1¢
this normalisatio~ aince the aszliual measured reiaiive fivorescence intensity

no real value due to the wvariable factors inm the production of the micrecrysts
layer which affect the intensity oi Iluoresecence eascaping warcugl ke urysiol,

+10.

Tue compounds are clagsified in Tebles laccording to molecular struciure
with 2 Romen numeral by vhizsh it io deurgnaved in %o texw, Incluuecd i Tak.
2rz coiumrs indicatiag thz solvent umad in the prevaration of ihe spocimen i«
solutiosn, end %the number of thz correaponding figure, The compounds are fai
clessified oo the basig of gimilarity of molecuies and fall inio broad genera!
Tae mozt ipportant group, as fur as the predeat measvrements are cuuceirned, b
they represent a continuous series of allied compouads, innludea anthracene,

1:2 benzanthracene and the mono-methyl and di-mathyl dzrivatives of each, ond

related commounds, Other distinct molecular groups are the chrysene and pher



D4

type, and the 3:4 benzophenanthrene derivatives, Another group includes molecules
iike trans-stilbene, para-terphenyl and other phenyl derxrivatives,

Using the anthracene, 1:2 benzanthracene group of similar cempounds, change in the
spectral distribution of fluorescence is studied as a function of molecular
substitution, The two types of molecular substitution are = (a) bhenzenoid
substitution in the 1:2 position of anthracene followed by (b) the various mono-
methyl and di~methyl substitutions of the 1:2 benzanthracene chromophore, The
anthracene and 1:2 benzanthracene spectra have been used as reference throughout

this work and have, therefore, heen studied in detail initially,

I11, 2. THE ANTHRACENE SPECTRUM:

111, 2,1, VIBRATIONAL ANALYSIS:

Microecrystalline specimens of this compound were prepared from solutions in
zach of the three solvents, chloroform, cyclohexane and acetone, the fluorescence
ipectrum from each sample being drawn on FIG, 9, ' By referring to the abundan*
vhsorption dats available, the correct transitions corresponding to the vibhratinasl
axima mey easily be assigned, These are, in order of increasing wavelength, dues .9

1 =0

he loﬁ-Oo, 10 $:01, o 99 10 = 0_ electronic transitions of the molecule, 1 and 0

3
sfer to the first excited singlet state and the ground state respectively, and the
ibgeripts refer to the principal vibrational levels within the electronic states,

)* convenience,- in the subsequent discussion, only the final subscript will be used

identify the transitions ao that the 10-+3>00 trensition becomes 0 » 0, the 10 - 01

comes ( =>1 and s0 on. The vihrational maxima of the spectra corresponding to

6e tranmitions will be referred to simply as the 0,1,2, ete. bands respectively
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1

, for pcaks 9,1.2 respectively. The spectra of I'IG, 9

re norinnjised te a velative gquantum intensity, Q. = 100, pesck 1 occurring at

1
17,5 ?VA° Fach showed the same vibrational maxima theungh thers are variaztiocng in
he relatiea intcnsities accordiag to the solvents used for preparing the dilute
solutions,

AIRKS & YRIGHT {1954) , using specimens 244 thick prepared from xyleme sulution
evaporated on to a quartz disk, reported the appearance of a low intensity
vibrational peak at 330 e}k. T:is peak was not observed in the present measurementa,
ard iz order to resoive the anomaly of its existence, their methol of preparation wa-
repeated and the peak at 380 Tp&was detected oriy when the microcrystalline szample
was prepared on & quartz baecking. The fluoreaceace of the fused guartz pletes was
feund to have i%ta maximun at ~~ 399 ?}Lwhich acncrounted for this spurious peak, and
the quartz emissior fs plotted in FIG, 22 on the same intensity scale as the
nathracene fiuorescence,

A %;Lspecimeu i=s snffisiently thick to absord all the incident 253,7 gpL
radiation, and the assumption that the quartz fluorescence was excited through winute
holes in the mirrocrvstalline laver is supported by its inconsistent eppearance.

BIRZT & WRIGET suggested this "peal®™ corresponded to the 1 = 0 traunsition cn
the assumption that the molecnlesx.at tho woren*t 2f Iluaoresczence, were not in therma’

gquilibrivm; this is hardly likely since tha =xce3s vibrational energy is usually

lizeipated long tefore fluorescenes sccurs, This re~ognition was supportied by the

nfortrrate coinciderce that its wavenumber apacing from the € peak is approximitely
he same as the spacing of the other bends from each other,

;nce the flusrescanee snectra detected in the present investigation lie at lonpger
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wavelengths than 3000 X,.non—fluorescent glass backing plates, which are

transparent in this region, were used.

I1X, 2.2, SELF-ABSORPTION OF FLUORESCENCE:

The effect of self-reabsorption of fluorescence was shown by LITTLE (1954)
who compared the emission spectra for fine powders, thin crystals, and several
millimetres thick crystals, The same effect is clearly shown by BIRKS & WRIGHT
(1954) who reported the fluorescence measured in reflection from a microcrystalline
layer and from a thick crystal, in this case a 1 cm, cube, and also the spectrum of
the fluoerescence transmitted through the 1 cm, thick crystal. The differences in
these spectra suggested that fer the thicker specimens increased reabsorption of
the fluorescence photons passing through the specimen effectively filtered out the
fluorescence in certain spectral regions whose relative intensity was, therefore,
reduced, The effect is exhibited clearly by FIG, 23, in which the following three
spectrs are plotted:
(a) fluorescence of microcrystal observed in tramnsmission through
specimen.
(v) fluo;escence of 1 cm, cube observed in transmission through
gpecimen.
{¢) fluorescence of 1 cm. cube observed in reflection from front
excited face.
(a) approximates to the true molecular emission of the molecule where reabsorption
ia absent and the effect of reabsorption is seen by comparing this with spectrum (b).
in the latter, only those fluorescence photons to which the erystal is transparent

eacape and it is olear that reabsorption in the short wavelength regiom is pronounced

27/ .e
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and the fluorescence intensity thus reduced, At longer wavelengths reabsorption
decreases until it is entirely absent as shown by the coincidence {in both spectra)
of peak 3 and their longdr wavelength tails, The reflection spectrum (c) from the
thick crystal represents an intermediary stage where fluorescence is emitted from a
relatively thin layer of molecules out of the initially excited surface so that the
fluorescence passes through only a small thickness of the crystal before being
emitted, and is thus not completely filtered. It has been found that anthracene
exhibits reabsorption strongly and some compounds like 1:2 benzanthracene are
similar but there are other extremes like para-terpheunyl where reabsorption is
conpletely absent. In this case the emission spectrum from a 1 em., cube is identiecal
to that from a microcrystal, which is, therefore, the true molecular emiession of the
molecula, FIG. 9 shows the microcryastalline spectra of anthracene for specimens
prepared using three different solvents, Their similarity for wavelengths greater
than 410 9phindicntes “+at in this region self-absorption of the fluorescence
emission is negligible, and the true molecular emission is observed, There are
differences in intenasity of the obimerved aspectra, however, for wavelengths shorter
than 410 eﬁL, which are attributed to variations in the amount of self-absorption by
the microcrystala. It was observed that in going from chloroform, through cyclo-
hexane, to acetone, the size of the indiwvidual microcrystals in the specimen
increased which suggested that the amount of reabsorption should vary accordingly, and
this order is reflected in the obuerved spectra,

The effect of crystal size on the relative intensities of the various maxima in the
fluorescence spectrum of anthracene has previously been reported by BOWEN & LAWLEY
(1949) for rather larger crystallites, who showed that internal trapping of the
fluorescence emission within the microcrystals increases the effective light path
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Ir1, 2,2.2, Wavelength of Molecular @ = O Transition:

The existence of an overlap of the absorption and fluorescence spectra of
anthracene has thus been demonstrated, and its effect on the fluorescence spectra
shown,

In the extreme case, for o 1 cm, thick crystal, the two shortest waveleugth peaks,
termed 0 and 1, are completely filtered out by reabsorption, whereas for the
microcrystalline spectra, FIG, 9, only peak 0 is appreciably affected, the

reduction in fluorescence intensity of this peak varying with small differences in
specimen thickness, [Experiment has shown that even for the very thin micro;
crystalline samples where reabsorption over the greater part of the aspectrum is
absent, the fluorescence intensity of peak 0 is extremely sensitive to small changes
in specimen thickness and the reason for this is explained inFIG, 24, The maximum

of the longeat wavelength absorption peak overlapping the fluorescence spectrum

occurs at 25600 cm._l while the fluorescence peak 0 occurs at 235000, 24800, 24720 cmfl

[

for the three spectra in FIG, 9. It is clear that the amount of recabsorpiion in

this region determines the wavelength of the maximum of the fluorescence vibrational
peak 0 in such a way that &8 reabscrption increases and the intensity of the peak is=s
reduced, so its maximum moves towards longer wavelengths and hence the wavenumber
spacing from peak 1 detreases, The successive wavenumber spacing hetween the other
peaks is 1370 cm-.'1 which is equivalent to the cenergy difference between successive
vibrational levels in the ground atate and since this spacing is conatant for the
higher levels, it is to be expected tkhat a similar energy difference will separate the
two lowest levels, Hence the wavenumber spacing between peak 0 and peak 1 is
expected to be 1370 cm:l for true molecular emission, and, therefore, the wavenumber
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of the maximmm of band 0 will be 2532Q cmTl (wavélength?k = 365.,0 qﬂ.).

FIG. 9 showg that the intensity of band 0 increases rapidly with increase
in spacing from peak 1, the greatest separation measured bheing 1030 cmTI; hence
it is fto be expected that the molecular band 0 will have considerably greater
intensity than any of those resglved for the microcrystallire samples, In order
v0 determine the true moleculer fluorescence spectrum by correcting band O for
reabsorption, the following data are required: (i) Position of maximum of band O,
(ii) True shape of molecular band 0 and (iii) The intensity of melecular band 0,
The first of these requirements has been obtained in this section and the following

sections will be devoted 1o determining (ii) and (iii).

I1I, 2.2,3, True Shape of wolecular 0 => 0 Peak:

In the microcrystallineé spectra of anthracene, FIGS, 9 and 23, where
rezbsorption only affects peak G, the shape of successive peake 1 and 2 are similar
though of different intensities, Since their wavepumber spacing is the gsame as
that between peak 1 and the true mglecular band ¢, it is expected that in the
absence of resabsorption band 0 will be similar in shape to baméd 1 though its intensity
will be different. The shape of the true molecular band 0 and hence its hglf width
&t half maximum intensity are, therefore, determined by analogy with the adjacent baad
Band 1 is actually a Gaussian curve ond this allows a check to be made to subsatantiate
the nethod used for plotting the true shape of band 0, A Gesuszian curve was plotted
for band 0 (having the required maxiwmum intensity) end this was founé to coincide with

the curve plotted by analogy with bend 1,
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113, 2,2.4« True ioleocular Intensity of 0 = 0 Transition:

The determineation of the molecular fluorescence intensity of band 0, i.e. whe
reabsorption is completely absent, will be discussed with reference to FIGS, 25 &
TIiG, 25 shows the reletive guantwa intensity, Qo’ 0of band 0 plotted as a function
the separation of its maximum,%o , from the maximum of band 1 (see (1) below),
Transmission curves are plotted on the same horizontal scale (see (ii) below).

FIG. 27 is a graph of techniceal intensity, 9 of the band O (for various thick-

t!
e .
negses of specimen) versus the technical 0 = 1 wavenumber apacing( , obtained fIr

experimental readings,

(i) Assumption of true molecular intensity:

PIG, 9 shows that the technical intensity of band 0 for the

three spectra increases rapidly with an accompanying relatively
small change in wavenumber spacing from band 1 and by simple
extrapolation on approxzimate value of the nolecular intengity

at the true spacing of 1370 chl can be deduced, This intensity
value i approximately 138, i,e, 1.3 times the intensity of peak 1,
Confirmatiorn that this is the correct order of magnitude is
obteined from FIG, 10 where for 1:2 benzanthraczne the maximun
wavenumber epacing io 1350 cm?l and the intensity of band 0 for
this value is 126, The approximate true nolecular fluorescence
band 0 may now be plotted using the data obtained (position of
maxizoum, shape of curve and intensity of maximum); it is sinilar
to the dotted curve in FIG, 2, anc the heavy continuous curve of

¥Yig, 25, where half of band 1 is alsc drawn, It will be shown in
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the following peragrophs that the actual intensity is not
exectly 130, 2s can be seen from FIGS, 9 & 25, but these
curves may be referred th generally in the present
discusgsion, because the true molecular intensity which
they show was obteined using the approximate value of
130, followed by normalisation to experiwental readings.

Computation of Trangmission Curves:

Drawn also on FIG, 25 are transmission curves for anthracene
of various effective spacimen thicknessess; these are the
dotted curves of percentage trensmission versus wavenumber

for thicknesses ranging from 10_5 to 10—3 ca, They are

derived from the data of EORTUM & FINCKA {1942) who
measured the molecular absorption spectrum of crystalline
anthracene shown in FIG,86, In this figure logEi is

, -
plotted against wavenumber \J and Ei is the wolar extinction

- . - A,

coefficient defined by “— = oo where A = absorbance, Y =

PR )
molecular weight oif compound, » = path length of trensmitted
light and ¢ = concentration (when applied to solutions),
On FIG, 285, the percentage transmission is plotted against
the wavenumber snacing of the absorption 0 % 0 transition and
the fluoreascence § - 1 tronsition in order that the curves
may be drawn on the same horizontal scale as the fluorescence

curve, The sct of transmission eurves for various thicknessea

are derived from the relation logetn -2.3 QZX ; therefore
M
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logloth;x where t is the percentage transmission and

X ias the thickness cf the specimen, and the range of
thicknesses for which tkey are drawn is sufficient to
demonstrate the rapid increase 1n absorption from very
little in the thinnest to over 904 in the thickest at

the maximum,

Another important point demonstrated by FIG, 25 is the non-
coincidence of the maxima of the absorption and flucresocence
0 - 0 transitions, which is discussed fully in III,G,

Calculation of Technical Spectra:

FIG. 25 shows quantitatively how inereasing thicknesses in

the range 10_5 to 10-'3 cm, increases reabsorption thus
producing different technical spectra, The series of
technical fluorescence § bands were obtained by multiplying

the molecular fluorescence spectrum by each of the
transmission apectra in turm, and they may be compared with

the observed spectra of specimens prepared from different
solvents, The theoretical treatment exhibitas all the

effects of reabsorption wuich have been observed in experiment,
namely — (a) a decrease in the intenmsity of the fluorescence
emission becoming more pronocunced with increased specimen
thickness end (b) en accompanying shift of the meximum of band
0 towards longer wavelengths thus reducing the separation from
band 1, This apparent shifting of the maximum of band 0 is due

to the position of the overlapping absorption band whose maximum
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does nct coincide with the muximum of the correspending
fluorescence tramsition, apd reabsorption is greateston

the short wavelength edge of the fluorescence band 0,

A curve drawn through the mazima of the various technical 0
bands for different thicknesses gives a granh of technical
intenaity, Qt’ versus the technical 0 -3 1 wavenumber apacing,
60. The curve will terminate at a wavenumber spacing of

1370 cm?l, the spacing of suecessive vibratiopal levels in

the graund state, and ite intensity at this point will be

that of the molecular fluorescencc emission,

An approximate value of 130 relative to 100 fer peak 1 has

been chosen for the mnlecular internsity in this case, but by
normalising the curve to the experimental observations of the
intensity of the techmnical fluorescence 0 baonds for anthracene
(FIG, 9), the true molecular fluorescence intensity of the 0 => 0
tranaition is obtained,

FiG, 27 shows the curve of Qt va, 8; normalised to the three
»eadings obtained from the anthrazcene spectra prenared from the

three solvents which gives points Ia’ I, and Ic on the diagram,

b
The other points on this diagram derived from experimental

readings of other compounds will be referrec to later,

{iv) True Molecular Fluorasceunce Intensity:

The normalisation of the Qt vs,éso curve to the experimental

results allows the true molecular fluorescence intensity of the
& . 3 F - . N

camnound to D2 read off at o separaticn o, from band 1 of
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1370 cmrl, The value of QO thus obteined is 133,
relative to Ql = 100,

It ecan be seen that the original apvroximation of QO does
not affect the final result obtained since it is used in
conjunction with the transmisasion curves to find only

the shape of the Qt vs.g()curve which is then normalised
to the experimental readings,

The fluorescence curve of FIG, 25 is corrected to the true
molecular intensity of 133 and the various technical bands
calenlated using the transmission curves for vocrioua
thicknesses have the true shape, spacing and intensity for
their respective specimen thicknesases,

In FIG, 9 the dottad curve is the truc molecular emission

band 0.

11t. 3, TIE 1:2 BENZANTIRACENS SPECTAUM:

Mieroerystalline specimens were prepared for thie compound ir a similar way
to that deseribed for amthracenec, the same three solvents, chloroform, eyclohexane
and aceteno being used, The spectra are normalised to a relative quantum intensit
Ql = i00 of band 1, which occurs at 418 m/ie The spectra, plotted in FIG, 10, sho
a close regemblance to the anthracene spectra in FIG, 9 especially towards longer
wavglengths, though for each of the solvents the intensity of band 0 is comsiderabl
greater than its anthraceneequivalent, As for epthraecne, the size of the micro~-
erystals for 1:2 benzanthrecene increases in going from chloroform, through cyelok:

to acetone, though the greater relative intemnsity of band 0 svggests that the amou
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reabcorpiion is less due to a smaller overlap of the absorpiion spestram than in
ihe came of anthracene, At wavalengtha greater than 410 3H_the apectra of
enthracene and 1:2 benzanthracene are very similer, the spacing between succeasive
bands,(ﬁgi, being 1370 cmtl in toth cases, so that the method used for finding the
true molecular intensity of band 0 for anthraceme may be applied egually +to

1:2 benganthracene,

Although ro direct measurements on the absorption of ¢rystalline 1:2 henzanthracene
sre available, it is reasonable to assume that the position and shape of the 0 5
abgorption band is similar to that of anthracene in view of similarities of

(2) solution sbsorption spectra and () solid emission speetra of the two compounds,
The wagnitude of thewolar extinction coefficient of the 0 5 0 absorption band
rneasured in solution by FAIEDEL & ORCHIN (1951) is a factor of 10 less than for
arthracene anc it is expected that the crystallinzs self-absorpticn of fluorescence
will be correspondingly reduced, This agrees with the present experimental
chgervations,

The three technical G bands in FIG, 10 have been used to supply additional
experimental points to FIG, 27, their maxima being reprasented by points IIIa, IIIb
IIIc on the curve of intensity 7ersus wavenumber apacing from band I, It i3 clear
that they are consiatent with the resbsorptisn theory suggested for anthracene and
ere in accordance, within the experimental error, #ith the value of the relative
guantur intensity of molecular bapd C, Qo = 133 at a wavenumber spacing from baad I

- ~1
370 s,
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ITiT. 4, SoLF-RBARSORTTION IN DERIVATIVES GF ANTEAACINL AND

L:8 CONZLDUERACENE:

As evidence of ithe generality of this reabsorption effect on band 0 due to
varieble degrees of overiap of fluorescence and absorption spectra, the maxima
of the coboerved 0 bands for the other anthracene and 1:2 benzanthracene derivatives
are plotted on FIG, 27 and they are shown teo be in very good agreement with the
proposed efrect, It is seen, therefore, that fer all these compounds there ia
some degree of overlap of absorption snd fluecrescence spectra, which, for the
nicrocrystalline specimens used, is only apprecieble for the 0 - 0 transition.
dence, & similer eorrection for self-zbsorptien reguvires to be applied to the
inténsity and position of band 0 for these compounds. The technical intensity and
wavelength of this band O depends only on the extent of spectral ceincidernce and the
thickness of the specimen and for all the compcunde the molecular emission, where
reabscrption is absent, produces a band 0 with a separation frem band 1, S o? of

1370 cn:l and en intensity Qo w 135 relative teo Q] = 100,

IXr, &, EPFECT OF MOLICULAL BENVIRONM.ANT ON ANTIOACINE SPECTAUM:

Many measurements have teen made cn tke ahscrptlion and fluorescence spectra
nf anthrarcene in daifferent states, e.f. SESOAN (1936) who measured absorption in
the crystalline state, the previovsly gqucted results of KCRTUM & FINCEA (1942) who
neangured absorption in the vapour stote, in ligurid golution and in the crystalline
svete, and BIAKS & JAIGIT (1954) who investigated the absorption and fluorescence
properties of a dilute solid sclution c¢f anthracepe in naphithkalene, desults like

these together with the present microcrystalline measurements are recorded in Table
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TABL® I

ANTHRACENT

State Absorption _, Flocrescence
RO e X R X
i
I * i
Vapour' ' 275 15 274 1a.C
. . (1) v on
Dioxene aslution 265 14.3 262 KPR
. (2) - -
Naphthalene solution 260.5 4.5 ehd .,k L4
Crystal(l) (3) 256 14,5 253 T
i

Refererces: (1)
(2)

{3)

EKortum & Finckh (1942),
Birks & Wright (2054),

Present wark,

——0 0
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whare \} o is the wavenumber of band 0, and KSJ the wavenunber separaticn of
succesgive vibrational handa, It will be seen from this Table that as for
absorption, so a general bathochromic shift of the melecular flucrescence apectrum
is ebserved in going frem the vapour state, through ligquid and solid solutions, %o
the crystalline phase and the shift is approximately the same as in absorptien,
This "solven® effeci™ producing a2 shift to longer wavelengths is due te the
molecular environment and the shift increases as the molecules become more rigidiy
bound and hence held in closer proximity to each other until eventually they are
Lound in a rigid latfice in the rerysftalline siate, This suggests that
bathochromic shift is dependent on molecular interaction {see I1I,8 for confirmatior
Table I showa that the wavelength of the absorption 0 = 0 transition, band 0, is nt
idzntical with that of the reverse flucrescence tramsition, though the shift in
going from one state to the next is the aasme for both trensitions, In the came wa’
¢
the wavenumber separation of successive bands£>\> o varied very little with the
physical state but the separation for absorption is always greater than for the
corresponding fluorescence,
It is very intereating that apari from this envirsumentel bathechromic shift, the
molacular fluorescence gnezctrum is vivtunlly unchanged in the crystelline phase.
&, of successive vilbrational bands cdecrense in a

1P otve
similar way to those observed in liquid solutions (XORTUM & FINCKH 1942).

The relative intensities Qo, Q

T, &, NON~COINCIDZENCE CPF TEE 10-§ 0O TRANSITIONW IN FLUORESCENCI AND

ABBURPTI N

—_—

~
Fdu
p— g

Existence of energy gap:

SCHOEMTAL & SCOTT (1546) cheerved that the ehertest fluorescence band
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of a large number of compounds in solution does not coincide
exactly with the corresponding longest wavelength absorption
band of the compound in sslution,. This obaservation ia

supported by the results of HAUSSER, KUHN & KUHN (1935) who
investigated the relation between fluorescence and absorption
spectra of & series of diphenylpolyenee and found the deviation
of coincident bands to incrcase with the number of double bondas,
No such regularity was observed by SCHOENTAL & SCOTT but the
deviation, about 300 cmtl was considered greater than the limits
of experimental error and any differences to be attributed to the
use of different solvents for the two types of spectra,

A similar wavenumber separation of the two bands is reported by
BIRKS & WRIGET (1954) for crystalline anthracene when their results
are compared with the crystalline absorpticn measurements of
KORTUM & FINCKH (1942), The determination of the true molecular
spectrum from the present measurements gives a wavenumber
separation of 280 cm':1 of the two bands,

More recently other authors, e.g, SIDMAN (1956) have confirmed
the existence of this energy gap.

The problem which is at once presented is why the fluorescence
transition from the lowest vibrational level of the firast excited
singlet state to the lowest vibrational level of the ground state
of the molecule shculd be at lower energy than the reverse
absorption transition which invelves the same quantity of energy,
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It 13 impossible for the excited moleéule to lose any energy in
a non-radiative process because it is already in the lowest
quantised level of the first excited state, it is equally
impossible for the emission process to be teruwinated in a
higher vibrational level of the ground state since the actual
detected deviation is congiderehly less than the energy spacing
between succesgive vibrational levels of the molecule,

WRIGET's results:

WRIGHT (1955) suggested that this energy gap did not really

exist, He measured the fluorescence excitation spectra of

1 em, anthracene crystals by detecting the transmitted
fluorescence, and the curve obtained is similar in ahape to the
absorption spectrum of the crystal, the minima ceorrecsponding to

the absorption maxima, Cbservations were reported indicating

that the band 0 occurs at 25200 cm:1 which is at a luger wavelength
than previously reported by SESHAN (1936) and KORTUM & FINCEH
(1942), and is almost identical with the wavenumber of

25300 cm:l of the molecular fluorescence band 0 found from the
present measurements, WRIGHT, therefore, concludes that 1° i Do
absorption and fluorescence transitions coincide and suggests

that the anomaly found by other workers is due to their use of

thin crystalline films for direet trapsmission measurements instead
of large single erystals which gave spectre more indicative of the
true erystal absorption,

The results of WRIGHT are inconsistent with those of KORTUM &
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FIKCKA (1842) which are considered relisble and also with the
latest ncasurementc of SIDMAN (1956), wao has explained the
ex*nlence c¢f the eunergy rap or a trapped exciton theory,

The effcoct ig, therefore, consicered genuvine ond SIDMAN's theory

is given 2z the next section,

(1ii) SIDMAN's results:

SIDMAN {1056) reported the polarized zbsorvtion and fluorescence
spectra ¢f crystallire anthracene at low temperatures (4°K) and
feund spectral evidence for "trapped excitons" which may be used
to explain the energy difference between the 1O - 00 transition
in absgorption and fluorescence, At 4°K ihe gpectre are much
better resolved than at room temperature arnd it is clear that the
origin of the strong abmorption at 25400 cm:1 ¢oea not coincide
with the origin of the fluorescence which liez principally below
249735 cmjl It is possible to account for this gap cn the basia
of the trapped excitén . theory of FRENKEL (1936) & DAVYDOV (1948).
According to FRENKEL's original theory of the free exciton,
absorption of light by a molecular crystel can lead to an excited
electronic state in which the excitation may move through the
crystal in a manner similar to the motion of a particle, FRENEKEL
also considered the case in which the crystal latfice may become
distorted in the vicinity ef the exciton end the local deformation
produced %y the eXciten can lead %o its ‘“rapping 2" +he nite of the
lattice distortion if the energy of the trapped exciton is less than

the energy of the free exciton. FRENEEL predicted that trapped
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exc?icene should be eble to exist in mest molecular crystals
though ne exnerimentel verificaticn has been propesecd, DTDMAN
measured the polarized srectrum of anthrecone in twe directions
at rirht angies in the same plare in the crysgial aucs detected
s : or -1 ...
in the ons caze 2 sct of absorption bhands at £5403G cm, whic
were asgirned Lo the transgition from the ground state to the
free exciton band, ard in the other case an additional group of
bands at slightly longer wavelergihs which were due to
transitions to the trapped exciton levels of the molecular
crystal, Fivorescence from the free exciton bands was totally
absent indicating that radiationless conversion to the trapped
levels is very rapid, the trapped levels quenching the fluorescence
from the free exciton levels in the same way as an 1mpurity
- 1 N ~1

molecule, The trenped exciton levelas et Vnv 24830 om, and

-1 v . . . . .
24910 em, are ParU1Cular1y effective in trapping the excitation
and emitting tke fluorescence which will, of course, bc 2t longer
wavelength, thex emission from the criginzily evcited free exciton
band, Thus, this theory accounts for the fact thay thcorigin of

. S : - : .
fluorescence is several hundred eom, zlow the origin of absorption,
ard, #s kes been previously stated, uas bzan verified by other workers,
In the light of +these rcesults and intergretations it iz cengidered that the

(&

results obtained in the present work confirm SIDVAN's cuggestiosng end ghow that the

m

gap which is still preseni, even 1f the position cf origia of tha absorption as

detected by WRIGHT is used, is too large to be dune tec any spvricus effects,
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Studies by McCLIRE & SCHNEPP (1655) for crystalline naphthelene and phenanthrene

show a similar encrgy =op botween the abscrpiion end fluworesccnce spectrs,

“III. 7. THE SRECTar UF ORHER COMPOUKDE:

TIT. 7.1, DISRIVATTVES 07 ANTHRACENE AND 1:% BENTANTHRACENE:

The interest eof thisg set of compournds is in the study of (a) the effect on
the enthracene sprctrum of +the annelation of a benzene ring to anthracene in the
1:2 position, and (b) wh2 spectral changes of the 1:2 benzanthracene chromophore
for methyl substituticn in the itwelwve possible positions,

The compounds studies were :—

9:10 dimethyl-anthracene (II); eleven of the twelve mono-methyl derivatives of

1:2 benzanthracene (IV to XIV), the omission being 1“methyl which was unobtainable;
four dimethyl derivatives of 1:2 benzanthracene, namely = 2%: 6~, 2°/: 7=, 3°: 6-,
and 9:10 dimethyl 1:2 benzanthracene {XV 4o XVIII); acenaphthanthracene (X1X);

and 20-methylcholanthrene (XX).

The observed microcrystalline fluorescence spectra are normalised on band 1
to Ql = J0O or, in cases where band 1 is not readily identified or the vihrational
structure is noct resolved, to Q = 100 at the maximum intensity,

The spectra are drawn on FIGS, 11 to 15,

ITI, 7.2. OTEER POLYCYCLIC HYDROCCARBONS AND DERIVATIVES:

The other 4-ring hydrocarbons and derivatives whose spectra have been studied
werg i~
Chrysene (XXV) and its 1:2 dimethyl derivative (XXVI); five of the six muno-methyl

derivatives of 3:4 benzophenanthrene (XXIX to XXXIII), the 5-methyl compound being
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smitbed because it wes unobtainable; end pyrene {XXYIV),

-

The speetra are plovised in FIGG, 16 & 17,
Three of the Sw-riug kydrecarbons studied namely ~ 1:2:5:8 dibenzanthrecene
g L&l y
{XXI), 1:2:3:4 dibenzanthracene (XXTI1, anc 2:% berzpyrene (XXIV) are derivatives

O.E

1:2 benzan*hracene (III}. The related keterocyclic compeund {1:2:5:6 dibenz—
fluorene {¥XII) wag alns included cnd is of special interest becazuse it ccntains
a pentagonal ring, The ather two S5-ripng compounds studied, 1:2:3;:;4 dibenzo-

paenantkrene (XXVII) and 1:2:5:6 ditenzophenanthrene (XXVIIY) are derivatives of

curysepe or 2:4 benzophenanthrene, The spectra are plotted in FIGS, 18 & 19,

Iir, 7,3, OTHER COMPOUNDS:

These are the compounds which de not fall into the generml category of
"condensed arometic hydrocarbons®,
2-naphthylamine {XXXV) was chosen, because of its availability in a very pure state,
as representative of the 2-aminc carcinegens. Tre pelyere group studied
consigted of trans—stilbebe (XXXVI) and three of its carcinogenic 4-amino
derivetives namely — 4-aminostilbene {IXXVII}, 4-dimetbyl-sminostilbene {XXXVIII)
and 0&—4-dimethy1aminophenyl—ﬁ?- {of ~naphthyl)—ethylene (XXXIX),
Two related compounds, 1:4 diphenylbutadiene {XLI) and para—terphenyl (XL), which
like anthracene and tranz-s3vilbene are of interest for sciuntillation counting, were
also included.

The gpectra are piovted in FIGS, 20 & 21,

ITI, 8, CLASSIFiICATION OF SPTCTRA :
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TIT., 8.1. DERIVATIVES OF ANTHRACENE AND 1:2 BENZANTHRACENE:

The imvortant fluorescence studies of SCHOENTAL & SCOTT (1949) or polycyclic
eromatic hydrocarbons in so’ution show that the spectra of these compounds in
sglution ere similasr t9p thoase of the perent ccmpound, apart from bathochromic
gshifts due to the Lubevituents, They are simple, consisting cf three to four
7vibrational bands of diminishing intensity, equally spaced at ~+1400 cmT s no
data on their relative quertum intensities are available, Thie spectral
gsimilarity betwcen porent and derivatives is not unexpected since FRIEDEL &
ORCHIN (i951) have shown that the absorption spectra of the compounds in solution
are also similar to those of the parent compound,

The crystalline flucrescence spectra, om the other hand, are not all similar to
those of the parent compourd, and they may be classified into a sequence of types,
dependent on the degree of difference from the spectrum of the parent compound:

(1) Spectral Types:

The classification into six types designated by letters A to F is as follows

Type A spectira; represented by 2<, 4<, 3~ and 7- methyl 1:2 benzanthracene

(FIG. 11), are very similar to the spectrum of the parent, 1:2 benzanthracene

(FiG, 10) apart from slight bathochromic shifts., The spacings ard relative quantum
intensities of the 1,2 and 3 bands are almost unchanged. The observed position

and intensity of the O band in each of the compounds are influenced by self-absorption
a8 in anthracene and 1:2 benzanthracene, These olLservations are plotted in FIG, 27

{

{see 1II.,4) and they are fourd to be consistent with similar values of Qoful33.

Type B spectra: are represented by 3%, 4-, 9~ and 10~ methyl 1:2 benzanthracene
—— ¥ ?

(FiG, 12), 2’: 6~ and 2°:; 7- dimethyl 1:2 benzanthracene, and acenaphthanthracene

(FI1G., 13)
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Although the same vibrztional structure as for 1:2 benzanthracene is resclved, they
differ from the pavert compoundé ir that the relative intensity neyond band 1 dces
not decrease so ranidly with increesing wavelength, and several of the spectra show
celatively large hathochromic shifts. The spacing of the resolved maxima rerains

f -
&t[ghtw 137¢ nmfl Tee O band is affccted by self-pbsorption, acd the ebscrved

(’\
values of §, and bn’ plonted in FiG, 27, &ro agein cenmsistent with Q0’w1133 (see IIIX.

(33

In acenaphthanthracene +the 0 band is not rescived, acd it appears cply as an
inflextion atA~ 410 f/*D The spectrum of the 27: 7 dimethyl derivative is of
interest, since =six vibrational maximas are resolved. This i3 discussed furitker
in IIX,8,1.{ii),

Type C spectra; are represented by 6-methyl and 3°: 6 dimethyl 1:2 benz-

antaracene (FIG,14), The band 0 is clearly resolved, but the 1 band coalesces
with the intensified 2 band, and the spectrum at longer wavelengths is diffuse,

In the S=methyl compound, the gnacing batween the 0 and 1 bands is abnormally large
(n«lﬁOQ cmrl) (see (ii) below),

Type D spectra; only exhibited by 3:4 benzpyrene and descrihed in IV.3,1.

Type E spectra; are shown by 5-methyl and 8-metkyl 1:2 benzanthracene (FIGa 14)
and by 20-methylcholanthrene (FIG, 15), The spectrum comsists of a single broad
band, with its intensity maximum shifted corasiderably *o longer wavelengths, No
trace of the vibrational structure of crvstalline 1:2 benzanthracene is shown, though
the flucrescence spectra of the coupounds in solution exhibit well-resolved vibrations
structure similar to the varent compounds,

Tyrpe F spectraj are representied by 9:10 dimethy)l anthracene and 9:10 dimethyl

1:2 benzanthracene (FIG, 15), There is a remarkable similarity between the spectra
of these two compounds, As in Type B, there is considerable lcseg of vibratioanal
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structnre. The O and i Dbands coalesce to forrm a single band of approximately
double the widik ol & normal vibrational band, witk a large bathechromic shift,.

(ii) Detailed Siructurs:

Having classilied each of the okroerved fluorescence spectra into ome of six
spectral types, it 1is convenient to mske ecme general comments op the more
important features of fine structure of scme of the compcunds.

Tyne A spectra; Solution abserption spectra {FRIFDEL & ORCHIN) for the
¢omponnda whose spectra are of tkis type  chow & shift to. 1longer wavelengths
conpared to that of 1:2 benzanthracene, Assuming the e¢rystalline ahsorpticr
gpectra bebave similarly, it is to be expected that the intensity of the 0 band
in the fluorescence of these compounds will be decreased relative to the parent
compeund because of greater reabsorptiemn. This is in agreement with the
experimental results, The close similarity between the four spectra and the
1:2 benzanthracene spectrum suggests that methyl substitution in the 25, 42, 3~
and 7— positiona of 1:2 benzanthrecene do not appreciably affect the physical
nroperties of this molecule,

Type B spectra; For the four meno-methyl derivatives of 1:2 benzanthracene

which fall into this category, the bathcchromic shift increases in the order 32,

4-, 10-, 9~ methyl, and is accompanics2 by cn intensity reduction in the same order,
which agrees with the expected extent of absorption overlap estimated from solution
measurements, The general bathochromic shift of spectra is due to variations in
energy difference between the first excited state and the ground state of each moleculs
The extent of the shift varies with the position of substitution and runs parallel to
the shift of the longest absorpticn band; it varies in the same order asg the

intensity cf tke 0 band, The measurements of SCHOENTAL & SCOTT (1949) did not reveal

48/..



48

+hig reletion baceuse recbsurption is slmecet regligidble in dilute golutiens, Foxr
golution measuremeuts SCEOFMTAL & SCOTT (1649) reported a cemnecticn hetween the
eatent of bathochromic shift ¢f the spectrvm cf a substituted melecule, and the
position of methyl substitution. 10~y U~ andc 5~ methyl are the most reactive
pogitiony of ‘the unsuhatituted 1:2 benzanthracene molecule but no such cerrelatien
is obgerved for the crystalline spectra,

For 27; 6—~ and 2°: T~ dimethyl 1:2 benzanithracene and scenephthantkrecece,
there ie a rapid reduuvtion in the inténsity i bapc 0 accompanied by tke
rarresponding bathochromic shift; for the acenaphthanfhracene band 0 i=s
completely ahgent, though at longer wavelengths it is very similar to 2”: 6-
dimethyl 1:2 henzanthracene, 2°: 7~ dimethyl 1:2 benzanthracene is somewhat
dAifferent as 1%3 sperntrum shows a totz) of six well-resclved vibrational maxima
corresponding to the 0 = 0, 0 -5 1, 0 -> 2, 0 = 3, 0 » 4, and 0 «» 5 transitions,
whose wavenumber separation is ~1370 cmfl h possible explanation for the occurrence
nf these additional vihrational maxima s that 27: 7= dimethyl 1:2 benzanthracene
does not pessess the subsidiary vibrational levels ip the ground state which
SCAOENTAL & SCOTT {1949) have shown exist for other compounds, producing a set of
subsidiary maxima superimposed on the principal maxima of the fluorescence spectrum,
These secondary maxima ars ncet often rescived in the crys=tallinme spectra, though
their presence may prevent the resolutien of the lower energy vibrational transitions
Thoir non—exiatence ia the 27; 7 dimethyl 1.2 benzanthracene molecule permits the
resolution of the longer wavslength principal transitions,

Type G spectra; Due to thz poor resolution of the subsicdiary bands which

gcour on the long wavelength edpge 0f the speciraz and the resulting diffuse nature of
the apzctra, zhey cannot he used fer quaniitative analysis. They de sheow, however
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tha general broadening ni the specirum with the accemperyicg incresge ir intersity
of the ILong wavelengtl edge. It has noet been peseible to explein the abnormally

‘ } - N ..
large spacing c¢f bands 0 and i,~ IC00 cm, for the 6-methyl iscmer ( a similar

3
value is to be expesizd for the 3”: C—dimetkyl iscmer if reabsorption were absent)
aid no cnnneciion between thia high value and tke intensily irerease ait lorg
wavelengths haa been fouand,

'ne B spectra; +the bathochromic shifis for the compounds in tkis category
ays greater than for any oi the other compounds; the maxima occur at 20200 cx,
for 3-methyl 1:2 benzmanthracene and at 19600 cm:1 for 5~-methyl 1:2 benzanthracene
and 20-methyicholanthrene, whereas band 1 for 1:2 benzanthraceme occurs at 23900 o,
Their diffuseness is interesting because their absorption spectra (¥RIEDEL & CRCHIN
1253) and their fluorescence spectra iSCHOENTAL & SCOTT 1946) in liquid solution

re very similar to the spectrum of the parent compound. It is concluded tkat the
differences in the crystalline Iluorescence spectra ere directly attributable to

lavge molecnlar interactions within the crystal (see IV, 3).

Type F spectra; There is general similarity to Iype F spectra, though the

i
hathochromic shift, ~# 1500 em, , relative to the parent compound is smaller

-

{ ~ 3700 nm:L for Tvpe E}.

I7i., 8.2, OTHFR POLYCYCLIC HYDROCARSONS AND DFERIVATIVES:

The spectra of these componnds nay be clessified into Types A te F, similar
to the derivatives of enthraccne and 1:2 benzanthracene (III,8,1), The chrysens
spectrum (FIG, 16) iu aimiiar to *Le Tvre D spectra of the 1:2 henzanthracene
derivatives, but it originates an shorfer waveiengths, band ] eppearing at 287 mL

;
‘

{compare ) = 420 §;L for Trpoe B spectic). The chbrerved band 0 is skiftied and
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redaced in intensity, vnrobably due to selil-chaarption. The gpentrum of
. . I P W e . _— . .
1:2 dimethyl carysens {¥Fld, 16) is aimZiar, but with e fairly larpe subgtstuticnal

bathochromic snift,

The 1~ , 2w, 8~, 7~ and 8-~ methyl derivativee of 3:4 benzophenanthrenc Lave
related spectra {FIG, 17), originaiing at alightly shorter wavelengths than the
1:2 benzanthracene derivatives, Ths speelira are rather diffuse and iittle
vibrational structure is resolwed, The maximum intensity in eachcasc appears
to correspond to band 1, while band O is ohsexved only as an inflexign &1 \~» 390 nu
due to self--absorption, The apectrum ef the l-methyl compound kas e long *eil.

£ o

nizient of tha Type C spectrum of 6-methyl 1:& benzanthracenme (FIG, 14), and

-

Trem

!

is vrobadly due to molecular interaction {see IV,3), Pyrene, the most compact oi
the /d-ringed polveyziic hydrocarbons, is & symmetrical molecule ard exhibits the
tendency for the imore compact symmeirical molecules to heve diffuse spectra, Its

!
1

anectram 171G, 16), a broad diffuse band simitar to Tvpe E, has two week mexima,

sorrespending to bands 0 and 1, resolved near the oxigin, The maximum of the
diffuse band occurs at 455 3M‘, and there is, therefore, leoss bathochremic shift
than for the Tynz I spectra whoszs maxima occur at rw 510 Ey&. The spectrum in dilutc
golntion has a banded structure (SCHOENTAL & SCOTT 1243), showing that the
erystalline spectrum is dues to molecuiar interacticn, which ig pronounced for compact

gymmetrical moleculea, The crystalliine spectrum rspresents a transition between

Tyne § and Tvpe E, and %3 cailed Tvpe D, *be definition of which will be given leter

o

in iv.3.1,, with rafereance to the opecira cbegerved ir sirong solid solutions cf
anthracene (NORTHROP & SIMPSON 195¢),
The broad rather featureiess specirum of 3:4 benzpyrene (PIG. 192) is cleeely

related %o that of pyrene (FIG, 16) with a bathochromic shifé, The selviion spectaru
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{SCHOENTAL & SCOTT 1949) haa a banded epectrim, end the crystal spectrum, which is
clearly Tyoo D, is greatly influcnced by melecular irterecticon,

The spectrum of 1:2:5:6 dibencanvhraccne (FIG, 18) is similar te that of the cther
1:2 henzanthracene derivatives with a Type D spectrum, In 1:2:5:6 dibenzflucrene
{#IG. 18) the vibrational structure is lecking, poesibly due te the cdivisicn of the
Trmelﬁctron sy3tem hy the five-membered ring in the centre of the meclecule, though
the ¢lnorene spectrum observed by SANGSTER & IRVINE (1256, shows cleerly resclved
vibrational levels,

The wvibrational bands are hroadened, though partially resolved, ir the epectram of
1:2:3:4 dibenzanthracene (¥FIG. 18), The inflexion at A A~ 302 3&& probably
cerregponds to band 0,

1:2:3:4 dibenzophenanthrene is structuraily related to the mono-methyl derivatives

of 3:4 bonzophenanthrene (FIG, 17), and their spectra show similar features, bard 1
being r2solved and band 0 appearing onlv as an intlexion, 1:2:5:6 dibenzophen—-
anthrene may be considered as a dorivative of either chrysene or 3:4 benzophenanthrexn
and its spectrum {(FIG, 19) is a hybrid of these two compourds, with a slight
bathochromic shift, The vibrational structure; corresponding to the 0, 1 and 2
nands is coavser and broader than in chrysene (FIG, 16) while the form of the spectru

resemdles some of the mono-methyl 3:4 benzophenanthienes (FIGc 17)n

ITI, 8,3. OTHER TOMCOUNLDS:

The spectrum of 2-naphthylemine (FiG. 20) consists of 8 singie smooth pezk, and
the 7ibrational structure of the parent hvdrocarbon naphthalene, which is simiiar ‘o
anthracene (FIG, 9) thongh at shorier wavelengths, is completely lacking. The
fluorescence and absorption sclution spectra are similar, The addition of the
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Q-cmine greup cavges a meior beatkhochromic chift relative te the nacghthelene
specorum, brirging the gpectrum irnte e similar regien te the primary carcinogens
{uee IV,4)}; it is probablie thet the S-emine group is respensible for the lcss

gf fime atructure observed for the rercnt compound,

"he spectrum of trens-stilbene (FIG, 21) corsists of four sharp vibraticmal banis,
with an inflexyon at the icng wavelengtr erd representing the f£ifth. The first
of thiege bends, at ~~ 360 mpA, cen be cleariy identified as the £ band, thus
ccmoving the uncerieinty in earlier meaesuremerts of ascribing the cerrect
vibrational trensitiens to the resolved peaks of the spectra frem thick estilbene
erystels (BIRKS & WRIGHT 1954, SANGSTER & IRVINE 195€), Bue to the self-
reabserpiion of the short wavelergth fluerescence (about 40% for thick specimens)
this band 0 was nrot resolved in the meesurements of SANGSTER & IRVINE (1956).

In contrast, the spectra of the three 4-emino derivatives (FIG. 20) are
relatively featureless, Ag withk Z-nephktibylarire, the amino greup causss a
pronounced batherhromiec shift, relative to the parent hydrocarbon, which increases
with meleenlar weirght, In the absence of sclutior spectral data, subetitutional
and molecular interacticn effects carnot be distinguished., Tke spectrum of
1:4 Qiphenvlbutadiene (FXG, 21) whick is tke next member of the diphenylpelyene
devies after stilbene, differs markedly frem that of the latter compound, The
vibrational structure observed in solution absorptiocn measurements (EAUSSER, KUHN &
KU 19357 is no* resolved due to broadening of the banda. However, the intensiiy
decresses with inrreasing wevelength jn & similar wenner to the stilbene spectrum,
snflieceting that crysieil irtsracticn effects are relatively weak,

The prra~terphenyl spectrum (FI¢, 2} hes a well-defined vibratienal structure
with gix eclcar maxime, The ¢ oid 1 terds whick zre chscured ir the thick crystal
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spectra (BIRK3 & WRIGHT 1054, SANGSTER & IRVINE 1656) car be readily identified,
However, reabsorption is completely absent for this materisl and the microcrystal

and technical spectra are identical,

iz, 9, SUMMARY 0F PROPERIIES:

The properties of ithe compounds are summarised in Tables II arnd ITI as fellows
Number and name of compound; solvent used in preparetion of specimensy Ffigure
reference of specirum, spect?um Types; the wavenumbers,‘)l,\)l;\);, of the G, 1
and 2 bends respeciively; \b - the wevenunmber of the intensity meximwm ic cases
waere no vibrational zstructure is resclved; "g", the wavenumber shift of the
erystal spestrm relative to that in light petronleum sclution (SCHQENTAL & SCOTT
1949) ¢ = and m the wavepumber shifts relative to the 1:2 benzanthracene spectrum
in *he cryatal phase end in light petroleum sclutior respectively; the
carcinogenicity rating (PULLMAN & PULIMAN 1055, HARTWELL 1951); and tke molecular
photo-finorescence decay times (HAMILTON 1958)e All wevenumbers are expressed

, , S . g . . .
in units of 10 cmﬁ‘, and doubtful identifications are either cmitted or enclesed

in brackets.
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DISCUSBICHN

In ITY, Analysias of Results, several inveresting effecvs have been

distingaished, anntable amongst which are :-

(a) Tive self-absorption of £luorescence due to overlap of absorption
and fluorescence specitra, and the caiculation of a suitable
correction, the application ¢f which produces the true molecular
fluorescence spectrum {IX1I.2, IiI.3 and II3.4).

(b) The clasgification of the ohserved crystalline spectra into
Types A to F, and the comparison with solution spectral
measurements, In analysing the different typea of spectra
three separate sffects may be distinguighed:~

(i) The “"solvent" or Environment Effect; associated
with the permittivity of the medium in whick the

fluoreacent molesule is located,

(it) The Molecular BSubstitution Effect; which causes

the spectral shift, relative io0 the parent compound,
(iii) The Crystal Interaction Effect; due to intermolecular

forees withia the cryctfal,

(a) hes beea extensively described in III, but the three effects

in (b) will now be discussed fully.
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IV, 1.  THE "SOLVENT" OH FNVIRONMENT LIFECT:

Yhia is distingriched by comparing the chbserved crystelline flucrescence
apsctra with the aciution spectra of SCHOENTAL & SCOPT (1045); it causes a
bathochromic shift nf the whole spectirum reiative to that in solution (see
Table I). The values of "s", the wavenumber shift relative to the spectrmm
in light petroleum solution, are lis*ed in Teble II, The pesitions of either
band 1 or band O {corrected for self-absorpticn ns in IJI,2) are tcken ar
reference points, It has not becn possibie to predict the magnitude of the
bathochromic shift dues to changing the moleesunlar enviromnment, The valves of
"g" are similar and of the order of 600 cm:l for all the compourds except
anthracene and those with major crystalline interaction (IV,3) having D, E and
T spectra, The valune for anthracene, 1200 cm?l, is only a slight anomaly
gince reference to Table I shows that for crystalline anthracene, s = 900 cm?l
and 350 cmtl relative to the fluoreacence specira in dicxane and raphthalene

. . . -4 )
gsolutions respeciively, "g" may be increased te 1200 em, relative to solutien

in light petroleum,

v, 2, THE MOLECULAR SUBSTITJITION TFFROT:

The effects of substituents om thz anpeecira of aromatic compounds are rnot
unique to svystalline fluorescence spectra; they are observed in absorption
{CLAR 1852, JONES 1943, 1245) end iz *he finorescence of solutions ( SCHOENTAL &
SCOTT 1949), Methyl subatitution of 1:2 henzanthracone causes a shift of the whole
apectruz relative to the pareni compound; snd a similar effect is obtained fur othen

gubatituted compounds,
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The values of m, and m_s the shifis relative to the parent compound fer crystalline
and solution mcasurements, are listed in Teble II,

T T " these bathochromic shiftis, some of the cther 4iff: 3 1 n

the spectra of the compounds and their parents; e.,g. loss of fine structnre; may

alan be substitution effects,

iv. 3, TG CRYSTAL INTERACTION EFFECT:

Thiz effect is regponasible for the remaining differences between the spectrs
2f crystals and solutions, and is strilkingly exhibited by *he Type E spectra of
S~methyl and S8-methyl 1:2 benmanthracene, Their goluticn spectra are similar
to that of 1:;2 benzanthracene, with only a swmall substitution shift, m,. The
diffuseness and major Bbathochromic shift of the crystal spectra are attributable
to large molecular interactiona within the crvstal, The spectra of several other
compounds exhibit this loss of vibrational structure accompanied by a large
bathochromie shift, and this greneral effect, dune te molerular interactions in the
crystalline state, which has not previonsly been reported, will be discussed in
detail with reference to *he results of NORTHROP & SIMPSON (195A). |

v, 3.1, RESULTS OF NORTHREQP % SIMPSON:

Little work has been done on the flnorescence of microcrystalline layers of
organic compounds, but the measurements of NORTHROP & SIMPSON (1958) on the
fluorescence spectra of microcrystalline 221id solutions of anthanthrene in
anthrocene throw an interesting light on the molecular interaction effects, They
produced crystalline layers ?}&thick, by vazuum sublimation onto gliass plates, and
observed the emission spectra by a photogrcphic methed, Although this is susceptibl
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t0 larger errors than the pnstamnitipiier techricue used fer the present meesurement
the reaulis, 2.g, for anthracene, are irn gocd agreement with the present results,
Spectra were opaerved for anthanthrene conceniretiona ranging from lOmSM to lGNSM
and for pire anthanthvene, whose iluorescence lies at longer wavelengths thar the
aathracene emission, and whose absorptinn spectrum overlaps the enthracene emission,
The conditions regquired for energy transfer from the solvent to the impurity
molecnles are, therefore, satisfied (sce Pert 2,1.3.{(i)), and for low impurity
c¢nacentrations of 1Gﬁ5u to 3,3 x 10“4M the rhsracteriestic anthanthrene fluorescence
gradually appzars, accompanied by a reduction in the intensity of enthreaceno
Iluoreacence,

?IG. 23 shows the progrzssgion of spectra obtained by NORTHROP & SIMPSON for
inereasing coacentration of anthanthirene, As the anthanthrene concentration, ¢,

is increased, the fluorescence spectrum changes from one similar to our Type 4,
throughn intermediate stages, to one aimiliar to Type E, For the purpose c¢f
compavriasonl, & Similar progression for the pregent results has been ploetted in FIG.20,
b7 salecting one aspectrum typical of each Tvpe, The specira of the following
compouads are shown:~ 2°- methyl 1:2 benzanthracene (IV) (Type 4); 3°~ methyl

1:2 benzanthracene {V) {Type B); 6-methy! 1:2 benzaunthracenme {X) (Type C}; pyrene
[¥XXJV) {Typ2 D); B-methyl 1:2 benzanthraceno {(XII} (Typc E).

¢1G, 28 showe that at coneentrations of ¢ = 3.3 x 10-41&s the 0, 1 and 2 bands of
anthantirene at 7 = 457, 430 and A07 T%Aare resolved, and the intensity falls awey
with Izsreasing wavelengih (Type A},

The anthracene spectirum appears at shoriter wavelerngths but with Iew intcnaity,

At o = 1073

M, the three bands are sti:l resolved buv the intemsity at lornger
waveleagbtaa is 1acreased showing a toendennty fSnwards a broadexr apectrum with conssguen
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lean reosoluition of tke lenger wavelength hTeands, This is gimilar to5 *the Typre B
apacérvn {see FIG, 29).
o
A% ¢ = 3,3 2z 100 "M the O Lend is still reeclved tut the 1 bard is increaszd to
a 8imiiar intensity and coalesces vith higher bends te form a diffuse continuux
3

At ¢ = 19 M the spectrmm is a broad bdend with & meximem o+ A= EL0 ?pt(the poaiti

2f the eriginal band 2) with inflexions st shorter wavelergths corresponding to

handa 0 and i, This spectrum may be clasrified es Type D, and was nct described

in IIT,8, However, 3:4 bencpyreme, vwhich io a derivative of enthracenc ard

1:2 bersanthracensa, has a Type 1 apectiwum. The only other representative of this

Type in the Dresent memaurrments is pyrene {XXXIV) whose spectrum is drawp in FIG,Z

A3 the concentraticn 1s increased further, tkis diffuse specirum shifts towards

longer wavelengths, and the specvrum »f pure anthanthrere is a broad band, with ¢

maximam atAN620 %FL, gimilar 4o a Type I apectrum.

It appeals from this comparison *hat the sequerce of speciral types 4,B,C,D, cnd

% cnrresponda to an increase in moiecular inveracticn hy meveral orders of megnitud

“rom negligihle interaction in Type A to vory sirong ipteractior in Type E, as the

distances Beiween the anthanthrene molccules deereedge with increasing concentraition

NORTHRA® & SIMPSON {1955) have »roposed n3 a generalisation that the fluorescence

spectrun of ap organic compound in vhe pnure #sotid rhase is shifted to longer wawn-
1

lengths, eguivaleunt 1o a desrease in energy of 0,3 to 0.4 oV (2500 to 3300 cm, >

relative to its gpectrum in aerlid solucion, This i3 only wvalid fer conpounds with

araction, euch as anthanthrene, rharacterised by

Type E spectra, The values of "2¥ in Tabiz I0 show that for stheose conmpomuds the

o]
il
¥]
e
D ad

gy dacraase 13 only ~u 0,07 &V in going from lijuid soluition to the pure arrshal
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and the anthracene data in Table T indicatve that "s" ia ewen less, relative e
solid soalutions,

Io view of the theoretical significance that NORTHROP & SIMPSON ettach tc¢ this
20int, the clear distinziion betwsen compounds like sntbkracene and 1:2 berzanilirace
with negiigible ecryatal interaction, and thosge like S-methyl 1:2 benzarthracene aonc
nthanthrene with major erretal interaction, must be emphesiced,

Yhether the Type F mpectra »f the 9:10 dimethyl derivatives are due te

molecular interaction or molecular substitution effects, cannot be resolved without
fnullar data on the flucrescence spectra in solution. Only a single diffuvce pesk

is recorded by SCHOENTAL & SCOTT (i1949) in the colutien spectrum of $:10 dimethyl

1:2 benzantiranene.

V. 3.2, PHOTO-FLUQRESCENCE DEC!Y TIMES:

The metvhod of measuvring the decey times of the micrecrystalline samples ie
deseribved in Ti.4. The mecsurements were cerried gvt by Mr, T.D,%, Haxilton
CHAMLLTON 1958)p ard the values ere listsd ic Takles IT and III,

The dec¢ay iljmes of J:2 benzAnthracere ard the majeritv ef its mono- methyl
dorivetives &re between 8 and i8 myisec. The two exceptions are S~methyl and
Hi—methvi ::% benzanshracene whose deczy times are 125 m%(sec. and 99 3}ksec.

F
reanectively, Their Type E spectra nre zimiler in shape to those of ionic erysials

agch rs the alkali bhalides, end their melescalar 2nerpgy levels appear to have merg-=d

into brora crysial epergy tands; ihgir decay times heve values similar to thoar
vf the rikali helides. The ireresreld decay times may be dusz 2iresctly to oryet:zl

rnteracticn effente, or fo the ‘reoressea rrobkability of traneitionz batwzen tha

rirglet 2nd metsaieble fripvlet ntates, duc o *he veduction of the enargy zav.

~
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TAncraege in Cecwr” time with inerence irn spectral diffuseress Gue 1o crystal
sanverachicna 1n by e means a general rule &z cen he seen, for cxample, Uy Z20-wmethrl-
a~hnlanthrene which has a Qype E spectrum but the shert decey time of 2.8 ?f&sec,
Dowever, 11 does seenm taat compour.cds showing weil resolved vibrational structure
in thelr opegira have roielively row Aueray times, compare Lera-terphenyl
(T = 5,3 nid sec,;, wrans—-stilbene (T:= 3,0 %}Lsec.}a the mernc-methyl 1:2 benz-

J
anthracenes (w19 3;gnec.), The cryestar sfructere; the abscrpiicrn specire, *he
gzail-conductivity, the plhioto—conducrivity and other related properties of these

sompounds merit further study voe elucidate the rchenomena of long decay times ik

componsds zuch as S-methyl and B-mevhvl 1:2 benzenthracene

.o 4, CARCINOGINIGITI:

Gf the 41 rompounds listed in %Wahles I1 and III, 29 are known carcinogens
halonging to one of the following six grouns invo which the known chenical
carzinogens are divided:-

(i) Aromatic polyecyclic hydzocarbons, ikeir derivavives, and

related comwounds,

(ii) Amino derivatives of aromstic hydrocarbons,

(i1i) Merivatives of 4-aminostilbena,
ezobenzene.

() Certain eliphatic and beterocyciie compounds

(e.g» urethane, nitrog:a mustards),

{(vi) Miscellaneous inorganic salts of arsenic, zine,

nizkel, etc,



1,

Tae compounds iisten im Table II belorg to group (i) and ere classified ee
"primarv' carcinogaons oiznce Shey heve the highest potency. Ccxpounds iu the

other five groups are gemeralily less potent and are called "secondary™ carcinogernc.
wrawmalies of thisg gronp are included in Takle III, Flucrescence appears te te

A common nroperty of ell the primery corcinogens and some of the sccondary
carninogens, and since *the eleectronic structnre determines the physieczl preperty

2f fluoregecnce, it ia of interest 4o semrch fer cdistinctive relaticms between

tha flucrascence spectra and the carcinogeric asctivity of the compeunds,

I*% hnas been found vhat rercinogens form reletively stable complexes with
nroteins. whick rotain fluonregcence properties similar tec those of prre carcioogent
PULLMAN & PULIMAN (1955) propesed the formetion cf the protein-carcinogen complex
iz assoeinted with a high electron demsity in a certain region (designated the "K"

regiou} of the carcinugen molecule. 14 might be expected that those molecules
wanieh form sirong prevein complexes will alsc ternd t¢ shew streng crystslline
interaction effecty, and the spocirel date in Teble II szkow a fair degree of
coryrnlation along these lines. Thee, e£1) six compounds with Type Dy T or F spectr-
{atrong interastiou) are carcinogens, and threc of these are of the highest potency,
0f +he 9ix ~ompourds with Type 4 spectrz {negligitle interaction) four have
negligible or alight careinogenieity, ar® tke cther tvwe are oniy wock carcincgen:.
)7 the ten compounds with Type B or C spectrr (intermediste interactior) sixz are
carcinegens, end four are non—carcinogens. Certain exceptionstou this simple rule
relatirg crvatal inveracticn efifects and carcinogenicity occur andmay possikly he
due to differences betweern the mcleenier interacticn with like mslecules, erd that
with rroteins, However, the prerent resulits are insufficient for a further siudy

of {kie eubject, ard it i 1ileiy thai othey foctrrs inflvence cercinogemic activity
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There is an ooproxivale coxrelation Letween the values =f ., £or the

4.5 wenmanthraceone devaveativen listed in Teble II end their carcinegenis Totency.
- P
.

=4 . L . v
"hus m K100 cm, for wll nonecorcicogens {except 27: 7 dimethvl 1:2 benzantinracene
c " I¢

- . . =3, - . . . ml
Sor whirh uc a 200 em.” }, For eleven cut of tke fifteen carcinogens, m 5 230 2.
c

and it is only less fcr those cempounds shewing wgak activity,

%he other compounds studied (Table III) do not contain the 1:2 benzanthracene
nucleur end the correletion betweer = end carcinogenicity has not been extended *~
them, 4 pimilar correlation might be expected relative to chrysene or 3:4 benzo~
rhenanthrene but insufficient compournds in these groupa have been stuadied to attach

significence t¢ such an analysis of the present data,

7
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e CONCILUSTIOYV

he phcto-flucres~ence spectra eof o 1rlated proup cf ergamic cempourds heve

been measured, The pvrpose of the investigetion wagi-
1a)  to study the crysielline spectra for suck a large greour of

compcucds; no eimilar measgurements have been made for
comreunts mere corplex thar anthracene,

(L) to secxch fer apv crystalline interaction effects on the
fluoreccence spectra due tc the molecules being rigidly
beund in e crrstal lettice. Dilut~e sclution apechral
reasurements, which epproximate to the true mslecular emisegion,

ere uvsed for comparison,

A phctomultiplier technique giving good spectral resolution was used, ani
tbe sensitivity of the apparatus was such that very thin microerystalline layers
emitted flucreszcence of sufficient intensity for all the vihrational siructure
{where presént) te be resolved,

0f the 41 compourds studied, anthracens is the simpleat molecule, and the
epectra of this compound was studied in dztail initielly in III,.2 Due to
coincicdence of the absorption and fluoresczace avecira ir the wavelength ragion ol
+he fluoreszcence 10 - 00 transition, the intensity of the corresponding fluorescaonc:
vibrational haad 0 is reduced by an amouns dependent on the specimen thickness,
Thia thicknmess was auch that the vibrational peaka at longer waveliengths are not
sifected by zelf-absorption. By using thz fluorescence spectra nbtained from
specimens prepared using different solvents and the ebsorption spectra of FKORTUM &

64/’0 o C



B4

PLACRH (19423, a method was evolved in II7,2.2, for the calculaticc cf the true
rmolecuiar in*ensity of btana 0, i,c., the intersity it weculd heve if reabs-rption
were comnletely absent. This method cof correcting the cbserved technical spectre
ts fouad to apply equaily to all the derivatives of anthracene, 1:2 benzanthracene
aadl all itg derivatives which have been studied in this werk,

The method cen, therefore, be gemerally applied to all crystellipne fluorescer
gpentra where reahsorpticn occurs in the region of the 1o =D 00 tranaiticn,
Thz spactra of the other 40 compounds vary ‘n appeararce from these similer te
anthracene, showing well resolved vibrationel atructure, to very diffuse spectrsa
where the vibrational bands have conlesced leaving a broad featureless band, Losr
2L vibrational structure is usually accompanied by a bathochromic shift of the whel
anectrun, The spentra are classiiied intn six types, A to I’y in JiI,8, Some of
the commounds beiong to a well-defined sequence, e.g, 1:Z lenzanthracene and its
mono~-me4hyl and dimethyl derivatives; 2:4 benzophenanthrene and its mono-metkyl
lerivatives, and thene groups arc parcicularlyv useful in the study of the effect of
substitution on the parent chromophore, Molecnler substitntion effects heve been
nbsarvod previoualy :n cbsorption and in the fluorescence of soluticns, and the pre:
regulta ahow 2 sinilar bathochromic ohift of the whole spectrum relative to the
apectrum of the parent compound (IVB2).
Comparison of the crystelline spectra with the corresponding soluticn mensuremente -
SCIOENTAL & SCOTT (1949) show the cffect of changing the epvironment of the
flusreacent.- molecule, €ron liguid petroleum solution in which 2t is¢ free to mcve at
random, to a rigidly bound lattince of similar molecules, The general effect o a
bathochromic shift of the crystalline spectra relative to solution specira {(IV,I},

Th.: mozt important eifers, howe cr, ohsaxrrTed “rom the present peasvrenents is

5
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vrysial Inderacticn Effect (1V,3) which cccurs betweer sirilzar moleruies bownd in

a erwvatal ratilice, Sezie compounds, e.g. o-methyl and B-metbyl 1:2 berzenthracere
anssess goinvion fluorecacence spectra similar to the perent compeound, shewing well
raaoived vibratioral spiructure, However, in the solid state, their spectra oxe
heoad bunds nossessing no vihraticnal atructvure and ere shifted te lopger wavelseppgt
Tneir decay tines are greally increcced compered tc the perert compouxnd, Thig
effect is found to occur %o a varying degree in meny of the compounds whose spscirs
are renordved, and 3% 13 thisg effect which provides for theclasgsificetion cf the
anactrTa, This type of moliecuiar inveraction erfect has not Leer explicitiy

venorted previously, though an analyrsia of the results of NORTEROP & SIvPEON shows

j=e
.

1ia exiagtence in other organic comprunds,

B

'V\'\‘.
Carni

~
5
o]

ogamnicity is a properwuy <Y 20 oi “he ccmmounds wnd Ir 1V,4 some remurhs
Are made op the vossibhility of a conrection heiween cryrilal interaction and

carcianogenieity, An apowoxinalte correiatior betweer the shift of the spectras ci

c...
=
44}

}—l
[y
€4

eazenthracene derivatives rerative to the pavent compound and their

carcinopenic potency is supgestvad,

!
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PART 2,

PHOTO-FLUQRESCENCE OF AND INTER-MOLECULAR ENERGY

TRANSFER IN LIQUID ORGANIC SOLUTIONS OF PARA-

TERPHENYL IN TOLUENE.
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PART 2,

PHOTO-FLUORESCENCE DF AND INTEA-MOLSCULAR ENERGY THANSFER
IN LI(UID OAGANIC SOLUTIONS OF PARA-TZRrPHENYL IN TOLUENE.

I. 1, INTaOVUCTI JN:

I, 1.1. Td& FLUG:aSCINCE PROCESS:

In the General Introduction of Part 1, of this work, Seetions I,11 and I.12 were
devoted to the explanation of the process which gives rise to fluorescence within a
molecule, A simple diatomic molecule was used as a model but, although this presents
an oversimplified picture of the fluorescence process, it is a sound basis on which to
study pheto—luminescence and provides the necegsary background for the study of the
mechanism of energy trensport between molecules, The molecular fluorescence of
organic compounds is identicel in the vapour, solution and solid states excluding any
perturbations due to environment, concentration or temperature, but in condensed
systems the additional process of "resonance transfer" of the excitation emergy from
one melecule to another within the system is observed, Because of this transfer the
luminescence process generally involves several molecules rather than just & single
molecule as we ideally supposed before in Part 1., Section I.

#1G. 1 is a simplified molecular energy level system comprised of singlet 71 —electronic
levels and vibrational levels. It is similar to FIG, 1 in Part 1., but is slightly
more detailed and is included for easy reference to the reader, The various processes
whieh can eccur are adeguately depicted and described on the diagram where the electronic
levels are denoted 0§, 1, 2 etc., and the vibrational levels are indicated as discrete
sub—levels (suffixes 0, 1, 2 etc.). It is perhaps of interest te note that the emergy
level systems of molecules are amenable to calculation as, for example, DEWAR & LONGUET-

SIGGINS {1054) & POPLE (1955) have recently sbhown for anthracene.
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Zxperimental evidence indicates that energy transfer between molecules usually
occurs after stage (c) (of FIG. 1) of the molecular luminescence process, that is
from the 10 level {i,e. the lowest vibrational level of the first excited electronie
state) of the initially excited molecule, Hence one important and obvious condition
for transfer between two molecules is that the 1, excitation energy of the donor be
equal to, or greater thamn, that of the acceptor molecule. Jearing this in mind, it
is readily seen how transfer affects the luminescence characteristics of various
systems, A system of identical components, such as a pure organic crystal
scintillator, is one in which transfer may occur according to the above condition,
Zowever, provided the component molecules retain their imdividuality, the character~
istics of such a system are in no way affected by the energy trensfer process. The
energy levels of all the molecules are identical as also are their 1 = 0 emission and
1 9 0 internal quenching probabilities,

It is in two-couponent systems like mixed crystals, liguid solutions and plastic
solutions that energy transfer achieves o significant purpose (BOWEN et al 1949,
JALLMANN & FURST, 1950). These contain in small concentration an efficient impurity,
or solute, molecule which possesses a 10 level of lower energy than that of the host
or solvent molecules. ithen solvent molecules are excited, transfer amongst themselves
eventually brings some of their excitation energy within reach of a solute moleculs,
Then when solute excitation results from solvent-to-solute energy transfer, the solute
molecules rapidly drop to their 1, levels by internal conversion (F1G. 1(c¢)), so that
exeitation energy is effectively "trapped" in the solute bhecause it cennot return to
a golvent molecule, From the point of view of the solvent, trapping represents a
speecial kind of quenching, dowever, if the solvent itself is a less suitable emitter
than the solute, by reason, for example, of its lower quantum efficiency (as in liguid

ong plastic solutions) or the shorter wavelength of its emission, this type of guenc
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phosphor drops due to "self-guenching" by the abundant naphthacene molecules,

A comparable effect is shown in (c¢), transfer to the anthracene occuring at the
same order of concentration. Acridine has negligible fluorescence itself in
the solid state and quenches the energy transferred from the anthracene without
radiating, .

Energy transport of this type in mixed systems where the fluorescence
emission is characteristic of the included molecule and not the initially excited
host, is now a well observed fact and various theories have been postulated to
determine the mechanism by which energy moves through a large number of similar
rolecules to be eventually captured by an impurity molecule (which presents a high
capture cross-section for the energy).

For their experiment with such low concentrations, BOWEN et al described the
energy transport mechanism as "exciton migration'", the term "exciton" is used
merely to indicate the excitation energy transferred from molecule to molecule to
distinguish it from the process of radiation transfer by photon emission and
reabsorption, The term "energy transfer" is usually interpreted to include both
radiative transfer, or absorption end re-emission, and non-radiative transfer,
Since the first experiments on this subject, there have been many attempts to defihe
the mechanism by which molecular energy is transferred from molecule to molecule;
the two distincet mechanisms are non-radiative and radiative tranasfer, but various
authors have expounded their own particular theories on the exact nature of the
non-radiative process, It is, therefore, important at this stage to define and,
explain the various theories of the energy transfer process which have been con-
sidered by other workers based on their experimemntal results,

Non~rediative transfer has several manifestetions which need clarification with
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regard to boeth the mechanism and the interactions between molecules which lead to
their existence, This will be followed with & description of the radiative

transfer process,

I. 1.2, NON-RADIATIVE ENERGY TRANSFER:

For our purposes it is convenient to describe the degree of interaction of
two fluorescent molecules in terms of their Tl —electron "clouds", or in reality
their respective Tt —electron wave functions, ¥e wmay define the interaction as
"negligible" when the "clouds" are widely separated and strong when the
TT~electron wave functions overlap by ean arbitrary appreciable amount, There may
be an intermediate region of "weak" interaction when overlap is negligible, due to
the VAN DER WAALS' or polarization forces between molecules,

When two molecules possessing similar electronic levels interact strongly
they reech a state where their individual Tr-electron systems can no longer be
resolved, The latter must instead be considered as a single system whose levels
are gimilear but somewhat broader than those of its components, An arrangement of
a large number of strongly interacting identical mclecules similarly becomes
characterigsed by a banded encrgy level syastem instead of a number of identical but
discrete molecular systems,

In these strongly interacting arrangements the TT -electrons of component molecules
are non-localised and consequently electronie excitation energy is alaso non-localised
over all the molecules. The ternm "inter-molecular" energy transfer thus loses its
meaning since only the system as a whole but not its individual molecules contain
excitation energy, Energy transfer between different positions of the system has a

meaning, however, end here molecules serve to define different positions,
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The following modes of non-radiative transfer may be distinguished:-

I. 1.2,1, ZElectron Migration:

This is the first of the two possible modes of transfer in the above system
and can only occur when the excitation energy is sufficient to raise am electron
from the highest broadened level, or filled band, of the system to its lowest empty
band. The excited electron and its "positive hole" it leaves behind in the filled
band, being non~localised and independent of one another, may move freely in their
respective bands. The "electron migration" resulting constitutes a transfer of
both excitation emergy and charge. The removal of an electron from the molecule
in the filled band constitutes ionization of the molecule which can only be produced
by ionizing radiations and is, therefore, not relevant to the present photo~
fluorescence studies where lower energy radiation only has been used, This

mechanism of energy transfer need not, therefore, be considered further,

I. 1.,2,2, Bxciton Transfer:

The second mode of tramsfer in a strongly interacting system can occur when the
excitation energy is insufficient to excite an electron to an empty band and arises
because it is possible for the e¢xcited electron and its positive hole to exist in a
geries of states in which they are bound together in one another's field, FRENKEL
(1931) hes termed an electron and positive hole bound together in this way an "exciton"
and has described how the non-~localised nature of the exciton leads to energy transfer
in a system of strongly interacting atoms. "Exciton transfer" is to be distinéuished
from "eleotron migration" by the fact that only excitation energy, not charge, is

transferred,
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BOWEN et al (1949), as previously stated, used the term "exciton" in a
different sense, merely to label the position of the excitation energy at any
moment, thereby distinguishing it from radiative photon transfer, The "exciton"
is envisaged to migrate through the lattice until it is eventually captured by a
molecule which radiates the cnergy as fluorescence or quenches it, In a nixed
crystal or a solution the exciton ensrgy corresponds to the first electromic
excitation level of the solvent, The solute molecule has a lower excitation energy
gsince its first absorption band lies at longer wavelengths, and hence if the exciton
is transferred to it the solute molecule is raised into a high vibrational level of
the first excited state and excess vibrational energy is lost as heat to the lattice.
The energy is thus effectively trapped and fluorescence, characteristic of the solute,
subsequently occurs.

From the results of BOJEN et al (FIG. 2) three factors cmerge which contribute
to the high efficiency of the energyexchange process:

(i) The absorption speetrum of the solute (carresponding to

transitions from the first excited state) almost coincides
with the solvent fluorescence spectrum so that a state of
"resonance" is established.

(ii) The fluorescence of the solvent and the absorption of the
solute in the game spectral region are both plane polarized
in the same direction relative to the molecular axis,

(iii) The added solute molecules fit into the lattice of the

solvent, parallel to the solvent molecules.

I. 1.,2,3, Sensitized Fluorescence:

In outlining exciton transfer and electron migration a system of molecules in
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permanent strong interaction was considered, What might be considered & variation
of this system is that where localised groups of %wo or more molecules interact
strongly but only for intermittent periods, during collisions for exanmple. We
would, from our previous considerations, expect intermittent exciton and electron
transfer to occur in this systen. Transfer phenomena of the former type were in
fact observed and studied (CARIO & FRANCK, 1923, KALIMANN & LONDON, 1929) in
monatomic gases where strong interactions between molecules are intermittent, but
where trensfer can take place cover large distanees of the order of 50 X if the
condition of resonance is fulfilled, These observations were made prior to FRENKEL's
exciton hypothesis and the transfer mechanisn was described as "sensitized fluores-
cence®, By analogy, intermittent energy transfer in molecular systems has also
heen called sensitized fluorescence,

FRANCK & LIVINGSTON (1949) reject exciton migration as a likely mechanism of
energy transfer in organic crystels since strong molecular coupling within the
lattice is necegsary for transfer between similar adjacent molecules,

The absorption spectrum of crystalline anthracene showed nc evidence of an
additional geries of bands indicating stronger inter-molecular coupling than for
solution and vapour, Recent results, however, have shown such an “exciton" band
structure in the ecrystalline state, In addition, FRANCK & LIVINGSTON stated that
the spectral distributicn of the fluorescence indicates that every molecule stays in
the exeited state long enough tov adjust its vibraticnal energy to the surrounding
temperature, Each molecule must remain, therefore, in the excited state much longer
than the vibrational period, a condition which excludes exciton migration. Therefore,
a similar process of energy exchange to that in gases might be expected to occur in

a crystalline lattice in which the abscrption and emisgssion bands of the constituents
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overlap, However, there is an important distinction between this process in gases
and in the solid state, For the gas it is immaterial whether the excitation energy
can be transferred to similar molecules or omly the impurity, for the individual
atoms are moving at random and eventually an impurity molecule will approach the
excited host molecule, In a sclid the individual atoms are restricted to a fixed
position so that transfer between similar molecules becomes important. On the
sensitized fluorescence theory, the solvent molécules between the excited molecule
and the impurity play no part in the exchange process,
In gases it has been observed that energy may be transferred over distances
~ 50 ﬁ; therefore, transfer over n/ 30 molecular distances (the figure obtained from
the concentration (FIG. 2) at which host and impurity fluorescence is equally
probable) in the solid from the excited solvent to the solute molecule, is considered
to have equal probability with fluorescence emission of the execited solvent molecule.
LITTLE & BIRKS (1952) and BIRXS & LITTLE (1953) hove, however, shown from
spectral measurements that the electronic energy configuration of both the solvent
and the sclute molecules are virtually unperturbed by their neighbours, It is not
clear, therefore, how the molecular wave functions cculd overlap sufficiently at ~30
molecular distances for transfer to occur and yet leave the intervening molecules
unperturbed, It is diffieult to see why the unexcited host molecules can not receive
this energy when they are much more in resonance with the excited host than the impurity.
#e have scen that intermittent exciton transfer in molecular systems can be called
"gengitized fluorescence"; at the same time intermittent electron migration can be
called a type of transfer by "ionization",
The important distinction between exciton transfer and sensitized fluorescencs on

the one hand, and electron migration and ionization on the other, is that in the latter
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proceases excitation energy is intermittently localised on individual molecules

{between tranafers) whereas in the former it is permenently norn-localised,

I. 1,2.4, Dipole-Dipole Transfer:

‘FORSTER (1948, 1949, 1951) described this form of energy transfer which arises
from "weak" VANl DER WAALS' forces between molecules, To picture this interaction
we must reeall that the TT—electrons of e fluorescent molecule are not stationary
in their "clouds" but correspond to rapidly alternating electric waves, There are
as a result rapidly varying dipoles in the electrical structure of the molecule
(elthough its time average dipole moment may be zero) and these can induce in
neighbouring moleculese other dipoles in phase ond in interaction with themselves.
It occurs in this way that the "dipole of transition” of on excited molecule can
induce & similar dipole and trangition in & neighbouring unexcited molecule, thus
nroducing energy transzfer, A principal feature of FORSTER's analysis of the dipole~
dipole transfer is that the transfer probability veriesa, like the energy of the
VAN DER WAALS' interaction, &s the inverse sixth power of the distance between the

aolecules,

I, 1.,3. GHADIATIVE TRAWSFER.
PHOTON FEMISSION AND HEA3SORPTION:

BIEKS (1953) finds the non-radiative hypothesis of inter-molecular energy transfer
inadequate to explein experimental observations and proposes the radiative process of
photon emisgion and reanbsorption as the dominant transfer mechanpisn, It is proposed
that due to the close directional energy and polarization alignment of the excited
solvent and solute molecules (factors (i), (ii) and (iii) in I. 1,2,2.), the

absorption coefficient of the impurity molecule is sufficiently enhanced over its value
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measured in dilute solution for photon emission end reabsorption to take place,

The theory is immune from the criticisms levelled at the sensitized fluorescence
hypothesis because it allows for transfer to adjacent similar molecules, the process
recurring until the energy is eventually trapped at an impurity molecule.

Zquations have been derived on the photon theory which are in general agreement with
available experimental results (see BOWEN et al (1949) and VRIGHT 1933) and the
theory gives & physical interpretation of the processes of resonance energy transfer,
self-quenching and concentration guenching (BIRKS 1954), BOWEN & LAWLEY (1949) and
BOWEN (1951) offered various objections to this theory but BIRKS (1953) hes given

suitable explanations to meet thess,

I. 2, RELATIONSHIP BETWEEN MODES OF ENERGY TRANSFER:

At this stoge it is appropriate to point out that several workers consgider the
various modes of non-radiative transfer and radiative transfer each to be & limiting
condition of one general transfer process. This has been explained mathematically
in reviews by HELLER & MARCUS (1951) 2nd LEXTER (1953), There still exists, however,
congiderable disagreement amongst experimental workers in the interpretation of
results, Some consider one of the non~radiative mechanisms to be dominant anc the
radiative mechanism only "triviel", while others ettempt to show that the photon
emission and reabsorption process is alone responsible for the transfer, (BIRKS
(1953) and (1954) shows that the photon cascade theory provides a quantitative
degcription of the fluorescence properties of organic phosphors, which is in excellent
agreement with experiments and provides strong evidence of the validity of the photon
theory of energy transfer, Several other workers since, e.g. COEEN & WEINREB (1966),

NOATHROP & SIMPSON (1956) have interpreted their experimental results in terms of a
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non—-radiative transferprocess,

The possibility that each mechanism is a limiting condition of a general
transfer process is discussed by BROOKS (1956) in a review of orgeniec scintillators,
de draws the analogy of energy transfer betweecn molecules and transfer of radio
frequency energy between antennae, This anelogy is firmly established firstly by
the resemblance of the "conducting" Ti{~electron clouds of fluorescent molecules to
antennae and secondly by the fact that the states of electronic excitation of the
wolecule can bhe described as electronic waves in such antennae; these waves could
be obtained by subtracting the [T ~electron waves of the molecule in its ground state
from those of the excited state, The only way energy can migrate between two
widely spesced antennae (negligihle interaction) is by electromagnetic waves, i,e,
radiative transfer, The probability, or rate, of transfer varies, like the energy
of the wave, inversely as the square of the distances, R, between the antennae.

At smaller spacings the radic frequency current in one antenna can induce a current
in the other ("weak" interaction) producing "inductive transfer", which is analogous
to dipole-dipcle transfer, At smaller distances of separation, inductive transfer
is considered to overshadow radiative transfer beocause its efficiency varies as er,

When two ontennae are placed in very close proximity their mutual inductive
coupling is so enhanced and further supplemented by capacitive coupling that they
become the primary and secondary of a transformer where energy may be transferred from
one to the other with an efficiency apprcaching 100%. However, the analogy with
molecules is obscured in this region of "strong" interaction because of the diffuse
nature of the 7i-electron cloud compared to the discrete boundaries of typical metallic
antennae, The Vi —electron cloud could be nore easily simulated if we used antennae

congtructed from perfect conductor along its axis to perfect insulator of unit
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dielectric conatant at its surface, Thus the merging of the two antennae surfaces
into & common new medium would become the analogy of Ti ~electron cloud overlap in
the strong interaction. This would lead to highly efficient transfer analogous

to execiton transfer,

This simple analogy helps to clarify some of the factors governing inter—~
molecular energy transfer. The resonance condition for transfer of molecular
energy, i.e. the energy of the donor must be greater than or equal to that of the
agceptor, has its analocgous condition of equivalent resonant frequencies of antennae,
Also, in the same way as radio frequency radiation from its eguivalent flat antenna,
emission from an excited molecule is polarized and has a polar diagram (showing
nsrobable direction of emission) with a maximum perpendicular to its plane. Thus
the efficiency of radiative transfer between two molecules is sensitive to their
mutual orientations reaching a maximum when their planes are parallel and their axes
‘which are perpendicular to their planes) are aligned,

It is alsoc readily seen that the various oodes of non-radiative transfer depend
sn the mutual orientation of the molecules in exactly the same way, Therefore, the
bagic conditions governing encrgy transfer between molecules apply egqually to all the
proposed modes of migration, whether they be radiative or non-radiative, This leads
to the assumption that there is a continuocus trangition between different modes of
transfer, which makes it difficult to attribute any experimentally observed transfer
effect to o particular mode.

The elucidation of this problem in various solid, plastic and liquid fluorescent
systems has been the subject of much experimental work, Many workers have attempted
to aszsign one particular mode of transfer to explain their experimental results,

though often it has not been possible to go further than to decide whether the transfer
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mechanism is radiative or non-radiative,
Some of the published work of various workers is disucssed in I,3. Their
discussiona and conclusions in the allotting of a particular transfer mechanism

are given and in some cases criticised by the author.

I, 3, PREVIQUS WORK:

!

Energy trensfer processes have been identified in scintillators and in similar
systems by studying chaeracteristics such ce gquantum efficiency, enmission life time,
spectra, polarization of emission and the dependence of these characteristics on
one another and on the composition, size, temperature, etc., of the scintillator.

In the present work a study has been made of solvent-solute energy transfer in
liquid organic solutions, and the subsequent discussion will be limited tc such
aystems,

The high fluorescence efficiency of certain organic liquid solutions, when
excited by ionizing radiations, was observed initially by AGENO, CHIOZZO0T0 &
{UERZOLI (1949, 1950), KALLMANN (195C) and RTYNOLDS, HARRISON & SALVANI (1850),

The lest named observed that solutions of pars-terphenyl in toluene, xylene, benzeme
and similar aromatic solvents have a high scintillatien efficiency, egquivalent at
optimum concentration to almost 50% that of 2 single anthracene crystal,

Following on the initial work of KALIMANN (1950), KALLMANN & FURST (1950, 195la)
continued investigantions on solutions, prepared from a number of organic solutes in
rarious solvents, excited by ionizing radiations. It is now realised that the use
of ionizing radiations, instcad of ultra—violet radiation of selected wavelength,

complicates the elucidation of the energy transfer mechanism, because inter-molecular
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energy transfer occurs from the lower excited states of the molecule, and

therefore, internal conversion of the excitation energy must ocecur firat. However,
gince the spectrun of the fluorescence emission is independent of the manner of
excitation, these results provide relevant background to the present experiments.

For the solutions, the Helative Intensity of the Fluorescence Emission was measured

ag a function of concentration of the solute (or impurity) and curves similar to

FIG., 3 were obtained, The spectral position of the fluorescence precluded the
Tosgibility that it was enitted by the solvent, yet its intensity was greater than
could be accounted for by direct absorption of the incident emergy by the solute.

Thus a tranafer of energy from the initially excited solvent molecules to the solute
was demonstrated, the probability of transporting to and trapping of the excitation
by the fluorescenot wmclecule being proportional to the concentration of the fluorescent
moleeule,  All solutions showed the gereral characteristics of FIG, 3. A sharp rise
in intensity is observed with smell concentrations, then a slower or almost constant
intenfity over a large range of concentrations, and finally a slow decrease in
intensity, During the first part of the curve, the transport of excitation energy to
the fluorescent molecules is most effective and little self-quenching occurs, In

the middle section, self-guenching of the excited molecules competes with the
increasing transport of energy from the solvent until in the last section both sgelf-
quenching of the fluoresmcent molecules and saturation in the transport of energy are
effective with the resultant decrease in Intensity.

The term "self-guenching"” 1s used to describe the overall decrease in emission

3

probability of a fluorescent solution which occurs in strong solutions ()dO— mole/
litre) due to interaction between an excited solute molecule and an identical
unexcited molecule, It is not necessary for us to investigate the probable mechaniam

»
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which give rise to the self-quenching effect; it is sufficient to note that its
cccurrence is due to the close proximity of fluorescent solute molecules and that
it only commences at concentrations 100 times higher than those necessary for
weakening of radiation by internal guenching {loss of vibrational energy within
the molecule without radiation) end by reabsorption,

EALLMANN & PURST (1950) attempted a quantitative theoretical analysis of their
results in order to determine whether the energy transfer mechanism they had
exhibited was radiative or non-radiative, Their non-radiative mechanism was
envigaged as a collisional tranafer between excited solvent '"double-mclecules! and
fluorescent molecules, Solvent "double~molecules" are formed by the combination
of one excited and one unexcited solvent molecule forming a system which does not
radiate but retains the excitation energy. This energy may then be transferred to
a fluorescent solute molecule by collision.

The actual intensity of fluorescence emission from the solvent was small which,
on the radiative theory, infers that the quenching time of sclvent molecules is also
small, Therefore, transfer to solute molecules must occur in a shorter time than
the quenching time and KALLMANN & PURST (1950) stated that molecular interaction
energies of the order of 1 Volt were necessary to account for the strong output.

On the non-radiative theory, however, because the excited solvent "double-
molecule” does not radiate, a much longer guenching time can be assumed and, there-
fore, smaller interaction energies are necessary for transfer,

A non-radiative mechanism is thus indicated though the authors state that the
evidence is inconclusive,

REID (1952) reported the conditions necessary for an efficient transfer of energy

from one molecule to another, which are summarised in FIG., 4, and at this stage it is
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convenient to review them.
For an efficient scintillation process, "e", the reguirements are:~

1. High efficiency of solvent-solvent transfer of electromic energy
(i) ~ "ative to radiationless guenching by the solvent so that
energy transport from the body of the solvent to a solvent molecule
adjacent to a solute molecule can occur,

2, High probability of transfer from solvent-solute {t) but low
effici~m2y of reverse process,

3. digh 1 rability of emission from excited solute molecule (e)

ative to self-~quenching (c) or solvent quenching (s).

S0lvenv—So0lvent Liausfer:

Bfficient transfer between identical molecules will occur only if transfer is
rapid compared with the rate of loss of vibratio=~1 energy in the excited electronic
state, otherwise the remaining enerey is insufficient to excite another molecule,

Good solvents should, therefore, be those with high polarizability (good electric
20upliug with adjacent molecules) but with few branvpmes or long side chains which
would facilitate digsipation of vibrational energy. The usual solvents, e,g. toluene,
¥ylene, etc., are polarizable aromatic compounds, Any substituents present are of the
eleetron donating kind which further increase the 7T ~electron density of the aromatic
ring and thus the polarizability.

Oolvent-Solute Transfer:

digh efficiency at the solvent-solute step is dependent on good electronic
soupling between the two kinds of molecules but retransfer back to the solvent musat
de prevented by rapid loss of vibrational energy by the solute. This can be best

attained if the molecule is of the "flapping"kind with low vibrational frequencies.
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Fara—terphenyl is one of this type. For such molecules both retransfer to the
solvent and "self-~transfer" to other dissolved imolecules is minimised,

Emission of Hadiation:

Self-transfer results in a decreased emission probability per unit time and
consequently increases the chance of energy loss by competing radiationless
processes, Therefore, emission is better for a solute where loss of upper state
vibrational energy is rapid,

Molecules which show self-transfer fall into a class of inefficient
gcintillators whercas those showing no self-transfer are efficient. Anthracene
is an example of the former type and terphenyl the latter.

KALLMANN & FURST (1951a) attempted to localise the excitation energy, to
assist in the elucidation of the transfer mechanism, by dissolving an additional
selute in the fluorescent solution, Additiconal solutes were chosen to give
comparatively no light emission of their own s0 that they do mot maasl the main
fluorescence, but small amounts influence the shape of the light emigsion curve
(Inteneity vs, Concentration). The type of system investigated was fluoranthene
in xylene, with o~diphenyl~benzene &s the additional solute, excited by ionizing
radiations. The use of ionizing radiations to excite the system complicates the
analysis of the experimental results and for this reason we shall not dwell on the
interpretation of the result of this experiment. It is sufficient to state that
SALLMANN & FURST found evidence in favour of a non-radiative transfer mechanism on
the following grounds:-

The absorption band of o-diphenyl-benzene lies at wavelengths between the
absorption bands of xylene and the fluorescent solute, fluoranthene. The

additional solute then acts ns a second solvent. The positions of the respective
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coefficient of anthracene being approximately 5 times greater than naphthalene to
this wavelength (FRIEDEL & OACHIN 1951).

The addition of naphthalene to the anthracene solutions reduccs the intensity
of emitted light by about 30%, the emission remaining characteristic of anthracene
though nearly all the incident radiatiom ig absorbed by naphthalenec. Thus &
transfer of energy from naphthalene to anthracene is demonstrated and EALILMANN &

FURST consider that the mechenism cannot be the radiative process of photon emission
unGg reahsorption for the following reasons:-

Because of the internal guenching of the anthracene molecule in solution its
quantum efficiency is approximately 20%. dence, if anthracene absorbed the naphthalene
vmigsion and then radiated, it is to be expected that the intensity of its fluorescence
will be five times smaller than the original naphthalene fluorescence,

FURST & KALIMANH consider that since an increase in fluorescence intensity was
nbserved when the anthracene was added, therefore the energy transport mechanism cannot
be radiative,

As in the experiments of BOWEN ‘v BROCELEHURST, energy trensfer between two
different solutes is considered, rather than the more fundamental problem of sclvent-
solute transfer, The results are not considered conclusive since the authors deo neot
allow for:-

(a) The reduced sensitivity {about 20%) of the photomultiplier

detector for the naphthalene fluorescence, compared with that
for the anthracene fluorescence.

(v) The self-absorption of the naphthalene fluorescence, which

reduces the observed technical efficiency of the pure

naphthalene solutions to a fraction of its true molecular

22/ .0,



20

fluorescence efficiency. The latter is the relevant
parameter in considering radiative transfer to the
anthracene.

COHEN & WZINREB (1954) showed the existence of energy transfer in solutions
of para-terphenyl in xylene or toluene excited by Hg 254 ?f& radiation which ias
almost totally absorbed by the solvent. Before this experiment, AGENO et al (1952).
found evidence for fluorescence emission occurring over a region a few millimetres
from a Pozlg(—particle source immersed in a solution of para~terphemyl in xylene,
and suggested that energy trensfer takes place by a long range secondary radiation
emitted by the solvent and absorbed by the solute, They continued by showing that
exchange of energy can take place from a solvent to a solution separated by a glass
plate, COHEN & WEINAEB (1954) however, show that by using a quartz cell of various
thicknesses, there is no apprecieble radiative transfer over distances greater than
9.1 mm, These results of COMEN & WEINREB (1954) suggested the more detailed study
0f solvent—solute energy transfer in binary liquid solutions, under ultre~violet
excitation, undertaken in the present investigation. The use of ultra-violet
excitation and binary solutions avoids meny of the complications introduced in the
earlier measurements using ionizing radiation and multi-component systems,

The present experiment was designed to elucidate the mechanism of energy transfer
in a liquid organic solution of para—terphenyl in toluene. The ingredients were
chosen because of their suitability for energy transfer as indicated in Section 1.3,
page 17.

The fluorescence quantum intensity of this binary solution has been measured as
a function of concentration and of exeitation wavelength from 2200 £ +o 3300 R. The

use of low energy exciting light eliminates the additional complicatory effects of
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primary ionization, The absorption spectra of the two components, and cther data
relevant to a2 quantitative analysis of energy transfer, have also been measured.
Since the completion of the experimental work in November, 1955, an account

of similar studies by COHEN & WEINREB (1956) hos been published.  The present

results, analysis, and concl__ione differ from theirs in several important respects,
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11X, 2. C0un3CTION FOR EXCITATION DEPTH:

Sefore a guantitative analysis of the results can be undertaken, a correction
must be made for the variation with wavelength and concentration of the depth of
penetration of the incident radiation,. This effect was reported by WRIGHT (1955),
who studisd the fluorescence excitation sractra of organie crystals. These show
major variations with execitation wavelength . the transmitted fluorescence intensity,
associated with variations in the absorptiom coefficient.

The effect is cleérly seen in the present measurements (FIGS, 10 & 11) for
waveleng’’ 3 from 300C % to 3300 2. In this spectral region the toluene is
transparent, all the terphen,. fluorescence is directly excited, and the fluorescence
gquantun efficiency of terphenyl is comstant. Nevert' :less the observed fluorescence
intensity decreases with increasing wavelength, due to the decrease in(ly, and the
consequent increese in the depth of penetration of the incident radiation,

The observed fluorescence intensity, I, has been expressed in terms of I,, the
observed fluorescence intensity,k at & wavelsngth of 3000 R, and I/IO has been
normalised to correspond to the strongest solution (4,15 gm/litre). In FIG,. 12,
I/IO for all the solutions from 3006 A to 3300 % is plotted on a logarithmic scale
ageinst the molar extinction coefficient G:x +€iyc) where ¢ is the concentration of
solute molecules per solvent molecule, In this spectral regioné;x= 0. The
calculations reguired for the production of FIG., 12 are giver in Table I.

#ithin the experimental error, the values of I/I0 for the different solutions
lie on a single smooth curve, For values oféix +E€Yc from 1 to 36 the curve is
linear, and it is reasonable to extrapolate it linearly to higher values offax +Cye.

FIG, 12 thus shows the change in the ohserved fluorescence intensity, I, from the
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value I,, that it would have if the molar extinction coefficient (Cx +€yc) were
36, i.e. if the radiation were absorbed at the same depth as in the strongest
solution at?.= 3000 &,

FiIG. 12 has, therefore, heen used to eorrect the observed fluorescence
excitation spectra (FIGS. 10 & 11) by normalising them to the standard excitation
depth, corresponding to I,, This has been done by dividing the observed
fluorescence intensity I (FIGS, 10 & 11) by the value of I/I0 from FIG, 12
corresponding to the value of Gix +€;yc) for the particular solution and
excitation wavelength,

The analysis of the results of this experiment is confined to the wavelength
range from 2650 & to 2200 R, in which region the value of @ix +E;yc) varies from
12.4 to 214 (mee Table II) for all solutions, The correction factors corresponding
to these values of «Ex +G5yc) lie between 0,98 and 1.05, Observations at wavelengths
between 2650 R and 2800 R are omitted from the subseguent analysis because of
experimental uncertainties in the determinption of the exact position of the toluene
absorption edge, since the absorption spectrum (FIG. 7(2)) measured for an ethanol
solution does not correspond exactly to that for pure toluene, Near this absorption
edge, a slight shift to longer wavelengths would produce a marked increase in the
value ofE;, while a similar shift will probably have only a small effect onE; at
wavelengths greater than 2650 8.

The corrected fluorescence spectra are similar in form to FIGS, 10 & 11, except

{or uniform plateaux fromA~ 2900 R to 3300 R, and are not, therefore, reproduced,

i1I. 3. ENERGY TRAWNSFZA CORFFICIENT:

We must now proceed to analyse the corrected excitation spectre in order to
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derive an expression giving the fraction of quanta initially absorbed by the
solvent which are tramsferred to the solute,

From abgerption law equetions, for toluene

I = Ioe—/ixd

where I = intensity of transmitted radintion,

I0 = intensity of incident radiation
/Lx = molecular absorption coefficient of toluene
d = thickness of specimen,

Similarly for terphenyl,

I = Ioefikyd

+he guffixes x and y referring to toluene and terphenyl respectively,
It can be shown that the total quentity of incident light absorbed by both the
toluene and the terphenyl
- I, (1 - & 49

Therefore, the ratio, Fraction of light absorbed by terphenyl/Fraction absgorbed by

toluens
=’£I
/A x
= Cxix!
GEyLY}
wherefgi andfzy are the molar extinction coefficients of toluene and terphenyl

respectively and [Xj and LYJ are the moleculer concentrations of the solvent and
30lute molecules X and Y. Square brackets will be used throughout to denote moleculer
concentrations.

For incident photons of wavelength, Jet the fraction abserbed directly by the
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Ofg Ofgp
Solution (&), ¢ = 1.91 x 1074
2650 23.5 129.90 6.3 135.3 2.13 0.014 1.03 22,8 0.224 0.048 0.776 0.037 0.187
2600 20.0 158,5 5,2 163.7 2,21 0.018 1.04 19.2 0.189 0.032 0,811 0,026 0.163
2550 19.5 132.0 4,2 136.2 2,13 0,014 1.03 18.9 0.188 0.032 0.814 0.026 0.160
2500 21,0 95,5 3.2 98,7 1,99 0.011 1.08 20.4 0.20 0.032 0.80 0.026 0.174
2450 22.5 64.6 2,1 66.7 1.82 0.007 1.02 22,0 0.216 0.032 0.784 0.025 0.181
2400 24,0 38.0 1.3 39.3 1.59 0.001 1.00 24,0 0.236 0.036 0.764 . 0.027 0.209
2350 27.0 21.4 0.85 22,25 1.33 1.995 0.99 27,2 0,267 0.04 0.733 0.022 0,233
2300 31.0 12,6 1.1 13.7 1.14 1.991 0.98 31.6 3.31 0.098 0.69 0.068 0.242
2250 29.5 26.3 2,1 28.4 1.45 1.998 1.0 29,8 0.29 0.076 0.71 0,054 0.236
2200 32,0 107.2 3.2 110.4 2,04 0.012 1.03 31.1 0.305 0.03 0.695 0.021 0.284
3000 96,5 = 3.05 3.05 0.48 1.976 0.946 162.0
4
1.6x10
! Solution (e}, e = 0.418 x 10-4
2650 11.0 129.0 1.4 130.4 2.12 0.012 1.03 10.7 0.057 0.010 0.9:3 0,009 0.048
2600 9.0 158.5 1.1 159.6 2,22 0.016 1.04 8,7 0,047 0,007 0.953 0,007 0.040
2550 10.0 132.0 0.9 132,9 2.32 0.012 1:03 9,7 0.052 0.007 0.948 0,007 0.045
2500 10.5 95,5 0.7 96.2 1,98 0,008 1,02 10.3 0.055 0.007 0.945 0.007 0,048
2459 11,0 64.6 0.5 65.1 1.81 6.008 1.02 10.8 0.058 0,007 0,942 0,007 0,051
2400 12.2 38,0 0.3 38,3 1,58 0 1.0 ° 12,2 0,065 0.008 0,935 0.007 0.058
2350 14,0 21.4 0.2 21.6 1.33 1.995 0.99 14,1 0.076 0.009  0.924 0. 008 0,068
23090 16,8 12.6 0.25 12.85 1.11 1.992 0,98 17.2 0.082 0.021 0.918 0.019 0.063
2250 15.5 26,3 0.5 26,8 1.43 0 1.0 15,5 0.074 0.017 D.926 0,016 0.058
2200 14,0 107.2 0.7 107.9 2.03 0.012 1,03 13.6 0.065 0,007 0.936 0.007 0,058
3000 168.5 = 0.67 0.67 1.83 1.956 0.904 186.5
4
1.6x10
Solution {£f), ¢ = 4.98 x 107%

2659 9.2 129.0 16.6 145.6 2.16 0.015 1.04 8.8 0.48 0.125 0.52 0.065 0.415
2600 7.0 158.5 13.8 172.3 2,23 0.016 1.04 6.7 0.366 0.085 0.534 0,054 0.312
2550 7.5 132.0 11,0 143.0 2,15 0.014 1.03 7.3 0.40 0.085 0.60 0.051 0.349
2500 §.0 55,5 8,5 104.0 2,02 0.012 1.03 7.8 0.425 0.085 0.575 0.049 0.376
2450 8.35 64.6 5.6 70.2 1.85 0.008 1.02 8.2 0.447 0.085 0.553 0.047 0.40
2450 9,15 38,0 3.5 41.5 1.62 0,002 1.01 9.05 0.494 0,095 0.506 0.048 0.446
2350 10,2 21.4 2,2 23.6 1,37 1.996 0.99 10.2 0.557 0.105 0.443 0.047 0.51
2300 11,2 12.6 3.8 15.4 1.19 1.939 0.97E 11.5 0.627 0.255 0,373 0.095 0.542
2250 10.6 26,3 6.9 33,2 1.52 0 1,0 10.6 0.58 0.2 0,42 0.084 0.496
2200 10.25 107.2 10,7 117.9 2,07 0.013 1.03 9.95 0.543 0,08 0.457 0,037 2.506
3000 17,7 = 8.1 8.1 0,909 1.985 0.966 18,3

1.6x10%

3/cee







~32-

solvent and solute molecules be ny and n, respectively.

y

Then oy =EZy[Y] = E?(: (1)
n, szixj _

where(2 =éiy (the ratio of the molecular extinotion coefficients) and c is the

Cox

concentration of solute molecules per sclvent molecule. The value of§2 Varies

with Wavelengthﬁkfand

ne = 1, - e (2)
1 +¢c %y 1+Qc

The quantum efficiency, gy , of the observed solute fluorescence, whioh
y

i3 defined as the ratio of the number of photons emitted to the total numher

absorbec 1s

a, = I S (a)
ny + fnx

where ny is the number of photons emitted and f is the energy transfer coefficient,
i,e, the fraction of quaenta, initially absorbed by the solvent which are transferred
to the solute.
qu is characteristic of the solute in the particular solvent used at a given value
of ¢, It is independent of A within the first absorption band of the solute
(down to 2350 % in the present case) and by analogy with other orgenic fluorescent
compounds (PRINGSHEIM 1949, FUCHLOCHER & GLASER 1954, WRIGHT 1955), it may be
expected to remein constant down to at least 2200 R.

In the gpectral region designated O, where the solvent is transparent and the
incident radiation is thus absorbed only by the solute, ny = 0, n, = 1 and,

therefore

U, = Bg, (4)

where the suffix 0 refers to this spactral region,
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An expression for f in terms of cxperimental daremeters is obtained from

equations (2), (3) and (4), namely -

t= 2 (1P -Qc (5)

nfo

The ratio E% ia obtained directly from the corrected fluorescence excitation
n

apectra, 12 is the ratio of the relative gquentum intensity in regions I and II
at any perticuler wavelength to that ip region I where the sclvent is transparent
and the relative gquantum intensity is constant.i? is obtoined from FIG, 7T(c).

The velues of £, derived from (5), are plotted ageinstA. in FIGS, 13 & 14,
T7IG, 13 consists of five curves for the normal solutions a, b, ¢, d and e, while
71%, 14 shows the two curves obtained frem the oxygen—free solutions f and g.
Jor each solutic. it 18 found thet f has two characteristic values producing the
two horizontal sectioms of each curve: The first value, f1, which is comstant
within experimental error, cccurs at wavelengths between 2500 8 and 2650 R,
designated region I, The second value, f2, is similarly comstant but higher and
seccurs in region I at wavelengths between 2200 £ to 2350 K. Betweer the two
ggectral regionsg T and I, f has a value intermedicte between fl and f2.

It is thus shown that the value of f depends on}_ , the wavelength of the
gxciting radiation and this interesting point will be discussed in Section IV,2,

The readings required for the calculation of £ for each solution at verious
values of Acare given in Table II. In this ¥able I,,5 is the cbserved velue of
jeletive Fluorescence Intensity at each waveleangth normalised to the value of
:Dbs = 10 at A= 3000 2 for the solution of highest concentration (c = 1‘:3*.1::10-“4 mols/

m0l).  The values of € andfay are obtained from FIG. 7(a) snd (b) and the

calculated values of log GEx +€ayc) are used to read off from FIC
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External self-quenching
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Absorstion of solvent em
by solvent,

Abasorption of solvent er
by solute,

Fluorescence of solute.

Internal guenching of s

Bxternal guenching of s
by solvent.

Bxternal self-quenchin
solute,
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they represent the fraction of scolvent fluorescence which is reabsorbed by both
the solvent, X, and the solute, Y. The excitation, i.e, absorption, processes
(i, ii, vii, viii) ere distinguished from de~-excitation, i.e. emission or
quenching, processes (iii to vi, and ix to xii) by a negative sign. Since the
complete Bystem is practically opaque to the emission of X, and transparent to
the emimsion of Y, processes corresponding to the escape of the former, or the
reabaorption of the latter, are omitted,

A gimilar analysis is applicable to non—rediative processes in whieh the
transfer probability is proportional to the concentration, In such cases the
energy h\), representing the fluorescence photon, would be taken to refer to a
"virtual photon" or exciton, and*?xfﬁgﬁligﬂiﬂx to the guantum efficiencies of
Bolvent—solvent and solvent-solute inter-molecular energy transfer, Such an
analysis is not, however, applicable to non~radiative transfer processes in
which the energy transfer rate is not linearly proportional to the concentratiaon.

From Table III, an expression for the intensity of the solute fluorescence

ng, may be evaluated as follows:~

CVE&;[>{*} — {Process ix)
q,g}}‘%z[\{]_.k@gxl:xi]_\(ﬁ e (Processes ii & vi
Vo] thy MA G AN
s TR ) S
=ty L) Wy~ Ry g 001 (- R, 9,3
RS =N
%ai’”a-@%x‘;ﬁp (- R g 4]
- R gl )
- . .

AT Sh e M} '
VS = X))

"

Ny

fl

Processes 1 & vii










TABLE IV

SOLUTION CONCﬁgi%giON ¢ C/fl C/fz
2 15,2 x 1077 47.6 x 107 21.1 x L
b 9.58 " 30.7 " 17.8 |
¢ 4,78 " 17.6 " 17,1 ‘
] 1,91 " 11,2 ™ 765 |
e 0.418 " 9.3 " 675
£
(oxygen-free) 4,98 " 13,7 " 9.7
g
(oxygen-free) 2,32 x 10~ 4e2 " 2. 67
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For the normal solutions the following values are obtained:-

In Speotral Region I (2500 & ~ 2650 &) A, = 2.1
B, = 8x 1074
and in Spectral Region IT (2200 § - 2350 R) 4, = 1.4
-4
BII = 5 x 10

For the oxygen—-free solutions, the corresponding values are:-

Ap = 2.1
B, = 4x 10”*
and AII = 1,4
B, = 2.5x 1074

where suffixes I end II refer to the corresponding spectral regionms,
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the energy transfer by about 30%. Jhile there appears to be no reascn to question
theae relative efficiency values, the absolute values are subject to the =ame degree
of uncertainty as the others discussed in IV.1.{(i), These studies using o aecond
_solvent have not been repeated in the present work,

(iii) Dependence of transfer efficiency on exciting wavelength:

It is here that the results of CUHEN & WEINREB are in distinct contrast to the
present worhk, In I11.3. and FIGS, 13 & 14 of the present work, it is shown clearly
that the transfer coefficient, f, varies with the wavelength,”A_, of the exeiting
light, whereas COHEN & WEINREB report that the ene._, transfer coefficient is
independent of A. for wavelengths from 2200 8 to 2700 §, In this spectral ronge, the
absorpti gpectrum of toluene shows two bands (FRIEDEL & ORCHIN 1951) and for
exeit*-g ..velengths shorter than 23040 ! one therefore expects the second electronic
stete to be excited. The ccnstancy of their calculated values of f suggested that
the tranafer always takes place from +ke first excited state, even though the second
state may be initially excited,

FIG, 15 of the present work is in direct contradiction to this suggestion, since
there are two distinet values of £, viz: f; and fz, the latter occurring at wavelengt
<2350 R, which suggests that the transfer from the second excited state of teluene i
greater than from the first, This wavelength dependence of f ie discussed more fully
in IV.2,

(iv) Exsect on transfer efficienoy of dilution of tranmsferring solvent:

An experiment to study the effect of dilution on the transferring solvent by a
gecond inert sclvent was designed to inveatigate the possibility, suggested by KALIMA
& FURST (1950), that the sclvent molecular excitation emergy is propogated through th

solvent by a q ' " ical exchange interaction beitween neighbouring solvent

-
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The intrinsic transfer efficiency was measured as a function of the degree of
dilution of the transferring solvent while the solute concentration waas kept
constant, The function of the second solvent is only to separate the molecules
of the absorhing solwvent, The type of curve obtained for solutions of para-
terphenyl in toluene diluted with cyclohexane is shown in FIG, 16, After a

S:wuwal initial decrease in the transfer efficiency corresponding to relatively

low dilution factors, the transfer efficienecy remains remarkably constant even

at the very highest dilutions, In order to interpret this curve properly,

COHEN & WEINREE investigated the influence of dilution on the natural fluorescence
of the absorbing solvent which they found increased considerably with dilution,
because of the decrease in the extent of self-quenching,

The possibility of photon emission and reabsorption being the dominant mechaniam
by which molecular energy is transferred was investigated by comparing the solute
fluorescence intensity (isolated from the solvent fluorescence and primary rai t »
obtained from "thin" and "thick" layers of solutions, where the primary exciting
radiation is completely absorbed by the ebsorbing solvent; the terms "thick" and
"thin" imply distances large or small compared with the mean free paths of the natural
‘luorescent radiation of the absorbing solvent, The existence of an appreciable
adiative transfer from the solvent to the solute would give rise to an increased
solute fluorescence when a "thick" layer is used, since only in this case is a large
fraction of the solvent fluorescence completely absorbed by the solute, It is stated
that in the case of toluene, the amount of radiative transfer was not greater than

2% of the total transfer, even at high dilution and at the lowest concentrations used
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in the dilution experiments. FIG. 13 led COHEN & WEINREB to the conclusion

that in the process of energy transfer from an excited solvent molecule to a molute
molecule, other molecules play no part, The results were interpreted on the theory
of a long range dipole-dipole interaction similar to that proposed by FORSTER (1949)
for dye solutions, though this theory in its guantitative form does not apply to the
organic systems used in this work,

{(v) The influence of transfer on the natural fluorescence of the solvent:

The assumption that the process of natural solvent fluorescence competes with
the process of transfer of energy to the solute was investigated by COHEN & WEINREB
(1956) for various solutions of anthraceme {usually in toluene). They measured the
intensity of fluorescense of the pure solvent and of “thick"” and "thin" layers of
solution, The thick layer fluorescence arises almost completely from the solvent-
solute transfer, whereas the thin layer fluorescence includes both the solvent and
solute fluorescence; the difference between the "thick" and "thin® layer Zluorescence
gives the solvent fluorescence in the presence of solute molecules and is compared
with the pure solvent fluorescence intensity. It was found that no gquenching of
the solvent fluorescence occurred as a consequence of the addition of solute molecules
which seems to show that the assumption of competing processes stated above is not true,
This conclusion is supported by FIG. 19, in which the transfer efficience remains
constant even though the fluorescence efficiency of the solvent increases with
increasing dilution,

Kadietive transfer and several non-radiative processes, e,z. sensitized
fluorescence are, therefore, eliminated as possible energy transfer mechanisms in
these liguid systems,

COHEN & WEINREB suggest that the natural fluorescence of toluene is amall because
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of self-guenching, yet the solvent molecules whieh Ffinally transfer energy to
terphenyl can exist for times of the order of l(‘)'9 sec. This, they swggest, is
further evidence that solvent fluorescence and energy transfer take place from
different molecular states.

(vi) Discussion of COHEN & WEINBES's results:

The experiments reported in IV,1.(iii) dealing with the quenching effect of
carbon tetrachloride on the transfer process show, according to COHEN & WEINREB,
that a relatively long %ime, of the order of 10"‘9 sec,, must elapse before solvent-
solute transfer occurs, The fluorescence decaf time is of the order of only 3 x
ll)'-'9 gec,, hence during ll)“9 gsec¢, the excited molecule will make numerous collisions
and will diffuse until it approaches a solute molecule,

In spite of this general picture of diffusion of the excited solvent molecules
for a considerable time, followed by transfer, the authors do not assume that the
solvent~gsolute transfer takes place in a close collision occurring directly between
the two molecules, because this would lead to greater scintillation decay times than
those observed (HARRISDN 1952). Instead they attempt to interpret their results on
the theory of dipole-dipole interaction proposed by FORSTER (19049) for dye solutions
but as previously stated in I.3.{ii), they do not obtain guantitative agreement with
this theory.

A3 stated in IV;l.(iii), the present results which show & wavelength dependence
of the energy transfer coefficient are in direct contrast to those of COHEN & WEINREB
(1956). This difference may partly arise from the correctiom for excitation depth
(III.E) because while the latter refer to a correction for geometrical and self-

absorption effects being applied, no deotails of the correction, which is stated to be

generally smali, are given,
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In the present measurements, covering a similar ronge of concentrations, the values
of «ix +€3yc) at 2587 £ ana 3130 R (the wavelengths used by these authors) range

from 170 down to 0,06, correspopding to values of I/Io from 1,04 dowm to 0,7,

IV, 2., DEPENDENCE OF ZNERGY TRANSFER ON EXCITING WAVELENGTIH:

The most interesting result discovered from the present measurements ia that
the energy transfer probability depends on the wavelength of excitation,

The two spestral ragions I (A = 2500-2650 £) and II (A = 2200-2350 £) correspond
to excitation into the first and second axcited electronic singlet states of the
toluene molecule. FIGS., 13 & 14 show that the energy transfer coefficient, from
toluene molecules excited initially into the second excited state, is higher than
from molecules excited initially into the first excited state.

The fluorescence life times of the first and second excited states are of the
order of 1072 sec, and 10711 sec. respectively, In IV,1,{(vi) the results of the
experiments performed by COHEN & WEINRED (1956) to investigate the guenching effect
of carbon tetrachloride|(IV.l.(ii)), are discussed, and it is shown that energy
trangfer from the first excited state oecurs in the order of 10--9 gec. The
efficient energy transfer from the second excited state shows that in this cese
transfer must ocecur in about 10_11 gec, or less, The very short life time of the
second excited state excludes any possibility that the energy transfer from this
state is collisional in nature, since the average time required by an excited selvent
molecule to diffuse into the proximity of a solute molecule is in eXcess of 10_11 seo0,

Because of the short life time of the second excited state the extermal quenching

will be relgtively amall, The chief process competing with solvent—-solute energy

transfer from this state will be conversion into the firset excited state of the solvent
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moleecule, either by internal conversion or by solvent-solvent energy transfer,
This conversion process is known to be highly efficient and rapid (PRINGSHEIM 1949).
Nevertheless, the results show that the solvent-solute transfer can compete

efficlently with such inter-state conversion.

Iv., 3, THE PHOTON TRANSFEd THEORY:

The results of the present work have been discussed so far without specific
reference to any particular mode of energy transfer,

The energy transfer from the second excited state of the solvent is consistent
with the auggestion of BIRKS (1954) that fluorescence emission occurs from the
gecond -—7 “*-~her electronic excited states of a fluoreascent molecule, The results
show, t 2, that the comcept, previously accepted (PRINGSHEIM 1949} that ell
the excitation e: + of such higher electronic states is internally converted into
thot of the lowest excited state, is invalid. In pure solvents, the internal
conversion plus solvent-solvent transfer, gives 100% inter—state conversion efficiency
80 that oanly emission from the lowest state is observed, but in solutions, the solvent~
solute trensfer is an efficient competitor f;r the excitation energy and aclvent
cmission from the higher states is probable.

1 and 10'-9 SeC.

The time required for energy tranafer is of the order of 10"
respectively for the second and first excited states, which is about the mame as for
fluorescence emission from these two states, Photon emission and reabsorption 1is,
therefore, a likely mechanism of energy transfer,

Between spectral regioms I and II, where all the excited solvent molecules are

initially in the first and second excited states respectively, there is a transition

region extending from 2350~2500 . In this transiticn region, solvent meolecules
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co—exist initially in either of the two ezcited states, This region is also that
where fluorescence from the second excited state would be expected to occur,

In 1,3, pages 22 & 23 and IV.1,{v) the results of COHEN & WEINRES (1956)
are discussed, in which they show that the solvent-solute transfer efficiency in
region I is unchanged if the sclvent is diluted by a factor of 100C with an "inert"
liguid, They have thus demonstrated that solvent-solvent "collisional" energy
transfer is negligible,

It would also appear that any short range non-radisastive solvent—-solute
transfer processes, which depend on thermal diffusion to bring the excited solvent
molecule apd the solute molecule into reasonable proximity, are similarly excluded
by these observations since their efficiency would be reduced by am increase in the
diffusion time due to dilution, Fluorescence of the solvent, leading to photon
transfer, appears to be the one possible long range mechanism. The dilutant,
cyclohexane, being transparent, does not decreese the efficiency of photon transfer.
The fluorescence spectrum of the emission from the first excited state of toluene,
obgerved in dilute elcoholic solution, hes vibrational maxima at A= 2622, 2§48,
2876, 2740, 2808 and 2BB3 4 (PRINGSHEIM 1949). There is thus & major overlap of
the fluorescence and absorption spectra, end in pure toluene the mean free path of
the emitted photons will ke only a few microns, The relatively low technical
fluorescence efficiency, 4y ) observed with thiclier toluene specimens by EKALIMANN &
FURST (1981b) will be considerably less than the molecular fluorescence efficiency, g, ,
due to this high self-absorption,. Bince gy = (qo)n, where % is the probability of
photon escape without absorption (BIRES 1954), by taking values of q4~ 0,015
(ZALLMANN & FURST 1951b), n~.6 (estimated from the absorption and emission spectra)
we obtain a rough estimate of qon«o.s. The experimental data thus appear consistent
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with the photon cascade and trensfer theory, but not with the elternative mechanisms

proposed,
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V. CONCLUSTIOON

The experiment was performed to investigate the energy transfer mechanism by
which energy is transferred from the initially excited solvent molecules to the
golute molecules in solutions of para-terphenyl in toluene under ultra-violet
radiation,

It is found that:-

(i) The probability of solvent-solute transfer is proportional
to the solute concentration.

{ii) The efficieney of energy transfer deperds on the excitation
wavelength, the energy transfer being more efficient from
aolvent molecules in the mecond excited state than froa the

first excited state,

Although no final conclusions can ba drawn about the energy transfer mechanism,
the results apnear to be consgistent with the radiative transfer process than with

asny short renge non-radiative transfer process.

e 0 Qo
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Energy Transfer in Organic Systems

I: Photofluorescence of Terphenyl-toluene Solutions

By J.B. BIRKSt anp A, J. W. CAMERON
Physics Department, Rhodes University, South Africa ii‘ r

MS. recetved 9th Fanuary 1958, and in final form 5th March 1938

Abstract. The fluorescence quantum intensities of normal and oxygen-free
solutions of para-terphenyl in toluene have been measured as a function of
concentration ¢ and of excitation wavelengtb A from 22004 to 33004, The
absorption spectra of toluene and terphenyl have been observed. The energy
transfer coefficient f from excited toluene molecules to terphenyl molecules has
thus been obtained.

f1s found to depend on A. Tora given ¢, f=f; in region 1 (A=2500-26504),
f=f,> fiinregion 2 (A=2200-2350 &), and f, > f > f; for intermediate A. Regions
1and 2 correspond to the first and second excited electronic singlet states of toluene.
The solvent-solute energy transfer from the second excited state, which occurs in
approximately 10~ sec, competes efficiently with conversion to the 1st excited
state of tolucne,

§ 1. INTRODUCTION v i
sE high fluorescence efficiency of certain organic liquid solutions, n
| excited by ionizing radiations, was observed initially by Ageno, Chiozzoto
and Querzoli (1949, 1950), Kallmann (1950), and Reynolds, Harrison, and
Salvani (1950). Such solutions are now extensively used for scintillation
counting, particularly where a large detection volume and a rapid response time
are required. .

Kallmann and Furst (1950, 1951} observed that, altbough the Auorescence
is characteristic of the solute, its intensity greatly exceeds that from direct excita-
tion of the solute molecules by the incident ionizing radiation. A transfer of
electronic energy from solvent molecules, initially excited, to solute molecules was
thus demonstrated. The energy transfer process for a wide range of liquid
solutions has been studied by Furst and Kallmann (1952, 1954 a), Reynolds
(1952) and others.

The mechanism of the inter-molecular energy transfer in liquids and in related
fluorescent organic systems has been a matter of some discussion, and several
alternative processes have been proposed. Birks (1953, 1954) has formulated a
photon theory of energy transfer. Other observers (e.g. Cohen and Weinreb
1954, 1956, Furst and Kallmann 1952, 1954 a, b, Kallmann and Furst 1950, 1951,
Reid 1952, Reynolds 1952, Schmillen 1953, Terenin 1954) consider that such a
radiative transfer process is inadequate to account for the magnitude of the

+ Now at the Physical Laboratories, University of Manchester.
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energy transfer observed. They propose that the intermolecular energy transfer is
primarily non-radiative (Forster 1948, 1949, 1951).

Several non-radiative transfer mechanisms, some of which are equivalent,
have beensuggested. These include exciton migration, dipole-dipole interaction,
quantum-mechanical resonance, or inductive transfer, sensitized fluorescence,
collisional transfer and the formation of excited * double melecules °, or of solvent—
solute molecular complexes. While some of these processes are plausible on
theoretical grounds, others that have been botrowed by analogy from different
physical systems, such as ionic crystals and monatomic gases, are not necessarily
applicable to liquid organic solutions.

The use of ionizing radiation for stimulation of the fluorescence complicates
the interpretation of the expcrimental data. The manner of conversion of the
primary molecular ionization and excitation energy into lower excited states of the
molecules is not yet fully understood. Birks (1953, 1954) has proposed a possible
mechanism: a cascade of successive fluorescence and re-absorption transitions
from and to higher electronic states, degenerating through vibrational energy
dissipation into lower electronic states. The fluorescence from the lowest excited
singlet state of the solute ultimately escapes without re-absorption and is observed
externally. 'While many data are consistent with this theory, prior to the present
work it lacked any direct verification.

It was therefore considered desirable to study the solvent-solute cnergy
transfer, without the additional effects of primary ionization. Cohen and
Weinreb (1954) have shown that such energy transfer occurs in erganic liquid
solutions, when excited by non-ionizing ultra-violet radiation. Furst and
Kallmann (1954 b) have also extended their earlier scintillation studies of various
solntions to ultra-violet excitation. However, the latter’s use of multi-component
solutions complicates the analysis of their results.

TIn’ the present work, the fluorescence quantum intensity of a binary solution,
para-terphenyl in toluenet, has been measured as a function of concentration and
of excitation wavelength from 22004 to 3300A. The absorption spectra of the
two components, and other data relevant to a quantitative analysis of the energy
transfer, have also been measured.

Since the completion of the experimental work in November 1955, an account
of similar studies by Cohen and Weinreb (1956) has been published. Our
results, analysis, and conclusions differ from theirs in several important respects.

§ 2. EXPERIMENTAL

2.1. Absorption Spectra

High-purity toluene and scintillation grade ’ para-terphenyl were used. The
absorption spectra of toluene in ethanol {figure 1, curve A) and of terphenyl in
cyclohexane (figure 1, curve B) were measured with a Beckman Model DU
spectrophotometer. The absorption spectrum of terphenyl in toluene was
measured down to 2950 4, at which wavelength the toluene starts to absorb, and a
similar spectrum to that of the cyclohexane solution was observed. The observed
spectra are similar to those reported by Friedel and Orchin (1951).

+ This sclution was chosen because its high scintillation efficiency indicates efficient
solvent—solute energy transfer.
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The ratio p, of the molar extinction coeflicients ey and €x of terphenyl and
toluene respectively, is plotted in figure 1, curve C.
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Figure 1. A, absorption spectrum of toluene in ethancl €; B, absorption spectrum of
bara-terphenyl in cyclohexane ¢ ; C, p=e /e,

2.2, Fluorescence of Solutions

The experimental arrangement is shown diagrammatically in figure 2. The
solution S was contained in a cylindrical glass vessel, the depth of the solution
{1 cm) beingthe samefor allspecimens. The fluorescence was excited byillumina-
tion with monochromaticradiationfroma Beckman Model D Uspectrophotometer,
the horizental exit beam M being deflected vertically downwards by a quartz
prism Q. The vessel was placed on a Chance OY 10 glass filter F, adjacent to the
photo-cathode window of a Du Mont 6291 photomultiplier P mounted vertically.

Figure 2. Experimental arrangement, M, exit beam from monochromator; Q, quartz
prism; S, solution specimen in glass vessel; F, QY 10 glass Flter; P, photo-
multiplier.

The filter transmits the terphenyl emission efficiently, but it is opaque to shorter
wavelength radiation: it thus serves to prevent scattered incident radiation from
reaching the photo-cathode. A careful check showed that neither the filter nor the
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concentration from 4-15gl.~1t0 (-09gl.~%. These solutions contained dissolved
oxygen, which is known to act as a quenching agent, in equilibrium concentration
at normal atmospheric pressure. Figure 4 shows the results for two solutions,
from which the oxygen had been removed by bubbling nitrogen through the
toluene during distillation.

o
a

(arbu.rary umis)

L

Fiverescence Intensit,

| L 1 1 L

- ] H i L
2200 200 2600 2500 30e0 3200 3800
Excitation Wavelength (&)

Figure 4. Fluorescence excitation spectra of oxygen-free solutions. Concentration:
F, 108 gl-t; G, 0-054¢g 11

§ 3. AnaLvsis oF REsULTS

3.1, Qualitative Description

Three distinct regions may be distinguished in the excitation spectra. In the
first region (O) from 2800-3300 A, the toluene is practically transparent, and the
terphenyl fluorescence is excited directly by absorption of the incident radiation.
This region of direct excitation is bounded at A ~ 3300 A by the terphenyl absorption
edge, and at A ~ 2800 & by the onset of the toluene absorption.

In the second and third regions (1 and 2), corresponding to wavelengths below
about 27004, the toluene absorption is high, and practically all the incident
radiation is absorbed by the solvent. Inthese regions, the terphenyl fluorescence
is mainly excited indirectly by energy transfer from excited toluene molecules.

"The fluorescence intensity shows variations, associated with changes in ex and
¢y with wavelength, and these are allowed for in the subsequent analysis. How-
ever it may be noted at this stage, that the fluorescence intensity, which depends on
the energy transfer efficieney, is higher at the shorter wavelengths {2200-23504)
designated region 2, than at the longer wavelengths (2500-26504), designated
region 1.

3.2. Correciion for Excitation Depth

Before undertaking a quantitative analysis of the results, a correction was made
for the variation with wavelength and concentration of the depth of penetration of
the incident radiation. This effect was reported by Wright (1955), who studied
the fluorescence excitation spectra of organic crystals, These show major
variations with excitation wavelength of the transmitted fluorescence intensity,.
associated with variations in the absorption coefficient.
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3.3. Energy Transfer Coefficient

We shall now proceed to analyse the corrected excitation spectra, to determine
the fraction of quanta transferred from solvent to solute molecules.

For incident photons of wavelength A, let the fraction absorbed initially by the
solvent and solute molecules be 7x and ny respectively.

i 1
T 1+ pe
ny Tipe (1)

where p=cyfex.
The quantum efficiency gpy of the observed solute fluorescence is

Y
= — e {2
4ty ﬂy+fﬂx ()

where npis the number of photons emitted per incident quantum absorbed, and fis
the energy transfer coeflicient, i.e. the fraction of quanta, initially absorbed by the
solvent, which are transferred to the solute. g¢ry is characteristic of the solute
in the particular solvent at a given value of ¢. Itisindependent of A within the 1st
absorption band of the solute {down to 2350 & in the present case) and, by analogy
with other organic fluorescent compounds (Pringsheim 1949, Fuchslocher and
Glaser 1954, Wright 1955), it may be expected to remain constant down to at
least 2200 4.
In the spectral region 0, where the solvent is transparent, #y=0, ny =1, and

giy="y e (3)
where suffix 0 refers to this spectral region.
An expression for fin terms of experimental parameters is obtained from (1},

(2) and (3}, namely
/= ;”;"; (1+pe)—pe. . Q)

The ratio nt/ng, is obtained directly from the corrected fluorescence excitation
spectra: p is obtained from figure 1, curve C.

oy
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Figure 6, Energy transfer coefficient f plotted against wavelength A. Normal solutions.
Concentration: A, 415gl~'; B, 207gl-1; C, 104gl72; D, 0415g1l77
E, 0-091 g L.
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Hence we obtain,

ke
f= W ...... (5)
= Ac—f}-B ...... (5a)

In figure 9 the experimental values of ¢ff; and ¢ff, are plotted against ¢ for the
normal and oxygen-free solutions. Linear relations in agreement with (5a)
are obtained. From the gradients and intercepts, for the normal solutions
A, =21, B;=8x10"%; A;=14, B,=5x 107*; and for the oxygen-free solutions
A;=2-1, By=4x10"4; A,=14, By=2-5x107% where suffixes 1 and 2 refer
to the spectral regions I and 2.

It is tempting to evaluate the relative values of %, /, 5 and m from these data,
as has been done by other observers. However, it will be shown by Birks (to be
published) that (5) is over-simplified, since the cffect of solvent absorption and re-
emission (‘ photon regencration ’, Birks 1953, 1954) has not heen allowed for.
A fuller theoretical analysis, which leads to a relation similar to (5a), is given
by Birks (to be published) and A4 and B are there related to the molecular
quantum efficiency of the solvent and the relative solute/solvent absorption
coeflicient p.

§ 4. DiscussioN

4.1. Comparison with other Experimental Results

These results differ in certain important respects from those of Cohen and
Weinreb (1956) on similar selutions,

These authors do not refer to the oxygen content of their solutions, which
presumably were air-saturated. They reported that the energy transfer coefficient
f was independent of A for wavelengths from 2200-2700A. This is in distinet
contrast to the present results.

Most of the measurements of Cohen and Weinreb were made using 23374
and 3130 A radiation for excitation, corresponding to our spectral regions 1 and 0.
They observed a lincar relation between ¢ff; and ¢ as given by (5), but with the
parameter I=0. Thus they found that f, tended towards a limiting value of 1-0,
as ¢ increased, rather than to the limits, given by 1/4, and 1/4, of f,=0-48 and
fo=0-7 obtained from the present measurements. It may be noted that Cohen
and Weinreb assumed /=0 in their theoretical analysis, and also that their own
measurements on anthracenc in anisole, reproduced in figure 2(b) of their paper,
are not consistent with this hypothesis. Their results, like the present ones,
do however show clearly that the probability of solvent—solute transfer is propor-
tional to c.

The other studies of Cohen and Weinreb on the influence of carbon tetra-
chloride as a quenching agent, and of the dilution of the transferring solvent with
cyclohexane, have not been repeated. While there appears to be no reason to
question their relative transfer efficiency values, the absolute values are subject
to the same degree of uncertainty as the others discussed above.

The difference between the present results and those of Cohen and Weinreb
may partly arise from the correction for excitation depth (§3.2). While the
latter refer to a correction for geometrical and self-absorption effects being applied
no details of the correction, which is stated to be generally small, are given.
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(Pringsheim 1949). Nevertheless, the results show that the solvent-solute
transfer can compete efficiently svith such inter-state conversion.

4.4, Photon Transfer Theory

The results have been discussed so far without specific reference to any
particular mode of energy transfer.

Birks (1954) has suggested fluorescence emission from the sccond and higher
electronic excited states of a fluorescent molecule. The results show that the
concept, previously accepted (Pringsheim 1949}, that all the excitation cnergy
of such higher electronic states is internally converted into that of the lowest
excited state, is invalid. In pure solvents two components, internal conversion
and solvent-solvent transfer, combine to give 100¢, inter-state conversion effi-
ciency; in solutions, solvent-solute transfer is an efficient competitor against
solvent—solvent transfer for the excitation energy. The time required for
energy transfer is of the order of 101 and 10-* sec respectively for the second
and first excited states. This is about the same as for fluorescence emission
from these two states.

Between region 1 and region 2, where all the excited solvent molecules are
initially in the first and second excited states respectively, there is a transition
region extending from 2350-2500 &.  In this transition region, solvent molecules
co-exist initially in either of the two excited states. This region is also that where
fluorescence from the second excited state might be expected to occur.

Further information on the energy transfer process is given by the experiments
of Cohen and Weinreb (1956), who have shown that the solvent—solute transfer
efficiency in region 1 is practically unchanged if the solvent is diluted by a factor
of 1000 with an * inert *liquid, such as cyclohexane. They have thus demonstra-
ted that solvent-solvent ‘ collisional ' energy transfer is negligible. It would
also appear that any short-range non-radiative solvent-solute transfer processes,
which depend on thermal diffusion to bring the excited solvent molecule and the
solute molecule into reasonable proximity, are similarly excluded by these observa-
tions, since their efficiency would be reduced by an increase in the diffusion time
due to dilution. Fluorescence of the solvent, leading to photon transfer, appears
the one possible long-range mechanism. The dilutant, cyclohexane, being
transparent does not decrease the efficiency of photon transfer.

The fluorescence spectrum of the emission from the first excited state of
toluene, observed in dilute alcoholic solution, has vibrational maxima at A= 2622,
2646, 2676, 2740, 2808 and 2886 A (Pringshetrn 1949). There is thus a major
overlap of the fluorescence and absorption spectrum, and in pure toluene the
mean free path of the emitted photons wili be only a few microns. The relatively
low technical fluorescence efficiency g, observed with thicker tolucne specimens
by Kallmann and Furst (1951 b) will be considerably less than the molecular
fluorescence efficiency go, due to this high seclf-absorption. Since g,=(go)",
where 1/n is the probability of photon escape without absorption (Birks 1954),
by taking values of g,~0-015 (Kallmann and Furst 1951 b), n~ 06 (estumated
from the absorption and emission spectrat) we obtain a rough estimate of go~ 0-5.
This is in reasonable agreement with the value obtained by a fuller analysis of
tbe results (Birks, to be published).

It is hoped to obtain more direct data on the molecular cmission from the
first and second excited states ( the latter will be even more difficult to observe

+n=4-5 for pure anthracene (Birks 1954).







