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P R E F A C E 

In this thesis I have given an account of the experimental work carried out 

by me at Rhodes University from the beginning of 1954 to the end of 1955, and the 

analysis of the results which was completed during the following two 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 shepherfed 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 

assembling 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 ~n 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 bee~ 

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 

Airican Journal of Science. 

It was at this stage that discussions with Dr. Wright led to the decision to 

leave further analysis of the spectral measurements until later, ani to perform the 

experime~ts described in Part 2, During this period Dr. Wright left the University 

and I completed the experimental work and early analysis unsupervised until Prof. 

J. A. G)edhill was appointed to the Chair of Physics during the latter half of 1955. 
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Duri~g 1956, while I was resident in England, I contlnued with the analysis of 

the results and was fortunate in being able to confer with Dr. Birks regularly~ and 

vti th other workers conducting research into some of the many aspects of organic 

fluorescence. Such discussions were very valuable in producing a sound background 

which helped to guide me along the right track in the final analysis of the resultso 

The work was completed during 1957: the results of Part I are to be published 

in the ''Proceedings of the Royal Society" during 1958, the results of Part 2 are 

published in the "Proceedings of the Physical Society11
• 
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SUMMARY. 

The work reportJd in this thesis is divided into twc distinct sections. 

Pa:::-t I uet!.:::r.ibes ~n e::,eriment for the mensarernent of the crystalline photo-

fluorescence spectra of aromatic hydrocarbons; Part 2 deals with an in·no!stigatioZl 

into the photo-fluo~escence of liquid organic solutions of para-terphenyl in toluene 

and the inter-molecular energy transfer occurring within such a system. 

PART I~ 

An ap~aratus vrP.o designed for the measurement of the fluorescence spectra 

of cry3talli~~ specim~ns. It consisted of a concave grating spectrometer (Genco­

Sheard sp3ctrophot~lo:;ater), whose transmission coefficient over the spectral range 

studied was 1-::::to.,~n, attac3ed to a photomultiplier tube of known spectral response 

whose output current was measured on a sensitive galvanometer. The overall spectral 

response of the spectrorneter-photomul tipl ier co~bina ti on was used to correct t!1e 

observed fluorescence intensity of the spectra to the tn:G relative intensity, I. 

The rP-lativP- quantum intensity 1 Q, which is proportional to I?~ was obtained aEd 

plotteJ as a :'u~ct:.o:tl of wavelength /\.. • Microcrystalline specimans were prep~rcc 

by evapora~ing a certa~n volume of solution of known concentration onto a circular 

glass plate. Tne layers obtained gave an intense fluorescence uniformly dist:ributed 

over the a~rface u~d were fi~ely grained. 

The threP. solvents used for the preparation of the eolutions~ cyclohexane, chlo:·oform 

and acetone, were chosen primarily by oolubi!ity considerations but all three 

eva~orated to leave finely-grained specimens. 

Preliminary meaaurem~nts on specimens of various thicknesses showed that a thickness 

of approximately O,ljUl was the most suitable to give sufficient intensity and the 

best spec~ral resolution. All specimens were thus made to this standard thickness 

which is s~fficient to abaorb over 90% of the incident radiation. 
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Fluorescence was excited by a monochromatic radiation of 253o7 m;A wavelength 

incidect on the front aurface of the speciment and the spectra were observed in 

tra~s~ission 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 region~ .. 360 mr to 420 ~ 

In this way, the fluorescence spectra of a total of 41 organic compounds were 

measured. 

For the anthracene spectrum, normalisation of the spectra prepared from 

different solvents o~ the maximum corresponding to the 1
0 
~ 0

1 
vibrational 

transiti0n 9 ehowed that the spectra coincided at longer wavelengths but that the 

intensity of the l ~ 0 transition varied over a wide range. 
0 0 

A similar effect is exhibited by 1:2 benzanthracene though the corresponding i!ltensit:; 

of th~ l ~ 0 transition is greater in all cases. 
0 0 

The reduction of intensity of band 0 is due to self-absorption of th£ 

fluores·Jence in this D:!JCCtre.l region caused by the coincidence of the short wavel.er.1gjfh 

end of the fluorescence !>pectruru and the long wavelength end of the absorption 

spe0trur .• Using the crystalline absorption measurements of Kortum & Finckh (1942) 

a method iR evolved for c0rrecting the intensity of band 0 to the value it would have 

if rerbsorpt.ion were absent, and the true molecular fluorescence spectrum is 

obta.ir..ec. . ~his nethcd is show!! to apply es_ue.lJy to l: 2 benzanthracene and. th9 !:.~no-

methyl <:nd d.i-meH~.yl derivatives of anthracene and l: 2 benzanthracene in which 

reabsorption occ~rn to a varying extent. 

The maximum of the molecular fluorescence 1 -> 0 transition does not 
0 0 

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

11 trappe·d exci tons 11 descrihed by Sidman (1956), 
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The spectra have been classified using antbraceneJ l;2 benzanthracene and 

mo~o-methyl and di-methyl nerivatives of both. A sequence of spectral types is 

observed renging from Type A, where the vibrational structure is well~resolved (a. 

in the parent coopounds), to Type F, which have a single broad diffuse band 

accompanied by a major bathochromic shift. 

The spectra of c.ll the other polycyclic hydrocarbons and other compounds exhibit 

Type A to F spectra. 

In the anal}rsis 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 relative to that in light 

r-·~r.roleum solution measured by Schoental & Scott (1949). 

2. "~1e Molecular Substitution Effect " which causes the spectral shift realtive 

ta the parent compound. This is particularly interesting in the series 

ot C'lmp.Jtmd::l :i!~~ .1. ~2 benzanthracene and its mono-methyl derivatives and 

the derivativ~s of 3:4 benzophenanthrene, The amount of shift. m ) for . c 

the cryqtallin~ sp~ct~a is compared to that fo~ aolution measurements m ~ 
s 

whic.b show a si!I!ilar effect. 

3. 11Tbe Gry:r4:al I!:!.teraction Effect 11 due to intomol'3cular forces within the 

cryst~l, is rc~:po::1aible for the remai!ling d.i~fe~ences between the spectra. 

of cryst~ls and solutions. The diffuseness and major bathochromic shif~s of 

the spectra relative to the oorrespo~ding solution 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 results of 

Northrop & Simpson (1956), who measured the fluorescence spectra of solid 
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eolu~inns of Rnthanthrene in anthrac~ne for various poncentrations; 

shows its exiete~ce in other organi~ compounds. 

Tt.e de<'.ay times of many of the compounds where the cry<! tal interaction eff <: 

Hl strcng are greatly j.ncreased compared to the parent coiJ.pound. 

29 of the compounds studied are carcinogens and a search was made for 

distinctive relations between the fluorescence spectra and the carcinogenic activit 

Some cor~elation is found between the degree of crystalline interaction and the 

cercinogenic potency, strong interaction leading to high potency. An approximate 

correlation between t~e shift of the spectra of the 1:2 benzanthracene d~riv~tives 

relative to the parent compound and their carcinogenic potency is also sug~ested. 

PART 2: 

Th€ expPrirnents re-pr:~rted were designed to investigate solv-e:nt-sol.';Jte enor13y 

tra.nsf8r is liquid solutions of para-terpiHmyl in toluen~ excited by ul t:::-a,-v:.:_ ol ct 

radiati0n. The solation under investigation was contained in a cylindrical gl~s~ 

vessel (to a dept,h off'\.'] em.) and was excited by illumination of t~e +.o:p s:r,..f'L~;; 

with mcnoc~rol:"atic rad..ia t.i on f:r<Jm a Beckman !Aodel D. U. spect~ophoiometer. 

The integrated intensity of fluorescence transmitted through the bese of the 

cont.nj n~ r w-a.;s no ·l-.n cT.~i! n~inJ a photom~l tip lie:- tubG 1 th~ o~servat.ion being repo:-'E.~d 

for exci+,ation wave1cn&th"' hcd,w.,.,~ ~9.00 R nne! ~~on )1~ t.hr.> J.'0g'!on wlJiC'h inc1nr}en t,:.:;h 

the tolue:ns and the t@rph<e::1yl first absorption hands. 

rha relative quantum i~tensity of the monoeh:comator exi.t beam was d8iernin.:!d 0"'~2' 

he spec.tral range studied ('A=- 2200-3300 X) and the CJbserved f::..uorescence 

1tensi ties ar8 corrected to correspond to the same quantum flux of incident ru.di nt,ion. 
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Thus the fluorescence quantum intensities of normal and oxygen-free solutions of 

para-terphenyl in toluene have been measured as a function of concentration, c~ < 

excitation wavelength~~' from 2200 X to 3300 X. 
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 region3 are distinguished in the excitation spectra. The first 

where the toluene is transparant to the incident radiation which is absorbed direct! 

by the terphenyl. At"A.rw 2800 .R the toluene begins to absorb and the intensity of 

terphenyl fluorescence decreases rnpidly as the toluene absorbs an increasing 

fracti~n of the incident radiation. 

In the oecmd and third regions corresponding to wavelengths below I'V2700 Jl, the toluene 

absorption is high and the terphenyl fluorescence is mainly excited indirectly by 

energy transfer from excited toluene molecules. 

Analysis of the excitation s~ectra leads to the derivation of an expression for the 

energy transfer coeffi~ient, f, (this is the fraction of quanta initially absorLed 

by the solvent which are transferred to the solutP.) in te~ms of experimental 

yarameters. 

f is found to dep~mrl on wavel<:!ngth.ll A.., and tl'f'O ehara.ct.eristic values are found; 

f
1 

in the second region (/l ~ 2500-2650 i) and f
2 

(which is greater than f
1

) in the 

third spectra1. region ( ?\.. = 2200-2350 i). 

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 

~iving rise to the values fl and f2 correspond to excitation into the first and 

econd ~xcited electronic singlet states of the toluene molecule, and the results 

ow th~t the energy transfer coefficient from toluene molecules excited initially 
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in~o the sec0nd excitnrl ~tate, is higher than for molecules excited initially int 

the first e~cited st~ ~ c. It is ~hown that the process of solvent-solute energy 

t:·a;::J.p,fer :!:!'om the secc:J.d excited state, which cccurs in approximcte ly 10-ll sec. 

conpctes efficiently with conversion to the first excited state of toluene. 

Although no fiual c0nclusicns ~re drawn about the energy transfer mechanism, 

th~ results nre consisient with the radiative transfer process of photon emission 

and reabsor~tion rather than with any short-range non-radiative transfer process. 

-oOo-



_!'ART 1. 
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l. 

~lli'l .. _r.~,YST_AJ~:J;,~NE P.H~_T_Q~:fWORESCENCE SPECTRA 

OF SOME ARCM.A.TIC HYDROCARBONS 

I N T R 0 D U C T I 0 N 

Tl.tis work deals with the photo-fluorescence properties of organic ccru:pounds 

anu waa c~rried out in order to determine more of the physical properties of these 

materials in th~ crystalline state. In order to interpret the data reported, an 

~nderstandln& of the p~ocess giving rise to fluorescence within a molecule is 

ne.::essary. A:?> a aL·l)le appro:x.i~ation, we will consider the theory of the 

lu.m.ineacence of a sil·ole diatomic molecule which has been derived from luminescence 

studie-s (3GWEE 1049 L 

1. l. SIMPLE MOL3GULAR MODEL: 

The fluoresoenc~ of organic materials is an inherent molecular p~operty and i~ 

brough-t. ~bout by the molecule changing from a higher to a 1 ower energ~r stl\te 

accompanied by the emiss~on of light. 

rclati~ely we~k, compared with inorganic ~rystala, so that the molecules are loo~2ly 

It' tb.e stacked anti their energy levels are practic.'llly nnp13rtur"berl by enYi r.ot-men"lj, 

pote~tial energy of the configu~ation, V, is pl0tbe1 against thd interatomic 

separat.icn 1 r 1 (FIG. 1) we obtain the fami 1 ar Morse diagram which suitably repre.Fle:::n. 

tee em;rgy syf.'{tem of a :Hatomic molecule, where 0 a!ld A are the constituent atoms. 

WE ca.n itH<.gine c.tcm 0 at rest with atom A ,ribrating about it ao th~t curve aA2.l 

representf> tr.e virration amplitudes for atom A relath·e to atom 0 for all vibrutionR 

energies cf the molecule in the ground ~tate. The molecule is in equilibriam when 

the at0:rne are at 0 and. A~ i.e. atom A is at the minim1!!ll of potential energy. A 
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molecul& in therl!lnl equilibrium will possess only a few crunnta. of vibrational 

enexgy represented by the lower levels near A. The curve bBb• represents the 

vi~rations of a molecule in an excited electronic state, and the lower vibrational 

levelo near B represent the normal vibrational levels when the excited molecule ia 

in thermal equilibrium. The minimum cf potential energy, B, of this curve is 

displaced to ~he 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 uolecule may have here a rotational energy causing a centrifugal 

~roadening and the nol9cule will interact with its environment to an extent dependent, 

on its ~lc0tronic energy. Since these excited electrons are less "bonding", the 

I!lolocu! e fines itself in a »compressed'·' condition immediately after an electronic 

transit:!.on to a lower state. Above bBb 1 there are other excited levels extending 

np to ihP. curve cCc' which has no minimum. At this energy there are no stable 

villrfl.t~ onal levels, attraction is changed to repulsion, and the atoms separate 

causing u~aoocintio~ of the ~olecule. In the case of organic molecules composed 

of 11 larger number of atoms, the number of vibrational sub-levels becomes ~o large 

nnd the:tr spacin.:; so clone, that the discrete peaks of the spectra tend to coalesce 

into broad absorption bendE. orrtband Govelcpes". This tendency is greatly ennanced 

in the liquid state and in solution l"here the vibrations are further damped by 

physical interaction between neighbouring molecules and by chemical solvation. 

1,. 2. FA~'E OF THE EXCITED MOLECULE - FLUORESCENCE: 

The abaorptio~ of a photon by an unexcited molecule, which is in one of the lowe: 

vibrational levels of the ground state, will cause a transition from the ground state 

eAa 1 to cne of the er.cited states depending on the energy of the incident photon. 
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s~ch a traooition will be represented by n vertical line on the diagram (e.g, AD) 

.:nnce. according ·'io the FRIINCK-CONDON principle, the electronic energy change is 

much rno~e rapid than the atomic movements so that the momentum and separation of 

the nol~cular constituents will not chan~e during the time for this electronic 

J. '~. vro.nsl ... 1on. Therefor~, even though the energy absorbed by the molecule is greater 

than +.ho dissociation energy, S, dissociation does not take place. However, the 

trausition from A to C for a high energy photon causes the "photo-chemical 

diasociaticv0 of the ~.10lecule into atoms as represented by Cc '"• The electronic 

energy represented by the ordinate of C is converted into chemical energy given 

by the ordinate of c', the remainder going i~to translational energy of the ato~s. 

On the diagram the vertical line will meet one of the vibrational levels of 

t.hc. exci teci. state bBb 1 at such a place that the momentum condition \-;ill be satisfied 

in thil'l l£.vel. If "D lies above: b•, disaocin.t.ion will again occur, otfierwise t21~ 

molecul?. ie in a high vibrational levsl of the excited state. It will diJsipate 

l" its exne~c vibrational energy as h~at rapidly (in rv 10- c:.. sec.) and ..o;.J.ll to J3. 

Mc~t commonly, the excitation energy is given up as infra-red radiation or deg~nd~d 

into beat by stepwise losa of vibrational energy, partly spontaneous a~d partly 

aesi9te~ by tbermal collisions. Alternativ~ly~ if it is ~trongly coupled to ~t·1 

n.eighbou:r.s, the molecule :nay return to the grQund state along BE~ a sp~'mtaneoua 

r..l<::ctronir downw~rd transition, by th~ eCJission of -.;risible o:o:o ultra-violet flucr~scenee. 

Tile emi tte::l light is generally of longer wa...,elength than the e.bs.orbed light bec:.. ·lna 

t.he ex~ited molecule loses some vibrational energy before the downward electroni~ 

tr!lnsi tion takes plac~) a11d. also returns at first to a higher vibrntional le,·el of the 

ground state than that £rom which it st.arted. This is in agreement with Stokes 1 !Jaw 

(PRINGSHEIM 1949), If it is not so strongly coupled to its neighbQura, the optical 

4/ •.. 



. -

,, 
v ::.o 

v' -:. L 

v'-:. o I\ r:·:il.iTOMH' T1l ~J',\.\CJ., r 

Fili . _::.• ~!,,l,.rular l'Ot,.r.!ial ,.11"'';.' •'un1igur11tir•n.~h~ .. i.A.g 

'P -rn•tcfL :.11 ff,r v-H:rdti"t'·'l 1 ... 1 .. 1". 



"trfl.ncsiti0:u mn~r take p:i_acc before the :molecule has reached thermal eG.uilibrhur. 

s:'h;a mo::_e~ni"l can then r.1ake a.ny transition between AD and BE. This i!:l kn0wn os 

tje 11 reaonant 11 tro.nsi t:!.on since the :process of absorpticn and emiE:sion can take 

::_:~lace at -Gb.e same frequency. Thia would result in a strong overlap of 

ab~o:cp-tion and emiseiou spectra. 

The manner in which the FRANCK-CONDON principle will affect the transitior. 

pr0o~bilities may be seen from FIG~ 2, In this figure the curves for the 

p~o~ability density dist~ibution of W .functions for the various vibrational states 

a.re sbo~vn with thei:- corresponding energy levels ( 'f ,., wave function of molecule in 

Yibr~tional level), The vibrational quantum number fer the excited state is v 1 
' 

und f~r t~e ground state v'. For the excited state, v 1 1 c 0, the most pr0bable 

valu~ of the internuclear separation at the time of emission will be that for which 

'f io nt !:!. maximum. Hence the most likely transition will be along tte dashed li ~e . 

?0:c v 1 .., f) we note thato/(-v•) is small £'0 tha intensity of the transition ie E>rroall, 

Til~ t::<~..:tsi+.ion -~o v' :.::: l 1nLt hu grca"!ier and to v' "' 2 even greater, In this 

presenol;ation it is seen "':,l:la t the probability depends upon the Yal ue of 4J ( v- 1 ) on 

the daa~e d. l in.e. In the con~ideration of polyatomic molecules these general 

~onsiderf'.t~ons h()ld trnl;;! though a quauh.;m dE:script~on of the electronic state is ,·ery 

Fluorescence is especial:i.y prevalE.'n~ in comp:J.ex organic molecu.les in whi cb -the 

nuel"!o.r irama~ork lR particularly l'igid as in the po)_ycycJic aromatic compour~0_g, e.nd 

wnen the region of e~citatioa is shielded ~rem ccllisional encounters. 'l'hi 10 effect 

cau be enhanced by uaiu~ a viscous or frozen solvent eo that the excited moleculee 

are embedd~d in a rigid g~~ss; under such conditions the rate of thermal eht·rgy 

dissipation is Much decreaoe d and de layed fluo :!:'esc ence, phosphorescenc e , with life 

5/ ... 
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times np to the order of 10-2 seccnds can be observed with compounds undergoi::1g 

:n~hi6~en transitions 

time~ itself, is long 

( LEVH S & KLSHA 

( ,.., l 0 -S sec • ) 

1944 & 1945). The fluorescence mean life. 

compared with the period of molecular vitratio~~ 

~nd, therefure, flu0rescence occu~s only in thQse molecules in which energy ie not 

=P.adily dissipated in other ways. Ir.o. many moleculee t.he curves aAa' and bBb' may 

come close to each other, at a point F say, (FIG. l) and a molecule in the excited 

state vibr~t~ng along GF may make a non-radiative transition to a high vibrational 

levP.l of thP. electronic ground sf.~te and all the energy is lost as heat to the 

lattice, A l'ise in temperature increases the probability of a non-radiative 

trf\nRfer and thus causes o. decrease in the quantum effidoncy of the p1.'ocess. 

The~cfore~ for an efficient fluorescenceprocese the following conditions should be 

(i) 'rhe po!,ential energy curves of the ground and exd ted 

electronic stateR should be well separated. 

(ii) No photo-chemical dissociation should occur on light 

absorption, 

(iii) Th.J probahili t.y of any transition froi!l B other than to 

E of the ground s~ate shouid b£: S!:la.l.i. 

'e1B orp,anic phosplJf}rs are mainly purP. awl subsiitu:,ed ar0r:ta"tic hydrc~crbt•ns~ 

whose ~ole~ule3 contain conjugnted double bonda. The benzene ring structure, w~th 

jts six "TI·-electr::ms sha:red between the carbon utoms to f.orm molecular crbi talR~ 

occu"":'s in 9.11 organic phosphors and forms i:.he basis of the two well--known scr.i 20~ 

naphthalen~, anthracene, etc., and diphenyl, terphenyl~ etc. 

·rhe abs?_~J!.tion 2J?_2_ctrru~ ~orresponds to the ~lectronic transition fro:c1 the f:i.rst few 
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¥i~r~tional le~Als of the ground state up to bBb'. 

T'!la .f.l<.!2~~.~~ct~ consist.s of a system of regularly spaced bands 

~orre3ponii~~ to the s~ucing of the vibrational levels in the ground state; the 

absor~tion spectr1un fine structu~e corresponds to the separation of the oxeite~ 

This produces the so-called "mirror image" relation 

l:Jetween ab.<Jo":":t>ti ou and em.i ssion spectra. 

Abs~rptio~ Jand~ also occur at shorter wavelengths due to transitions into 

the aec on1 9-nd higher electronic ~tate aD but thP. fluorescence spectrum c.o:.\"re.spondfl 

to transitions from the first excited electronic state onlyt and no transitions 

from hig!ter sta·!:.z s have yet been obse:rv·ed. An exception to f,his_. is the recently 

obser~ed fluorescence from the second excited electronic state of azulene~ but 

tbL'l is e.·oo'mevr'.J.at different molecule since therR is no observable fluoreocence 

from the first excited state (SIDMAN & McCLURE 1956)~ The poosibility of 

flu~resce~ce from the second excited state of toluene is discussed in Part 2. 

3:;:ectra. Tf the ~ame comuound in the gaaeous r J.. iquid and solid s'ta:r.-es are usu.::d.ly 

different, much ~f the fine structure of the gaaeous phase being lost and only regions 

of cont.in•..1ous spe~tral activity occur. This is due to greater· molecular densi+.y in 

the cond~~sed ~bases, Sometimes the ~bsen~e of u band in the condensed phase 

corresponds to a b~nd from th~ ~aseous phase ~nd vice ~ersa. This is due to l~ttice 

vibrations within tha crystal and loss of vibrational structure has been demorctrate~ 

in 2;aae0ua form by increasing the pressure. 

from the condensed p~a3e~ 

Howevcr 9 this spectrum is very G.ilferen.t 

It has bee:t found eX]-:!rimentally that the fluorescent spectrum and the qu.aP..tUI!l 

efficiency ~ m..I.mber of quanta emi tted/nwabcr absorbed) of fluorescence is independent 

of the wavelength of the exciting light down to e.t least 2500 .t Therefore, 
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flnoreRcen~~ can he produced with eq~al effjcjency by excitation i~t0 the second 

For excitation into the higher states there are f~ur 

piJ:::sible modes of de-P.:x:c.itation, namely- fluorescence emission to the p:ruP.nd stetPt 

inter~al quanchin~ t0 tl1e ground ntate, fluorescence emission to the first excite~ 

state, a::td int~rnal qu~nching to the first ex~ited sta.te, It is found (PRINGSEEIM 

1949) that intern~l q~enching to the fir3t excited electroni~ state has a much 

greater probability ~ban the other three processes. Neither of the two pcssiblL 

fluorescence emissions is observed while the emission that is obaer'led has all the 

characteristics of effiission from the first excited electronic state showing that 

d:i.:rect internal quenchh1g to the first exei ted etate must oocu:c. Tlli:J quenchin.t; 

( -11 ) is very rapid ~ 10 - sec. compared to the life time of the detected emisaion 

An altet"native f,~:teory (i3::!:PKR 1953) suggcf.lts tha.·.!j excitation 1nt"> 

I -ll 
the hig!!er al ectrorric states is followed by ul tra ... fast fluorescence \ '"-' 10 

-12 ) lG - sec. to the ground state with 10~ efficiency, The neighbouri~g moleculeJ 

reab~crb tte errission and the 13roces3 recurs u:::ttil excess vibr~ti.o!:l~:- ~nergy is 

dissipated thermally and the molecule is in the first excited sta~e where nornal 

fluore~ce&ce occurs. 

1 ·-. ~~!f~..El:ATJ ONSlliPS IN AROMATIC HYDROCA.REOHS -- P:a:EV!Cj[§_JYQ_fl.!: 

l'l:.ring 1951 a prog:r-amm_e of reeearch ~\'J.3 i:::titiatei 5.t Rhodes G'_'li-;rersity on 'll.::tn:;-

of -the flL'.oree c€nce character:\_ sti cs of the well ·-kDown. effi ~ie:':lt org~=tnic -pho3phG::"I:l 1 

e.g. anthracene, tra~s-stilbene, para-terphenyl and diphenylacetylene, whioh d~e o? 

particular jLterest in scintillaticn counting. Among thesg characteristi~s ~re the 

scintillation and rhot0-~lucrescence decay times and their dependence on temperature, 

the scintiJ lr,tioc :;fficiency and its temperat-'J.re dependence, the scintillati'Jn responsr.> 

8/ .. ~ 
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~o ioniz~n3 par~iclen of different specifj.c ionization and of different range, a~d 

th~ photo·-f lucre n cencc quantum efficiency • Many important results have already 

he en obtained and BIRIIS ( 1953, 1954) has developed a q.unnti ta ti "V"e t-heory v1hi ch 

c.~::-e es wi t!l thes~ and other exped_mental date. 

Absor9t1on spectroacopy in the ultra-violet is a well established and 

importnnt to~l Zor tre study of organic compounds in liquid solution. ProminGnt 

amongst those who he.7P. used thiF~ tc~hnique for. the at1.1dy of polycyclic aromatic 

compo,.mds a:-e MAY!BORD fr IWE (1935), ~TONBS (1947) and perticularl:r CLPJ:. (1&c2.) 

~ho ha5 reviawsd in sone detail the investigations into the spectrnl rel~tio~shirs 

of 1iheB'3 ~c>mpounds,. }.'he absorption spectra due to electron:i_c transi tic.~R e.re 

0-Jn.:!ide:::-ably ~omplica~jed by the superimpon11c v~_l.;rc:.f,:onal fine str;;.ct.ure a~a for 

this reason ~.n!r11.-:::-en and. Raman spectra are often emp:f.oyed by chen:.i:-;~ts for tl::e 

a~aly~is n1 compounds. 

c!:lt'JT'l011hori c ~;roup of tho moleculn, and "these spectra are more sensitive to sma,} l 

~hanges in the molec'1lar structu!"e~ c,g,. p.,a; tion of ncthyl sub&titu(·~~+., thc..r t::-1e 

corre~~onding electr0~ic npe~+-ra. Most of the complc: ~roma.t!c hydrocarbo~~ gj~p 

rise t,Q ''l.-::,f3orption in three well -defined regions. of the ultra-violet and/or t.C.f'· 

vi~ible r8gions. 

T~e short~ at wavelength region of absorption, e;roup I bands, usuaJ ly haR lor(? ~J 4. 5 
~\l.li'.X 

to 5.2 where E. io the maximum molal' extinction coeffident; 
·max 

the next r;rollp .~ 

gro'lP II bands has log£ -v3.6 to 4.lt and the third group II! bancin, 10 e. regi011 
nax 

of lo-.y intensity ailsorp-tion with logC. 'V2o3 to 3.2. 
~ma..x 

FIG~ 3 is tte aLscrpticL of 

1:2 benz-'lnth:racene and is a typical spt;:ctrUlll showing the three groups of bar.ds. 

I 
9; 0 •• 



FL •. ·f • . \ 1dol·Ft i-1n of autLr\Cf"Hf' ""owinf.:. 
,p;_,. grl.ltJt-! .{II bauJ ... . 

~~~--------~------~~--------~~------~ ;2000 ~S"oo 3ooo '3S'oo 40oo 



Th.~ nome~c1ature of thasc bands is not fixed and they have been ~alled the ~ 1 

~ 'l.nd()( bands by CLAR (1952) and1Bb 1
1 l~ by KLEVENS & PLATT (1949). 

\ , a' , 

C"LAR found that not only do the polycyclic hydrocarbons give rise to regions 

of absorption closely related to those of benzane but tha~ the shifts produced by 

linear or a!l.gular 11 nnellation 11 follow certain definite and simple rules, In the 

polyacenes, for exB.Iil.ple, the series of linear homologues of benzene. all the 

absorption bands are progressively displaced towards longer wavelengths as the 

number of rings increases. As the length of the molecule increases, the group II 

bands are shifted to a greater extent than the group !II and group ! banda~ with 

the result that in anthracene and. the higher polyacenea ~ the group III absorption 

is "a"'"'mpod11 under that of group II, and the absorption band of longest wa:veleneth 

becomes the "pn band according to CLAR and tho 
11 according to liLEVENS & PLATT. 

1\ 

Similarly, three main groups of absorption may be discerned usually in the srecirn 

of "angular11 polycyclic compounds, but the shift of the group II bands wi+,h 

incr'9.asing mL.'llb~r of benzene rings is much smaller than for l i near annelation an(, 

the absorption spectr~ of 1:2 benzanthracane shows the weak group III bandsp 

FIG. 4 shows the absorption spectrum of anthracene in which only group I and II 

bands apye!l.:r. Group I is represented by A and B and is due to excitation of tue 

mole~ule into the secouu excited el~ctronic 3tatc 1 that is t~e 0 ~2 electronic 

transition. Similarly the group II aeries at longer wavelength represent8d by C 

to B is the fundamental absorption of the molecule into its first singlet statP., 

that is the 0 ~ 1 electronic transition . It is to this group that moot attention io 

directed since the varioua maxima represent the vibrational sub-levelsof the first 

excited state and it is interesting to note that the frequency difference between the 

~and3 is practically constant and equal to 1400 cm~-l JONES ( 1947) associates t hes e 

10/0 •• 
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~., i.brs.tion.1.l s·;.b-:t evell1 wi. th the narbon-hyd:o:oe;en b~nding vi'!n;e.~..;icn of th~iJ molecul~ ~ 

:!:.: 1lur.:-:rescence Oll.ly 'C!J.e. tr~:a~itim1 equivalent to the absorptio::J. !>and oi' 

To some exteniP fluorescence is the rcvcroe of 

the groun~- Jt 3-t~ to cne of the vib.ra tiona.! levels of the BXCi ted state, fiuo1.·e r:Jn')nc.-

repres~nts E·.~ r<:.t•n·n of the 11' -elBctrons from the lowest vibrational l~vel o! J:he 

excited 3tate, to the ground state. B('''iE...""i (1'J47) h3.8 otated that Tl'hile the cnH-9t •. ~1):~..l_ 

th~ ground st~te. 

referred to in 1:2) betNeen absorption and fl uoreecence spectra (Pil.INGSU~I! ( l9·t9) 

r.oted i.n at _o--;ption 2.I'e t:; be f')and in fl~o:rasce;Ice spectra. Tha-t is tCJ say 

(:i.i.) G.rgula!" or li::t€J.r i":J.sicn of furthe:::- h·:--u~e.::.d rinJs d.lso 

the b"'r:C5 t.o longer vraYelen~ths! the IIiagni tude of the shift being grcai~r !0? :: i.:Y'Ilr 

f1•.oion. B'.o~'i'~V•n· , c c;m:pared wi til. 1.tl t.r: a-vi o lat. :!b s orp ti 0::1 spe ctros~ opy, re 1 at.i. TTS\1:" 

littlo ~ec tae teen made of fluoresc~nce spectroscopy, daapite th~ ~~~c~ss ~! ~he 

cl~seic r~s"~rchcs by which 3:4 benz~yrenef the potent c~rci~cgen wqs ide~tifi~~ ~n~ 

i.so1~ted fr0:.-.J C(lr..] te.!' extracts by means C'f its fluoresCe:lcc 3pa~"'-·.-:u;:~.. 

d.csc!'i 'b-erl. t.b.e fluc!'e::<cen~e cf this con::pound 'lS 11 til::! si.':lgle thre3.::l. thc;~.t led i1ll through 

However, in the last few years ~uch rese~rch has b e en directe d {~to 



th£ el~cina.+,ion of t!-~e physical properties of the polyc:rclic arornatl~s 1 among thg 

::ncn~ iw.porto.nt, of which llre :-

( . ' ~, 

(ii) 

( iv) 

Infra-red spectra (FUSON & JOSIEN 1956) 

Phosphorescent spectra and singlet-triplet transitions 
(SZ'NARG 1955, McGLY;.~; ?ADHYE & K.:lSH...~ 1955). 

Polarized alJsorption spectrum 0f anthrace!l.e (CR<\.IG et 
al 1955). 

Fluores~ent spectra at low temperatures (McCLURE 19541 

Ellf·MAN .}: :\icCLURE 19.'10). 

(v) Methyl -r:>..fhnities (LEVY & SZ'NA.i.l.C 1954 C~ULSON !955). 

(vi) Theoretical t::-~::ttmcnts on t!le ~xr:lit.ed etates of n::-oma-;;ic 
~ol9~ules ~ased on the valence - bond and m~lecular 
orbital ~cdels (LONGUET-HIGGINS et al (iG55) & wVJRP~L (1955)). 

Ths syste~ usually ueed in tilese in-vesti('>~~ions was !.iqui~ no:.uti'n:.1 of tb~ 

compounds, both fer :::onvenience and be.~ause .!tpproxil!lati.ons to -:,he trut: rooleeuln.:r:-

beha~.nur can be obtained by using dilute solutions. The important effect of 

fir~t important work on tna >pactra of cryatailine llydrocarbons being repo:::ted i)j'-

BOW3N & LAW!.£Y 

(1949} etudied the ef feet o:i:' crystal size on fluorcscenn~~ intensity <m~l :.;lwi'IC:•J. 

t~at the sp0ctr"'.l:il of thi! photo-!luor-::l::Jce~ce obser-.r~d :.!i transmiasicn th:-ocgc au 

3IR::KS pro.?-oe~d his photo~ ~ancn.de pr"lQCSO of •jJ;:J.J.flsinn nnd ~-eabeo::-ptivn cf flu(\::.'1)-!Wenc 

d>1e t? th~ o·'Terl"'J ::>:f er1issiun ani a"'.>eurpti()n dpec-.;ra which WP.s e;::::.:::..bited. b;r LI'I'ILE ~ 

1'hey measu>:ed 'the fluores;.!ence tra~.:.~issivn spectra of a.:nthre.ceue for 

- ("'.. ' 
1 ... ; 0 " • 
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various thj cknesses r2.nging from !3. l eLl. ~uba to a very thin flab'! w!le~e rc~.t~ i:lC!'ptio· 

cf the :fl•Jeresce:>Jce is almost absent~ and certainly small enough tn allow ' . 
reso.u~x.~ rJr. 

cf the vibrational structure. These measureme:1ts conf:-~med thosG of KORi:'UH & FHlCE~ 

and showed that d11e to the over1 ap of the absorption spectr11m., thel'e is n. maj o:;:o 

difference between the molecular emission spectrum and the 11 technical 11 e~itJsion 

spectrum obsgrved in trans!!lissio.n through a thick crystal. Approxi~ately 8~ of th• 

fluorescence emission from the anthracene molecule is reabsorbed within the crysta!, 

This self-absorptionr followed by further e~ission and ab~o~ption processes, incr~aG1 

the molecular photo-fluorescence decay time from 6('"3 rn~ sec~ to i+,s t~chnicE'.l value 
' 

+~ 
24 .... rry;.. sec.. (RA1iiLTON 1958). BIRKS & WRIGHT ( 19!54) uued even ·thinner specimens 

of arystalline anthra~ene and obtained well resolved spectra approaching the true 

molecular emission. 

3.3. 

before proc~eding to I~ ba~auae nearly all the more potent carcinogens ere fluolPBc~r 

~nd ~any of the compflan<l'1 R bl1dieti in ··L~ p~:-vstn.t wo:.:k are "'a:r.cinoget.j c, Muc~ \'.'Ork 

hyd:roca!:":Oons :l!l relation to carcino-genicity. Their wo:r.k shows that. electroni" 

structur0 play~ ~a important ~oic in carcino~~nic potency~ and it was thought t!,£t 

~he pJ~9'3~nt measu:»:cments on electronic ~p.-c+, rn. ?rould throw ft..rtl".'0 r ligtt or. tbu.'G 

:l:rnporta!lt bioiJb.ysicd and. biochemical p:-opc:::·tieD. 'i'te f.lO!Jt important ":f.'rk acne 

;neviously on relat:i. onshi.ps behn~en Rpeutra anf:. carcir.. o~:;e<J.i city is i.hat of SCHQENYLL 

JSOTT (1949). who obs~rved the fluoreocence spectra of 78 polycyclic arcmatic 

hy~rocarhons in Ailute SQ~utinne . A reJ a.+,iNlship 1etwsen the posi'!:.ion of t.he 

13/.~. 
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\ . 
8}ect~'3.) 1 but since lit~le inio~matiou 

c,r.. the r~activi ty of polycyclic compounds is a-.-aiiable· this relat:;.onshi? is 

reg<~.rde d as some~orhat fortuitous~ It was also stated that no direct relation 

between carcinoienicity and the position or intenaity of the fluorescence spe~tnw 

c0uld be detected. Thia ~ork is important aincc it represents the first a~t~Np~ 

to icvestig~te the si~ilarities and differences in the fl~orescence spcc~~a o! 

clo~ely rele..ted. co:np~c;.nds, the im: ... erp..:etatio::J. of which may produce further data. oa 

t~e atrurture of thq ~olecule. 

3 .1. 

The spectra.l me8 ::t~.i:>:'ements described 10 the present work were obta ~.ned UBiug 

The purpose of the investigation was :-

(a) Tn study crystalline spect:r9. fo:i' a whole "('C..nge of re!.r1tecl 

f h:ot"es:nent arm:natic ~yd~oca~b :>>J.s ~ which h~o not previously 

Delongi~g to a particular ctruc~ural series, and some 

To searc~1 for any cry~ta1line ir.r0c::a~t.;.oil effec~3 on the 

fluorescence spectr~ of th~ campou~Js . Th.:. :3 is done by 

co~paring the :Jpectr:l oi mJlc ~ales bound 1.0 a crys-:.a.ll iu':l 

l~ttice (p~eeent results) with ths spectra. of the free mJleeul~s 

ol t;:>J.. c 3<'.il19 compounds i::1 dilut~ .!.il}u-i.d solution~ obtained hy 

SC7G~NT~L & SCOfT (10~9). 

, 
lt;;/··· 
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AND D E C A Y T I M E S • 

IL .. 
...... .., :;<jX:r?ERIMENTA~ ARRANGEME~·J"T; -------· -.. 

'.rhe fluorestJence apcct:ca wen~ exc:i ted with mcnochromo.t.ic radi&tiM1 ~:.r '-'~~"~"""l"ngt 

25.3~7 ~' tt cazt be sc0:1 from the absorption spectra t.hnt. the extinct-ion 

co9fficient of e~ch o£ compo'..lnds studied is so high at thi e wavelength th3t 

the exci~i:J.g w3.velenci:h is completely abso!"bed in a very small thickness o:£ the 

Qrder of a ~a:veleugth., This is very convenient since it allows extrem~ly thin 

laye"L"s -of c:r~~r;t.nlli:c.e mCJterial to i:J.e ·.::::cd, '." L+,hout, transoiusion of any ineid~nt 

rac.i.ati oo. 1 t!::J.ereby pre serving similar fluorescence effie iencies for vo.rious thick-

ne~;;ses. 

~uartz envelope mercury discharge tube, in which a large fraci:.i!>n of the 

::o2d.:i.a.t.'i.cr. n: .. f'rp.y i!;' r>f 253,7 1J!).A .... W2.Vf:1~ngth. 
/ 

centrally in the er~t~·ance. Fle.ne of a s<r..all quart~ s1)ectrogruph fl'olll which "the no~'1:t~J 

The flilcre3ce~ce sp~~t!~ ~at: 

:i:.:w:rce -'1,~;::t,·:c: cn-:ssion a::'.: an B.MaL 626:? ph0torr.ul tiplier tl.:.be 2.s a uetcci.~r. TJ .. & 

:;Jh0 ~.nuni t:i:;?l ~-::::- >·ra."' opera-::.~d from a stahitised pcw€r .S~!?ply and haC. e. gair.. of lC
7 

at 
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:nA.:tbPJ.m o.U •)Wabl.c in:~P.;-stl'l.ge vol ta.ge ( ~00 1,T. per stage)" It was coupled to a Vf"r:: 

:Je:·J.Si tbre gabranometer th!"'ough a Uni versa.!. shunt and the intenei t~r of f luorescGr-(.q 

was ~cad off as a gal7~nom~ter deflection. Slnce the ~ntensity of fluorcRce~ce 

over t~e spectral range considered v~ried over wide limits, it was necea~firy t~ ~&P 

th~ Dnive!"'sal shunt i~ several different positions and_ therefore! in ord~r that t~f 

1efl~ction sl:lol1ld. be di.rectly prf)portional to the fhtoresc'Jnce inten.si ty, t.t.e 

lin9.'lrity ~f the gal7~>.n,l)meter was checked !or all shunt settings. 

In order that the fl~oreacence s~ectra ahould !"'epresent the true relative 

emission over the wh0le spectral range measured, the variation of ~ensit~vity of 

the pho"li;>!llultiplier with "'fa.velengT.h muat be lmm·rn. Thin calibrai~on was carried 

out ·oy Dr. M.E. Szendrei and is outlined briefly in a paper by BIRKS & SZENDREI (1. ~5~ 

Large varia tion;3 in the spectral !'eapons~ 'lf photormL;.ipller tub~J occur oo t.hn.t 

the manufacturer's calibration is not sufficiently accurate for this wo:i.·k~ ThP. 

~xperiment.al method aud results are recorded below. 

11. 1,.1. _!3/'....lJSMISSION COE"FFICIENT 0:-r:!' SPECTRQl,fETER: 

In the Genco-Sheard spectrophotelomet~r light frQo an ent~ancc r~1~ io 

reflected by 3..:! P..lUI!l:i!:lised. r:.irr0r on to a coa~a-.,rc dif:fracti.on g~nting, which fo~"'.la;;; r n 

a narrow wavelength band through the constant width exit slit. The ligh~ eme:.gi~K 

falls em n barrif>r. la.y~r p~otoc~ll, whic!:J. has n. linear C'~rren't respon.;;e 1\'hich iH 

proportional to the intensity and is ~easured on a galvanometer. The grating moves ~ 

n modified Eagle ~ounting, so that the Rowland circle passes through the exit slit =o: 

all positions of the grating. With such an arrangement the wa-re length band d_~ em.PI..·~: 

from the exit slit i2 i~dependent of th8 wavelength~, for a fixed 3lit winth, ~he 

l'ipectromgter is shQwn diagraln!Il.A.t.ic.ally in FIG. 5o 

;' 
I 

A narrow wavelength band wan 

I 
16; "!: •• 
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ae.lgc+.<:!d by L.o. mr.n.:Jclu·-r,mn.tor (actually ~ Beckma.n Model D~U. spectrophctomctf..r), and 

.~o0u.sse.i orr the etitra.ace Bli t of the spectrometer, which was set for this wavelc::·,;;tl::.. 

All the- incident light pas<!ed t.hr{)ugh the entrance slit. and, after disper~ion, it di e 

not exceed the exit ~lit width which was kept to its maximum. The intensities of 

th9 lignt before and after passing through the spectrometer were campar€d using the 

barri~r photocell. 'i'he t:ransmi ssion coefficient.: T 6 of the inst-rument Itt-. we.vel.-:>ne;tb 

~ thus obtained is plotted in FIG. 60 

11. 1..2. RELATIVE ~PECTRAL RESPCNSLOF PROTOMULTIPLIER: 

The .~;tonochromatic li~ht was replaced by a stnndal:'d tung.st.en ll\mp of knov·n col~u.r 

temperatare, and hence o! known spectrul energy distributicn. 

which was connected to the sensitive linear galvanometer, was used to view the lirhi 

!rom the exit slit of ~he spectrometero The ~eJctive response. R~ of th~ 

pho't1:>mul-tiplier (in arbi. trary units) can then be obtained as a function of tl:e ,.r~~;"" C"~ 

l.a~th A 1 Bince the galvanomet.er deflection is proportional to the pro~t,r.t ?.,!.~~.~ 

t~·b9Te e is thG emii3:;~Lrit.y of the ln.r:tp a.t wa.·•.teiength..-.1\. ant! rll\.. is constant for th& 

instrument. The variation of R with~ .for the particular photomultiplier tuh' 

u.ae:l is shown in FiG. 7j whcr~ the average curvo !or thie~ type ".f tube is a.J.so ~hoHr 

for ~ornpari.son. It rrill "be noli ad th<l."t e.l though t.he maxim!l of the curv~s c<l.ir:.citl.t: r 

The combined cor~ection curve for the O"'l!erall spec~ral respouEie of the spect.rc-

pbote.io:.;1et.er and photomul tiplieJ.' ii'Jgether i~ !:lh0wn in FIGo 8. 

lL PREP~'\RATION JF ·~RYS'i.'.'\.L S:2EC}:HENS; 
.-~ 

The el'.rlie:::- ::ne~eurcill3nts of fluo:::-esccnce spectra in the sclid eta·te (DIRKS & 
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LI~~UE 1953) showed the imp~rtanc~ of using e~tre$ely thin specimens to obtain 

These early measurements were made en 

ver.-;;· thin flakes 8 which, however, were very much thicker than the mean free path 

of a fluorescence photon produced near the surface. Later measurements by 

:JI:a!!S &: WRIGHT (1954) were l!lade using Dpecimcns about 2JA thick which were foi.'1nEH!. 

~y evaporatin.n from xylene solution. These apecimens gave spectra much nearer to 

the true molecular e~ission and all the vibrational maxima were resolved, Befo.I·c 

the pre~ent measurements were coMMenced~ the method of pr~paration of anthracene 

~pecimens used by B!P:~3 & WRIGHT was repeated using the same xylene. The xylene 

was not highly purified and was slightly coloured. The inclusion of impuritie& 

may, if they are fluorescent, influence the spectrum of the solute very strongly, 

but this effect is ab!3ent in their readings " Hovreye::-, mi<;roacopic examine ticn of 

such specimens showed that they were non-uniform in thi ckneas and thi~ was thou~ht 

to be parily due to the relatively poo::- volatility of xylene which nllowed t.hc 

solute to crystallize out p:referen tially around the fi rst udcrocryatb.l ~ WM~i~r~ 

the plates before evaporation did not improve the specimen as the xylene did n"t 

:flow eYenly ove:r the heated s•1r:'a.c~. More vo~at1le aolvents vere, theretore 3 triad 

in place ~f xylene, and of these the npe~troscop1cally pure grade of chloroform, 

cyclahez:ane and acetone we;-e found to be the rti.')S-<:. suH:,a1Jl.-eo 

evaporated from the3e solvents were finely grained, and ga~e an intense fluoreaccnce 

uniformly distributed over the aat''f.sce, Sin~e tha fluore3cence was fairly intense 

c~m:ps.red with specimens prepared fro:n xyle!"le so1u!iiorr, the ob-.rious adv:mta~e 

prcEented itself of ths possibility of ~sing con8iderably thinner spe cimans ~hos~ 

emiesioc wa s intense enough to be detected by the photomultiplier, thus a:!.l~win~ 

f:l.'6ater :-c 3o1ution cf" tb..:- vibrat:i.onal :"f!'1!Cture. A oeriea of spac·!ir ~ o::: an·.-~1:::-a·~en.a 

18/ • • ., 
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'-v'ere m~a'3".l.red for <3p~t!ime:c.s of th:.cknesses ranging from 'it to OGO~A. prepcrE:d fr<?m 

~yclohaxane solutio~~" It was found tha~ the intensity of the shortest ~ave1An~th 

pea!{ is very sensitive to changes in specimen thickness, a decrease in iu.;..ensity 

hein~ exhibited £or each successi·;re increase in sample thickness, and in order to 

~btain as close an approximation to the true molecular emission aa possible, the 

thickness of the layer sh~ald be reduced as much as possible. The limiting opt~m~~ 

condition applied to the reduction of thickness i2 ~upplied by the sensitivity o~: 

the apparatus. The J.;,hi c!mess muBt be such that the f 1 uorescence intcnai ty emi tt,_,rt 

is sufficient to be r~::tectcd by the photomultiplier after it has passed throug!l -f:.h~~ 

spectrophotelo~eter. The thickness ~~ose~ Mhic~ catisfied these conditio~s wa8 

For practically all the compounds studied, it is estimated, from solut~ou 

absorption date. (FRI:l:DEL ·& ORCHIN 1951), ~.~aat .1ver 9~"b of -:,l1~ incU~nb r:l~Hn.--!:un ~3 

absorbed in the specimen, 

On the other hand, the specimE.'ls are almost completely traneparent to their 0wn 

fl~cor~::.cence emi~sior.., except at thf: shortest ~.y-a.velength~. 

BIRKS & WRIGHT prepr..red their specimens on fused quartz plates but these wer.e 

found to be fee1:ly lu.n:.i:Lesc.E:nt and the specimens used 1n the pres~nt st:.:tdies ·ner.e 

lil.Nmted C•Tk plane gla.(J8 }Jl&tBs wilich v:ere non-lum.:.~ .. esceiJt :.n the spactral regie~ ~ ? 

internat. Thie io rds~n!'ls€d furtheT' in IIJ .. 2 .. ~. The ~ethod of d~p~eiti~g t~e 

soJ.uti('n on the glaus plat.e8 v:as as follows :-

A r!o.pii lary tuhe oi measured bore ...-n~.s usE:d as the "dn:·ppe:::- 11 o 

.J..' • , "t 

.. n'3 callJ . .:...J. !1I'Y. Tho;) Yoh:u:te of ::.iqui<'c thus cor:.tai~E>d in the tu"Je and. which was finally 

J~p0:J1 ~:,~d. on tb.? (~.:..rcular glass rle.tc wae ~ therefore l known. The surface area of the 

19/ •• " 
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!m!'.ie.ee C'.:x.·~a, th0 r.fl<.;yti:red. concent~atic-n of solution cou~.:.. be calculated .. 
~ 

Sinr.e 

vrn:~r sme.l<. flU=.>.uti-c·ies ~~f the c('mpounds .e-tc~.ied. were available~ it wae found 

-3 no:n.7en.i{!nt to prepare 2 ml, of solution containing appr(!ximately 1.5 x lu grc. 

of eo lute. This vt\h'te, which ws,s calculated f cr anthracene, depends oo the 

density of the compound$ However, the den~ity of all the compounds studied is 

Airuilar and far greate~ errors are introduced in the weighing, so that this ~a~~ cf 

ao~.nte was weighed approximately 'for ea.ch compound. The solution was deposite1 or 

the gla~s plate in one d~op which cocpl~tely covered the ~rea and was prevented 

1rom overflowing by su~face tension. Uniform evapcrati~Jn left a. very fir..e 

?oly~ry~telline 3urfncc of apparant unifcr~ thickneos, but the size of the 

:tndiv".cluaJ. microcrystals differed vii. th the scl vent. This was una.voi dable in soml" 

~aseR a3 the ~nlventB were chosen primar~.ly by solutility ctnsidcratione. 

Gyclohexane hao be~n used wherever p()ssible but it has oometimcs been V.€ces6.:\ry t.c 

~!11ploy cll!.oroform or acetone and e.ll the compounds were soluble in at lea.st en£ c:! 

TbPy arc indi~at~d in Table~ by tte letters (a) cyGluhexane 1 

{b) chloroform and {c) ace~one. 

Thl} d<.1!F'Cc o! ncr.u:r.ucy of flucrescence data dr:pends c:u the sha1·pness cf i 1<:: 

Un~ 0~ly is t~~s a c~arac~eYia~ic 3f some electronic transitions, but it i2 

~lso a3!0ciated 9ith the state ~~ "fluoresnence purityH cf the ep£ci~en. 

of pu~itv ;0r ~lu0rednenc~ spAutrography are different froM these for othe~ pu~pcser ; 
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i B U.Sl.lo.lly of 1 i ~ t le importance~ The fact, that compour.C.e of similar structure 

exhibit fl uore.sctmce spectra of similar pattern furnishes a useful guide t.o thfl 

reliability of the spectra. Thus the persistence of the set of bands ohnerved 

in the majority of the 1:2 behzan~hracenes indicates that these bands are a 

characteristic feature of the spectra of hydrocarbons of this character, A 

further check was made on identical compounds derived from different sources. 

The compoun<i.s used in t.hi s investigation were donated by Prof~seor Newman of Ohi<~ 

State University, Prof. J.W. Cook and Dr~ E. Clar of Glaagow University and Prof. 

E. Bergel o:f the CheR·cer .Beatty Research Institute~ who assure their purity. 

u. 3. PLOTTINq_j'H~ __ FLUORESCENT SPECTRA: 

'fhe :tnicrocrystallin~ specimen OolfA. thick was supported in the sai!le horizontal 

plane as the -en~r::m'}e slit of the spectrone-ter. There are three alternative w~ys 

of observing the fluores-~ence emi tteU.; these are :-

(a) In reflection from the front surface of the specimen. T~is 

w~s the metllod originally used -to determine a suit.able standard 

specimen thick~ess. The f::cont surfac(' of the speci!'lcn '''C.B 

ill•J.!;lina ted with t:1e exd ti.ng ligh~. and pla~ed near -!-o the 

entrance slit vf the spectrograph so that the fluorescence 

emitted from ;·.he sur.Pace entered. th(;: ::nntn!ID.ent. 1~11 owing- the 

:fluoreGcence to enter the S]_)ectrome~;,cl· dircc~ly wao found to be 

more efficient than focussi~g the flucres~ence light on to the 

entrance slit with quart3 lenses , 

(b) In -t.ransmiss::.on t:O.!"ough 'the specimen. The ~pecimen was placed 

21/ ~ • 0 Q 
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aG close to tue Gll~rance sli~ of the apactromtter as 

f.Ossible a::•l i::.Lminated as show::1 in FIG.3. Precautioll!:; 

were t.akeil to prevent stray light from the v1siblc mercury 

li~es from 8ntering the epectrometcrp the scntt~red 2537 r 
radiation being unimp-Qrtant since spectra were noc. observed 

below 3400 i... This method was found to be so successful 

that the spectra for nll the compounds were eventually 

plot. te-d t:.:.ing t.hi s geom<J trical arrangement, \ri th physical 

conditions, including tempera~ure 1 kept cvnstant. 

(c) This !I'etho::l consisted of o':o~e!'vi:"l! th8 fluoresconce m;ti t ·~ eti 

through b~e edge of the glass plate on which the specimen wa3 

mounted~ ~~t tha i~tensity of erniuaion in ~his 1i=~ction ~~s 

f <J ~n rl t t t e t o o 1 ow • 

From now on, reference will be made to the measured "fluorescence spe~tra~ a1~ 

th1·ough the specimen -.vhose thickness was approximately 0.1).)... The reluthre 
f 

i~tnnsity of the fluareccence; r, ie proportional ~0 the output currevt from th e 

pb.o:b:;mul -t;.;;,rlier v;hicb L: cletected O!l. .}. rralvanOillB br. 

cf the flucresc{:;nce and 1\ the wavele'!lgth~ ";Vas vbtai~cd a:td plotted as a funct, l:> u. :,·f 

vraveler:.gtil. 

The rn9:J.PC\~lar Fhc:,.+!>-i'luorr:>sccncc> deca.~r times of 32 of t..b~ compounds were 

r.Jeae~.:..red ,by EtJviiL'rCN ( 1956) using the srur..e :ni crocrystall ine specimens used for spe c·tra~ 



'aa employed. 8::.1 u}t,ra-violet source, consistinr; of a high frequency di~:;char{;P. 

tube~ modulated at a irequencys f (12-30 Mc/s.), was u~ed fer excitBtic~ 0f t~e 

photQ-fl~o~escenc~ of the specim~n. Observations were made with a photomultipli~r! 

whose sensitivity was alae rr:.odulo.ted at frequency~ f, and whose output current we.a 

measured wit~ n sensitive ~alvanometer. The degree of nodulation of the scurce~ UEr 

-Nas measurerl by varying the phase of the photomul tip! ier sensitivity relati-ve to t h •.-+; 

of tile gource ::.ntensl ty, and this waa compared with a similar measurement of the 

degree of !nodulation of the specimen fluorescence, mf. The fluorescence dec~y ti~c 

L 0 is given. by; 

T 0 

23/ ••• 
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!1!~ A N A L Y S I S 0 F R E S U L T S 

IIl. ~-~ IlJDEX TO COMPOUNDS; 

·!'~<.:! spectr11 'lf a total of 4-l related conjugated a1·omatic hydrocarbon cm::pcu:d :: 

have been oea.eured an;!. a:::-e shown in FIGS. 9-21., The relative quantum intensities 

h.a:vs be~n normalised ~o n certa.in IUaxicnua intensity, either on the vib:rtt.tion 

ma.xi~um representi~g ·::,he 0 -71 transition, i.e. peak 1, for those ccmpouL.c!s fo::-: 

which the v:i.~r~ti:m;<i. 3t:::-ucture is well reaolved, or on the maximum of the be.n.d 

envelope for the difft1'lG spec~ru whcl~e :!:ino vibrc.tior.c.l utrueture is lost. The 

o:~.dvantage of 9uch ~o~:na.lisadon is llhowt>. in the cl~rity pre~erved~ e~:·0n tLou~;l: 

several 13:>Jectra ara reproduced on the same axes, and small differences between t.he 

~pect~a of similar compo~nds beco~e apparent. No import-1m~ inforrn.~>.tion :_s l 0 ~'~ by 

this normalis :li;i o~ .1ince ·c.he ac<:,'.lal m.easureu rela"~,~-~c f~t,orescencc int~usity is of' 

no real value d:1e to the variable :factors in the production of the microcryst.a.:! .i :=. ~ e 

layer whi!:.'h. affect the intensity of lluorescencc esoaping -,,;uc~gL "he •J~yn ·L;:::.~c 

... j[_ 
T!1e c:ompou.nds a:-e -cl11ssified in 'fablefl !!:,.according to molecular structure: ec..c:fi. 

with :1 Roman nu'tlera~. i>7 ·.-rl:J.i0~ it i., de:.J:tcnc.i;ed in ·:.n:.:! te::·lj. 

sol uti on~ and th~ nu.rJoer of th~ corre.s:ponding .figure. 

classified o;;:J. the basis of eimilR.:dt:J of molo3cu.les a:;:td fall into b:-oe.d gcnera.l g :-o1·1·!1 -

'Ihe mozt important group, as L.1.r as the p·: e:Jc:::lt measu::::-.sment3 nrG C• ;lhH:-:;.·ned, beeauPe 

they repr.,.sent a continuous a~ries of allied compuu~1.dBJ .~:lnlude3 anthracene, 

1:2 benzanthracene -':tnd th~ mono-methyl and rii-:nathyl d. :o rivn:tive::J o£ each, r.:.uC. !H>I!lL' 

r~lat ~d com:p 'Junds. Other distinct molecular groupn are the chrysene c...nd phenantl:.rcne 

'>4 I 
• / v t' .... 
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type, and the 3:4 benzophenanthrene derivatives, Another group includes molecules 

l ik~ trans-stilbene, para-terphenyl and other phenyl derivatives. 

Using the anthracene, 1:2 benzanthracene group of similar compounds, change in the 

opectral distribution of fluorescence is studied as a function of molecular 

substitution, The two types of molecular substitution are - (a) benzenoid 

substitution in the 1:2 position of anthracene followed by (b) the various mono-

111ethyl 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, been studied in detail initially. 

III • 2. THE ltNTHRAC~ SPECTRUM: 

I II. 2.1. VIBRATIONAL Al'fALYSIS: 

Microcrystalline specimens of this compound were prepared from solutions in 

3ach of the three solvents, chloroform, cyclohexane and acetone, the f luorescence 

~pectrum from each sample being drawn on FIG. 9. · By referring to the a~~ndan~ 

•bsorption data available, the correct tr9.nsi tiona corresponding to the vihrati 'u'l2 

axima may easi l y be assigned. These are, in order of increasing wavelength, due ~9 

he 1 0~ 0
01 

1
0 

...,_ o
1

, 1
0 
~ 0

2
, 1

0 
__.. 0

3 
electronic transitions of the molecule. 1 a.:11l 0 

efer to the first excited singlet state and the ground state respective l y , and th~ 

1bacripts refer to the principal vibrational levels within the electronic states. 

1r convenience, - in the subsequent discussion, only the final subscript will be used 

identify the transitions so that the 1 -> 0 transition becomes 0 ~ 0 1 the 1 ., 0
1 0 0 0 

comes 0 -> 1 and so on. The vibrational maxima of the spectra corresponding to 

!Be transitions will be r eferred to simply as th e 0,1,2, etc. bands respectively. 

25/ •.• 
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~ .'.r 
I ' I . 

a::1d \)
0 

, \): for p~aks 0,1;2 respectively. T~e spectra of riGa 9 

• 

0 d t l t ' • + 0 

+ ' t T Q l 00 k 1 re non'!<>...J 1se ~ a .,..0 a. :s.vc q-...1R.nvU!il lu..,er<Sl ~ 3 1 
= , pee:' _ OCC-..!rring at 

17.5,..\e Each shmred t:·11~ same vibrational I!Hl.:X:irna thC'ngh t~H!T..) are va.ri.ativns ~n 

he relati~a intensities according to the solvents uaed for preparing the dilute 

;olutions. 

:9IR¥.S 8: WRIGHT {1954) , using specimens 2)-l thick prepared from xylene s<Jlution 

evaporated on t~ a qc.ortz disk, reported the appearance of a low intensity 

vibrational peak at 380 7()... T~ls neak was not obs~rved in the present mea~ure2n~nt,4 1. 

and i~ order to resolva the anomaly of its existence, their method of preparation wa~ 

repeated and -:he peak at 380 ~was detected o..::iy when the microcrystalline 3ample 

was prepared on a quartz backing. The fluo~scence of the fused quartz plates was 

fcvnd to have its maxim-u..'11 at rv 390 ~-v•hi ch ac(loun-t.ed for this spurious pcSlk~ o.n.d 

the quartz emissio~ ~s plotted in FIG. 22 on the sa~e intensity scale as the 

~~~racene fluorescence. 

A ~ sped.rr..en i-:; S11ffident.ly t.hick to absorb all the incident 25;j. 7 ~ 

radiation, and the assU!nPti on that the quartz fluo.rescen:~e was excited through lllinute 

holes in the mir rocr-:;rstall inc b:y-er ia supported "!Jy its inconsi s-l:.ent t>.ppearance~ 

BIBY.~ & WRIGRT suggested this ;•pea2~'1 r;orro~ponded to the l -'> 0 traasi ti on on 

~he aS\'!UI!!pti<>n that the molocnles).. at. the' :rr'(}r"f'.ln~ "Ji .fJ_--.lorea(!.cn-ce ~ ws:r-e not in thero.::t1 

·quq i b rit•!!l; this is hardly likely since tha 3XOe38 vibr~tional e~ergy is usually 

lis&ipated long before fluorescence 0ccure. Tnis rE>"Og'J.ition wa.s supported by the 

nfort~·na,te coincidence that its 'lvt•.ven.U!llber apacins; from th'3 C peak is approxi;r•t.ely 

lte same as the spacing of the other oands from eac.b. other • 

. nc~ tl:,e flt:r;re~c~ncc ~1'\ectra cl-et-ect8d in tbe pr-:::sent investigation lie at lo~.g~r 

2G I< • " 
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wavelengths than 3000 X,. non-fluorescent glass backing plates, which are 

transparent in this region, were used~ 

III. 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 

cilli~etres thick crystals. The same effect is clearly shown by BIRKS & WaiGHT 

(1954) who reported the fluorescence measured in reflection from a microcrystalline 

lay~r and from a thick crystal, in this case a 1 em. cube, and also the spectrum of 

the fluorescence transmitted through the 1 em. thick crystal. The differences in 

these spectra suggested that for 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 

spectra are plotted: 

(a) fluorescence of microcrystal observed in transmission through 

specimen. 

(b) fluorescence of 1 co. cube observed in transmission through 

specimen~ 

{c) fluorescence of 1 em. cube observed in reflection froc front 

excited face. 

(a) approximates to the true molecular emission of the ~olecule where reabsorption 

is absent and the effect of reabsorption is seen by cocparing this with spectrum (b). 

lu the latter, only those fluorescence photons to which the crystal is transparent 

escape and it is clear that reabsorption in the short wavelength region is pronounced 

27/ ••• 



-27-

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 eo 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-terphenyl where reabsorption is 

cocpletely absent. In this case the emission spectrum from a 1 em. cube is identical 

to that from a microcrystal, which is, therefore, the true molecular emission of the 

molecule. FIG. 9 show$ the microcrystalline spectra of anthracene for specimens 

prepared using three different solvents. Their similarity for wavelengths greater 

than 410 ~indicates ~hat in this region self-absorption of the fluorescence 

emission is negligible, and-the true molecular emission is observed, There are 

differences in intensity of the Qijserved.spectra, however, for wavelengths shorter 

than 410 m~, which are attributed to variations in the amount of self-absorption by 

the mierocrystals. It was observed that in going from chloroform, through cyclo-

hexane, to acetone, the size of the individual microcrystals in the specimen 

increased which suggested that the amount of reabsorption Qhould vary accordingly, and 

this order is reflected in th~ observed 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 

28/ ••• 
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The self-reabsorption of fluoreacen~e in a crystal is obviously due to some 

degree of coincidence of the absorption and fluorescence spe~tra of the compound. 

The extent of this spectral overlap, as it is called, of the long wavelength end 

of the absorption spectrum and the short wavel~ngtb end of the fluorescence 

determines the amount of reabsorption and hen.ce the shape of the technical spectrum. 

It varies considerably with the compound from extremes like para-terphenyl where 

there is no spectral overlap to anthracene where the region of spectral coincidence 

is large . 

A detailed investigation into the reabsorption of anthracene fluorescence due to 

spectral overlap is possible using the absorption spectra data of KORTUM & FINCKH 

(1942), who used very thin specimens in the crystalline state similar to the spec imens 

used in the present studies. The effect of reabsorption with increasing path length 

of fluorescence photons on the observed spectra has been shown in FIG. 23, and FIG. 24 

shows the same fluorescence spectra with the addition of the absorption spectrum of 

anthracene in the crystalline state. The addition of the absorption spectrum clearly 

shows the extent of overlap o£ the spectra, the absorption spectrum extendi ng under 

the short wavelength end of the fluorescen~e spectrum such that the intensity of the 

technical emi s sion is greatly reduced~ the vibrational peaks 0 and 1 being completely 

reabsorbed. 

More recently PESTEIL & BARBARON (1954) have observed absorpt i on bands in solid 

anthracene extending up to a wavelength of 420 ~· 

29/ •••• 
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III. 2.~o2. Wavel~ngth of Molecular 0 + 0 Transition: 

The existence of an overlap of the absorption and flu~rescence 8pectra of 

anthracene has thus been demonstrated, and its effect on the fluorescence spectra 

shown. 

In the extreme case, for a 1 em. thick crystal, the two shortest wavelength peaks, 

termed 0 and 1, are completely filtered out by reabsorption, whereas for the 

microcrystalline spectra, FIG. 9, only peak 0 ie appreciably affected, the 

reduction in fluorescence intensity of this peak varying with small dilferences in 

specimen thickness. Experiment hns shown that even for the very thin micro-

crystalline samples where reabsorption over the greater part of the spectrum is 

absent, the fluorescence intensity of peak 0 is extremely sensitive to small changes 

in specimen thickness and the reason for this ia explained inFIG. 24. The maximum 

of the longest wavelength absorption peak overlapping the fluorescence spectrum 

-1 -1 occurs at 25600 em. while the fluorescence peak 0 occurs at 25000, 24800, 24720 em. 1 

for the three spectra in FIG. 9. It is clear that the amount of reabsorp~ion in 

this region determines the wavelength of the maximum of the fluorescence vibrational 

peak 0 in such a way that as reabscrption increases and the intensity of the peak is 

reduced, eo its maximum moves towardB longer wavelengths and hence the wavenumber 

spacing from peak 1 decreases. The successive wavenumber spacing between the other 

-1 peaks is 1370 em. which is equivalent to the energy difference between successive 

vibrational levels in the ground state and since this spacing is constant for the 

higher lev~ls, it is to be expected that a eimilar energy difference will separate tha 

two lowest levels. Hence the wavenumber spacing between peak 0 and peak 1 is 

-1 
expected to be 1370 em. for true molecular emission, andp therefore, the wavenumber 

30/ ••• 
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of the maxiram:t of band 0 ~d.ll be 25320 cm7
1 

{ wa.ve'length A.. .., 395.0 ,..~ ) • 

FIG. 9 shows thl'l-t the intend ty of band 0 increases rapidly with increase 

-1 in spacing fro~ peak 1, the greatest separation oeasured being 1050 em. ; henc.e 

it is to be expected that the molecular bnnd 0 will h~ve considerably greater 

intensity than any of those resolved for the microcrystalline sru::tples. In order 

·t;o deterrn.ine the true molecular fluorescence spectrum by correct.ing ban.d 0 for 

:reabsorption, the follow·ing data are required: (i) Position of maximum of band O, 

(ii) T~ue shape of molecular band 0 and (iii) The intensity of mol€cular band 0. 

The first of these requirements has been obtained in this section and the following 

sections will be devoted to determining (ii) and (iii). 

III. 2.2.3. frue Shape of ~olecular 0 ~ 0 Peak; 

In thQ microcrystalline spectra of anthracene, FIGS. 9 and 23, whera 

reabsorption only affects peak 0, the shape of successive peaks 1 and 2 are similar 

though of different intensities. Since th~ir wavenunber spacing is the same ae 

that betwaen peak l and the true molecular band 0, it is expected that in the 

absence of reabsorption band 0 will be similar in shape to band 1 though its intensity 

will be different. The shape of the true molecul~r bnnd 0 and hence its half width 

a.t half maximum intenei ty are, therefore, determined by amtlogy with the adjacent band 1 

Band 1 is actually a Gaussian curve und this allows a check to be made to substantiate 

the nathod used for plotting the true shape of band 0. A Gnussian curve was plotted 

for band 0 (having the required :maxhnrn intensity) and t~is was found. to coincide with 

tne curve plotted by an~logy with band 1. 
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III4 2~2~4• True clolocular Intensity of 0 ~· 0 Transition: 

The determination vf the molecular fluorescGnce intensity of band 0, i.e. wh( 

reabsorption is completely c.bsent, will be discussed with reference to FIGS. 25 & 

FIG~ 2.5 shows the relative qunnt~ intensity, Q , of band 0 plo~ted as a function 
0 

th't! separation of its mnxicum,ho, from the maximura of band 1 (see (i) below). 

Trans~ission curves are plotted on the s~e horizontal scale (see (ii) below). 

FIG. 27 is n graph of technical intensity, Qt, of the band 0 (for various thick­

nesses of specimen) versus the technical 0 ...;> 1 "'f'a'V'eo.um~.r spacin~t.S0, ~btain~.d fr~ 

experi~entnl readings. 

(i) Assumption of true oolecular intensity: 

FIG, 9 shows that th~ technical intensity of band 0 for the 

three spectra i~creases rapidly with an accowpnnying relatively 

small change in wavenumber spacing from band 1 and by simple 

extrapolation an approximate value of the wolecular intensity 

-1 
at the true spacing of 1370 en. can be deduced. This intensity 

'lralue is a:pproxirnately 130, i.e. 1. 3 times the intensity of peak 1. 

Confirmation that this is the correct order of Qagnitude 1s 

obtained from FIG. 10 where for 1:2 benzanthrccane the naxin~ 

-1 wavenumber spacing io 1350 em. and the intensity of band 0 for 

this value is 126. The a~proxinate true noleculur fluorescence 

band 0 may now be 'lotted using the dntn obtained (position of 

~axi~ue, shape of curve an~ intensity of oazi~un); it is sinilnr 

to the dotted curve in FIG, 9 1 anci thG heavy continuous curve of 

FIG. 25~ where half of band 1 is nlso drawn, It will be shown in 
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the following paragraphs that the actual intensity is not 

exactly 130, as can be seen from FIGS9 9 & 25, but these 

curves may be referred tm generally in the present 

discussion, because the true oolecular intensity which 

they show was obtained using the approxi~ate value of 

130, followed by noAmalisation to experi~en~ r€adings. 

(ii) Cocputation of Transmission ~urves: 

Drawn also on FIG. 25 a:re t:ransoi.ssion curves for anthracene 

of various effective specioen thicknessess; these are the 

dotted curves of yercentage trcnsnission versus wavenucber 

-5 -3 
for thicknesoes ranging from 10 to 10 en. They are 

derived fro~ the data of KO:a.:rm-I & FINC1G (1942) who 

measured the molecular absorption spectrun of crystalline 

anthracene shown in FIG.26, In this figure log~ is 
I 

plotted against wavenumber '\J a!ld f~ i a the molar extinction 

coefficient defined by ~ ~ A.M. whe~e A 2 absorbance, M = 
b.c, 

m.o lecular weight o:t cocp;)Und, il :.: path length of trunsoi tted 

light and c c concentration (when applied to solutions). 

On FIG. 25, the percentage transoission is plotted against 

the wavenuobcr s~acing of the absorpti0n 0 ~ 0 transition and 

the fluorescence 0 ~ 1 transition in order that the curves 

mny be drawn on the sane horizontal scale as the fluorescence 

curve, The set of transwission curves for varioua thicknesses 

are derived from the relation log t .... - 2o3 
e 

Ex · __ , 
M 

therefore 
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log10t.~E.x where t, is the percentage transmission and 

x is th~ thicknese of the specimen, and the range of 

thidmesses for which they are drawn is sufficient to 

demonstrate the rapid increase 1n absorption from very 

little in the thinnest to over 9~ in the thickest at 

the maximum. 

Another impor'tant point demonstrated by FIG. 25 is the non-

coincidence of the maxioa of the absorption and fluorescence 

0 ~ 0 transitions, which ie discussed fully in III,6. 

(iii) Calculation of Technical Spectra: 

FIG. 25 showe quantitatively how increaein,g thicknesses in 

-5 -3 
the range 10 to 10 em. increases r'eabsorption thus 

producing different technical spectra. The series of 

technical fluorescence 0 bands were obtained by multiplying 

the molecular fluorescence spectrum by each of the 

transmission spectra in turn, and t.hey may be compared with 

the observed spectra of speci,mens prepared from different 

solv-ents. The theoretical treatment exhibits all the 

effects of reabsorption wwich have been observed in experiGen~, 

namely - (a) a decrease in the intensity of the fluorescence 

emission becoming more pronounced with increased specimen 

thickness and (b) an accompanying shift of the .maximum 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 e.bsorp~ion band whose maximum 
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does not ~oincide with the maximum of the corresponding 

fluorescence tranai~lon, and reabsorption is greatest on 

the short vravelength edge of the fluorescence band o. 

A curve drawn through the maxima of the various technical 0 

bands for different thicknesses gives a gra~h of technical 

intensity, Q+ 1 versus the teehnical 0 -> 1 wavenum9ar apaci~1 
" 

( The curve will terminate at a wavenumber spacina of 0() • e. 

1370 
-1 em. 1 the spacing of suo~easive vibrati~nal levels in 

the grnund state, and its intensity at thia point will be 

that of the molecular fluorescence emission. 

An approximate value of 130 relative to lOOfor peak l has 

been chosen fo~ the m0lccula~ intensity in this case, but by 

normalising the curve to the experimental observations of the 

intensity of the technical fluorescence 0 bands for anthracene 

(FIG. 9), the trae molecular fluorescec<:e intensity of the 0-> 0 

transition is obtained. 

FIG. 27 shows the cr~rve of -~t 'rs, S normalised to the three 
I) 

~eadings obtained from the nnthrecene spectra prepared from the 

three solvents which gives points Ial Ib and Ic on the diagram. 

The other points on this diagram ~erived froQ experimental 

readings of other compounds will be referre<!. to later. 

(iv) True Molecular Pluoraocence Intensity: 

'I'he normal ion.tion of the -~t vs~ S 
0 

curve to the experimental 

results allows the true molecular fluorescence intensity of the 

reau o!f at C. SeT)a::"a-1:-icn ()(" from band i of 
.. 0 
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1370 -1 
em. • The value of Q

0 
thus obt~ined is 133, 

relative to ~l " 100. 

It can be seen that the original apnroximation of ~ does .. 0 

not affect the final result obtained since it is used in 

conjunction with the tra.n.smisaio.n curv-es to find only 

tbe shl'lpe of the Q vs. S curve which is tb.en norrn.a.lised 
t 0 

to the experimental readings. 

The fluorescence curve of FIG. 25 is corre~ed to the true 

molecul~r intensity of 133 and the various technical bands 

calcalated using the t . .ransnission curves for vc..riouR 

thicknesses have the true shape, spacing and intensity for 

their respective s~eci~en thicknesaea. 

In FIG. 9 the dotted curve is the true ~olecular emission 

band 0. 

T~IE 1 : 2 J3ENZANTili1.ACENE S?ECT:S.Tg ~ 

Micr~rystalline s~ecimens were prepared for this compound in n similar wny 

to tb.a.t des~ribeJ. for anthracene, the same three solv~nts 9 chloroform, cyclohexa.nc 

a.nd.. e.-ce.:tr.on0 hein& used. The spectra are normalised to a relative quantum intensit 

·~1 • 100 of band 11 which occurs at 418 mp .. ., The spectrat plotted in FIG. 10, sho 

a close r~aemblance to the anthracene spectra in FIG, 9 especially towards longer 

wavelen~ths, though for each of the solventG the intensity of band 0 is considerabl 

greatP.r thnn its anthrnceneequivalentc As for a:nthrn.c..:ne, the size of the m~cro-

crystnlB for 1:2 benzanthracene increases in going from chloroform, through cycloh• 

to acetone) thou~h the gre~ter rel~tive intensity of band 0 suggests that the amou: 
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reab~orpti~n is less due to a smaller overlap of the abGa~ption sn.ectr~ than in 

i..h£, case of anthrncene, At wavelengths greater than 410 m~the 3peotra of 

e.n+-hrJ.l.cene and 1:2 benzanthracene are very similar, the spacing between suc ce3sive 

· I 1 
bar.de,b.V 1 being 1370 c::n: in both casest 80 that the method used for fi.nd.ing the 

tru~ ~olecular intensity of band 0 for anthracene may be applied equally to 

1~2 ben~Anthracene, 

Although no direct measurements on the absorption of crystalline 1:2 benzanthracene 

P.re avai !able, it is reasonable to assume that the posi tioo and shape of the 0 ~ 0 

~beorption band is similar to that of anthracene in vie~ of si~ilarities of 

( e,) solution ah!:-1orpti on spectra and (b) solid erni ssion sp~'!tra of the two compounds, 

The magnitude of the~olar extinction coefficient of the 0 ~ 0 absorption band 

l'l.easured in solution by F~1.IEIJEL & O.liCHIN (Hl5~) is a factor of 10 less than for 

nr.thracene and. it is expected that t.he crystallin~ self-absorption of fl uoreqcenee 

will ba correspon~ingly reduced. This agrees wit~ the present experimental 

cbeel"'\o·e.tions. 

The three technical 0 bands in FIG. 10 h~ve been used to supply additional 

e:xperi~ental points "to FIG. 27, their maxim~ bei.nJ repr<:!sented by points III , IIIh a ;_ 

III on the curve of intensity 7er8US wavenumber apacing froo band I. 
c 

It is c lea. :~ 

tb.at they are consistent with the reabsorpt-ion the{l-ry suggested for anthracene and 

~re in accordance 1 within the experimental error, with the value of the relative 

quant;ll!r inten.si ty of molecular band o, Q "' 133 at a wavenumber spacing from band J 
0 

-1 
1~70 ~ .... 
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4 .. ~LF'-REABSORf'l'I ON_ IN 1)EF..P:A1'IVES OF ft .• NTIL.'.AC3(;~; AND 

As evidence of the generality of this reabsorption effect on band 0 due to 

-;rarj_able rlccrees of oYerlap of fluorescero..ce and absorption spectra, the maxima 

of the obaerved 0 banc.8 for the other anthracene and l; 2 benzanthracene derivatives. 

are ]lotted on FIG . 27 and they are shown to be in very good agreement with the 

propo~ed efiect4 It is seen, therefore, that f~r all these compounds there is 

some degree o: overlap of absorption D.nd fluorescence spectra, which, for the 

nicrocrystalline speci~~ns usedJ i~ only ap~recieble for the 0 -> 0 transition. 

"I~nce, fl. similar norrP.ct.ion :for self-ebsorpt.i.Cin rec;.ui res to be a.ppliea. to the 

intensity and position of band 0 for these compounds. The technical intensity and 

~avelength of this band 0 depends only on the extent of spectral cCiincidence and the 

·:.hi ckneas of tha specimen and for all the corupcundE the molecular emission, where 

r.enbscrption is absent, produces a band 0 with a separation from band 1, S , of 
0 

1370 -1 
en~ and nn intensity ~ 

(J 
• 133 relative to Q] ~ 100. 

Many measurements have teen ma~e en tte absorption and fluorescence spectra 

0f anthrt>.nP.n€' in uifferE:nt sta.t.::s, e.~. 8ESBfl..N (1S36) who measured absorption ir.. 

the crrst a.U ine state, the pr~ 'r~. o\J.s 1~- quote {1 results of KOH.TI],;: & JJ'INCK:a ( 1942) who 

~ea.Rured absorption in the vap~ur stcte 1 in liq~id solution and in the crystalline 

S~El.te, l\nd BI:a.ITS a Ji.\l3::1T (19L4) who in'\-estigated t.h~:J absorption and fluorescence 

properties of n dilute solid solution of anthracene in nap~thalene. .a,esul ts like 

thes6 togct~er with tho present microcrystalline measurements are recorded in TablE 

38; 



!NTHR.l..CEN:2 

State 

~..ra:;: oar ( 1 ~: 275 15 274 

Dioxane a"Jlution(l) 265 l-1~3 2G2 

Naphthalene solution( 2) 260.5 14 ) 0 ~59o [. 

Crystal(l) (3) 

(l) 

( 2) 

256 14.5 253 

Kortum & Finckh (1942). 

3irks & Wrigh-t (H?54L 

(3) Present wryrko 

-oOo~-

TABlE I 

l3 cG 

... t'-'1 ~ 
< • ' 

:4 

- " s/ 
.Lt.::'::;:. 
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\.1
, 

wh2re 
0 

is the waYsnumber of ~~nd ~~ ~nd 6'J
1 

the wnveuumber aeparutinn of 

euccessive vibrational bands. It will be seen from this Table that as for 

a.bsorptionJ so a general bo.thoch:romic shift of the molecular fluorescence spectrmn 

is observed in going from the vnpour state, through liquid and solid solutions, to 

the cry9t~lline phase and the shift iD approximately th~ same as in absorption. 

This 11 solvent 8ffectn ;>rad'..lcing a shift to lon5er \vnvelent~;th13 1.s d~.te to the 

molecular environment and the shift increases as the molecules becorne morP. rigidly 

bou.!ld and h"lnce held in close:r. proximity to each other until eventually t.hey nre 

bound in a rigid lattice in the ~rystalline state. ~his ouggests that 

bathochromic !'1\i.ft is dep romdent on molecular.- j.nteraction (oee III68 for conf'irmatior 

Table I shows t~at the wavelength of the absorption 0 ~ 0 transition, band O, is nt 

identical ~ith that of the reverse fluorescence transition, though the shift in 

going from one sta-te to th~ next is the anme for bot,h transitions. In the came vrr.: 
I 

the wavenU.I!lber separation of successive bands t::,..\) varied very little with the 
0 

physical state but tho St:l}l:\r'ltion fo::- a.beor~tfon is f", lwa~ru ~ren ·;,er tb.un for +.Lc 

It is vary int.ere::~·t:.r..~ "1:-'.wt a~art from this enYirom:::-ante.l bnthochromic shift, the 

:-no.le-::u.ta:o:" fl uo rescenc< S ~)actruo. is vi i'tu~"~.l l y unuhu.nged in the crystcll ine phnse. 

The rA lative intensities Q
0

, Q11 Q
2 

of s~ccessiv~ vi1r~tional banns decrense in a 

similar way to those observed in liqui~ solutions (KORTUM & FINCKH 1942). 

III~ 6~ NON-COINCIDZilCE OF TEE l _,. 0 TRANSITION IN FLUOP..ZSCENCE AND 
0 0 

(!') E . ~ f _ X1A~Ance o . enArgy gap: 

SCnOEN'i'AL & ~COTT {~. 11-4'5) cb.!Hlr".o cd that the ehor-t.est fluC'resc~nce band 
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of a large number of compounds in solution does not coincide 

exa~tly with the corresponding longest wavelength absorption 

band of the compound in solution •. This observation is 

supported by the results of HAUSSER, KlmN & KUHN (1933) who 

investigated the relation between fluorescence and absorption 

spectra of a ~eries of diphenylpolyenes and found the deviation 

of coincident bands to increase with the number of double bonds. 

No such regularity was observed by SCHOENTAL & SCOTT but the 

-1 deviation, about 300 em. 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 & WRIGHT (1954) for crystalline anthracene when their reAulta 

are compared with the crystalline absorption measurements of 

KORTUM & FINCKB (1942), The determination of the true molecular 

spectrum from the present measurements gives a wavenumber 

-1 separation of 280 em, of the two bands, 

More recently other authors, e.g. SIDMAN (1956) have confirmed 

the exi~tence of this energy gap. 

The proble• which is at once presented is why the fluorescence 

transition from the lowest vibrational level of the first excited 

singlet state to the lowest vibrational level of the ground state 

of the molecule should be at lower energy than the reverse 

absorption transition which involves the same quantity of energy. 

40/ ••• 



It 19 imposRibl9 for the excited molecule to lose any energy in 

a non-radiative process because it is already in the lowest 

quanti sed le,~ei of the first excited state, it is equally 

impossible for the emission process to be terminated in a 

higher vibrational level of the ground state since the actual 

detected deviation is considerebly less than the energy spacing 

between succeRsive vibrational levels of the molecule. 

{ii) WRIG:OT 1 s rGsults: 

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

exist. He measured the fluorescence excitation spectra of 

1 em. anthrace~e crystals by detecting the transmitted 

fluorescence, and the curve obtained is simil~r in 8hape to the 

absorption spectrum of the crystal, the minima corres~onding to 

the absorption maxibao Observations were reported indicating 
_, 

that the band 0 occurs at 25200 em,.- which 1s at a mzer wavelength 

than previously reported by SESHAN (1936) and KORTUM & FINCKH 

(1942) 1 and is almost identical with the wavenumber of 

-1 
25300 em. of the molecular fluorescence band 0 found from the 

present measurements. WRIGHT, therefore, concludes that 1 -> 0 
0 0 

absorption and fluorescence transitions coincide and suggests 

that the anomaly found by other worke~s is due to their use of 

thin crystalline films for direct +,r~usmission measurements instead 

of large ningle crystals which gave spectre. more ir..dicative of the 

true crystal absorption. 

The results of WRIGHT are inconsistent with those of KORTUM & 
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FINCi.ill (19.-:",2!) whi~h are col".RiC.erec! reli?.ble and also with the 

lat.~; !Jt :tcaanre:::wnf,c oj' SIDAL4N (1956)~ wao has explained the 

ex·n~ence cf the energy ~ap o~ a trapped exciton theory, 

ThP. P.:foct is r thcreforeP con.sict?.red ge:r..t~.inc c.:;.d SID~' s theory 

is given in the next section. 

SIDV~ (195~) repvrted the polarized absor~tion and fluorescence 

spectra of cry1talline anthracene at low temperatures (4°K) and 

found spectral evidence for "trapped excitons" which may be used 

to explain the energy difference between the l -> 0 transition 
0 0 

in absorption ~nd fluorescence. At 4°K the apect~a are much 

better resolveC!. than at room temperature at!d it :i.s clear that the 

-1 
origin of the strong absorption at 25400 cmo Goes not coincide 

with the origin of the fluorescence which lies principEtlly below 

24975 -1 em. It is possible to account for this gap en the basis 

of the trapped exciton . theory of FRENKEL (1936) & DAVYDOV (1948). 

According to FRENKEL•a original theory of the free exciton, 

absorption of light by a molecular crystal can lead to an excited 

electronic stat.e in which the excitation may move through the 

crystal in a manner similar to the motion of a particle, FRENKEL 

also cons:ide.red the case in which the crystal lattice may become 

distorted in the vicinity of the exciton end the lor.<d deformation 

produced ljy the exc.i t.or. can lead to i t .<J <,rappin~~ p,·:. thP. rd te of the 

lattice distortion if the energy of the t~apped exciton is less than 

the energy of the free exciton. FRENKEL predicted that trapped 

42/~ ... 
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exc~tcnc should be able to eYist in most molecular crygtals 

thokgh nc PX~erimF~t~l verification has been proposed. SitMAN 

measured the :pola.:r.iz.ed 8~ectrum of ant."l.r?.cr_,:w i!l t':lr) directions 

at righ-t angLes :in the se.me plane in th.::l crys je_l ':1.1~:1- detected 

in t he 0 :!: {: case & s et of absorption bands at 2G400 cm:
1 which 

werA <tS8irned to the t.:::·ansi tion from the grou:::1d state to the 

free exciton band~ end in ~he other case an additional group of 

bc.nd.s at slig:,+.!y longer wavelengths which were due to 

transitions to the trapped exciton levels of the molecular 

crystalo Fluorescence from the free exciton bRnds was totally 

absent indicating that radiationless conversio~ to the trapped 

levels is very rapid, the trapped levels quenching the fluorescence 

from the free exciton levels in the s~e way as an 1~purity 

molecule. The tre.:nped exciton l8vels at Vrv 24930 cn.~l and 

-l 
24910 em. are particularly effective in tTappi~g th~ excitation 

and emitting the fluorescence 'vhich wi 11, of cour::1e, be ::-_ t 1 anger 

wav~length~ the~ emission from the crigin~ily eYcitcd free exciton 

baPd. Thus~ this theory accoants for the f~~t tha~ thcori~in of 

-1 
fluorescence is several hundrc rl cmo 1)2low t:-:;.e o~i6in of absorption, 

and, es has been previously statea, nus bee:~ ver·i-P.i.cd by ot!:ter workerso 

In the light of these results and i~terfretations it ls co~Bid~red that the 

results obtained in the pre.9ent work confirm SIE.~A.)l's 2·'.1g~c-s:.i-Jns e.nd show that the 

gap which is still p1·esenJ"' e-.:-en if the positio.:1 0f origin 'Jf t;,a a~s0rption as 

detect.ed by WRIGHT is used, is too large to be due to any >":!JUrious effects~ 
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3t.udi€la by Md~LiffiD & f\Cffi;EPP (1955) for cr:p·talline naphthalene and phenanthrene 

show a simil9.r 0::1c:."g~r :::.:.p notwecn t-he abscrp"i".ion anC: fluo:!'esccnce spectra, 

III. 7. 

!II. 7 .I. .QERJ:'!t.:.'l''\T!!':_§ OF .ANTHRP.CENF. AND 1 ~-~ BENZ.ANTHRACEl'l"'.C: 

The inter~st of thiR set of cnrnpounQS is in the study of (a) the effect on 

the anthracen~ sp0ctruo of t~e nnnelation of n benzenP- ring to anthracene in the 

1:2 position, and (b) -;,h~ ~pectral Lhange s of the l: 2 benzanthracene chromo ph ore 

for methyl substitution in the twelve possible positions. 

The compounds studies •:•ere :~ 

9:10 di~ethyl-anthrac~ne (II); eleven of the twelve mono-methyl derivatives of 

1:2 benzanthracene (IV to XIV), the omission being 1 1 methyl which was unobtainable; 

four dimethyl derivatives of 1:2 benzanthracene, namely- 2': 6-, 2': 7-, 3~; e-, 

and 9:10 dimethyl 1:2 benzanthracene (XV to ~/III); acenaphthanthracene (XIX); 

and 20-methylcholanthrene (XX). 

The observed microcrystalline fluorescence spectra are normalised on band 1 

to Q • 100 or, in cases where band l is not readily identifi~d or the vibrational 
l 

structure is not resolved, to Q a 100 at the maximum intensity. 

The spectra are drawn on FIGSa 11 to 15. 

III. 7 .2. OTHF..R PO:WYCYCLIC HYDROCARBONS ..A...NTJ DE...-q,IVATIVES: 

The other 4-ring hydrocarbons and derivatives whose spectra have been studied 

were:-

Chryeene (XXV) and its 1:2 dimethyl de!"ivat.ive (XXVI); fiv'= of the six mono-methyl 

derivatives of 3:4 benzophenanthrene (XXIX to XXXIII), the 5-methyl compound being 
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.:1rti t~ed becfl.usc it was nnobtu.ina.bl e; e..::-.C. pyrene (XXXIV)., 

The sp~o:ctra ar<'! plo~,ted in F::::GS., 16 8.: 17 ~ 

Three of ~jhe 5-::-iug l::yc'l,~·ccal.'bons stu<lied namely- 1 ;2:5:6 dibenzanthre.cene 

(XXIL 1:2:3~4 c:.:;_h8nsa:r:~thracene (XXYil) a.ncl 2;-:. benz-pyrene (XXIV) are derivatives 

o! 1:2 benza~~b=~c~ne (III)~ The relat..eC. heterocyclic compound (1:2:5:6 dibenz-

fluorene (XXII) w<J.8 ~lr>n includef. r'.nc is::..£ [,pe-ciaJ intere~t because it cont,~. ins 

a pent~gonul ring. 'J'hn 0ther two 5-· ring con:pour..d.s etucliedp 1:2:3:4 dibenzo-

p:1enantl:.r~ne (XXVII) a:::;.:i l :2-;5 :6 c.ibenzophe.nanthrene (XXVIII) are derivatives of 

chrysene or 3:4 benzoph2nanthrene. The spectra are plotted in FIGS. 18 & 19. 

III. 7.3v OTHER COMPOu~S: 

These are the com_:Jounds which dc:- not fall into the general category of 

"condensed aromatic hydrocarbonsH. 

2-naphthylamine (]JL~) was chosen, because of its availability in a very pure state, 

as representative of th~ 2-amin~ car~iLoge~A. Tre polyene group studied 

consisted of trans-stilbebe (~7I) and three of its carcinogenic 4-amino 

derivatives namely - 4-aminostilbene (}:XXVII)~ 4-dimethyl-aminostilbene (XXA'VIII) 

and. fY... -4-dimethyla.'!linophenyl-~- (IX-naphthyl)-ethylene (XY.XIX). 

Two related compounds, 1:4 diphenylbutadiene (XLI) and para-terphenyl (XL), which 

like anthracene and tram;-s~ilben~~ ar~ of interest. for ecintillat.ioll count..iug, were 

also included. 

The spectra are plotted ~n FIGS. 20 & 21, 

III. 8, CLASSD·' .LCA.TION OF' SPfCT~~ 
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8 .1. DEP-:::'rt:T_I"ilES OF ANTHR)._CF.NE AND J ::?. BENZANTHRACID!""E: 

The im~o:r"t1H!.t f] uorescence studies of SCHOFNTAL & SCOTT (1949) oz: polycyclic 

aromatic hydrocarbons in so 1 ution show that the spectra of these compounds in 

solution ar-e s:i.mila:i:' to t,ho:;e of the parent ccmpound, apa:;:-t from bathochroroic 

shifts due to the ;:,.n0~J.,i tuents. They are simple, consisting cf three to four 

-l 
-ribrational bands of diminishing intensity, equally spaced at "Jl400 em. nn 

data on their re!.ati Ye quantum intensi tie a are available. This spectral 

similari~v betwc~n p~7gnt and derivatives is not unexpected since FRIEDEL & 

O!tCHlN (1951) hRve show:'l that the absorption spectra of the compounds in solution 

are also similar to those of the parent compound. 

The crystallinP. ~luoresce4ce spectra, om the other hand, are not all similar to 

those of the parent compound, and they may be classified into a sequence of types, 

dependent on the degree of difference from the spectrum of the parent compound: 

(~) Spectral Types: 

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

Type A spectra; 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 slieht bathochromic shifts. The spacings and relative quantum 

intensities of the 1,2 and. 3 bands are almost unchanged. The observed position 

and intensity of the 0 bane in e~ch of the compounds are influenced by self-absorption 

us in anthracene and 1:2 benzanthracene. These observations are plotted in FIG. 27 

{see III.4) and they are fou~d to be consistent with similar values of Q rJ133. 
0 

Trpe 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 

(FIG. 13) 
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Although the snm9 vibrational structure U3 for 1:2 benzanthracene ia resolved, they 

diffe::- fr0cn the pa:i'BJ?.t conpmma ir. that the relative intensity beycnG. baJ:d 1 does 

not decrP.aS8 so r?.t,idly v7i+.h ir.cr~c:.sing W~"'reler.gth, anc several of tn~ spectra show 

~el at:i.vely le.rge ha1:.ho0hrnmic shifts,. 'Jilw spacing of the resolv~d maxima ren:ains 
I 

at~\) rv 1370 
-J. 

T.te 0 bP.nd is affected by self-llbsorption, and the obsorveC. 

r 
value3 of Q .... 

" 
and 0 , plo~ted in PIG a 27 ~ r..re agc.in ccmd a tent with Q --v 133 (see IlL 

0 • G ' 

In aeenaphtb.;;w:thl·~cenP. +.he 0 band :!.s not resv]YP.d, ru::.d it appears only f.I.E' ?..n 

. "1 ... - tr.\ "1.- 0 :t::Ll eXulO:"J a I "V"" ~a The spect~um of the 2': 7 dimethyl ~erivative is of 

interest, gince six vibrational maxima are resolved. This is discussed further 

LYPe~-~r~; are represented by 6-methyl and 3': 6 dimethyl 1:2 benz-

~ntaracene {FIG.l4). 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 3-methyl compound, the spaci~g b~tween thcl 0 and l banda is abnormally large 

(rv 160!1 cm:1 ) {see {ii) below). 

Type D spectra; only exhibited by 3:4 benzpyrene and desc~ibed in IVo3.1. 

~~ spectraj are shown by 5-methyl and 8-mctbyl 1:2 benzanthracene (FIG~ 14) 

and by 20-mathylcholanthrene {FIG. 15). The spectrum consists of a single broad 

band • with its intensity maximum 9hiited cons;_de:r.<tbly to longer wave lengths. No 

trace of the vibrational structure of crystalline 1:2 benzanthracene is shown~ though 

the f bH•res~ence spectra of the co~pounds in solution exhibit well-resolved vibro.tionfl 

structure simil$lr to the parent compo-:lnds. 

!...~ F 8pectra; are rep:r-esen':.ed by 9: l 0 dimethyl anthrace!le a.nd 9:10 d:;.methyl 

l: 2 benzanthracene (FIG. 15). T:tere is a re:narkabl e similarity between the apectr a 

of these two compoundso As in Type Er. there is considerable less of vibratio!lal 
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structnre. ~he 0 o.nd ::. banda coale8ce to fl:lrE a single banri. of apprcxin:'e.tEly 

double the widtil of &. normal vibrational bund, wi tl: a large bathccl:romic shifte 

( ii) DP.t ail e_j__ S·i;ructuro: 

Ravine; classi:!:!.ed each of the oboE:rYN1 fluores('ence spectra into one of aix 

spoctral types s it is convenient to make E:'lcme ger..eral C01L.Il1.ents on tb e ~e>n• 

impnrtant features of fine structure of scrr.e of the compounds . 

1'.."~<:P_e_A~...£_tr~; Solution absorptior.. spectra (FRIEDEL & ORCHIN) for the 

C')mponnd3 whose spect:-~ are of tl:is type f;how a shift to . longer we.velength8 

compared to tha~ of 1:2 benzanthracene. Assuming the crystalline abeorpt:icn 

!1Jl~ ctrn beha''T~ a ilil:i.larly 1 it is to be expected that the intensity of the 0 band 

~n the fl\1orescence of these co~pounds will be decreased relative to the parent 

compound because of greater reabsorption. This is in agreement with the 

experimental results. The close similarity between the four spectra and the 

1~2 beLzanthracene spectrum cugg-e£-~te that methyl substitution in the 2.!, 4~, 3-

and 7- positions of 1:2 benzanthrecene do not appreciably affect the physical 

properties of this molecule. 

Type ~~J.'a; For the four mono-methyl derivatives of 1:2 benzanthracene 

which fall into thi~ category, the bathcchromic shift increases in the order 3~, 

4- 0 10-, 9- methyl, nnd is accompanied. by an intensity reduction in the same order, 

which agrees with the expected extent of absorption overlap estimated from solution 

meaEJurements. The general bathochromic shift of spectra is due to variations in 

energy difference between the first excited state and the ground state of each molecul• 

The extent of the shift varies with the position of substitution and runs parallel to 

the shift of the longest absorption band; it varies in the same order as the 

intensity of the 0 ban do Tl:e mea.suremen ts of SCHOENTAL & SCOTT ( 1949) did not reveal 
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this relation baccuse re&bsorption is almcet negligible in dilute ~glutionso For 

oolu-tiitm meo.suremeut.u SCnOEN':'AIJ & SCOT'I (1!14 .. 9) reported a ccnnecticn betwE"en the 

e:J:tent r_,f ·bathochromic shift of the spect:rmn cf a substi tated mclecule, and the 

position of ~e~hyl oubstitutionc l~, D- anQ 3- m£thyl are the most reactive 

position~ of t,he unsuh::J 'ii tut.ed l; 2 benza.r..t.J-.rncen€; molec~le bt..t no such correla ti en 

is obGervad for the crystalline ~pcctra. 

Fo::- 2 P ~ 5~ and 2 P: 7- dimethyl l: 2 ben:c.anthracen€ and e.cena.phthant~. re cene, 

t3~re ie a :!"O.pid red~ ·.;tion in tho intensity d. banG. 0 accompanied by the 

~orr~aponding bathQchro~ic shift; for the ncenaphthanthro.cene band 0 i~ 

comple-tely A.bs0nt, though at longer wavelengths it is very similar to 2': G·~ 

~imetbyl 1:2 benzanth~aceneo 2':. 7- dimethyl 1:2 benzanthracene is somewhat 

rlifferent as :tts spe'!trum shows a. totc.l of six well-resclved vibrational maxima 

correspo::1ding to the 0 -> 0 • 0 -? 1 ~ 0 -> 2, 0 -> 3, 0 -> 4, and 0 -> 5 tro.nsi tions r 

whose ·w:tvenumher eepa!'ation is ..vl3?0 eri:1 t.. po~siblP explanation for thP- occurrence 

~f these additio~al vibrational 1nnxima is that 2': 7- dimethyl 1:2 benzanthracene 

Joea not poBsess the subsidiary "''lbrational levels i:n t.he ground state which 

8CHOENTAL & SCO~T (1949) have shown exist for other compounds, producing a set of 

subsidia:ty m~xima. superimposed on the p;-~. ncipal maxima. of the fluorescence spectrum. 

These ae~onda:ry maxima ar~ not often r~solved in the cry~tall~ne spectra, though 

their presence may prevent the resoluticn o! the lower energy vibrational transitions 

Their non-exi.1tence i;:J. the 2': 7 dimethyl l; 2 benzanthracene molecule permits the 

reso!utio~ of the longer wavelength principal transitions. 

_1'~9 C_~_pectr~~ Due to t.h"3 poo~ resolution of the subs1.cliary bands which 

uc~ur on ~he long wavelength ed~e of the spect~a and the resulting diffuse n~ture of 

49/ •• 



-49-

tb.2 g~n~:ral b':'oadrminrr ni the spec trW". w~c tL the acccrupar..ying increae-e in intensity 

c:f the :n:o:J.g waYc J.el:.lg-t,1. efl.ge. :a hu~ nc.t been posf)ibl~ to eYplain the ab~or-mally 

-1 ( large opacing c1 hands 0 a.nd l,N lCuO C.Iila- , for the 6--methyl iBcmer a similar 

v~l>.1e i -s to be ex,e~ted for the 3;: C-ciimethyl iscmer if reabsorption were absent) 

Fta1 no cnnner-tion between thin high va!nt? P.ml -the int. en~i ty ir.crens() at J cr>.~ 

wavelength3 ha3 been follll(L 

.f..zi!~ -~e~"tE2:,1 ~hn ba-thoch.rolili.c shifts for the co!I'.pounde iu tl:is category 

a:i."\1 g:reater than for an.-r of the o+.he:-1· c<'mpo~'.nds 0 
-1 

th~ reaxima occur at 20200 r~. 

~or 
-l 

3-nethjrl 1:2 benzanthracene and at 19600 cmo for 5-methyl I: 2 benvmthrncen.e 

and 20~~e~hyl~holanthrene 1 whereas band 1 for 1~2 benzanthracene occurs at 23900 em: 
'l'heir d.iffusenP.ss is inter~s+,ing b~cause their absorption spectra (FF.IEDF.L & ORCHIN 

1951) an1 thei~ fluo~escence spectra (SCHDEN~AL & SCOTT 1949) in liquid solution 

are very similar to the spectrum of the parent compoundo It is concluded that the 

1ifferences in the cryst~llinc ~luorescencR Ppectra ere directly attributable to 

large molecula= interactions within the crystal (see IV. 3). 

~ F spectra; There is general simila.ri ty to 'Iype E spectra, thougb the 

_"I 

bathochrom~. c shift, "V 1500 em ..... , relative to th.e parent componnd is smaller 
~ 

{ -~ ' ., N 3700 ~-n. for Type E;. 

III. 8.,2,. 9...:~!1F.R P_Q_LY~YCJ.,IC HYDROCARBONS AND DERIVATIVES: 

The spectra of these componnrlE: nay bC! c::.assifiod into Types A to F, similar 

to the derivative£:! of an~h:'.:'acene ami l :2 benzanthracene (IIL8.,l). The chrysenc 

spectrUI!l (FIG-a 16) :l.::J n:bnila:a.· to '!b.f'l ~':vre B spectra of the 1:2 benzanthracene 

tleri vati vp~ ~ but it or1&;)_na.tes ~1; sh.0r f-er wavelengt-hs, band J e.:ppearing at 28f r.rp.._ 
' 

The cbRervcd b~nd 0 is shifted and 
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reduced in intens.i.ty~ :!_)robab~y J.ue to acl~~<:.hi:l~>rpt:i.on. The spectrum ef 

1:2 di~ethyl cn~ysana 

bnthocu~omi~ nbixt. 

The l~ 1 2-~ 3-~ 7- ani 8- methyl derlvativec nf 3:4 benzophenanthrene h~ve 

r~lated spect:<'a (FIG. 17) 9 originatlnt;; a-t :3lightly shor-ter wavelengths t.ba,n the 

l: 2 b~n~anthra,!e:tu~ de:o..·i vat:i. ves ~ Th~ spc~~;,r.'l are rather diffune an(. l.i t, ~,Je 

vi brq,ti on.al struc tur9 lS :re sol ~red • The t:l<i.~lnill!l 5.nt,ens i ty in each case a pre c,rs 

to corrP.spond to band 1, while band 0 i£l o!lsE:::cvea only as lln inflex) on n.i;i\..t"V 390 r:y.) 

ri'.;!e tn self--ahs'lrption. The spectrum of the 1-methyl compound l::.a.e a lor..g -;-,a) l r. 

re~i~i~1ent of th~ Ty~e C spect~um of 6-methyl 1:2 benzanthracene (FIG. 14), and 

is pro"'.Jii.!>ly d.•1e to 'll.olecular J.nteraction (see IV.3)n Pyrene , the most compact of 

the •f-ringed. :z>olycy~i i c hydrocarbons~ is a eymmetri cal molecule and exhibits the 

te!ld:?ncy for the .more compact syt•l;·net:!"ical molecules to heo,ve diffuse spectra. Its 

16), a b .\'"oad diffuse band s::.mii.ar to TypP. Er han two Y:eak !'le.ximn 11 

~nrrespo~ding tu banns 0 and 1, resolYed near the o~igin. The maximum of the 

diffuse band occurs at 455 ~ ~ and ther~ is~ therefore, lens ba.+,hochror:J.ic shift 

than for the Ty~a ~spectra who8a maxima o~cur at r~ 510 ~~· The spectrll3 in dilute 

s:Jlu-tion has a banded structure (SCROEETAL & SCOTT 194!)), showing that the 

crystalline spectrum is d.u~ to nolc~uln.r i:lte>."~.c-3icn, 1:•hich i~ prCJnouL.ced for coi':ip?,c+ 

aYQmetrical molecule3. The crystalline ~pectrum r!Jpresents a t-ransition between 

Ty~1e C an;} Type E, and ::.s cal:!.cd Type D, tbc definition of which wlll be given lE>ter 

in IV. 3. 1., wi t:1 reference ta the E.";J~·~t.i.·a cbs <Jrved ir.. strong solid solutions cf 

c1nth1·ac ene (NORTHROP &. SIHPSON l9bt:.)" 

Tl.b.e broad :rather f-eaturelesn npec~l'lltn of 3 ;4 benzpyrene (FIG. lt') is cloeely 

~ula~e~ ~o that oi p~renc (F!G u !G) ~1th a bathoohronir shift. Th~ solution spec+r~ 
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(SGIIOENTAL & s(~QTT 29?9) baa a. banfi.ed r-pect. rp_n.~ a.n<! t-he cry~tal SJ::ect:rum, which l.S 

clearly Typu J 1 is gr~a.tly inf!uonced by m~lecular icteraction. 

The ap~ctrum oi l:2:!:>:6 d::bcn::;am .. hre.ccn.c ~FIG o 18) io si:;::ile.r tc that ci the e-ther 

l:2 l:lenz:J.nt"'.:ra~ene derivativ~s with a TypeD spectrum. !n 1:2:5:6 dibenzflccrene 

(FIG. !B) the vibrational structuru is lack1ng, possibly dee to the divioicn of th~ 

\1 -:'!lectron syatem by tha fi.ve-membci·ed ring in the centre cf the mt:lecule, t,houf!:h 

the ~l,~orene spectrum observed by SANGSTER & IRVINE (1956) shows clee.rly rf'solved 

vibrational levels. 

'l'he vibrntitJnal bands are hro'l.dened, though partially resolved, ir. the eper,-l:rum of 

1:2:3:4 dibe~zanthracene (FIG. 18)o 

corragpo4ds to band O~ 

The inflexion at A.., rv 392 ~ probably 

1:2:3:4 dibenzophenanthrene is struct~rally related to the mono-methyl deriYatives 

of 3:4 bonzophenanthrene (FIG, 17) 1 and their spectra show similar features, ba~d 1 

being ~gsolved and band 0 a~pearing only ~~ an inflexion. 1:2 : 5:6 dibenz.ophen-

anthrene may he considered as a doriva~ive of e~ther chrysene or 3:4 benzophenanthr~~ 

!t~d its spectrum (FIG. 19) is a hybrid of these two compo~ds, with a slight 

bathochromic shift. The vibrational structurej corresponding to the 0, l and 2 

oands is coarser and broader than in cb.rysene (FIG. 16) while the form of the spectr11 

resemi:Jles some of the mono-methyl 3 :4 benzophenanthrenes (FIG. 17)o 

III. 8.,3o OTBEE SOH.?0L"'NDS: 

The spectr1.1m of 2-naphthylaJnne (FIG. 20) consists of a single smooth pea.ko. and 

the vibrational structure of the parent hydrocarbon naphthalene~ which is similar to 

unth:ra.cene (FIG. g) ·::..bough at shvr·;;.e:;:- wave lengths, is completely lacking. The 

fluores~ence and absorption solu~ion spectra are similar~ The addition of the 
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IX 

X 

XI 

.XII 
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XV 
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XVII 
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XIX 

XX 
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XXII 

XXIII 

XXIV 

Coopound 

Anthracene 

9:10 dimethylanthracene 

1:2 benzanthracene 

2 1 methyl 1:2 benzanthracene 

3 1 methyl 1:2 benzanthracene 

4' methyl 1:2 benzanthracene 

3-methyl 1:2 benzanthracene 

4-methyl 1:2 benzanthracene 
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12.5 

5.5 

11.5 

Co.rcinogeniei ty 

+ 

Slight 

+ 

++ 

+ 

+ 

+ 

++ 

+++ 

++++ 

+ 

++++ 

++ 

+ 

++++ 

TABLE II. 

Decay time 
(mJ-- sec). 

6.3 

6.1 

11.6 

11.1 

10.1 

13.7 

15.3 

10.1 

12.5 

12.9 

8.8 

99.1 

10.1 

15.2 

13.1 

11.5 

5.2 

8.2 

14.7 



2-f.mino gronp cav.sE.s a mr:. .i or be.1.cochromic s:hift reJ.ative tc t!le nn~t.t!1 c.lerre 

Rpec t ~tll!l, bring;::tn~ the epectrtl!l:'. int~ a eim.ilar region to the primary carci:"'J.(\ge~s 

of. f::ne struct.t:.re obsi'Jrved for th'?. rercnt co~pound. 

'::hP. spel)trum cf trc.ns-s ·tilbene (I'!G, 21) cc.r.sists o:f four sharp vibratii''!lal ba:d.">, 

•·ri+,h an :1. nflex:1on at the long Vltt.veltmgtr er.: ~ representin~ the fifth. The f i rst 

of tLP.se be.nds, at 'V 350 ~8 can be clearly identified as the C ban!!~ thus 

:('cmoving the uncertainty in Garlier meaeu.rementa of ascribing tbe correct 

-vibrlitional tre.nsi tions to the resolved peaks of the spectra frcm thick etilbsns 

cryata.:!. s (BIRKS & WRIGHT 1954, HANGSTER & IRVI.NF 1956). Due to the self-

:-:-~o.bsorp./don of the short wavelevgth fluoreEcenc.e (about 40% for thick ~pecimena) 

·l:.hio band 0 was t~ot !'ei:Jolved i:n the m&e.suremer..ts of SANGSTF.R & IRVINE (1956). 

In cont~ast~ the spectra of the three 4-~ino der1vatives (FIG. 20) are 

relBt~vely feeturelesa. Aa v~:i. th 2- ·ne>.pr..t:t.yle>r.i:r:e, tbe amino group causBs a 

~rououncP.d uathor.h:r.omic Elhift, :;:elative to th€. parent hydrocarbon, which increasee 

with molecular weight. In the abeence of f'lcJution spectre.l data, ~ubet.itutional 

f'.!l.d molecular in'C-10rnct:i.on effects cannot be dhtinguishedo The spectrum of 

l: 4 diphenyl b1~t.adiene (F!G. 21) vrhich is t.he next m&mber of the diphenylpoJ.yene 

aeries aft.e:o:- stUbene, differs :markeG..ly from t.hat of the latter c(lmpound. The 

vibrational structure observed in solution r.bsorption measurements (HAUSSER, KL"HN & 

Ktr~J l93o) i~ not resolved d~e to broadening of the banda. However, the intensity 

J~cren~eo with innrea~ing w~velength in a similar ruenner to the stilbene spectr~m, 

:;_n1lice.ting that cr:r~t.P.}. i~tcraeticn effet:ts are relatively v:ee.k. 

~he pP.ra-terphenyJ t .. · (FTG' 2' \ " spP c & l'lii .... T. .•. 1 .LJ. e.s a well-defined vibrational structure 

~ith oix ~lear naxime. 



TABLE III. 

0 THE R COMPOUNDS 

No. Compound Solvent Figure 
\); '\); \)~ \)~ax s Careinogeni city Decay Time 

(mu... sec). 
f 

XXV Chrysene c 16 272 258.5 245 - 4.5 - 17.6 

XXVI 1:2 dimethylchrysene a 16 261 247.5 234 - - ++ -
XXVII 1:2:3:4 dibenzophenanthrene a 19 - (249) - - - + -
XXVIII 1:2:5:6 dibenzophenanthrene b 19 252 239 228 - - + -

XXIX 6-methy1 3:4 benzophenanthrene c 17 - 248 - - - + 17.7 

XXX 7-methy1 3:4 benzophenanthre~e c 17 - 249 - - - + 18.3 

XXXI 8-methy1 3:4 benzophenanthrene c 17 256 242.5 230 - - + 19.9 

XXXII 2-methy1 3:4 benzophenanthrene c 17 - 246.5 232.5 - - +++ 20.9 

XXXIII 1-rnethy1 3:4 benzophenanthrene c 17 - 245.5 230.5 - - ++ 20.6 

XXXIV Pyrene c 16 265.5 252 - 219 3 ... 4&.5 l 
XXXV 2-naphthy1a.mine a 20 - - - 256.5 -- Yes - I . 

XXXVI trans-stilbene e 21 277 257.5 244 257.5 - - 3.9 

:xxx:-vrr 4-nmino8ti1bene b 20 - (237.5) - 230.5 - Yes -
XXXVIII 4-dimethy1nrninosti1bene b 20 - (229.5) (217.5) 229.5 - Yes -

I 
XXXIX ~4-dimethy1ncinopheny1-

~ -~-nnphthy 1) -ethy 1ene c 20 - - - 203 - Yes -
XL 1:4 diphenylbutadiene c 21 251 237.5 - 251 - - 5.4 

XLI -para terphenyl c 21 283.5 270 257 257 - -
""'-------------------------------------~------ --------



spectra (BIRK3 & W!UGHT l954;; SANGSTER & IRV!NE 1956) car. be readily idenHfied11 

HoweverJ rea.hsoX'ption is completely absent for this material and the microeryatal 

and technical spectra are identiccl. 

III~ 9. 

The properties oi the compounds are sunr:mrised in Tables II and III as follows 

Number and name of compound~ 

reference of spectrumr. spectrum Type~ the 

\ \! 

in preparation of specimens~ figure 
? I I 

wnvenumbers,V 0 ~\) 1 
,\) 

2
f cf the 0 1 1 

and 2 bandd resped;ively; \) , the we.vennmber of the intensity maximum in cases mn.x 

w~ere no vibrational Btructure is resolved; "a"~ the wavenumber f:!hift cf th.e 

crystal spe.~~rum relative to that in light petroleum scluti on ( SCHOENTAL & SCOTT 

1949)& m and m , the wavenumber shifts relative to the 1:2 benzanthracene spectrum 
c s 

in ~he crystal phase 11nd in light pet.rolcum solution respectively; the 

carcinog(mici ty rating (PULLMAN & PULLMAN 1955, HARTWELL 1951); and the molecul nr 

l,)hoto-fl.u.ores(!ence decay time A (HLMILTON 1958) e All wavenumbers are expressP.d 

tn uni ta of 10
2 

1}m7
1 ~ and doubt.ful identifications are either omitted or enclosed 

in bracketn. 



IV. -~- r s c u s s __J--.Q.lr 

In III~ Analysin of Re suits ~ Sfrveral interesting effects have been 

distiug·J.ished, not.ab~.e amongst. vrhicll u.rG :-

(a) Ti\e self-absorption o±: fluorescence due to overlap of absorption 

and fluor~gc~n.ce spectra ;) ani!. the ca:icula+-ion of a suitable 

co"!'recti1Jn 11 "!ihe appl:i. caii.on of which produces the true n.tC!lecu.le.r 

(b} The classification of the obse~red crystalline spectra into 

Types A to Fi Bn~ the comparison with solution spectral 

me a.surements. In analysing the different types of spectra 

three separate effects may be distl.nguiahed:-

(i) The "solvent" or Environment Effeeti associated 

with the permittivity of the medi~ in which the 

fluore3cent mole~ule is located. 

I .. ) 
~J.~ The Molecular Substitution Effect~ which causes 

the spectral shift: relative to the purcnt compound. 

(iii) The Crystal Interaction Effect; due to intermolecular 

farces within the cxya~al" 

(a) has been extensive!~ described in III, but the three effects reportL 

in (b) will now be discussed fully. 

55/ .... 
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THE_·~~OLVJi2~J" OE FJNIRONMENT EPFECT: 

This io distinguiched by comparing the obDerved crystclline fluorescence 

3p~ctra with the AOlution apectr8 of SCllOENTAL & SCOTT ( 194~); it causeo a 

batho~hro:r::de shif t r>f +.he whole spe ctrum relative to that in solution (see 

Table I). The values of 11 6 11
0 the wavenumber shift relative to the spectr,,m 

in light petroleum solution, are lis~ed in Teble II. The position& of either 

band l or band 0 (cr>rrected for self-absorption as in III.2) are taken ae 

reference points. It has not been posoible to predict the magnitude of the 

!lathochromic shift due to cha.nging the moler.ular environment. The va.luf>a of 

-1 
a s 11 are simila:..~ a!ld of the order of 600 em. for all the compounds except 

~nthra.cene and those with major crystalline interaction (IV~3) having D~ E and 

:? spectra. The value for anthracene, 1200 cm:
1

• is only a slight anomaly 

t f . -1 since refer~nce to Table I shows tha Qr crystall1ne anthracene, a • 900 em~ 

and 550 cm:1 relative to the iluorescence spP.ctra in dioxane and naphthalene 

solutione respectively. 
-.L 

"s" IDay be increased to 1200 em. relative to solution 

in light petroleum, 

tV. 2, THE MOLECULAR SUBS'ri~~JTI_ON !!Iti'F:.!:f.'!T : 

The effects of aubstituents on :h~ 3~ectra of aromatic coopounds are not 

uniq_ue tt> ~-:o:-ystall il!e fluorescence spectra; they are observed in absorption 

(Ch~R 1952~ JO~~S 1g43, 1945) a~d i~ ~he fi~orescence of solutions (SCHOENTAL & 

'3C OTT 1:149) • Methyl sub3titution o~ 1~2 ~a~zanthra~one causes a shift of the wao l e 

SfectrUJt rel ative to tile -pnr~:nt ·-:: omp :Hl:.'-d! li:::J.d a similar effect ~. s obtained f1.Jr o t lltn 

zubatit~te d compounds~ 



1'he "'!111.\luea of. m and rn ~ the shifts relative to the parent compound fer crystalline 
c. s 

a~d solution mnasurementsD are listed ir. Tcble rr. 

1n addition to t hes e bathochr omic shift s , s ome of the ether diff ~rences between 

the sp9ctrn 0f the compounds and their parents~ e.g. loss of fine atructurep may 

~la~ be substitution effects, 

IV., 'J''.IE CB.YS'i'AL L~TP..RACT: ON EFFECT : ---
This effect is r~opon3ible for the remaining differences between the spectra 

Jf cryatals and solu-:-ions~ a.nd is st:-:-ildnJ!:lY exhib:i.t~d by the Type E spectra of 

5-methyl ani 8-methyl 1:2 benzan~hr~~ene~ Their solution spectra Rre similar 

t~ that of 1:2 benzanthracenep with only a small substitution shift, m • The 
8 

jiffuseness and major bathochromic shift of the crystal spectra are attributable 

to large molecular interactions within the crystal. The spectra of several other 

compounds exhibit this loss of vibrational structure accompanied by a large 

bathochromic s~ift, and this g~nernl effec~, ~l~ t0 nole~ulnr inter~ntiono in the 

crystalline state, which has not previously been reported, will be discussed in 

detail with reference to the result3 of NQRT~OP & SIMPSON (ln5R). 

IV. 3.1. Rl!lSULTS OF NORTHROP ,'!z. SIMPSON: 
' i 

Little work has been done on the fluorescence of microcrystalline layers of 

organic compounds, but the measurements of NORTHROP & SIMPSON (1956) on the 

fluorescence spectra of microcrystalline 60lia solutions of anthanthrene in 

anthracene throw an interesting light on the m0lecular interaction effects. They 

produced crystalline layers 5jAthick, by va.~uum sublimation ont9 sln3s plate~ ~ and 

observed the emission spectra by a photographic method~ Althou~h this is sueceptibl 
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to lry.rger er~ors "than th~ pilotomul tiplier technique used for t.b.e preEwnt Deasuremen1 

t~e ~eault2~ eog. Ior anthracenei are in good agreement with the present results. 

~-5 '2 

Spectra were onaerved for anthanthrene conc&ntr~tions r&ng~ng from 10 M to 10-~M 

J.nd f.n p·ne antha.nthrene, whose fluorescence l~es at longer wavelengths thar_ the 

a~thracerre emission, aad whose absorptiqn spectrum overlaps the anthrac~ne emission~ 

'fb.e couuitions required for energy transfer froo the solvent to the impurity 

:nole~•lles aree there.!'orep Jatisfied (ace Part 2.1.3.(i)) 1 and fo:t lovr imrmrity 

~·~ c•4 
C'lncentrations of 10 H to 3,3 x 10 M the 11haracte.ristic anthanthrene fluorescence 

~radually ~ppears, accompanied by a reduction in the intensity Gf aothr~ceno 

.f l':1ore3cence. 

?IG. 23 ohows the :progreFJsion of spectra obtained by NORTHROP & SIMPSON for 

i~creaRing co~centration of anthan"'Chr~ne6 Aa the anthanthrene concentration1 e~ 

ie increased~ the fluorescence spectrum change3 from one similar to our Type A, 

t~rough intermediate stages, to one simi:i.ar to Type E., For the purpose of 

comparison~ a siml.tar progression for the present results has beP.n pl~tted in FIGc2C$ 

~y s~lecting one spectrum typical of each Type. The spectra of the following 

CJmpounda a~e show~:- 2~- methyl 1;2 benz~nthraceue llV) (Type A); 3'- methyl 

1;2 benzanth~acene (v) (Type B); 6-methyl 1:2 ben~authracene (X) (Type C); pyrene 

(XXX1v) {Typ~ D); 8-mcthyl 1:2 henzanthr~ceno (XII) (Type E). 
-4 

PIG. 28 shows that at concentrations of c "" 3~-:i x 10 M~ the 0~ l and 2 bands of 

'i.Ilthant~uene c.t I\. ..:: •Vi7 ~ 431) and !1(\'7 jP- are resol veds and t.he intensity fall a J3.wLy 

··:vith ]n~reasing waveleng:-h (~ypa A)~ 

'l'hfl anthracene sne;Jt:cum appears at sho~te!' 11avelengths but with lew intcnsi tyo 

At c ..: 10-3M, th~ three bands are stEl resolved bu~ the inten~d ty at lo~ger 

58/. 
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lean :rc solu!.iou of the l0cgel' wa~e:eii.g+.h han.C:s. 

-" _\"t c = 3_3 x 10 '"'u the 0 lJc..nd i.s still recclved 1::ut th6 l band is 1ncreas~C. to 

a s:!.:..u.:;_.,ir i!ltensity and coa.I~sces ,,fth hiP.;hl?r b?.r..ds to form a diffuse C(lnt.inm:.rt 

~.ri:.enMng t.o(\.""V600 or (~~;pc c) .. 
.. ,2 

.H e "" 10 M the spect::"lllll is a broad band vn th a me.ximt:m v.-4j ?-- ra 510 ~ (the po.sit.i 

·)f the o:ri~h1n.l band 2) with j_nflexion.a at ~l:.orter wavelengths cor~epcne.h:.e to 

This spectz-um may be r.la~~:.fied e.!! Type D, and was net desc;ri~ed 

ffoweve:-:' 9 3 ~4 bcn~pyrene, which :i.n a derivative of euthra.c£:ne Rr.d 

The only other representative of thia 

~ype in the prP-~ent me~tau~8menta is pyrenc (XXXIV) whose ~pectrum is drawn in FIG.~ 

.b the o~:mceni:"at:.i.on is increased fu:::-ihers this diffuse epectru.m shifts towards 

l~nger w.'lvelen~J;thf:l 1 and the spec·~:-:-Ul!l t)f pure a.ntha.nth:ren& is a 't>r<l&d bnnd, wi t.h c 

It a:;,>p~a.rs :f}'O~ ~his com?a.riaon ~tat ·che aeql.:er:.ce of Espectral types A1 B,C,D, G.nd 

~ ;,o?:'respondn to ;:~.n increa8!} :\n molecul~r in:0~rftct.icn by sc~reral orrlerc of Il'.agnit.nd~ 

:r~>.n neglicrible int~raction i.u 'Zype A to v~:~."1·· I'J-!:.rong inte1·aciio:::! in Type EP a.s th<:> 

ii stanc~R3 ~~'tween the 11.::1 ~hanthl"ene moiccu\ cs d:Jcreese with increasing con.eeutl·ai,.ior., 

:.ip~ctr'.m!. of an orgn.nic compound in ·iihc 'f)l::.;,.· c +.h) 1.::.d pb.as~ is shifted to longer wav'l~· 

l 

lenv;ths, eg_uiv'.llent to a dec:r~ase \.n energy oi. 0.3 to 0.4 oV (2500 to 3300 em:··) 



!'lolid BoJuti QL\ij, 

Iu view nf tbe theore·t.ical significance that NOii.T.HROP. & SIMPsm.r etta.ch tc this 

"'d·th negligiblP. c.ryataJ :tnte:r.actionl n.nd tho.Ete like E'-methyl 1:2 benzanthracene nnr 

:'\n-thanthrene with majo::::- cr:~stal interaction, must be emphaaieed. 

~heth~r the Type F sp~ctra 0f the 9:10 dimethyl derivatives are due tc 

!!10 le c~l::.r ia+.eract~on or moleoule.r subF4t:?. tnf.i.on t>f.fccts, onnnot be re~ol ved 1-:i thout 

!ullar d~tR on the fluorescence spectra in solution. Only a single diffuEe per~ 

i~ reco~cll"d h~r SCHOENTAL & SCOTT (1949) in the 8olution spectrtll!!. of 9:10 dimE>thyl 

l:2 benzanthracene. 

The method of mP.asuring tho clE>cey ti~ps of thA microcrystalline sampler. ie 

rleacri.bed ir, :~:;: ,,4~ 

<rrl\MILTO~I 1958) P and tb.~ value::: c.r-e listed ix: Tableo II and III, 

.-i.cri.vc.ti Yf:l'l &.re bGt.ween 8 and j 6 m,;. sec. 
I 

Tb~ two exceptions are 5-~ethyl and 

8-mett~·l ]. ;~ 1Jeu21anthre..cene whose decay tirr.es are 125 ~;J... sec. and 99 ~sec. 

'I'heu· TypE> .E spectra ::.re ai>!:.ilc.r in ~hape to those of ionic crystaJs 

~oto broPd crystal energy bands; tb.Bi r decay times h<:.ve .,ra1 ues similar to tho a? 

~f the alkali ~Blid~s. The lt'('Te<:f'£.f decay tii;leS may be du~ ~irect.ly to ~r;~n;~-< ~l 



r..eu--

:n~r~boe in ~~c~7 t~ne with incrence i~ Epectzal diff~Eene~s ~ue t~ crystal 

~!:10:.FI.n-<;l1rene wllich has a '.;:'ype H spectrum but the shcrt decay time c,f ~.8 rr:)Asece 

T!:I)VTW!f ::-, 1 t lines ~eem t~w.-t eomponu~s EJ:l"·.owin~ well resolved vibrational st.ru.ct-t:re 

The cryctai ~~ruo+ure 1 the ~bsorptic~ spectra, ~hP 

<;o'11.paund3 me:d t :ful"ther otudy o.;o elucida-te the phenomena of long dE:ce.y tir:J.es irr 

C'l::npOll:l ·1s .3'1-Jh as 5-methy.l. and 8-mey,b.:.rl l: 2 be.:1z~nthrac.ene 

r.v. 

Qf the 41 f'.:>npo-ands lis:.ed in ~('o.hlPO I:J: and "'CT7 
.J. • ....~~.. .L ~ 29 are kn0wn carcinogens 

~<=!longing to O!le of the followinG s:&.~~ g:.,.·oupd ::.n·;-;o wh:i ch t.he known chen:.ico.l 

(i) Ar~~atic ~olycyclic hyd=oca::-hons, their deriva~ives~ and 

relatei co~nounds~ 

(ii) 1~mino derivatives of a.r ·1ms.tic hyu-.:-ocarbons. 

(iii) :')er.ivo.ti-ves of 4-aminos-tilbona,. 

fiv) Derivatives of azobenzen~. ' . 

(v) Certain aliphatic and heter0cycllc nompoands 

(e.g~ urethane, nitrog~~ ~ustards). 

(vi) Misc~llaneous inorgani~ s~lts of drsenic, zinc~ 

nL::kel, etc. 



Ccrr:po1.mC.s i:c the 

othe: f~ve sr1ups ~~a ~~nerally less potent &nd are called "secondary11 carcinogeno. 

Fluore~cence appears te be 

:1. ~O)lll!lOn nrotJe::-ty of o,ll t,hn rrime.::..·y cc,rcinogena and. some of t.l:e second.&.r'J· 

.::a:::-'!inogens, and since +,he e:J.ectro:ui~ struct•n·e r:etermines the physical rrcperty 

~f fluores~once~ ~t ie of in~erest to search fo~ ~istinctive relations between 

tna !lno!"escence spectra and the c.arcir.ogen:i.c e.ctivi ty of the compcunde. n 

It hns been found 1jhat r.arci.nogen8 form rele.ti vely stable comttlPx~c; "Hi th 

~=0teins. which retain fluorescence properties sifuilar te those of p~re carcinogenf 

:!">ULI.J.1AN ~ PULLMAN ( 1955) p1•opo:1ed the forrae.tion cf thG prote:i.n-carci.nogen co:t:lplex 

i.3 a.sso~:.i.11..ted with a high e].ectron density in a certain region (designated the 11 K11 

~egiou) of the carcinugon molecule. It mjght be expected. that those molecule:= 

w~i~h for~ s~rong protein complnxes Wlll alsc teLd tc show strcng crystalli~~ 

.i!ltel'ac+.iou eiff!~t·S~ rmd the spN:trr,l date. in Te.ble II ehow a fair degree of 

~orrnla~ion along these lines. Th~s~ ell aix compc.-unda with Tyr~ D, ~: or F srert;r· 

( t1trong ::.ntera0"!;io~1) are cnrcinogen~ J and t.href: of these are of the highest poten~y. 

c)f '~lle o:..x r:ol!lpour-ds with T}-pe A specti·z.. (negligible interaction) four have 

n.egligj_ bl e o::- A l j gh t t;: ard nog-..:ni city, c.tjl tl:~ t't.b.or t.wo are only W::! c.k care incgen.: • 

J:i tho ten compor .. nds with Type B nr C opectrr ( :inteme?dia:te inte::-action) six a l"E' 

~arcinugens 1 and four are non-carcinogens. c~rtain exceptions tu this sim:tJle r"-·r e 

:!"elatir.g cry~.tal interncticn effec:ts ~::-:c: carcinoge!lici ty occnr a.rrlLJ.ay possibly l:,.-. 

J.nc to differ~nccs betwP.<':n t.l:e ncl~:t'•.lls.r ir.tcr;;.ctic::J. with like :m.~lecules _, a:cd tJat 

Ho~eYer, the preEent res&lts are ins~fficient for a furt~er study 

~"'f t!~.ir F!u.hject.r. F,nd it j~, U.l:c::)y· that ot.l"~e1· fcctrr: inf1'Jr>nce c?,rci.:::J.og~l'l-:.c v,ctiYit~ 

62/H e 



-l 
'~hut~ me 0' lOO em., fo:c ul.l non~~c<:.rcinog6ns (except 2': 7 dimethyl l: 2 benzanthr:3.cene 

"' 200 For ei t:}ven c-ut of tl:.e fifteen carcinogens 3 m ~ 25C 
c 

-1 
c:n. o 

and it is only less fer t.hose compounC.s showing w~ak activity., 

'i'he othE:.:.~ compounds ~t.udied (Table !II) do not contain the 1:2 benzanthracene 

nuclcuo end the correl~tion betweec ~ and ca~inogenicity has not been extended L~ 
c 

theme A oi~ilar correlation might be expected relative to chryseDe or 3:4 benzo-

phennnthrenG but insufficient. compounds in these groupa have been studied to a.tt.'\':l"':l 

nignificance tc such an analysis of the present. data. 

6
,... I 
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The pv.rpos~ of t.he investiga.tion was:-

' l. a} t-o study the cryste.lline spectra for such a large grour of 

compcu:cd.o t no e:iiT'.il ar measurements have been made for 

c0mr,r·ur.r~r. mc.re cor::plex thai'. anthracene. 

{L) to seLrch for an~ crystalline interaction effects on the 

fluore~cence spectr~ due tc t~e ~olecules bein~ rigi~ly 

bound in e. crystal lott.io::e. Dilut~ solutio~ 3pectr~l 

~easurements, which approximate to the true rnole cul~r emiseion, 

o.re t:.sed for co::n.parison. 

A photomultjplier technique giving good spectral resolution was used, ani 

the een~itivity of the apparatus was auc~ that very thin microc~ystalline l~yqrs 

eaitted flu~rescence of sufficient intensity for all the vihratio~al structure 

{where p1·esent) to be resolved. 

D! the 41 comFoun~s studied, anthracene is the simplest molecule, and the 

spectra 0f this compound was studied in d3t~il initially in III.2 Due to 

coinciGence of the absorption qnd fluor~~cgnce ~pect~a in th~ wn~clength r3giu~ o1 

i·.he fluorescence l 7 0 transition, the inte-'lsi ty of the cot"rP.nponding fluo?:"eBC'lll~·~ 
0 0 

vibrational ~~ad 0 is reduced by an anoun~ ~~pendent on the spec1nen thickness. 

'Ihia thicknesn w!ls auch that th~ vibratl!:l.a3.l pe~tka at longer wav'3lengths are uot 

s.ffected by self-a.b':lorption. By usi~g th3 fluorc3ccn~e spe~tra 0ut~ined fron 

spaci~ens pr~?ared using different solvents ~nd tpe ~bRorption spectra of ROR~t~ 8t 

6 /' I ..::/v o o 
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~'I!W!lli (191~), a. nethoG. v;a.s 6VolveL in III.~.~. for the calculatioc cf the true 

m.J1eculo.r in•.0ns:it:., of bA.nd. 0, i.c.P the int("r.sity it would hr.ve if ree..bs;rptbn 

~ere com,letcly cbsent. This method. of correcting the observed technical spec trt.. 

is f.:mnd to apply equnlly tCI all 1;.hp dE:rivativeR of ..anthracene, 1:2 benzanthracene 

n.;1d all its derivatives '"hich have b~?on studied in this work. 

The method cnn, therefore~ be generallr ~pplied to all cryetalliPe fluorcscer 

spactra where reabsorption ocrurs in the region of tte 1 -) 0 transiticn. 
0 0 

Th·~ ap01c.trn of the othe:::- 40 compounds vary ::.n appearance from those sicile :-.: tc 

3nthrace~ei ahowing well resolved vibrational structure, to very diffuse spectra 

where the -.rib:o:-ational banda have con.lesced l.e~tvin~ a. broad featureless band. Losr 

'J.f vib:..~at:.nnal structure is usually accompanied by a. bathochromic shift of the whcl 

.J!Jectrum~ The ape~t:-:a o.re olo.ssified intr, s:!.x typPS~ At-or, in J:..r.e. Some of 

t.lote con,ounda belong to a well-dtlfinert ~equence~ e.g. :;.~~ b:mzav.thracene and i.tA 

m~no-me-';hyl 11::1d dimethyl de:::-i vati ves; 3 ~{ bt>nzopllenanthrene and i te mono-me thy~ . 

.ieri .. Tatbre~) <l!ld ihe~e g:::"oupa arc pa.r·..::.iculr.,J.~:!.~.,r u.~efu}. in the study of the effect of 

subntitntion on the parent chr.omophore. 

0bser·v-ed ~r.e-..riouRly ~.n absorption ann in the .fluoreoccnce of eoluticns, and the p!'ef 

res,Ilta ::~h')w a. sioilar bathoch:::-omic []hift of the wb.ole spectrum relative to tbe 

:~pect~m~ of the parent compound (!Va2). 

Cornp1.:d so;'l of the crystalline spect:;:-a w:. th the corre spond:ing f3olutl. en menfluremen+,r. r 

SCJ:OE.t~'!.'A.L & SCOTT (194'J) show the of!ect of changing the environment of the 

flu!:lre,,cent .. molecule 7 ~r.Jn liquid petroleum solution in which J.t is frfle to mc'•v P.t 

~ando~~ to a rigidly bound latti~c uf Rim:1o.r. molecules. 

bathocbromic shift of the oryst~lline 3pectrn relat1~e to solution 6pe~tra (IV,I), 

6 r. / 
<>/' c ~ 



po 3Hf3SG 1:10:!.11.~i ou fluo:rcscence cpe ctra 5i:milar to the parent. compcund~ ~hodng well 

Rnwover, in the ~olid state. their spectra vre 

h:c')ati 'b11.nds pu8SP.ss:i.ng no vihrationti.l 1'1tructP.re and ~.re shifted to lo-cgr::r 'Havel srgths 

:''i:J.o:i.:r decay tioP. g are g-reatly incrcc.eed compere C. tr.. the pgre~t corupcuz::.d.. Thie 

<>.ffect is found to occur -to a vary;ng de~~ree in ma.ny of the com:rm.•.nd.s vrhosf; &pGc~.:-r;, 

:1.:!'~ r.e:~:JOr.ted~ and l"t j_a th:i.!J effect whj ch r:;:ovid~s for the classification cf t.t.e 

Thig type of molecuia~ internction effect has not bee~ explicitly 

~rg made on t~e ~ossibility of a connection hetveen cryctai interaction and 

~a~cinogenicity. An app:co:.duaJ:.e C(J:!T!!l.a.tior. betweer. t.te shift. of the spectre. c1 

car~inogenic potency is 9UR3ested. 
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PART 2. 

?HOTO~FLUORESCENCE OF ru~D INTEH-MO~CUUuq ~iERGY Tfuti1SFER 

IN LI ~UID OiiGANIC SOLUTIONS OF PARA-TZR?HENYL IN TOLUENE. 

I. l. IN T n 0 ~ U C T I v N: 

I • l • l ;, Ti:IE FLU0~1~SCENC:E PROCESS: 

In the General Introduction of Part l, of this work, Sections I.ll and I.l2 were 

devoted to the explanation of the process w3ich gives rise to fluorescence within a 

molecule. A sim?le 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 ph• to-luminescence and provides the necessary background for the study of the 

nechanism of energy transport between molecules. The molecular fluorescence of 

organic compounds is identical in the vapourJ solution and solid states excluding any 

perturlations due to enviroDJilent, concentration or "temperature~ but in condensed 

systems the additional process of "resonance transfer" of the excitation energy from 

one me lecule to another within the system is observed. Because of this transfer the 

luminescence process generally involves several molecules rather than just a single 

illOlecule as we ideally supposed before in Part l. Section I. 

i<'I G-. l is a simplified molecular energy level system CO!l'lprised of singlet '11 ~electronic 

levels and vibrational levels. It is similar to FIG. lin Part l,, but is slightly 

more detailed and is included for easy reference to the reader. The various processes 

which can ~ccur are adequat-ely de.p:i ct.ed. and described o.n the diagram where the electronic 

levels are denoted 0, 1, 2 etc., anu the vibrational levels are indicated as discrete 

sub-levels (suffixes 0, 1, 2 etc.). It is perhaps of interest to note that the energy 

level systems of molecules are amenable to calculation as, for example, DNIVAR & LONGUET­

~I~INg (1954) & ?OPLE (1955) have recently shown for anthracene. 

2/ ... 
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~xperimental evidence indicates that energy transfer between molecules usually 

occurs after stage (c) (of FIG. 1) of the molecular luminescence process., that is 

from the 1
0 

level (i.e. the lowest vibrational level of the first excited electronic 

sta~e) of the initially excited molecule, ~ence one important and obvious condition 

for transfer between two molecules is that the l excitation energy of the donor be 
0 

equal to, or greater than, that of the acceptor molecule, Bearing this in mind, it 

is readily seen how transfer affects the luminescence characteristics of various 

systems. A system of identical components, such ao a pure organic crystal 

scintillator, is one 1n which transfer may occur according to the above condition, 

Zowever, provided the component molecules retain their individuality, the character-

istics of such a system are in no way affected by the energy transfer process. The 

energy levels of all the molecules are identical as also are their l ~0 emission and 

1 ~ 0 internal quenching probabilities, 

It is in two-component systems like mixed crystals, liquid solutions and plastic 

solutions that energy transfer achieves n significant purpose (BOWEN et al 1949 1 

::U.LLMANN & FURST 1 19 50) . These contain in small concentration an efficient impurity, 

or solute, molecule which possesses a l level of lower energy than that of the host 
0 

or solvent molecules, When solvent mol ecules are excited, transfer amongst themselves 

eventually brings some of their excitation energy within reach of a solute molecule. 

Then when solute excitation results from solvent-to-solute energy transfer, the solute 

molecules rapidly drop to thei r 1
0 

l~vels by internal conversion (FIG. l(c)), so that 

excitation energy is effectively "trapped" in the solute because it cannot r eturn to 

a solvent molecule. From the point of view of the solvent, trapping represents a 

special kind of quenching. aowever, if the solvent itself is a l ess suitable emitter 

than the solute, by r eason, for example, of its lower quantum efficiency (as in liquid 

and plastic solutions) or the shorter wavelength of its emission, this type of quenching 
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is desirable for scintillation purposes. At solute concentrations sufficient to 

ensure trapping of all or most of the solvent excitation energy, the luminescence 

characteristics of the two component system depend entirely on the transfer 

process and the characteristics of the solute; the emission spectrum is that 

of the solute and the quantum efficiency and mean life time are determined by 

those of the solute and the efficiency of the transfer process. 

BOWEN et al (1949) investigated the transfer process in solid solutions of 

phosph~rs, containing a small amount of impurity, in the benzene ring series 

~ H 
4 

where 1 n 1 is the number of benzene rings fused in a straight line. 
4n + 2 2n + 1 

Jsually the solute impurity was the next member of the series, whose fluorescence 

spectrum lay at longer wavelengths than the host material, showing that its 1
0 

l ovel occurred at lower energy than that of the host. As explained previously, 

the ~xcitation energy of the solvent molecules 7 which is transferre d amongst them-

selV€S 1 eventually reaches a solute molecule and is effect ive ly trapped there due 

to internal conversion to the 1 level . 
0 

The mixed crystal systems used were (a) anthracene in naphthalene, 

(b) naphthacene in anthracene and (c) acridine in anthracene, and the r esults 

obtained are shown graphically in FIG. 2. These spectra were -obtained from 

.neo.surements of the relative intensities of light. emission using filters selected 

to transmit either the f l uorescence of the host or of the impurity. 

The photo-fluorescence of the mixed crystal specimens has two components 

characteristic of the solvent and the solute molecules respectively, but the solvent 

fluorescence is suppressed and replaced by that of the solute even at concentrations 

of-.1'10--5 gm/gm (FIG. 2(a)). FIG. 2(b) exhibits the existenc e of a similar transfer 

f ~ I o energy but when the solute concent:rat.i.on exceeds 10 gm. gl!l the efficiency of the 

4/ ... 
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phosphor drops due to 11 self-quenching., by the abundant no.phthacene 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 anthro.cene without 

radiating. 

Energy transport of this type in mixed syste~s where the fluoresceace 

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 

molecules to be eventually captured by an inpurity 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 11 , the term "exciton" is used 

merely to indicate the excitation energy transferred fro~ 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 and re-emission, and non-radiative transfer. 

' 
Since the first experiments on this subject, there have been many attempts to define 

the mechanism by which molecular energy is tro.nsferred from molecule to molecule; 

the two distinct mechanisms are non-radiative and radiative transferj 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 experimental results. 

Non-radio.tive transfer has several manifestations which need clarification with 

5/ ... 
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regard to both the cechanism and the interactions between molecules which lead to 

their existence. 

transfer process. 

This will be followed with a description of the radiative 

I. 1.2, NON-RADIATIVE ENERGY TRANSFER: 

For our purposes it is convenient to describe the degree of interaction of 

two fluorescent molecules in teri:ls of their iT -electron "clouds", or in reality 

their respective IT-electron wave functions, We may define the interaction as 

11 negligible" when the "clouds" are widely separated and strong when the 

·IT-electron wave functions overlap by an arbitrary appreciable amount, There may 

be an intermediate region of "weak" interaction when overlap is negligible, due to 

the VAN DER iiAALS' or polarization forces between molecules, 

When two molecules possessing similar electronic levels interact strongly 

they reach 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 similnr but somewhat broader than those of its cooponents, An arrangement of 

a l~rge number of strongly interacting identical I:l.Olecules similarly becomes 

characterised by a banded energy level system instead of a number of identical but 

discrete molecular systems. 

In these strongly interacting arrangements the iT-electrons of component molecules 

are non-localised and consequently electronic excitation energy is also non-localised 

over all the molecules. The tern "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, and here molecules serve to define different positions. 

6/ ... 
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The following ~odes of non-radiative transfer may be distinguished:-

I. 1.2.1. Electron 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 an electron 

froo the highest broadened levelJ or filled band, of the system to its lowest empty 

band. The excited electron and its "positive hole" it leaves behind in the filled 

bandJ being non-localised and independent of one anotherJ cay move freely in their 

respective bands. The uelectron migration" resulting constitutes a transfer of 

both excitation energy 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. Exciton Transfer: 

The second ~ode of transfer 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 excited electron and its positive hole to exist in a 

series of states in which they are bound together in one another's field. FRENKEL 

(1931) has termed an electron and positive hole bound together in this way an "exciton" 

nnd has described how the nvn-localised nature of the exciton lends to energy transfer 

in n system of strongly interacting atoms. "Exciton transfer" is to be distinguished 

from 11 electron migration 11 by the fact that only excitation energy~ not charge, is 

transferred, 

r I ... 
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B01.YEN et al ( 1949) 1 as previously statedJ used the tern "exciton" in a 

different sense 1 merely to label the position of the excitation energy at any 

moment~ thereby distinguishing it froo radiative photon transfer. The "exciton" 

is envisaged to migrate through the lattice until it is eventually captured by a 

molecule which radiates the energy as fluorescence or quenches it. In a :mh:ed 

crystal or a solution the exciton en$rgy corresponds to the first electronic 

excitation level of the solvent. The solute molecule has o. lmfer excitation energy 

since its first absorption band lies at longer wo.velangths 1 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. 

Fro~ the results of BOwEN et al (FIG. 2) three factors eoerge which contribute 

to the high efficiency of the energyexchange process: 

(i) The absorption speetruo of the solute (corresponding 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 same spectral region are both plane polarized 

in the same direction relative to the aolecular 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 tr~nsfer and electron migration a system of molecules in 

8/ ... 
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pe~manent strong interaction was considered. What ~ight be considered a variation 

of this system is that where localised groups of two or more molecules interact 

strongly but only for intermittent periods, during collisions for example, We 

would 1 from our previous considerations 1 expect interaittent exciton and electron 

transfer to occur in this system. Transfer phenomena of the former type were in 

fact observed and studied (CARlO & FRANCK1 1923, KALLMANN & LONDON, 1929) in 

monatomic gases where strong interactions between molecules are intermittent, but 

where transfer can take place over largQ di stane.es of the order of 50 it if the 

condition of resonance is fulfilled. These observations were oade prior to FRENKEL's 

exciton hypothesis and the transfer mechanisn was described as 11 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 crystals since strong molecular coupling within the 

lattice is necessary for transfer between similar adjacent molecules. 

The absorption spectrum of crystalline anthracene showed no evidence of an 

additional series of bands indicating stronger inter-molecular coupling than for 

solution and vapour, Recent resu1ts, however,. have shown such an "exci ton 11 band 

structure in the crystalline state, In addition, FRANCK & LIVINGSTON stated that 

the spectral distribution of the fluorescence indicates that every molecule stays in 

the excited state long enough to adjust its vibrational energy to the surrounding 

temperature. Each molecule must remain, thereforeJ 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 absorption and emission bands of the constituents 

9/ ... 
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overlap. However, there is an i~portant distinction between this process in gases 

nnd in the solid state, F.:~r the gas it is imnaterial whether the excitation energy 

can be transferred to sioilar molecules or only the inpurity, for the individual 

atoms are moving at randon and eventually an iopurity molecule will approach the 

excited host molecule. In a solid the individual atoms are restricted to a fixed 

~osition so that transfer between sinilar molecules becomes important. On the 

sensitized fluorescence theory, the solvent oolecules 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 

IV 50 )(; therefore, transfer over tV 30 ~olecular 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 excited solvent molecule. 

LITTLE & BIRKS (1952) and BIRKS & LITTLE (1953) have, however, shown fro~ 

spectral measurements that the electronic energy configuration of both the solvent 

and the solute molecules are virtually unperturbed by their neighbours. It is not 

clear, therefore, how the molecular wave functions could overlnp sufficiently at ~30 

molecular distances for transfer to occur nnd yet leave the intervening molecules 

unperturbed. It is difficult 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. 

;ie have seen that inter~ittent exciton transfer in nolecular systems can be called 

"sensitized fluorescence"; at the saLle til!le internittent electron migration can be 

called a type of transfer by 11 ionization 11
• 

The inportant distinction between exciton transfer and sensitized fluorescence on 

the one hand, and electron migration and ionization on the otherJ is that in the latter 

1 o/ ... 
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processes excitation energy is intermittently localised on individual uolecules 

(between transfers) whereas in the forner it is pe~anently non-localised. 

I. 1,2.4, Dipole-Dipole Transfer: 

FORSTER (1948 1 194~, 1951) described this form of energy transfer which arises 

from "weak'' VAU DER WAALS 1 forces between molecules. To picture this interaction 

we cust recall that the Tf~electrons of a fluorescent molecule are not stationary 

in their "clouds" but correspond to rapidly alternating electric waves. There a.ra 

as a result rapidly varying dipoles in the electrical structure of the molecule 

(although its time average dipole moment may be zero) and these can induce in 

neighbouring ooleculeB other dipoles in phase and in interaction with themselves. 

It occurs in this way that the "dipole of transition" of an excited molecule can 

induce a similar dipole and transition in a neighbouring unexcited molecule, thus 

,roducing energy transfer. A principal feature of FORSTER's analysis of the dipole-

dipole transfer is that the transfer probability varies, like the energy of the 

Vill~ DER WAALS' interaction, as the inverse sixth power of the distance between the 

Jolecules. 

I. 1,3. RADIATIVE Tillli~SFER. 

PHOTON EMISSION AND REAJSORPTION: 

BIRKS (1953) finds the non-radiative hypothesis of inter-~olecular energy transfer 

inadequate to explain experimental observations and proposes the radiative process of 

photon emission ~nd reabsorption as the dominant transfer mechaniso. It is proposed 

that due to the close directional energy and polarization alig~ent of the excited 

s~lvent and solute ~olecules (factors (i), (ii) and (iii) in I. 1,2,2.) 1 the 

absorption coefficient of the inpurity molecule is sufficiently enhanced over its value 

11/ ... 
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@easured in dilute solution for photon emission and reabsorption to take place, 

The theory is icmune fro~ the criticisos levelled at the sensitized fluorescence 

hypothesis because it allows far transfer to adjacent si~ilar molecules, the process 

recurring until the energy is eventually trapped at an impurity Dolecule, 

Equations have been derived on the photon theory which are in general agreement with 

available experioental results (see Bm'IEN et al (1949) and ·.vRIGRT 1953) and the 

theory gives a physical interpretation of the processes of resonance energy transfer, 

self-quenching and concentration quenching (BIRKS 1954). BOWEN & LAWLEY (1949) and 

BOfr.EN (1951) offered various objections to this theory but BIRKS (1953) has given 

suitable explanations to oeet these, 

I, 2, RELATIONSHIP BETWEEN MODES OF ENERGY TRANSFER.: 

At this stage it is appropriate to point out that several workers consider the 

various modes of non-radiative transfer and radiative transfer each to be a limiting 

condition of one general transfer process. This has been explained mathe@atically 

in reviews by HEL~ & MAi~CUS (1951) and tEXTER (1953), There still exists, however, 

considerable disagreeoent anongst experinental workers in the interpretation of 

results, Some consider one of the non-radiative mechanisDs to be dominant and the 

radiative ::nechanisn only 11 trivial 11
1 while others attempt 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 

description of the fluorescence properties of organic phosphors, which is in excellent 

agree~ent with experiments and provides strong evidence of the validity of the photon 

theory of energy transfer, Several other workers since, e.g. COHEN & WEINREB (1956), 

NO.l:lTHROP & SIMPSON (1956) have interpreted their experiTiental results in terr:1s of a 
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non-radiative transferprocess. 

The possibility that each ~echanisn is a liniting condition of a general 

transfer process is discussed by BROOKS (1956) in a review of organic scintillators. 

de draws the analogy of energy transfer between molecules and transfer of radio 

frequency energy between antennae, This analogy is firmly established firstly by 

the resemblance of the "conducting" IT-electron clouds of fluorescent molecules to 

antennae and secondly by the fact that the states of electronic excitation of the 

molecule can be described as electronic waves in such antennae; these waves could 

be obtained by subtracting theli-electron wnves of the molecule in its ground state 

from those of the excited state. The only way energy can ~igrate between two 

widely spaced antennae (negligible 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 . 

. ~t smaller spacings the radio frequency current in one antenna can induce a current 

in the other ("weak" interaction) producing 11 inductive transfer 11
1 which is analogous 

to dipole-dipole transfer. At s~aller distances of separation, inductive transfer 

is considered to overshadow radiative transfer beoause its efficiency varies as R-6 

When two antennae are ~laced in very close proximity their mutual inductive 

coupling is so enhanced and further supplewented by capacitive coupling that they 

become the primary and secondary of a transforner where energy ony be transferred fron 

one to the other with an efficiency approaching 10~. However, the analogy with 

l!IOlecules is obscured in this region of 11 strong" interaction because of the diffuse 

nature of the IT-electron cloud coopared to the discrete boundaries of typical metallic 

antennae, The IT-electron cloud could be nore easily simulated if we used antennae 

constructed fro:ca perfect conductor along its axis to perfect insulator of unit 
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dielectric constant at its surface, Thus the :::Jerging of the two antennae surfa.ces 

into a common new mediun would become the analogy of T1""' -electron cloud overlap in 

the strong interaction. 

to exciton transfer. 

This would lead to highly efficient transfer analogous 

This simple analogy helps to clarify sane of the factors governing inter-

~olecular 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 

acceptor, has its analogous condition of equivalent resonant frequencies of antennae. 

Also, in the sace way as radio frequency radiation from its equivalent flat antenna, 

emission from an excited molecule is polarized and has a polar diagram (showing 

probable direction of e;J.i ssion) with a naxioUl!l perpendicular to its plane. Thus 

the efficiency of radiative transfer between two molecules is sensitive to their 

~utual orientations reaching a maxim~ when their planes are parallel and their axes 

(which are perpendicular to their planes) are aligned. 

It is also readily seen that the various ~odes of non-radiative transfer depend 

Jfi the mutual orientation of the DOlecules in exactly the S8ille way. Therefore, the 

basic conditions governing en~rgy transfer between molecules apply equally to all the 

proposed modes of migration, whether they be radiative or non-radiative. This leads 

to the assumption that there is a continuous transition between different modes of 

transfer, which makes it difficult to attribute any experioentally observed transfer 

effect to a particular mode. 

The elucidation of this proble~ in various solid~ plastic and liquid fluorescent 

systems has been the subject of r:mch experioental work, Many workers have attempted 

to assign one particular mode of transfer to explain their experimental results, 

though often it has not been possible to go further than to ~ecide whether the transfer 
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m8chanism is radiative or non-radiative. 

Some of the published work of various workers is disucssed in I,3. Their 

discussions and conclusions in the allotting of a particular transfer mechanism 

~re given and in some cases criticised by the author. 

I. 3. PREVIOUS WORK: 

Energy transfer processes have been identified in scintillators and in similar 

systems by studying characteristics such as quantum efficiency, eQission life time, 

spectra1 polarization of eoission and the dependence of these characteristics on 

one another and on the co~position, sizeJ teoperature, etc., of the scintillator. 

In the present work a study has been oade of solvent-solute energy transfer in 

liquid organic solutions, and the subsequent discussion will be limited tc such 

3yst.ema. 

The high fluorescence efficiency of certain organic liquid solutions, when 

excited by ionizing radiations, was observed initially by AGENO, CHIOZZOTO & 

iU~ZOLI (1949 7 1950), KALL~UU~1 (1950) and RZYNOLDS, HARRISON & SALVANI (1950), 

l'he .last named observed that solutions of parn.-terphenyl in toluene, xylene, benzene 

and similar aromatic solvents have a high scintillatitin efficiency, equivalent at 

optimum. concentration to almost 50% that of a sin~le anthracene crystal. 

Following on the initial work of KALLMANN (1950), Kli.LLMANN & FURST (1950, 195la) 

continued investigations on solutions, prepared fron a number of organic solutes in 

various solvents 7 excited by ionizing radiations. It is now realised that the use 

of ionizing radiations, instead of ultra-violet radiation of selected wavelength, 

co~plicates the elucidation of the energy transfer ~echaniam, 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 occur first. However, 

since the spectruo of the fluorescence enission is independent of the manner of 

excitation, these results provide relevant background to the present experiments. 

For the solutions, the Relative Intensity of the Fluorescence Enission was measured 

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

FIG. 3 were obt~ined. The spectral position of the fluorescence precluded the 

possibility that it was eoitted by the solvent, yet its intensity was greater than 

could be accounted for by direct absorption of t~e incident energy by the solute. 

Thus a transfer 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 fluorescent molecule being proportional to the concentration of the fluorescent 

:avlecule, All solutions showed the general characteristics of FIG, 3. A sharp rise 

in intensity is observed with small concentrations, then a slower or almost constant 

intensity over a large range of concentrations, and finally a slow decrease in 

intensity. During the first part of tb.e curve, the trn.nsport of excitation energy to 

the fluorescent nolecules is most effective and little self-quenching occurs. In 

the middle section, self-quenching of the excited molecules co~petes with the 

increasing transport of energy from the solvent until in the last section both self­

quenching of the fluorescent ~olecules and saturation in the transport of energy are 

effective with the resultant decrease in Intensity. 

The term "self-quenching" is used to describe the overall decrease in emission 

probability of a fluorescent solution whhh occurs in strong solutions (>lo-3 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 e1eohaniam 

• 
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which give rise to the self-quenching effect; it is sufficient to note that its 

occurrence 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 quenching (loss of vibrational energy within 

the molecule without radiation) and by reabsorption. 

KALLMANN & FURST (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 

envisaged as a collisional transfer between excited solvent "double-molecules" and 

fluorescent molecules. Solvent 11 double-molecules 11 are formed by the combination 

of one excited and one unexcited solvent molecule forming a system which does not 

~adiate but retains the excitation energy. 

a fluorescent solute molecule by collision. 

This energy may then be transferred to 

The actual intensity of fluorescence emission from the solvent was small which, 

on the radiative theory, infers that the quenching time of solvent molecules is also 

small. Therefore, transf e r to solute molecules must occur in a shorter time than 

th~ quenching time and KALLWU~N & FURST (1950) stated that molecular interaction 

e nergies of the order of 1 Volt were necessary to account for the strong output. 

On the non-radiative theory 1 however, because the excited solvent 11 double­

molecule11 does not radi~te, a much longer quenching time can be assumed and, there­

fore, smaller interaction energi es are neces s ary 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 molecul e to another 1 whi ch are summaris ed in FIG. 4, and at this stage it is 
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convenient to reTiew them. 

For an efficient scintillation process, "e", the requirements are:-

1. High efficiency of solvent-solvent transfer of electronic energy 

(i) relative to radiationless quenching 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 

efficiency of reverse process, 

3. High probability of emission from excited solute molecule {e) 

relative to self-quenching {c) or solvent quenching {s). 

3olvent-Solvent Transfer: 

Efficient transfer between identical molecules will occur only if transfer is 

~apid compared with the rate of loss of vibrational energy in the excited electronic 

~tate, otherwise the remaining energy is insufficient to excite another molecule. 

Good solvents should, therefore, be those with high polarizability {good electric 

·}oupling with adjacent mol~cules) but with few branches or long side chains which 

would facilitate dissipation of vibrational energy. The usual sol vents, e.g. toluene, 

xylene, etc. are polarizable aromatic compounds. Any substituents present are of the 

e lec.tron donating kind which further increase the 1T -electron density of the aromatic 

ring and thus the polarizability. 

P~lvent-Solute Transfer: 

High efficiency at the solvent-solute step is dependent on good electronic 

.; oupling between the two kinds of molecules but retransfer back to the solvent must 

':J e prevented by rapid loss of vihrational energy by the solute. This can be best 

~ttaine d if the mol ecule is of the "flapping"kind with low vibrational frequencies . 
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~ara-terphenyl is one of this type. For such molecules both retransfer to the 

solvent and "self-transfer" to other dissolved molecules is minimised. 

Emission of Radiation: 

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 

scintillators whereas those showing no self-transfer are efficient. Anthracene 

1s an example of the former type and terphenyl the latter. 

KALLMANN & FURST (1951a) attempted to localise th e excitation energy, to 

dSs ist in the elucidation of the transfer mechanism, by dissolving an additional 

solute in the fluorescent solution. Additional solute s were chosen to give 

· comparatively no light emission of their own so that they do not mask the main 

fluorescence, but small amounts influence the shape of the light emission curve 

( Int~nsity vs. Concentration). The type of system investigated was fluoranthene 

in xylene, with o-diphenyl-benzene as the additional solute, excited by ionizing 

radiations • The use of ionizing radiations to excite the system complicates the 

.1nnlysi s of the experimental results and for this reason 've shall not dwell on the 

interpretation of the result of this experiment. It is sufficient to state that 

:iALLMANN & FURST found evidence in .favour of a non-radiative transfer mechanism on 

the following grounds:-

·rhe absorption band of o-diphenyl-benzene lies at wavel eng ths between the 

absorption bands of xylene and the fluorescent solute, fluoranthen e . The 

additional solute then nets as n second solvent, The positions of the respective 
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absorption bands are shown diagrammatically in FIG. 5 (the values of~ are not relative). 

On the radiative theory of photon transfer, the excitation energy of the solvent 

is radiated and absorbed by the o-diphenyl-benzene which in turn radiates to the 

fluorescent solute. KALLMfu~ & FURST (l95la) have shown, however, that o-diphenyl-

benzene quenches any absorbed radiation, hence they expected that adding this substance 

to the solution of fluoranthene in xylene should reduce the fluorescence intensity of 

the latter greatly. Experiment showed that only a slight decrease in fluorescence 

intensity occurred, hence it was proposed that the transfer mechanism is non-radiative. 

BOWEN & nROCKLEHURST (1953) simplified the investigation of the energy transfer 

mechanism by exciting liquid solutions with ultra-violet light instead of ionizing 

radiations. Thus it was possible to excite only one constituent of the solution by 

an appropriate choice of wavelength. Like KALLMANN & FURST (l95la) they used pairs 

of aromatic hydrocarbons dissolved in a solvent, the one solute absorbing the incident 

radiation and the second, whose energy levels are somewhat lower, receiving the 

electronic energy by direct transfer. The system used was 9-phenyl anthracene, 

hereafter referred to as A1 which abs~rbs the incident light, with 9:10 dichloro­

~ntaracene, hereafter referred to as o, as the additional solute, dissolved in benzene, 

BOWEN & BROCKLEHURST measured the total fluorescence intensity of the mixed 

solutions over a range of concentrations of B and by comparison with the individual 

spectra it was possible to estimate the efficiencies of emission of each constituent. 

ott the basis of the total light absorbed. 

FIG, 6 shows the curves obtained when Fluorescence Efficiency is plotted as a 

function of concentration of B. 

Curve (1) is the combined fluorescence efficiency whibh ialls off 

with concentration because of quenching. 
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Curve (5) is the emission of the absorbing substance A, 

Curve (3) is the emission of the second substance B. 

At higher concentrations the fluorescence of A is replaced by that of B. 

Curve (2) is the calculated expected fluorescence of B if the primary 

electronic energy absorbed by A from the incident beam is 

immediately transferred to .8 1 i,e. non-radiative transfer. 

Curve · (4) is that expected if the transfer process is the simple 

reabsorption by B of the emission of A., i.e. radiative 

transfer. 

Since the calculated Curve (2) approximately coincides with the experimental 

Curve (3)J whereas Curve (4) shows a smaller fluorescence efficiency than that 

actually found, it is concluded that the transfer process is purely non-radiative. 

-2 -3 The molar concentrations used in t.his expQriment were .v 10 to 10 1 similar 

to those found by FORSTER for dye solutions, so that the transfer occurs over a 

distance of rv 50 X. These experiments differ from the previous ones 1 in that 

energy transfer between two different solutes, rather than between solvent and solute, 

was studied. 

FURST & KALLMANN (1954) recognised the advantage of using light excitation and 

' excited a system of anthracene in xylene with naphthalene as the additional solvenf 

excited by Hg 3130 R. 

The detected fluorescence of the solvent, xylene, is very weak and the addition 

of as much as 70 gm/litre of naphthalene produces only a relatively small increase in 

intensity of light output; the emission occurs at wavelengths shorter than 3500 X. 
The xylene is practically transparent to the exciting wavelength (3130 K) whereas the 

solutes naphthal ene and anthracene show considerable abs~rption, the extinction 
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coefficient of anthracene being approximately 5 times greater than naphthalene to 

this wavelength (FRIEDEL & GRCHIN 1951). 

The addition of naphthalene to the anthracene solutions reduces the intensity 

of emitted light by about 5~, the emission re1:1aining chan.cteristic of anthracene 

though nearly all the incident radiation is absorbed by naphthalene. Thus a 

transfer of energy from naphthalene to anthracene is demonstrated and KALLMANN & 

PURST consider that the mechunism cannot be the radiative process of photon emission 

und reabsorption for the following reasons:-

Because of the internal quenching of the anthracene molecule in solution ita 

~uantum efficiency is approximately 20%. Jence, if anthracene absorbed the naphthalene 

emission 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 & KALLMANN consider that since an increase in fluorescence intensity was 

nbserved when the anthracene was addedJ therefore the energy transport mechanism cannot 

~e radiative. 

As in the experiments of Bo;vEN !&. BROCKLEHURST, energy transfer between two 

~i fferent solutes is considered, rather than the more fundamental problem of solvent-

solute transfer. 

allow for:-

The results are not considered conclusive since the authors do not 

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

detector for the naphtha lene fluorescence, compared with that 

for the anthracene fluorescence. 

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

reduces the observed technical efficiency of the pure 

naphthalene solutions to a fr action of its true moleculnr 
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fluorescence efficiency. The latter is the relevant 

parameter in considering radiative transfer to the 

anthracene. 

COHEN & WEINHEB (1954) showed the existence of energy transfer in solutions 

of para-terphenyl in xylene or toluene excited by Hg 254m~ radiation which is 

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 P0 21~-particle source immersed in a solution of para-terphe»yl in xylene, 

and suggested that energy transfer 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 ta!{e place from a solvent to a solution separated by a glass 

plate . COHEN & \f.EINREB (1954) however, show that by using a quartz cell of various 

thicknesses, there is no appreciable radiative transfer over distances greater than 

0.1 mm. These results of COHEN & WEINREB (1954) suggested the more detailed study 

of solvent-solute energy transfer in binary liquid solutions 7 under ultra-violet 

excitation, undertaken in the present investigation. The use of ultra-violet 

excitation and binary solutions avoids many of the complications introduced in th e 

earlier measurements using ionizing radiation and multi-component systems, 

The present experiment vms designed to elucidate the mechanism of energy trnnsfer 

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 1 

page 17. 

The fluorescence qua ntum intensity of this binary solution has been measured as 

a function of concentration a nd of ex~itation wavelength from 2200 R to 3300 R. The 

use of low energy exciting light eliminates the additi ona l cornplica tory effects of 
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primary ionization. The absorption spectra of the two components, and other data 

relevant to a quantitative analysis of energy transfer , have also been measured. 

Sinoe the completion of the experimental work in Nove~ber, 1955 1 an account 

of similar studies by COH~~ & WEINREB (1956) has been published. The present 

results, analysis, and conclusions differ from theirs in several important respects. 
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II, EXPERIMENTAL 

II. 1, ABSORPTION SPECTRA: 

High purity toluene and 11 scintillation" grade para-terphenyl supplied by the 

Larco Instrument Company were used. The absorption spectrum of toluene in etha.nol 

is shown in FIG, 7(a) while FIG. 7(b) shows that of para-terphenyl in cyclohexane 

solution, the measurements being made with a Beckman Model D.U. spectrophotometer. 

The absorption spectrum of para-terphenyl in toluene was measured down to 2950 X 

at which wavelength the toluene starts to absorb, and a similar spectrum to that of 

cyclohexane solution was observed. This shows that the variation of molar 

~xtinction coefficient with wavelength is the same in both solvents~ 

The observed spectra are similar to those reported by FRIEDEL & ORCHIN (1951). 

The ratio,(? , of the molar extinction coefficients € 1 and E.x of terphenyl and 

~ oluene respectively* is plotted in FIG. 7(c). 

II, 2. FLUORESCENCE OF SOLUTIONS: 

The experimental arrangement is shown diagrammatically in FIG. 8. The solution 

under investigation was contained in a cylindrical vessel, the depth of the solution 

(-., 1 em.) being the same for all specimens. The fluorescence was excited by 

:.tllumination of the top surfa ce with monochromatic radiation from n Beckman Model D,U, 

spectrophotometer, the horizontal exit beam M being deflected v e rtically downwards by 

a quartz prism ~. The vessel was pl aced on a Chance OY 10 glass filter F 1 adjacent 

to the photo-cathode window of a DuMont 6291 photomultiplier P mounted vertically. 

I'he filter transmits the t e rphenyl emission efficiently, but it is opaque to shorter 
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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 glass vessel were luminescent, on important precaution since fused silica and 

some glasses luminesce in the near ultra-violet and visible regions. Optical 

contact between the surfaces was improved by thin films of glycerine, 

The experimental method consisted of illuminating the top surface of each 

solution specimen and measuring the integrated intensity of the fluorescence 

transmitted through the base. This observation was repeated for excitation wave­

leng~hs be~wee.n 2200 K and 3300 X, the region vrhich includes both the toluene and 

the terphenyl first nbso.rption bonds. The fluorescence intensity at each wavelength 

was normalised to the some quantum flux of incident radiation as described in 11.3. 

Thus the fluorescence excitation spectra of several solutions of different 

concentrations were determined. Each set of solutions was prepared by diluting 

aliquots from a parent solution; the concentrations being such that even for the 

weakest solution all wavelengths of the incident monochromatic radiation were almost 

completely absorbed. 

Since the integrated fluorescence emission always lies within the same spectral 

region and has the same band width it is unnecessary to know the spectral response of 

the photomultiplier. 

II. 3. CALIBRATION OF INCIDENT RADIATION: 

In order to normalise the observed fluorescence intensities to correspond to tb& 

same quantum flux of incident radiation, the relative quantum intensity of the 

~onochromator exit beam was determined by two independent methods: 

(i) Using the oecknan Spectrophotometer Phototube . 

26/ ... 
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The response of the ultra-violet sensitive phototube supplied with 

the Beckman spectrophotometer had previously been measured by 

standardising it against a ililger Linear Vacuum Thermopile Model 

F.T.l6 fitted with .!l fluorite window (WRIGHT 1955). The 

intensity of the incident radiation was measured relative to the 

maximum at 3500 .R 1 the longest wavelength used in the experiment 

for exciting the fluorescence of the solutions. · The percentage 

transmission reading of the Bec~an spectrophotometer was set at 

10~ for~ . = 3500 K and the readings taken for shorter wavelengths. 

The calibration curve obtained by this method is shown in FIG. 9(a). 

Small errors may be introduced by this method because the 

calibration of the phototube is not easily determined at the shorter 

wavelengths due to the reduction in sensitivity of the thermopile, 

Using Para-terphenyl Crystal as a Converter . 

Previous measurements by dRIGHT (1955) have shown that the technical 

photo-fluorescence quantum efficiency of ~ terphenyl crystal is 

constant and independent of wnv~length down to 2537 R and that this 

unif orrn response can be assumed 'to extend down to at least 2200 it. 

Hence the intensity of the integrated fluorescence froo a crystal is 

directly proportional to the quantum intensity of the incident beam. 

For this calibration the solution specimen was replaced by a 1 em. 

cube parn-terphenyl crystal which converted the incident radiation 

into a region to which the photomultiplier was sensitive. FIG.9(b) 

and (c) o.re curves obtained using two different crystals and curves 

(d) and (e) were obtained using two different faces of the same crystal. 

27/ .• ' 
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The dotted curve is the mean of the latter two and was used 

to calibrate the incident radiation. It can be seen that very 

good agreement is obtained between the two independent 

calibrations. 

II. 4. FLUORESCENCE EXCITATION SPECTRA: 

Fluorescence excitation spectrat normalised to a constant flux of incident 

q,uan-.a.., WQre measurad from 3300 R to 2200 R, for a range of solutions of different 

concentrations, 

FIG. 10 shows the results for five solutions 1 in normal toluene 1 of 

concentration from 4.15 grn/litre to 0.09 gl!l/litre. These solutions contained 

dissolved oxygen, which is lmown to act as a quenching agent} in equilibrium 

~oncentration at normal atmospheric pressure. FIG. 11 shows the results for two 

solutions of concentrations 1. 08 gm/1 i tre and 0, 054 gm/li tre, from which the oxygen 

~ad been removed by bubbling nitrogen through the toluene during distillation. 

The scales of relative quantum intensity are arbitrary and they nre not 

~ecessarily the same for different solutions. This is particularly so for the 

iifferent sets because there was an interval of several days between each set of 

readings during which time the apparatus was switched off. During this period the 

3quilibrium conditions, e.g, photomultiplier voltage, intensity of incident beam, 

ate. 1 may have· changed slightly. 
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lii. A N A L Y S I S 0 F RESULTS. 

III. l. QUALITATIVE DESCRIPTION: 

Three distinct regions may be distinguished in the excitation spectra. At 

the long wavelength edge (7-. ..._. 3200 R. to 3300 R.) where the terphenyl begins to absorb 

the · incident radiation, there is a sharp rise in the fluorescence intensity. In 

the first region (o) from 2800 to 3300 X, the toluene is practically transparent, 

and the terphenyl fluorescence is excited directly by nbsorption of the incident 

radiation. At'?vv 2800 )(the toluene begins to absorb and the intenaity of terpbenyl 

fluorescence decreases rapidly as the toluene absorbs an increasing fraction of 

incident radiation. ThusJ the region of direct excitation of terphenyl is bounded 

at )_......, 3300 X by the terphenyl absorption edge, and at...,.._,..., 2800 .R by the onset of the 

toluene absorption. 

In the second and third regions {I and II) corresponding to wavelengths below 

N2700 ~~ the toluene absorption is high, and practically all the incident radi ation 

is absorbed by the solvent. In these regions the terphenyl fluorescence is mainly 

excited indirectly by energy transfer fron excited toluene molecules. 

The fluorescence intensity shows variations, associated with changes inE:x and 

E y with wavelength, and these are allowed for in the subsequent analysis, However, 

it may be noted nt this stage, that the fluorescence intensity, which depends on the 

energy transfer efficiency, is higher at the shorter wnvelengths {2200-2350 R), 

de signated region II, than at the longer wavelengths (2500-2650 R) designated region I, 

29/ •• t 
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III. 2. COl-tl'-ECTION FOfi. EXCITATION DEPTH: 

Before a quantitative 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 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. 

The effect is clearly seen in the present measurements (FIGS. 10 & 11) for 

wavelengths from 3000 R. to 3300 R. In this spectral region the toluene is 

transparent, all the terphenyl fluorescence is directly excited, and the fluorescence 

quantum efficiency of terphenyl is constant. Nevertheless the observed fluorescence 

intensity decreases with increasing wavelength, due to the decrease inty, and the 

consequent increase in the depth of penetration of the incident radiation, 

Tne observe d fluorescence intensity, I, has been expressed in terms of ! 0 , the 

observed fluorescence intensity,at a wavelength of 3000 K, and I/Io has been 

normalised to correspond to the strongest solution (4,15 gm/litre)4 In FIG, 12, 

I/Io for all the solutions from 3000 K to 3300 K is plotted on a logarithmic scale 

against the molar extinction coefficient tr- F ) \ · x + -yc wtere c is the concentration of 

solute molecules per solvent molecule. In this spectral region f:x= O. The 

calculations required for the production of FIG. 12 are givec. in Table I. 

Nithin the experimental error, 

lie on a single smooth curve. For 

the values of I/Io 

values of E-x ;. E.:yc 

for the different solutions 

from l to 36 the curve is 

linear, and it is reasonable to extrapolate it linearly to higher values ofE:x +E:yc• 

FIG. 12 thus shows the change i n the observed fluorescenc~ intensity, I~ from the 
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DEPTH CORRECTION FACTOR TABLE I. 

CALCULATIONS AND READINGS FOR FIGUBE 14. 

CONCENTRATION. c. WAVELENGTH OBSERVED 

~lc: LOGE,'t.C 
I 

Mo1s/Mo1 '1\ FLUORESCENCE • CORRECTION FACTOR LOG I/Io 
INTENSITY, I . 1/Io 

' .. 
19.1 X 10..,.4 

3000 2 .o- 30,9 1.49 1 0 
(solution a) 3050 1.97 19.1 1.28 0.985 1.993 

3100 1.94 10.1 1.00 0.97 1.987 
{4.15 gm/litre) 3150 1.92 4.4 0.64 0.96 1.982 

3200 1.88 1.34 0 . 127 0.94 1.973 
-

-4 9 .. 58 ;J: 10 3000 2.96 15.4 1.188 1 0 
.. ( solut1.on b) 3050 2.92 9.55 0.98 0.985 1.993 

3:100 2.86 5. 05 0 .. 703 0.965 1.985 
(2.,07 gmflitre) 3150 2.82 2.2 0.34 0.95 1.978 

3200 2.72 6.67 T.83 0.92 1.964 
--
4~78 X 10-4 

3000 1.55 7.77 0.89 1 0 
(solution c). 3050 1.52 4.8 0.68 0.98 1.99 

3100 1.48 2.54 0.405 0.955 1.98 
{1. 04 gmfli tre) 3150 1.42' 1.10 0.04 0 . 915 1.96 

3200 1.30 0.336 I .526 0.84 1.924 

1.91 X 10 -4 3000 1.52 3.1 0.49 1 0 
(solution d). 3050 1.49 1.91 0.28 0.98 1.99 

3100 1.45 1.01 0.004 0.955 1.98 
(0.415 gm/li tre) 3150 1.40 0.44 ·J.64 0,92 1.964 

3200 1.27 0.134 I.121 0.835 1.922 

0.418 X 10 -4 3000 2.67 0.68 I.83 1 0 
(solution. e). 3050 2.63 0.42 I.62 0.985 1.9912 

3100 2.51 0.22 I.34 0.94 1.973 
(0.0906 gm/litre) 3150 2.07 0.097 2.99 0.775 1.89 

0 3200 1.22 0.029 2.46 0.46 1.663 
' 

-4 4.9l) X 10 3000 3.53 8.1 0.909 1 0 
(solution f). 3050 3.49 5.0 0.7 0.99 1.996 
~ o:xygen··fre€ sol uti on) 3100 3.42 2.65 0 . 42 0 . 97 1.987 
l. 0& gm/li tre) 

•. 

1.982 3150 3. 39 1.15 0.061 0 . 96 
3200 3.23 0.35 I. 54 0.915 1.961 

0.232 X 10-4 3000 2.96 0.37 I.57 1 0 
~aohhon g). 3050 2.9 0.23 I.36 0.98 1.991 
oxygen-free solution) 3100 2.72 0.12 I.o8 0.92 I.964 
0.(54 gm/litre) 3150 2.4 0.053 2 . 72 0.81 l. 909 

3200 1.52 0.016 2.20 0.513 1.71 

~ Observed values of fluorescence intensity are arbitrary. See II.4, Fluores cence Excitation Spectra . 
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value I 0 , that it would have if the molar extinction coefficient (£x +tyc) were 

36 7 i.e. if the radiation were absorbed at the same depth as in the strongest 

solution at?l= 3000 X. 

FIG. 12 has, therefore, been used to 8orrect the observed fluorescence 

excitation spectra (FIGS. 10 & ll) by normalising them to the standard excitation 

depth, corresponding to I 0 • This has been done by dividing the observed 

fluorescence intensity I (FIGS. 10 & ll) by the value of I/Io from FIG. 12 

corresponding to the value of (Ex +E:yc) for the particular solution and 

excitation wavelength. 

The analysis of the results of this experiment is confined to the wavelength 

range from 2650 K to 2200 K, in which region the value of (€x +E:yc) varies from 

~2.4 to 214 (see Table II) for all solutions. The correction factors corresponding 

to these values of (£ +f: c) lie betwean 0.98 and 1.05. 
X y Observations at wavelengths 

between 2650 K and 2800 K are omitted from the subsequent analysis because of 

experimental uncertainties in the determin~tion of the exact position of the toluene 

absorption edge, since the absorption spectrum (FIG. 7(a)) 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 of~, while a similar shift will probably have only a small effect on~ at 

wavelengths greater than 2650 K. 
The corrected fluorescence spectra are similar in form to FIGS, 10 & 11 1 except 

;or uniform platQaux fromfl~2900 X to 330J R, and are not 1 therefore 1 reproduced, 

III. 3. ~~ERGY TillU~S~R COEFFICIENT: 

ffe must now proceed to analyse the corrected excitation spectra in order to 
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derive an expression giving the fraction of quanta initially absorbed by the 

solvent which are transferred to the solute. 

From absorption law equations, for toluene 

I _ I -/~xd 
- oe 

where I = intensity of transmitted radiation, 

!
0 

a intensity of incident radiation 

~x = molecular absorption coefficient of toluene 

d = thickness of specimen. 

Similarly for terphenyl, 

·;;.he suffixes x and y referring to toluene and terphenyl respectively. 

It can be shown that the total quantity of incident light absorbed by both the 

toluene and the terphenyl 

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

toluene 

=}ll. 
/Jx 

L - ·1 
:~xi_x: 

.F l" 1 t:·.y Y..i 

where (:x and Ey are the molar extinction coefficients of toluene and terphenyl 
- , I .. 

respectively and l __ xj and LYJ are the molecular concentrations of the sol vent and 

nolute molecules X and Y. Square brackets will be used throughout to denote molecular 

concentrations. 

For incident photons of wavelength?-.. 1 Jet the fraction abst'lrbed directly by the 
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l 
~· . I E ·€c Ex~~ E:~c log (l) Cor.( 1 ) (2) nr(3) 

~c 
1-~ ~ (1-nf ) 

f(4) obs Cor.Fac. Fac. nf nfo C( Dfo) 
X y. 

nfo 
·. ( ) -6 Solution g • c = 2.32 x 10 

2650 14.0 129.0 o.s 129.8 2.11 0.014 1. 03 13.6 0.064 0.006 0.936 0 006 0.058 
2600 11.5 158.5 n.s 159.1 2.20 0,016 1.04 11.0 0.052 0.004 0.948 

. 
0.004 0.048 

2550 13.0 132.0 0.5 132.5 2.12 0.014 1.03 12.6 0.059 0.004 0.941 0.004 0.055 
2500 14.0 95.5 0.4 96 .. 0 1.98 o.o1 1.02 13.7 0.065 0.004 0.935 0,004 0.061 
2450 14.5 64.6 0.3 65.0 1.81 0.007 1.02 14.2 0.067 0.004 0.933 0.004 0.063 
2400 16.0 38.0 0.2 38.2 1.58 0.001 1.0 16.0 0.075 0.004 0.925 0.004 o.on 
2350 18.5 21.4 0.1 21.5 1.33 I.995 0.99 18.7 o.o8a 0.005 0.912 0.005 0.083 
2300 21.0 12.6 0.1 12.7 1.10 1.99 0.98 21.5 0.101 0.012 0.889 0.011 0.090 
2250 20.0 26.3 0.3 -26.6 1.42 1.998 1.0 20.0 0.09-1 0.009 0.906 o.oos o.oso 
2200 20.0 107.2 0.4 107.6 2.03 0.012 1.03 19.4 0.09.1 0.004 0.909 0.004 0.087 . I 3000 187.0 = 4 0 37 0.37 I.s7 1.945 0.88 213.0 • 

1.6x:10 

(1) Cor.Fac. = Correction Factor obtained from. Table I. (3) nfo = (Iobs)3000 

(2) nf = I obs 
(Cor~Fac.}3000 

Cor.Fac. 
(4) f • ~ -~c(1 _ nf > 

Dfo ( Dfo) 

~ Q 
2650 2.5 X 10

2 
2 2600 1.7 X 10
2 2550 1.7 X 102 

2500 1.7 X 10
2 2450 1.,7 X 102 

2400 1.9 X 10
2 2350 2.1 X 10
2 

2300 5.1 X 102 
2250 4.0 X 102 
2200 1.6 J[ 10 

3000 1.6 X 10
4 .. 

-oOo-
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E 1~ log (l) Cor. (l) (2) 
(3) 

1-nf ~· ( 1_nf ) I E. Ex+E;c 
nf 

~c ( 4) . A obs c Ex ~ Cor.Fac. Fac. nf ·- Cc nfo) 
f X y. nfo nfo 

Solution (uL c = 1.91 X 10-4 

2650 23.5 129.0 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 0.016 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 0.186 0.032 0.814 0.026 0.160 
2500 21.0 95.5 3.2 98.7 1.99 0.011 r.oa 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 o. 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. 3fS T.995 0.99 27.2 0.267 0.04 0.733 0.029 0 .238 
2300 31.0 12.6 1.1 13.7 1.14 I.991 0.98 31.6 0.31 0.098 0 .69 0.068 0.242 
2250 29.5 26.3 2.1 28.4 1.45 1...998 1.0 29.5 0.29 0.076 o. 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 t::: 3.05 3.05 0.48 T.976 0.946 102.0 4 
1.6x10 

Solution (eL -4 
c == 0.418 X 10 

2650 11.0 129.0 1.4 130.4 2.12 0.012 1.03 10.7 o. 057 0.010 0.9~;{ 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 L03 9.7 o. 052 0.007 0.948 0.007 0.045 
2500 10.5 95.5 0.7 96.2 1.98 o.oo8 1.02 10.3 0.055 0.007 0.945 0.007 0.048 
2450 11.0 64.6 0.5 65.1 1.81 0.008 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 I.995 0.99 14.1 0.076 0.009 o. 92•1 0.008 0.068 
2300 16.8 12.6 0.25 12.85 1.11 I.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 o. 065 0.007 0.936 0.007 0.058 

3000 168.5 = 4 0.67 0.67 I.83 I.956 0.904 186.5 
1.6x10 

Solutio~ 1 
-4 

C = 4.98 X 10 

265D 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 0.634 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 8,-0 95.5 8.5 104.0 2.02 0.012 1.03 7.8 0.425 0.085 0.575 0 .049 0.376 
2·150 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 
2400 9.1.5 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.! 21.4 2.2 23.6 1.37 I.996 0.99 10.2 0.557 0.105 0.443 0.047 0.51 .:. 
2300 lL2 12.6 3.8 15.4 1.19 I.989 0.975 11.5 0.627 0.255 0.373 0.095 0.542 
2250 10o6 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 o. 013 1.03 9.95 0.543 o.os 0.457 0.037 J .506 

30r.o 17,7 - 4 8.1 8.1 0.909 I.985 0.966 18,3 
1.6x10 
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CALCULATION OF TRANSFER COEFFICUNT·, f. 
'rABLE II. 

Ex~C log ( ) (2) (3) 

\)c . 1-~ ~ (1-~) (4) Ex Ey.c log Df 

A. C F 1 Cor.(l) nf -I E..x..E.yc. or. ac. F C( Df ,)) f oba ac. 0 fo 0 fo . 
(a}z -4 I Solution c = 19.1 X 10 

2650 7.0 129.0 66.2 195.2 2.29 0.018 1.04 6.73 0.673 0.48 0.327 0.157 0.516 
2600 5.1 158.5 55.1 213.6 2.33 0.019 1.05 4.86 0.586 0.325 0.514 0.167 0.319 
2650 5.35 132.0 43.8 175.8 2.25 0.017 1.04 5.14 0.514 0.325 0.486 0.158 0.356 
2500 5.7 95.5 34.0 129.5 2.11 0.014 1.03 5.53 0.553 0.325 0.447 0.145 0.408 
2450 6.0 64.6 21.4 86.0 1.93 0.01 1.02 5.9 0.59 0.325 0.41 0.133 0.457 
2400 5.6 38.0 13.5 51.5 1. 71 0.004 1.01 5.55 0.555 0.363 0.445 0.162 0.493 
2350 7.2 21.5 8.S 29.9 1.48 0 1.0 7.2 0.72 0.4 0.28 0.112 0.608 
2300 8.25 12.6 11.5 24.1 1.38 I.996 0.99 8.33 0.833 0.975 0.167 0.163 0.670 
2250 7.6 26.3 20.9 47.2 1.67 0.003 1.01 7.52 0.752 0.765 0.248 0.19 0.562 
2200 7.2 107.2 32.4 139.6 2.15 0.014 1.03 7.0 0.70 0.306 0.30 0.092 0.618 

3000 10.0 "" 30.6 '3Q.6 1.49 0 1.0 10.0 4 1.6:d0 

I Solution {b}a 8 1 - 4 
C • 9.5 X ' 0 

I 2650 7 .. 0 129.0 32.0 161.0 2.21 0.016 1;04 6.7 0.446 0.24 0.554 0.133 0.313 

I 
2600 5.9 158.5 26.0 184.5 2.27 0.017 1.04 5.7 0.38 0.16 0.6 '2 0.1 0.28 
2550 6.3 132.0 21.0 153.0 2.18 0.015 1.04 6·.1 0.406 0.1·6 0.594 0.095 0.311 
2500 6.9 95.5 16.0 111.5 2.06 0.012 1.03 6.7 0.446 0.16 0.554 0.089 0.357 
2450 7.2 64.6 11.0 75.6 1.88 0.004 1.01 7.1 0.473 0.16 0.527 o.08f 0.389 
2400 8.0 38.0 6.8 44.8 1.65 0.002 1.00 8.0 0.533 0.18 0.467 O.O(J4 0.449 
2350 8.95 21.4 4.3 25.7 1.41 I.997 1.00 8.95 0.597 0 .. 20 0.403 0.080 0.517 
2300 10.8 12.6 5.8 18.4 1.26 I.994 o. 984. u.o 0.735 0.49 0.265 0.13 0.605 
2250 9.5 26.3 10.5 36.8 1.56 0 1.00 9.5 0.633 0.38 0.367 0.14 0.493 
2200 9.2 107.2 16.0 123.2 2.09 0.013 1.03 8.9 0.592 0.15 0.408 0.061 0.531 

3000 14.75 .. 15.3 15.3 1.19 I.992 0.982 15.0 4 
1.6x10 

Solution -4 c C a 4.78 X 10 

2650 38.0 129.0 16.0 145 •. 0 2.16 0.015 1.04 36.5 0.359 0.12 0.641 0.077 0.282 
2600 32.0 158.5 13.0 171.5 2.23 0.016 1.04 30.8 0.303 0.081 0 697 0.056 0.247 • 2550 34.0 132.0 10.5 142.5 2.15 0.017 1.04 32.8 0.323 0.081 0.677 0.055 0.268 
2500 36.0 95.5 8.1 103.6 2.01 0.011 1.03 35.0 0.344 0.081 0.656 0.053 0.291 
2450 38.5 64.6 5.4 70.0 1.85 0.008 1.02 3'J~S 0.372 0.081 0.628 0.051 0.321 
2400 42 .• 0 38.0 3.4 41.4 1.62 0.002 1.01 41.5 0.408 0.091 0.592 0.054 0.354 
2350 46.0 21.4 2.1 23.5 1.37 I.996 0.99 46.5 0.458 o.1 0.542 0.054 0.404 
2300 52.5 12.6 2.9 15.5 1.19 1.992 0.98 53.5 0.526 0.24 0.474 0.114 0.412 
2250 52.5 26.3 5.3 31.6 1.50 0 1.0 52.5 0.516 0.19 0.484 0.092 0.424 
2200 54.0 107.2 8.1 113.3 2.05 0.012 1.03 52.5 0.516 0.077 0.484 0.037 0.479 
3000 98.0 

- 4 
7.65 7.65 0.88 I.985 0.966 101.7 

1.6x10 
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solvent and solute molecules be nx and ny respectively. 

where~- ... (,y 

E..x 
concentration 

(the ratio of the molecular extinotion coefficients) and c is the 

of solute molecules per solvent molecule. The value of~ vnri es 

with wavelength{\.. and 

= 1 , 

1 +~.c 
The quantum efficiency, 

CJc 
1 +~c 

qf , of the observed solute fluorescence, which 
y 

is defined as the ratio of the number of photons emitted to the total number 

absorbed) is 

= 
ny + fnx 

(1) 

( 2) 

(a) 

where nf is the number of photons emitted and f is the energy transfer coefficient, 

i,e. the fraction of quanta, initially absorbed by the solvent which are transferred 

to the solute. 

qf is characteristic of the solute in the particular solvent used at a given value y 

of c, It is indepe·ndent of/.... within the first absorption band of the solute 

· (down to 2350 .R in the present ca se) and by analogy with other organic fluorescent 

compounds (PRINGSHEIM 1949 1 FUCHLOCHER & GLASER 1954, WRIGHT 1955), it may be 

expecte d to remain constant down to at least 2200 i. 

In the spectral region designated 0, where the solvent is transparent and the 

incident radiation is thus absorbed only by the solute, nx = 0, ~ = l and, 

-~heref ore 

(4) 

where the suffix 0 refers to this spactral regi on . 
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An expre~sion for f in terms of experimental ?nrnmeters is obtained from 

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

f = 

·rhe ratio Of is obtained directly from the corrected fluorescence excitation 
lifo 

(5) 

spectra. It is the ratio of the relative quantum intensity in regions I and II 

~t any particular wavelength to that in region I where the solvent is transparent 

and the relntive quantum intensity is constant.\( is obtained from FIG. 7(c). 

The values off, derived from (5), are plotted against?... in FIGS. 13 & 14. 

?IG. 13 consists of five curves for the normal 8olutions a., b, c, d and e, while 

]IG. 14 shows the two curves obtained from the oxygen-free solutions f and g. 

:!'or each solution it is found that f has two characteristic values producing the 

-two horizontal sections of each curve: The first value, f1, which is constant 

within experimental error, occurs at wavelengths between 2500 K and 2650 X, 

d~signated region I. The second value, f2, is similarly constant but higher and 

.-,ccurs in region II at wavelengths between 2200 X to 2350 X. :Between the two 

s~ectral regions I and II, f has a value intermediate between £1 and f 2 , 

It is thus shown that the value of f depends on).v, the wavelength of the 

2xciting radiation and this interesting point will be discussed in Section IV.2, 

The readings requi~ed for the calculation of f for each solution at various 

values of 'X..are given in Tab~ II. In this Table lobs is the observed value of 

~eletive Fluorescence Intensity at each wavelength normalised to the value of 

~obs = 10 et ~= 3000 K for the solution of h~ghest concentration (c = l9.lxl0-
4 

mols/ 

~nol). The values . oftx end€'y are obtained fro111 FIG. 7(a) 8.nd (b) and the 

calculated value s of log (Ex ..rE.yc) are used to read off from FIG. 12 the 

34/ ••• 
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Corr~ction Factor to be applied to the detected fluorescence intensity at each 

wavelength. The corrected values of Of and nf
0 

ara then obtained from the 

following relations:-

(lobs) 1\.. at each wavelength~. 
(correction Factor)~ 

(lobs) 3000 X . 
' (Correction Fuctor)3oooR 

nt /\. :c 3000 j( 

1he transfer coefficient f is then obtained from equation (5) as follows: 

The mean values of fl and t 2 , are plotted aa a function of concentration, c, 

in FIG. 15, There are four curves representing values of f1 for normal 

solutions plotted against c, f 2 for normal solutions plotted against c, and the 

equivalent two curves for the two oxygen-free solutions. 

III. 4, CONSIDERATION OF ASSUMPTIONS: 

The two assumptions made in the calibration of the incident radiation (11.3) 

and the analysis of the results should be noted, since if they were invalid, the 

r~sul ts at f.... < 2537 X might not be reliable. 

{i) 

( ii) 

They nre as follows:-

The molecular fluorescence quantum efficiency, qf of terphenyl y 

in solution is constant down to~= 2200 R (III.3) 

The technical fluorescence quantum efficiency of the l em. cube 

terphenyl crystal is constant down to A= 2200 X {II .. 3) 

Since crystalline terphenyl is transparent to its own fluorescence emission 
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{BIRKS & ~VRIGHT 1954)J its technical and molecular fluorescence efficiencies are 

identical, Hence (i) and {ii) are equivalent assumptions for terphenyl 

molecules in solution and in the crystalline state. 

These assumptions are consistent with all the experimental data on organi~ 

fluorescent materials, excited by non-ionizing radiation (see PRINGSHEIM 1949 & 

tffiiGHT 1955) a.nd there is no reason to doubt their validity. 

COHEN & WEINREB (1956) also make assumption (i), and a similar assumption 

to (ii) for the aqueous solution ol fluorescein used for calibration ~f the 

incident radiation. 

The choice of terphenyl both as solute and for calibration of the incldent 

radiation flux means that, even if (i) and (ii) are not valid1 provided the ratio 

of the molecular fluorescence efficiencies of terphenyl in solution and in the 

crystal is aonstant down to A= 2200 .R, the values of f calculated from the 

observations will be unchanged. 

III. 5, THE ENERGY TRANSFER PROCESS: 

On the photon transfer theory, and some of the alternative non-radiative 

mechanisms proposed, the probability of solvent-solute transfer is proportional 

to the concentration, c. The various processesJ occurring within the solvent-

solute system fo·r an incident unit flux of photons (h\)) are shown in Table III. 

The asterisks refer to excited molecules. k and q are molecular absorption 

coefficients and quantum efficiencies respectively. Suffixes x and y refer to 

the solvent X and solute Y respectively; f, i and e refer to fluorescence 7 

internal quenching and external quenching respectively; and l and 2 refer to the 
' 

fluorescence emission of X and Y respectively. R.:x:.,, ~1 , represent the values of 

~olecular absorption coefficients aver~ged over the emission spectrum of X1 that is, 
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Process 

( i ) x + h.J -t x* 

(ii) y + h~ ~ y* 

(iv) X~~ X+ ~eat 

(v) X~ + X ~ X+X+heat 

(vi) A.'lf. + Y -+ X+Y+heat 

{x) y* 4 Y + heat 

(xi) y* + X ~ Y + X 

RADIATIVE ~~SFER 

l.~ate 

n - -k [x] 
.X X 

qfx(x'*] 

qix(x*) 

qfy[r1 

qiyl~1 

qexy(y*](x] 

--oOo--

TABLE III. 

Description 

A~sorption of incident 
radiation by solvent. 

Absorption of incident 
radiation by solute. 

Fluorescence of solvent. 

Internal quenching of so 

External self-quenching 
solvent. 

External quenching of so 
by solute. 

Absorption of solvent em 
by solvent. 

Ahsorption of solvent e~ 

by solute. 

Fluorescence of solute. 

Internal quenching of s 

External quenching of ~ 

by solvent. 

External self-quenchin 
solute. 
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they represent the fraction of solvent fluorescence which is reabsorbed by both 

the solvent, X1 and the solute, Y. The excitation, i.e. absorption, processes 

(i, iit vii• viii) are distinguished from de-excitation, i.e. emission or 

quenching• processes (iii to vi, and ix to xii) by a negative sign. Since the 

complete system is practically opaque to the emission of X, and transparent to 

the emission of Y, processes corresponding to the escape of the former, or the 

reabsorption of the lntter, are omitted, 

A similar analysis is applicable to non-radiative processes in which the 

transfer probability is proportional to the concentration. In such eases the 

energyll\), representing the fluorescence photon, would be taken to refer to a 

"virtual photon" or exciton, and ~.x}~~ll ~~~' '}~')(. to the quantum effi cienciea of 

solvent-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 concentration. 

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

nf, may be evaluated as follows:-

nf = cy~d ['( *] (Process ix) 

= q,h }-f..~ Y) - ~. CV & . JJ<"J[ Y]j (Proc e sses ii & 

= 

vi 

-~s~C'rJ t~~ + ~~cvg~ (- ~)(cxJ ..... 
(Processes i & vii 

~~'Vt" [)(j Lx~J)j -
• - <i,bd [Y) lf<~- ~·'H·''~Cx1 ~- k:, CJ,.~.I}.J 

~'Lev ~ r .~ )~ + -1-1 ~ )( .x 1 .- • , , • , , , 

... 

(6 
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The first component of thi~ equation. qfynYJ is the ~mi•sion e~cited directly by 

the incident radiation. The second e~mponent, qf nsf, i.e the emission e.xeited 
y 

indirectly by energy transfex from the solvent. 

From equations (3) and (6) 

f "" cvo~ ~~ [Y] 
I -r Dv~" kl(, \)<} 

; ~~ ~~ c 
R;.c. + Rd c. - cv,)L kx I 

s)'-+E.6c -cy~}I.E..~ -- . 

( 7) 

where f:~ .~ .. represent molar extinction coefficient• averaged over the e~i~aion ,.., --o· -
spectrum of the solvent X. Their ratio~,, will be denot.ed by·\(,. Due to 

external quenching, qf and qf decrease with increase in conce»tration. 
I y 

(Processes iii to vi) 

• I- 9J\..)<. -'{,e.)l.f, - CVe..·'d"- C.. (tor(_(' 1) ( 

qfy • \ - <l.Ji..~- '\t.~6 lx1- ~q~~ L '<] (Proce•ses ix to xii) 

• I - ~l.~ - ~~""d ..... '\t.~~ C (for (J-l... 1) ( 

By aimplitying ~ equ~tion (7) we obtain -

f - c --- -----<• Ac + B 

c c In FIG. 16 the experimental values of 1
1 

and 1
2

, shown in Table IV, are plott 

against c for both the normal solutions and the oxygen-f~e solutione. Linear 

relations in agreement with equations (7a) are obtained for each of the four curve 

from which the values of the constants A and B in this expTeaai on m~ be determi uE 

Since i • Ac + B 

A is tbe ·slope and B the intercept ~t the cur?es. 
38/ ••• 



TABLE IV 

SOLUTION CON CENI'RATI ON c c; c/f. MOL/MOL f1 
~ 

a 19.1 X 10-4 47.6 X 10-4 
31.1 X 1C 

b 9.58 II 30.7 tt 17.8 ' 

c 4.78 " 17.6 " 1J.1 \ 

d 1.91 II 11.2 II 7.65 I 

e 0.418 It 9.3 11 6.75 

-----~-----------------------~----- ---------------------- ---------------------- ----------
f 

(oxygen-free) 4.98 It 13.7 " 9.7 

g 
10-5 (oxygen-free) 2.32 X 4.2 II 2. 67 
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For the normal solutions the following values are obtained:-

In Spectral Region I {2500 X - 2650 R) AI = 2.1 

EI = 8 X 10-4 

nnd in Spectral Region II (2200 X - 2350 X) AII = 1.4 

3 ri 5 X 10-4 

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

AI = 2.1 

BI .. 4 X 10-4 

and An "' 1.4 

BII .. 2.5 :X: 1 o-4 

where suffixes I and II refer to the corresponding spectral regions, 

39/ ... 
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IV. D I S C U S S I 0 N 

IV. 1. COMPARISON WITH OTHER EXPERIMENTAL RESULTS: 

After the completion of the experimental work reported here, an account of 

similar studies on liquid organic solutions excited by ultra-violet radiation was 

published by COHEN & WEINREB (1956). Their experimental procedure was similar to 

that of the present work, yet the interpretation of their results differs in 

certain important respects, 

It is of interest~ therefore, to compare the present results with those of 

COHEN & WEINREB in order to make a comprehensive etudy of the t:lnergy transfer 

process. 

In their experiments COHEN & WEINREB (1956) used, amongst others, solutions 

of para-terphenyl in toluene and measured the efficiency of transfer of energy 

from solvent molecules to solute molecul es as a function of various variables such 

aa exciting wavelength~ concentration and presence of quenching agents, No 

reference is made to the oxygen content of their solutions, which are presumably 

air-saturated, 

(i) The concentration dependence of en•rgy transfer: 

Most of the measurements of COHEN & WEINREB were made using 2537 X and 3130 i 

radiation for excitation; these wavelengths lie within the spectral regions 

designated I and 0 respectively in the present work, so that their values of f, the 

transfer efficiency between excited solvent and unexcited solute molecules, correspon 

to the values of f 1 in the present work. 

FIG. 17 is r eproduced from COHEN & WEINREB ( 1956) and shows the similarity be twe 
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their curve of Transfer Efficiency vs. Concentration nnd the curve obtained from 

the present work (FIG. 15). These authors observed a linear relationship between 

c 
and c, as is given by equation (7a), although in the derivation of their empirical 

fl 

equation for the value of f 1 (compare (7a)), exfernal quenching of the solvent 

fluorescence by solute molecules, process v of Table III, was equated to zero, Hence 

they found (FIG. 17) that f 1 tended towards a limiting value of unity, as c increased, 

1 1 rather 'han to the limits, given by- and A , of f 1 c: 0.48 and f 2 = 0.7 obt4inad 
AI II 

from the present measurements. 

It may be noted that although COHEN & WEINREB assumed that there was no que.nching 

of solvent fluorescence by solute molecules in their theoretical analysis, their 

~eaaurements on solutions of anthracene in anisole are not consistent with the 

predictions of this hypothesis, This is shown in FIG. 18 where the transfer 

8fficiency, fl' tends towards n lower licriting value of rvo.s. However, their result 

like the present ones, show clea.rly that the probability of solvent-solute energy 

transfer is proportional to the solute concentration, c. Earlier attempts by KALLMAN 

& FURST (1950) to demonstrate this relation in the case of gamma.-ray excitatioa we.re. 

complicated by the concentTation dependence of quenching of solute fluorescence and 

more complicated equations with a greater number of parameters have to be introduced. 

(ii) Influence of quenching agents on energy transfer: 

COHEN & WEINREB investigated the influence of ca.rbon tetrachloride ns a quenching 

a.gent, on the solvent fluorescence. The carbon tetrachloride is transparent to the 

incident radiation but competea with the terphenyl molecules for the absorption of the 

toluene fluorescence, and in addition decreases the toluene fluorescence by collisiona 

quenching of tha solvent molecules. The results showed that the addition of carbon 

tetrachloride to a 3 gm/litre to 5 gm/litre solution of terphenyl in toluene qu~nches 

41/ ... 
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the energy transfer by about 30%. Jhile there appears to be no reason to question 

these relative efficiency values, the absolute values are subject to the same degree 

of uncertainty as the others discussed in IV.l.(i). 

solvent have not been repeated in the present work. 

These studies using a second 

(iii) Dependence of trnnsfer efficiency on exciting wavelength: 

It is here that the results of COHEN & WEINREB are in distinct contrast to the 

present work. In III.3. and FIGS. 13 & 14 of the present work, it is shown clearly 

that the transfer coefficient, f, varies with the wavelength,~, of the exciting 

1 ight, whereas COHEN & WEINREB report that the energy trans.fer coefficient is 

independent of f.... for wavelengths from 2200 K to 2700 X. In this spectral rangeJ the 

absorption spectrum of toluene shows two bands (FRIEDEL & OnCHIN 1951) and for 

exciting wavelengths shorter than 2300 R one therefore expects the second electronic 

state to be excited. The constancy of their calculated values of f suggested that 

the transfer always takes place from the 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 distinct values of f 1 viz: f1 and f 2 , the latter occurring at wa~elengt 

(2350 i, which suggest~ that the transfer from the second excited state of toluene it 

greater than from the first. This wavelength dependence of f is discussed more full) 

in IV. 2. 

(iv) Effect on transfer efficiency of dilution of transferring solvent: 

An experiment to study the effect of dilution on the transferring solvent by n 

second inert solvent was designed to investigate the poesibilityt suggested by KAL~ 

ct FURST (1950), that the solvent molecular excitation energy is propagated through th 

solvent by n quantum mechanical exchange interaction between neighbouring solvent 
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molecules until an excited solvent molecule finally transfers its energy to a 

neighbouring solute molecule. 

The intrinsic transfer efficiency was measured as a function of the degree of 

dilution of the transferring solvent while the solute concentration was kept 

constant, The funetion of the second solvent is only to separate the molecules 

of the absorbing solvent. The type of curve obtained for solutions of para-

terphenyl in toluene diluted with cyclohexane is shown in FIG. 19. After a 

small initial decrease in the transfer efficiency corresponding to relatively 

low dilution factors, the transfer efficiency remains remarkably constant even 

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

COHEN & WEINREB 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 pos~ibility of photon emission and reabsorption being the dominant mechanism 

by which molecular energy is transferred was investigated by comparing the solute 

fluores~ence intensity (isolated from the solvent fluorescence and primary radiation) 

obtained from "thin" and "thick" layers of solutions, where the primary exciting 

radiatilm is compl et~ly absorbed by the absorbing solvent; the terms "thick" and 

"thin 11 i~ply distances- large or small compared with the mean free paths of the natural 

'luorc~cent radiation of the absorbing solvent. The existence of an appreciable 

~adiative transfer from the solvent to the solute would give rise to an increased 

;olute fluorescence when a "thick" layer is used 1 since only in this case is a large 

fraction of the solvent fluorescence completely absorbed by the solute, It is atnted 

that in the case of toluene, the aoount of radiative transfer was not greater than 

J% of the total transfer, even at high dilution and at the lowest concentrations used 
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in the dilution experiments. FIG. 19 led COHEN & vrEINREB to the conclusion 

that in the process of energy transfer from an excited solvent molecule to a solute 

molecule 1 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 1 though this theory in its quantitative 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 o£ linergy to the solute was investigated by COHEN & WEINREB 

(1956) for various solutions of anthracene (usually in toluene), They measured the 

intensity of fluorescenlie of the pure solvent and of "thick" and "thin" layers of 

solution, The thick layQr 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 :!luorescence 

gives the solvent fluorescence in the presence of solute molecules and is compared 

with the pure solvent fluorescence intensity. It was found that no quenching 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 1 in which the transfer efficienca remains 

constant even though the fluorescence efficiency of the solvent increases with 

increasing dilution, 

Radiative transfer and several non-radiative processes, e.g. sensitized 

fluorescence are, therefore, eliminated as possible energy transfer mechanisms in 

these liquid systems, 

COHEN & WEINREB suggest that the natural fluorescence of toluene is small because 
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of self-quenching 1 yet the sol vent molecules whi ('.h fi na.lly transfer energy to 

-9 terphenyl can exist for times of the order of 10 sec. This~ they s~ggest, is 

further evidence that solvent fluorescence and energy trausfer take place from 

different molecular states. 

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

The experiments reported in IV.l.(iii) dealing with the quenching effect of 

carbon tetrachloride on the transfer proc ess show 1 according to COHEN & WEINREB, 

-9 that a relatively long ~ime, of the order of 10 sec., must elapse before solvent-

solute transfer occurs. The fluorescence decay time is of the order of only 3 x 

-9 -9 . 10 secq hence during 10 sec, the exc1ted 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-solute 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 (HARalSON 1952). Instead they attempt to interpret their results on 

the theory of dipole-dipole interaction proposed by FORSTER (1949) for dye solutions 

but as previously stated in I.3 , (ii), they do not obtain quantitative agreement with 

this theory. 

As stated in IV.l.(iii), the present results which show a wavel ength dependence 

of the energy transfer coefficient are in direct contrast to those of COHEN & WEINREB 

(1956). This difference may partly arise from the correctian for excitation depth 

(111.2) because while the latter ref er to a correction for geometrical and eelf-

absorption effects being applie4, no dotailA of the correction, which is stated to be 

generally small 1 ure given. 
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In the present measurements, covering a similar range of concentrations, the values 

of (ex + £YQ) at 25 87 K and 3130 .K (the wavelengths used by these authors) range 

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

IV. 2. DEPENDENCE OF ~~NERGY TRANSF'ER ON EXCITING WAVELENGTH: 

The most interesting result discovered from the present measurements is that 

the energy transfer probability depends on the wavelength of excitation. 

The two spettral regions I ("--= 2500-2650 R.) nnd II (/~__ = 2200-2350 K) correspond 

to excitation into the first and second excited electronic singlet states of the 

toluene molecule. FIGS. 13 & 14 show thnt 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 

-9 -11 order of 10 sec. and 10 sec. respectively. In IV,l,(vi) the results of the 

experiments performed by COHEN & WEINREB (1956) to investigate the quenching effect 

of carbon tetrachloride (IV.l,(ii)), are discusaed1 and it is shown that energy 

-9 transfer from the first excited state a•curs in the order of 10 sec. The 

efficient energy transfer from the second excited state shows that in this case 

. -11 transfer must occur 1n about 10 sec. 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 solvent 

molecul e to diffuse into the proximity of a solute molecule is in excess of 10-ll seo. 

Because of the short ' life time ·of the second excited state the external quenching 

will~ rel~tively amall. The chief process competing with solve~~olute energy 

transfer from this state will ~~ cADversion into th~ fir6L e~cited state of the solvent 
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molecule, 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 

efficiently with such inter-state conversion. 

IV. 3, THE PHOTON TRANSFER THEORY: 

The results of the present work have been discussed so far without specific 

r~ference to any particular mode of energy transfer. 

The energy ~ransfer from the second excited state of the solvent is consietent 

with the suggestion of BIRKS (1954) that fluorescence emission occurs from the 

second and higher electronic excited states of a fluorescent molecule. The results 

show, therefore, that the concept, previously accepted (PRINGSHEIM 1949) that all 

the excitation energy of such higher electronic states is internally converted into 

that of the lowest excited state, is invalid. In pure solvents, the internal 

conversion plus solvent-solvent transfer, gives 10~ inter-state conversion efficiency 

so that only emission from the lowest state is observed, but in solutions, the solvent-

solute transfer is an efficient competitor for the excitation energy and solvent 

emission from the higher states is probable. 

-11 -9 The time required for energy transfer is of the order of 10 and 10 sec. 

respectively for the second and first excited states, which is about the same as for 

fluorescence emission from these two stat es. Photon emission and reabsorption is, 

therefore, a likely mechanism of energy transfer. 

Between spectral regions I and I~, where all the excited solvent molecules are 

initially in the first and second excited states respectiv~ly, there is a transition 

region extending from 2350-2500 X. In this transition region, solvent molecules 
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co-exist initially in either of the two excited states. This region is also that 

where fluorescence from the second excited state would be expected to occur. 

In I.3. pages 22 & 23 und IV.l.(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 solvent is diluted by a factor of 1000 with an "inert« 

liquid. They have thus demonstrated that solvent-solvent "collisional" energy 

transfer is negligible. 

. 
It would also appear that any short range non-radiative solvent-solute 

transfer proeesses 1 which depend on thermal diffusion to bring the excited solvent 

molecule . and the solute molecule into reasonable proximity, are similarly excluded 

by these observations since their efficiency would be reduced by a.n increase in the 

uiffusion time due to dilution, Fluorescence of the solvent, leading to photon 

transfer, appears to be the one possible long range mechanism. The dil utant, 

cyclohexane, being transparent, does not decrease the effici ency 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)\_= 2622, 2646, 

2676, 2740, 2808 and 2886 K (PUINGSHEIM 1949). There is thus a major overlap of 

the fluorescence and absorption spectra, und in pure toluene the mean free path of 

the emitted photons will be only a few microns. The r elatively low technical 

fluorescence efficiency, qt' observed with thicker toluene specimens by KALLWUtN & 

FURST (195lb) will be considerably lese than the molecular fluorescence efficiency 1 ~ , 

due to this high self-absorption. Since qt = (q
0

)n, where; is the probability of 

~hoton escape without absorption (BIRKS 1954) 1 by taking values of qt~O,Ol5 

(XALLMAHN & FURST l95lb), n"'6 (estimated from the absorpti on and emission spectra) 

we obtain a rough estimate of q0~0,5. The experimental data thus appear consistent 
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with the photon cascade nnd transfer theory, but not with the alternative mechani8ms 

proposed. 
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v. C 0 N C 1 U S I 0 N 

The experiment was perfor~ed to investigate the energy transfer mechanism by 

which energy is transferred from the initially excited solvent molecules to the 

solute 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 efficiency of energy transfer depends on the excitation 

wavelength, the energy trnns£€r being more efficient from 

aolvent molecules in the second excited state than fro.~ the 

first excited state~ 

Although no final conclusions can b~ drawn about the energy transfer mechanism, 

the results appenr to be consistent with the rndintive transfer process than with 

Gny short rnnge non-radiative transfer process. 

--oOo--
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• • • the unerring 
"Chemical science during the last quarter of a century has mode 
such extended progress thor our arts and manufactures assume 
altogether a differem aspect. Those chemical arts which former~v 
were rudely conducted by the system termed the ' rule of thumb' 
are now methodically organised and arranged in accord­
once with the unerring laws of chemistry . .• Hence,~-,-~ 
110t only are more accurate and uniform results 
obtained, bur success and economy rake the plac-e 
of failure and waste." (Chemical News, 1859, 1, 1). 

Here, in the first number of 'Chemical News' 
published nearly a hundred years ago, the eventual 
development of scientific control of the methods 
and means of production is welcomed perhaps a 
little prematurely ; but in thousands of industrial 
laboratories to-day " the unerring laws of chemis­
try," and B.D.H. reagents, enable the conduct of 
the chemical arts to be successful and economical 
..• and as civil as you please. 

B.D.H. 

laws 

LABORATORY CHEMICALS 
THE BRITISH DRUG HOUSES LTD. n.o.H. LABORATORY <" UE~IICALS c;t<O uP POOLE DORSET 
Aaents in Sourh A[rlcn: MACDONALD ADAMS & CO., )011.'\NNf'SRURG and DURB.\:-.J LC!P 9,1 

" CASEI~LA" 
TEMPERATURE AND HUMIDITY RECORDERS 

f or 
ACCURACY - RELIABILITY - ROBUSTNESS 

The Thermograph 

South African Representatir;es: 

The instrument illus­
trated is our recently 
i m p rove d model 
incorporating a bi­
metallic coil which 
g1ves a more rapid 

response to tempera­
lure c h a n g e s and 
therefore more accu­
rate recordings. It 
can be supplied with 
d a i I y or w e e k l y 
r.harts to a wide 
variety of ranges. 

THE CONNELL INSTRUMENT CO. {PTY.) LTD., P.O. Box 3954, JOHANNESBURG 
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The Association's Library 

For the information of members we publish 
in this number an up-to-date list of the serial 
publications received currently in the Library 
of the South African Association for the Ad­
\ an cement of Science. These include the pro­
ceedings and transactions of learned and 
scientific societies and other national a!>socia­
tions for the advancement of science, and the 
published results of investigations carried out 
by scientific expeditions, geological and arch­
aeological surveys, observatories, museums, 
botanical gardens, research laboratories, etc., 

_ in all parts of the world, most of which are 
received in exchange for this Journal. 

The Association's Library, though a separ­
ate unit, is administered as part of the Lib­
rary of the University of the Witwatersrand, 
and the two supplement and reinforce each 
other. The resources of both libraries are 
made aYailable free of charge to members of 
the Association, the University and its asso­
ciated institutions, and through the University 
and the inter-library loan system to research 
workers in every part of the country. 

For a full aceount of the history and consti­
tution of the AsE'ociation's Library r eaders are 
referred to an article by the Librarian, Mr 
I. l!"aacson, which was printed in the Septem­
ber, 1955, issue of this Journal. 
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Shrinking Glaciers 

Scientists are interested in finding out more 
about the world's great glaciers because they 
are long-range recorders of climatic change. 
Hidden in the layers of ice far below the sur­
face there are physical phenomena that can 
throw invaluable light upon the climatic con­
ditions under which glaciers in the past have 
grown and then diminished in size. 

Observations of glaciers made in the past 
have shown that most glaciers in the temper­
ate zones have been shrinking during the last 
century. In places the rate of recession since 
the 1920's has been very much more rapid 
than in previous decades. 

While the cause is generally l,elieved to be 
a gradual warming up of the world's climate, 
the problem is complex and more inforn1ation 
is needed. The presence of a few advancing 
glaciers, as in Alaska, remains unexplained. 
Other glaciers have been observed which ad­
vance and recede in a way which is not be­
lieYed to he primarily the result of the warmer 
climate or other meteorological conditions. 

During the International Geophysical Year 
an effort will be made to lind answers to some 
of these questions. (Usis). 

Honour for Dr Jeffreys 

Dr M. D. W. Jeffreys, Lecturer in Anthro· 
pology at the UniYcrsity of the Witwatersrand, 
has been elected a Fellow of the American 
Association for the Advancement of Science. 

August 1956 



NEW HORI%0NS FO~ SCIENC~ AND 

INDUSTRY ~ 

One reads ~;o much in the daily press 
about automation and nuclear energy and its 
possible effects on the survival of our present 
way of living, and even of the human race 
itself, that on this occasion when scientists 
from all over Southern Africa are gathered 
together, it is perhaps opportune for the 
scientist to express .an opinion on these sub­
jects. A timely word about the probable 
effects on science and industry, and the ad­
j ustment of our methods of training the 
scientist and engineer of the future to meet 
the demands of this brave new world, may 
also not he out of place. 

I. AUTOMATION 

Newspapers and joumals have recently pub­
lished several articles expressing the fear that 
the world is enterina upon a second industrial 

0 • 
revolution. In these articles, compansons 
were made with the first industrial revolution 
which took place in Britain from 1770 to 
1825. The steam engine invented by James 
watt in 1769 played a great role in this 
revolution, but various other inventions also 
contributed to the umest of the workers, such 
as new labour saving devices in the textile in· 
dustry. The result was that thousands of 
handicraftsmen were forced out of the fac­
tories and deprived of the means of earning 
their livelihood. This led to the formation in 
1811 of organized bands of English rioters 
('ailed Ludditcs. These bands wen~ formed 
with the purpose of destroying machinery in 
the factories, but in the end thev had to give 
in. The factory owners succeeded in install· 
ing labour-saving machinery and through low­
priced quantity production were able to ex· 
pand their market!l throughout the· world. 

Recently a similar situation arose at Coven­
try in Britain when fears of automation 

• Presidential Address to the S.A. Association for the 
Advancement of Science Nelsprult, July, 1956. 
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Lrought out 11,000 workers on strike at the 
Standard motor factory, because 3,000 re· 
dundant workers were dismissed when a 
£4,500,000 automation plant was being instal­
led. The factory manager argued that instead 
of 250 tractors per day about 600 could be 
produced by the new plant with 3,000 workers 
less. The fact was again stressed that Britain 
must make use of the most efficient production 
equipment in order to maintain her competi­
tive position in the world's markets. 

Throughout its history the world has been 
faced by similar situations. From ea1·liest 
times man has applied his ingenuity to im­
prove his productive means: his skills, his 
tools, his machines. In South Africa we have 
beautiful collections of tools from the Stone 
Age and many papers of this Society have 
dealt with them. Even Aristotle dreamed of 
the day when "every tool, when summoned, 
or even of its own accord, could do the work 
that b~fi.ts it". To-day it almost seems as if 
Aristotle's dream is becoming a reality for 
not only has automation opened up vast pos· 
sibilities but at the same time nuclear energy 
has appeared upon the scene to enhance these 
possibilities. 

First of all we should be quite clear that it 
would be suicidal for us in South Africa to try 
to ban these "demons", automation and nuc· 
lear energy, or to try to destroy them. In 
recent history we know of an instance where 
an attempt was made to put hack the clock 
of industrial development when Gandhi tried 
to get his people to go back to the hand loom 
when he preached that everybody should be 
self-sufficient. We all know that such a policy 
can only lead to the retarding of the progress 
of a nation. In the long run it will not be 
able to compete with the rest of the world 
which makes use of all the industrial and 
Rdrntific advances. 
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Automation counotes the rtuployment of 
machinery or equipment to perform opera­
tions that would otherwise have to be done 
by human beings. The first completely mech­
anized factory, a continuous process flour 
mill, was built by Oliver Evans in Delaware 
in 1785. Evans made use of powered con­
veyors, and, untouched by human hand, the 
grain went into the mill and came out as 
Aour. In 1801 Joseph Jacquard exhibited his 
automatic loom, controlled by paper cards. 
This loom had a memory in the form of 
punched paper cards on which the pattern 
to be woven was registered. This invention of 
Jacquard's made it possible to weave compli­
cated patterns automaticallv without the help 
of the workman. It is still employPd to-day 
in the mo~t modern machinery and is even 
used in electronic computing machines to 
store the instructions which are fed into the 
machines. 

What is new about modern automation and 
what is really responsible for the great in­
terest it has aroused at present, is the advent 
of electronic methods of control and compu­
tation. A further factor which has contributed 
immensely to the advent of automation on a 
large scale is the use to which automation was 
put during World War II. In 194.1 the largest 
electronic equipment, such as television sets, 
contained about 30 vacuum tuhes and one 
of the reasons why television did not develop 
faster wns that many people were afraid of 
its teehnicnl complexity. By comparison the 
electronic gear which goes into a typical 
automation system contains hundreds and 
sometimes even thousands of vacuum tubes 
or their equivalents. Military necessity caused 
this change, for it forced us to devise and 
employ very complex equipment. Thus direc­
tion finding equipment was developed by the 
research workers in Britain- in 1944 to track 
the v1 projectiles from the moment they were 
launched on their course to London. The 
anti-aircraft guns were automatica1ly directed 
onto them and very soon 90% of them were 
shot down over open country before reaching 
their destination. 

A second basic aspect of the new automa­
tion is that this complex equipment is rarely 
a goal in itself, like a radiogram or motor car, 
hut usually appears as a component that is in-
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legrated into a complex system involving men, 
methods, procedures and machines which is 
basically non-technicaL Hence automation 
equipment is nothing more than a tool. Like 
a tool it must therefore be designed specifi­
cally for the enhancement of the efficiency of 
business and industrial operations which in 
themselves are often not at all technical. 

Not long ago, for instance, a motor's engine 
block was milled at one machine, removed by 
a worker and put on a conveyor, removed by 
another worker and bored at the next 
mach!ne, and so on as the engine moved down 
the lme: To-day, complex handling devices 
automatically remove the parts from the mill­
ing machine, turn and position them as neces­
sary and hold them in place for the 11ext 
machine's operation. Thus an engine block 
goes through 530 distinct operations in a 
continuous, automatic process in less than 
15 minutes. 

But there is more to automation than a 
process of continuous production, viz. the 
element of control. Automation seeks to make 
the production system as self-regulating as 
possible. What would happen to our contin­
uous process if a single machine started to 
turn out parts which were too large or too 
small on account of tool wear? We could 
station workers at each machine to measure 
the: parts and adjust the macltines, but then 
'~c should lose all the advantages of the con­
tmuous proce..c;;s. We must th!'rcfore install 
a. machine ~r device which will do the inspec­
tton and adjusbncnts which the human opera­
tor _could do without intcnupting the flow. 
Behmd these self-regulating devices lies a 
simple principle called "feedback". It is the 
same principle as that employed by James 
Watt's flyhall governor to maintain his steam 
engine at constant speed. Thus in a machine 
which manufactures sheet metal, use is made 
of a device which continuously measures the 
thickness of the sheet. If the sheet is too thin. 
this device sends a signal to the motor drivin" 
the sheet mill to retard the speed at which th~ 
sheet goes through the mill, so that the sheet 
hecomes thicker again. What is more. these 
devices are so sensitive that the thicknt-!"<s of 
the sheet c-an be controlled to he all~olutely 
constant within a very ~mall fraction of an 
inch! 
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Feedback control is now also introduced 
through the medium of the electronic com­
puter, into offices and factories. All that is 
needed is to organize all parts of the pro­
cess - production, pricing, advertising, sales, 
design ani! so on - in such 11 way that the 
control centres have continuous and accurate 
information concerning the operation of every 
part. This is where automatic high speed in­
formation processing machines come in. These 
great computers have most strongly aroused 
the curiosity of the public. They are used 
daily to find answers to questions in the de­
sign and testing of aircraft, guided missiles 
and warships. Use of a computer enabled the 
DC-7B airliner to fly six months sooner than 
would have been possible if conventional 
methods had been used to make all the neces­
sary calculations. 

The question is sometimes asked whether 
automation will bring large-scale unemploy­
ment. We often read of the future "worker­
less factory, a great hive of humming mach­
ines controlled by an electronic computer". 
This "workerless factory" is just as much of 
a myth as the perpetual motion machine. 
There will be some automatic factories, but 
they will not be without worker~. An example 
of such a factory is the atomic processing 
plant at Oak Rid~e. Although the entire 
operation is controlled there hy a few girls 
at a central control panel, hundreds of skilled 
workmen are required to replace defective 
equipment which is sent to the manufacturer 
for repair. 

Automation also will not make a robot out 
of the ordinary worker, as is often stated. It 
will certainly replace the routine repetitive 
jobs, but will set man free to use his intuition 
and brain for more creative jobs. This should 
improve the job satisfaction of the workers. 

We come, therefore, to the conclusion that 
automation is the natural development of a 
long process of improving the ideas which the 
intuition of the human being has conceived 
and applied to improve his environment and 
raise his standards of living. To thwart the 
application of automation would be suicidal. 
It has already made possible the control and 
application of nuclear energy to the benefit 
of humanity. It has created problems such as 
the increase of the knowledge required by 
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the workman, but these problems have to be 
faced. By solving these problems the human 
being can only be uplifted and not degraded. 
Automation does, however, raise the problem 
that the unqualified workman will have to 
make way for the highly trained and skilled, 
and this is an aspect to which I should like 
to pay more attention later. 

rr. NUCLEAR ENERGY 

The development of nuclear energy is cer­
tainly one of the greatest factors affecting our 
present and future life. The economic possibi­
lities of its application have been dealt with 
by several writers hut several problems still 
await solution. 

After the discovery of radio-activity by 
Becquerel in 1896 this nell' branch of science 
developed very rapidly, especially in the able 
hands of Lord Rutherford. In due course it 
became clear that the nucleus of the atom 
contained vast quantities of energy, hut even 
Rutherford . stated categoricallv in 1937 that 
he did not expect that it would f've.r he pos­
sible to control the release of this energy, or 
apply it as an industrial source of power. 

Then suddenly Hahn and Strassmann in 
1939 discovered that if neutrons are shot into 
uranium, it splits up into two atoms whose 
combined atomic weights are less than that 
of the parent atom. At the same time it re­
leases additional neutrons which could split 
further uranium atoms. Here therefore we 
had th~ possibility of a chain reaction. 
Furthermore the fact that the total atomic 
weight or mass had decreased, indicated that 
energy was released according to the Einstein 
equation: 

Energy (released) = mass (disappeared) 
x square of the velocity of light. 

According to this formula one pound of 
uranium (if completely split up into lighter 
elements) produces as much energy as 3,000 
tons of coal of 250,000 gallons of petrol! 
The truth of these facts was dramaticallv de­
monstrated to the world when the first atomic 
bombs f:'xploderl over Hiroshima and Naga· 
saki in August ] 9-15 and brought the war 
against Japan to a sudden end. These homhs 
were <;mall compared with the most recent 
hydrogen or fusion hombs which have an ex­
plosive power equivalent to 1,000 atomic 
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bombs of the type dropped on Hiroshima or 
1,000,000 of the most powerful high-explosive 
bombs used during the second World War. 

Nuclear energy was discovered just in time 
.to save several industrialized countries like 
Great Britain and Germany from strangula­
tion owing to the shortage of the coal on 
which their industries were established. After 
!he war Britain immediately took steps to 
apply nuclear energy for peaceful uses such 
as the production of electricity. In this pro· 
cess the heat liberated when uranium atoms 
split up will he used to produce steam which 
will drive turbines. These will drive electric 
generators which will send their electric cur· 
rent into the electric grid of Britain. It is 
expected that the electricity produced in this 
wav will cost about as much as electricity pro­
du~ed from coal in Great Britain at present. 
Several groups of firms in Britain are at pre­
sent competing to reduce the cost of electricity 
produced from nuclear energy and they feel 
confident that the price can he reduced by 
about one quarter to less thap hal£ a penny 
per unit. If this proves to he possible, e~ectri­
citv produced from nuclear energy w1ll he 
ch~aper than that produced from coal in Brit­
ain. 

During a recent vi!:'it to the atomic energy 
research establishments in Britain and during 
discussions with inrlu~trial firms doing re­
~£'arch in this field. it hecame clear to me that 
the fundamental physical problems in connec­
tion ,\"ith thP production of nuclear energy 
from fission haC! practicalh· all heen solved, 
but scientists were now faced by quitP formid­
able problems in the fields of applied physics, 
nwchanic-al r-ngiJ1eering. metallurg\· and 
<'hemi!>trY. It \ras \"clT refreshin~r. ho\revcr, 
to find the prevalent ~ttitude of the scirntist 
to be that no problem was too difficult to be 
;;;oh-ed. 

New types of reactors are actively being 
studied in Britain and the U.S.A. by physicists 
and engineers. It is already clear that the re­
actors now under construction at Calder Hall 
will very soon be surpassed by new types cal­
led homogeneous reactors. This whole field of 
research offers a most fascinating field of ad­
Yenture to the young scientist. It is hence no 
wonder that almost every young physicist to­
day wants to study nuclear physics. The phy-
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sicists are also working on a new idea: the 
harnessing of nuclear power liberated by the 
fusion of the light elements such as lithium 
and hydrogen to form heavier elements. This 
is the t) pe of energy which is released in the 
hydrogen bomb which is 1,000 times more 
pow·erful than the plutonium bomb. 

In the field of mechanical engineering there 
"·as the problem of how to construct uranium 
fuel el~ments which must be protl;'cted against 
cono~wn. by some element such as aluminium 
which has a low absorption for neutrons. in 
such a way that the heat produced by the 
fission process could be passed to the cooling 
liquid or gas most efficiently. I saw Yarious 
designs of these fuel clements which at that 
timC' were being tried out in experimental re­
actors. 

. One cf the metallurgical problems which 
1s being investigated in all countries interested 
1n nuclear energy, is to find a metal or alloy 
with a higher melting point than aluminium 
for enca!;ing the uranium, but which at the 
same time has a low absorption cross section 
for neutrons. The ultimate aim is to run 
these reactors at temperatures of 1,000°F or 
higher, for it is well·known that the efficiency 
of the \rater-steam cycle in the production of 
electricity by means of steam turbines, is 
greater at these higher temperatures. 

The rea~on for the search for casings of the 
uranium "'ith a low neutron absorption is the 
importance of neutron economy in the reactor 
process. Uranium consists of 0.7o/0 U235

, 

\rhich fissions when struck by slow neutron!:'. 
The rest mainlv consists of U238• Plutonium 
is produced when a neutron is captured by 
U238

• For every U2~~ atom which is fissioned, 
2.56 neutrons ·are released. One neutron is 
required to keep up the chain reaction, 0.9 
neutrons are used up in producing plutonium 
from ll2· 8

, and 0.61 neutrons are lost in dif­
ferent waYs. Thus only 0.05 neutrons are left 
to keep tlp the activity of the reactor or to 
product> radio-isotopes. According to an ex­
periment first carried out in Chicago in 1942 
this chain reaction starts when the total mass 
of natural uranium exceeds a certain critical 
,·alue proYided sufficient moderating material 
like graphite is interspersed to slm\· down the 
neutrons. 
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Zirconium is such a metal with a melting 
point of 3,400°F. Although far h-om the ideal 
casing metal, it is much better in this respect 
than aluminium. This led to an immediate 
search for zirconium minerals all over the 
world. Once a mineral is found, methods of 
ore dressing and the recovery of the metal 
in a pure form ·l:lust be studied. Zirconium 
occurs in nature mixed with hafnium, which 
has very similar properties to zirconium and 
hence it is difficult to separate it chemically. 
lt is, however, important to purify the zir­
conium completely from traces of hafnium, 
for hafnium has a high absorption cross sec­
tion for neutrons. Previously this was con­
sidered to be almost impossible. Methods 
have, however, been developed and to-day 
zirconium without a trace of hafnium can 
be produced. 

The metallurgy of metals like uranium, 
thorium, gallium, beryllium and zirconium 
have been studied in great detail. Uranium 
has different crystalline forms at different 
temperatures and its volume increases when 
it is taken through successive cycles of an 
increase and decrease of its temperature. This 
is an important disadvantage of uranium 
used in reactors, for it must be encased in 
aluminium to prevent corrosion and the escape 
of poisonous and radio-active gases produced 
in the fission process, and this property of 
uranium has the inevitable result that the 
aluminium cases do not last long. For this 
reason thorium which has only one crystalline 
form at different temperatures and which is 
transformed into fissionable U 233 by neutron 
bombardment, is actively being studied as a 
new fuel element. 

Besides a careful studv of the new elements 
like uranium, zirconium. and beryllium which 
have suddenly become so important in this 
new atomic age which we are entering, the 
chemical properties of the new elements like 
plutonium created in the reactor needed a 
careful study. Plutonium is very toxic and 
must he handled with the greatest care. In 
fact, the operator is usually protected by a 
frogman's suit and communicates with the 
outside world by a telephone built into the 
hood. Other elements like ruthenium and 
technetium produced in the fission process in 
the reactor need a careful study to determine 
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the best ways for chemical separation. Certain 
elements again which are produced in the 
reactor give off very penetrative radiations. 
Their chemistry must be studied from behind 
a screen of lead blocks and manipulations of 
the chemical flasks and beakers must be car,. 
ried out with artificial "tackle" simulating 
the arms of a human being. All this work 
is carried out in a fume cupboard with a con .. 
stant current of air being sucked into the 
chamber and blown out of a high chimney to 
dissipate all dangerous gases. 

ln industry new techniques of producing 
perfect gastight welds of the great steel 
spheres containing the reactors have become 
essential. Thus welding in an argon atmos­
phere has become quite a common procedure 
at the new nuclear energy r eactors of the 
Calder Hall power station. Artisans were 
trained on the spot in these new techniques. 

At the research establishment, electronic 
computers were used to solve all the compli­
cated differential equations which describe the 
processes taking place in the reactors. 

In fact, one almost became bewildered by 
the way in which all the sciences were being 
mustered for a mass onslaught on these pro­
blems. Everything took place according to a 
fixed master plan which gave final dates for 
the design, construction and completion of 
the various tasks required to produce a nuc­
lear reactor. One got the impressi{)n that the 
methods of the field marshal in planning a 
major wartime operation had been introduced 
into the scientific field, and the results as seen 
at Windscale, where the reactors are housed 
in buildings almost as high as Escom House 
in Johannesburg, were definitely awe-inspir­
ing. A remarkable observation was that all 
the constructional operations of these new 
ventures of the atomic age were in the hands 
of comparatively young scientists and engin­
eers. I commented upon this fact and the 
reply of one of the brains behind these tre­
mendous projects was that older men had been 
tried but that they simply could not stand 
the tremendous strain of these modern de­
velopments. 

When uranium fissions into two parts, in 
the reactor, a whole series of elements rang­
ing in atomic weight from 71 to 161 is pro­
duced. These elements are all radio-active 
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and a careful study is Qeing made of ways of 
using this radio-activity for industrial pur­
poses. Thus it has been found that food and 
medicines can be sterilized by exposing them 
to these radiations. It has also been disco;-­
ered that the chemical properties of certain 
plastic materials can be completely changed 
by these radiations. In the U.S.A., these 
radiations have also been used to kill insects 
in wood and sterilize their eggs. Grain and 
maize are also passed through tubes where 
they are exposed to these rays before they 
are stored in elevators or shipped overseas. 
In this way, all beetles are killed and their 
eggs sterilized. 

In the reactor a whole series of artificial 
radio-active elements called radio-isotopes 
can be produced. Thus radiocarbon is pro­
duced by irradiating nitrogen, radiophos­
phorus in a similar way from sulphur and 
radio-iodine from tellurium. Radiophos­
phorus, e.g., behm·es chemically like phos· 
phorus but emits characteristic radiations hy 
which it can be traced, in its whole course 
from the root of a plant to the farthest cor· 
ner of the leaf or to the fruit, by means of 
sensitive instruments called Geiger-Muller 
counters or scintillation counters. The dis­
covery of radio-isotopes has quite legitimately 
been considered to have the greatest possibili­
ties as a scientific tool since the im·ention of 
the microscope. A prominent member of the 
American Atomic Energy Commission stated 
that, in his opinion, the human race would 
benefit as much from the many applications 
of radio-isotopes as from the eventual use of 
uranium and other fissionable materials to 
prodnce electricity. It is stated that the 
American motor industry already benefits 
from the application of radio-isotopes to· an 
amount exceeding £300,000,000 per annum. 

It will he out of place here to discuss all 
tl1e applications of radio-isotopes which are 
already known. It will be enough to indicate 
that it is used in medicine to reduce human 
suffering, in industry to study various pro­
blems such as the wearing of the cylinders 
of internal combustion engines and the effi­
ciency of lubricants, in chemistry to study 
the actual course of atoms in reactions (some­
thing which could never before be accom­
plished) . Radiocobalt is used to replace the 
more expensive radium in radiotherapy, and 
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is also used by the agriculturalist to produce 
new varieties of platUs. Thus a new variety 
of wheat which has a shorter stalk and is 
thus less prone to fall over in rain and wind 
storms, and ripens earlier, has already been 
produced in England. It has also been found 
that we do not yet know the first principles 
of the way in which superphosphate assists 
maize and tobacco plants in their growth, 
and that we may be overfertilizing at wrong 
stages in the growth of the plant. In short, 
radio-isotopes have opened up a new line of 
approach in almost every field of science. All 
that is required is that the scientist should 
become acquainted with the simple way in 
which they can be employed, and he must be 
willing to apply them. Unfortunately many 
of our universities have not realized these 
vast possibilities, and through failing to train 
one or more of their staff members in this 
field, are not in a position to offer courses 
to their students in the applications of this 
new tooL 

III. OPLEIDING 

{Aangesien dit 'n tweetalige veremgmg is 
w:il ek die slotgedeelte van my toespraak in 
Afrikaans tot u rig.) 

Ons het hierbo kennis gemaak met twee 
nuwe ontwikkelings, outomatisme en kernen­
ergie, wat ons nu we vergesigte laat sien het 
beide vir die wetenskap en die industrie. By 
albei hierdie nuwighede het ons daarop gelet 
dat die opgeleide natuurwetenskaplike en teg­
noloog 'n geweldige rol speel. In die geval 
van kernenergie was die strenge vereistes selfs 
sodanig dat die ouer man van 'n 50 of 60 
jaar nie die gewelclige pas kon meemaak nie. 

Volgens die Amerikaanse Kommissie-ver­
slag oor outomatisme is die ontstellendste feit 
die tekort aan tegnici om die Ieiding in bierdie 
eeu te kan behou. Volgens 'n herig in die 
New York Times van 1 April 1956 ·word in 
die V.S.A. groot kommer uitgespreek oor die 
feit dat te min studente opgelei word as 
natuurwetenskaplikes en ingenieurs. In 1954 
is 9164 meestersgrade in die wetenskap en 
23,000 baccalaureusgrade in ingenieurswese 
in die V.S.A. toegeken. In Rusland daaren­
teen het die aantal graduandi in ingenieurs­
wese aileen van 30,000 in 1952 11a 63,000 in 
1955 toegeneem. Hulle venrag dat daar in 
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Rusland in die volgende dekade 1,200,000 
studente sal gradueer in ingenieurswese en 
fisiese wetenskappe teen 900,000 in die V.S.A. 
Volgens die leier van 'n Britse wetenskaplike 
sending na Rusland my onlangs persoonlik 
meegedeel het, is die gehalte van die opleiding 
:in Rusland goed en in die geval van inge­
nieurswese beter as die B.Sc.-standaard in 
:3uid-Afrika. · 

Die W este staan hier voor 'n ontstellende 
:feit. Ons staan aan die begin van 'n tegnolo­
giese eeu. Die wereld is verdeeld in twee 
kampe: die Weste en die Ooste. Die Ooste 
besef dat daar geen kragtiger wapen in hier­
die tydperk is as opleiding op die gebied van 
die wetenskap en tegnologie nie. In hulle 
diktatorstaat is dit baie makliker om 'n be­
leid te volg wat doelgerig afstuur op die 
bevordering \·an die opleiding van steeds 
groter getalle op die gebied. 

Ons verneem dat in Rusland die beste 
wetenskaplike kragte aangemoedig word om 
onderwysers van wetenskap op skool te word. 
Hulle ontvang hoer salarisse en word koste­
loos voorsien van vakansiehuise aan die kus 
of een of ander hinnelandse see in die somer. 
Hierdie ondenrysers besiel die kinders op 
skool en die bestes word aangemoedig om na 
die tTniversiteite te gaan '' aar hulle ny op­
leiding ontvang. Die wat goed slaag, het 'n 
briljante loopbaan. As hy uitblink, word hy 
lid van die Wetenskaplike Akademie in Mos· 
kou en hv ontvang 'n salaris \\'at drie keer so 
hoog is ;s die Ya~ sy minder gelukkige broer 
wat self egter ook nie sleg betaal word nie. 
Laa~genoemde kry 'n woonstel in Moskou, 
'n huis op die land en 'n motor met 'n bestuur­
der. Die wetenskaplike word dus die aristo­
kraat van die kommunistiese staat. 

Onlangs het ek 'n bekende medikus wat 
agter die ystergordyn 'n, wetenskaplike be­
F-oek afgele bet, gevra wie volgens sy indruk 
die besbetaa1de wetenskaplike agter die yster­
g ordyn is: die medikus of die natuurweten­
skaplike. Sy onomwonde antwoord was laas­
~enoemde. Hieruit blyk duidelik dat die 
Russe deur 'n stelsehnatige beleid van gelde­
Iike bevoordeling van die wetenskaplike daar­
voor gesorg het dat die room van die jeug in 
daardie rigting getrek is met die gevolg dat 
hulle vandap.- reeds meer wetenskaplikes oplei 
as die V.S.A. Aan die ander kant word 'n 
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bestuurder van 'n vragmotor in die V.S.A. 
meer betaal as die meeste professore Yan 
natuurwetenskappe of selfs die Doktor in 
Filosofie wat navorsingswerk doen. 

Die V.S.A. is tans bewus van die Russiese 
strategic en oorweeg tans die hoer besoldiging 
van hulle onderwysers. Hulle het ook probeer 
om 'n stelsel wat jare reeds bestaan uit te 
brei. Gedurende die afgelope 30 jaar hied die 
meeste Amerikaanse Universiteite reeds 'n 
sogenaamde Somerkollege aan, veral vir on­
derwysers wat dan verlo£ van hulle skole krv 
vir die maande midde J unie tot die einde va;1 
Augustus. Deur vier agtereenvolgende Somer­
kwartale by te woon kan so 'n onderwyser een 
jaar krediet kry vir sy studie en moontlik 'n 
verdere graad behaal. In die V.S.A. word 
onderwysers nou met beurse aangemoedig om 
meer gebruik te maak van hierdie rnetode om 
hulle kennis van die moderne wetenskap aan 
te vul en aan hulle leerlinge oor te dra. Hulle 
is daardeur ook in staat om hulle lef."rlinge te 
besiel om in die natuurwetenskaplike vakke 
te spesialiseer. 

Beskou ons die toestand in Suid-Afrika dan 
\'ind ons dat volgens 'n analise wat gesament­
lik deur die Departement van Onderwys, Kuns 
en Wetcnskap en die S.A. Akadcmie vir Kuns 
en \Vetenskap gemaak is, daar 'n tekort van 
6,000 ingenieurs teen 1960 verwag word. Die 
toestand is nie bekend wat natuurwetenskap­
likes betref nie, maar alma} wat met die wer­
'"ing van sulke kragte te doen het, weet dat 
ons voor 'n ernstige tekort staan. Die vraag 
is nou wat ons te doen staan. 

I n die eerste plek meen ek moet die ower­
hede by die opstelling van leerplanne vir 
matrikulasie daarvan kennis neem dat die 
fi.siese vakke soos matesis, fisika en skeikunde 
in hierdie tegnologiese eeu waarvoor ons 
staan 'n steeds grater rol gaan speel. Geen 
kind wat 'n natuurlike aanleg in die rigting 
het, behoort die geleentheid ontse te word om 
daannee kennis te maak nie. Trouens Suid­
Afrika sal elke moontlike werkkrag in die 
rigting nodig he. Die skole moet dus almal 
ingeri:r word om 'n kursus in skeikuncle­
natuurkunde te doscer. E!ke kind moet tot by 
standaard 8 kennis maak met die fundamen­
tele beginsels van die vak en rekenkunde. 
Onlang; op 20 Oktober 1955 het 'n verslag 
in Pretoria verskyn van 'n Oorsese Sending 
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in verband met Gedifferensieerde .Middelbare 
Onderwys in Transvaal. 'n Mens sou graag 
sien dat daar by die uitvoering van die aanhe­
nlings Yan die verslag ook s~siaal aandag 
gewy sal word aan die noodsaaklikheid dat die 
kind met aanleg vir die fi.siese yakke na 
~tandaard 8 geleentheid gegee sal word om 
"n meer intensiewe op!eiding te geniet in die 
fisiese wetenskappe, lJet soos in Duitsland en 
Holland. Die kincl wat meer aanleg het vir 
die biologiese vakke of tale moet op dieselfde 
manier kan spesialiseer in sy eie rigting. 

In die tweede pick moet onderwysers van 
natuurwetenskaplike vakke, indien nodig. 'n 
ekstra vergoeding ontvan·g om te verhoed dat 
al die bestes verkies om in navorsingsinrig­
tings of industriee werk te sock. Die onder­
wysers rnoet die kinclers besiel en a.anmoedig 
om in die rigting verder te ~tudeer aan die 
universiteite. 

Suid-Afrikaame univers1te1te moet ook 
meer somervakan~:<ie-kursusse aanhied vir 
onderwysers om hulle kennis van die nuutste 
ontwikkelinge van die wetenskap op te fris. 
Onderwysers moet oak studieverlof ontvang en 
heurse om vir ekstra uitgawes te vergoed 
sodat bulle van twl tot tyd vir een jaar kan 
teruggaan na die unive.rsiteite om bulle Yerder 
in die wetenskappe tc hekwaam. 

:Net soos in die geval van landbou moet 
spesiale studiebeurse vir studente in die 
natu.urwetenskappe en ingenieurswese aan die 
nniversiteite beskikbaar gestel word. Studente 
moet aangemoedig word om indien enigsins 
moontlik die meesters- of doktor~graad te be­
haal. 

Stappe moet geneem word om te sorg dat 
die natuurwetenskaplike en ingenieur op die 
selfde basis as die mediese professor of navor­
ser ,-ergoed word vir sy dienste. As vroe~re 
dosent aan die Universiteit van Kaapstad kan 
ek getuig dat die student in die natuurweten­
skappe niks vir die kollega in die medisyne 
hoef agteruit te staan nie. Vir die rede moet 
by op gelyke \'oet besoldig word. Dit sal ook 
meehring dat meer studente net soos in Rus­
l'and aangemoedig ~al word om in hierdie 
rigting te stu deer. 

Die industriee wat genoodsaak sal wees om 
outornatisme toe te pas as hu.lle op die wereld­
mark wil meeding, moet sorg dat hulle arbei­
ders opgelei word in die nuwe tegnieke. Die 
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industriee moet ook self kursusse invoer om 
bulle vakleerlinge op te lei op die gebied van 
outomatisme en natuurwetenskappe. Dit is 
die gebeim van die groat sukses van die na­
oorlogse Duitse industrie. 

IV. SLOT 

Die volgende 50 j aar hied 'n geweldige uit­
dagin~ aan vir die wereld en ook vir Suid­
Afrika op die gebied van die natuurwetenskap 
en tegnologic. Dit wil voorkom asof Rusland 
dit reeds vir die afgelope 10 of 20 jaar besef 
het en dat hulle stelselmatig en doelhewus 
met bulle regeringstelsel daarvoor voorberei 
bet. Toe ek verlede jaar die "Atome vir 
Vredc" konferensie in Geneve as 'n Suid­
Afrikaanse afgevaardigde bygewoon het, was 
ek verbaas oor die besonder deeglike werk 
wat deur die jong Russiese fisici gedoen is. 
Hulle het daar ontpop as beelternal die gelykes 
van die Britse oi Amerikaanse atoomdeskun­
diges. Ek bet self leidende Amerikaanse fi.sici 
hulle verbasing hoor uitspreek oor bierdie 
feit. Vandag wen die Russe reeds die agting 
van lande soos Sjiena, Indie en Egipte met 
hulle vordering op die gebied van kernenergie. 
Sjiena is reeds besig om Rusland se voor­
beeld te. volg met die opleiding van weten­
skaplikes. 

Dit was die toepassing van die wetenskap 
wat die Weste gedurende die afgelope 150 
jaar die voorsprong oor die Ooste verskaf het. 
Gaan ons toelaat dat die Ooste ons verby­
streef op wetenskaplike gebied of gaan ons 
ons omgord en die stryd aanbind saam met 
die groat lande van die Weste? 

Die oplossing is baie duidelik. Ons bet die 
rnateriaal in Suid-Afrika. Etlike buitelandse 
professore het al aan my geskryf dat die Suid­
Afrikaanse student niks.boef agteruit te staan 
vir sv Europese of Amerikaanse kollega nie. 
Dit i~ oak die mening van 'n paar buitelandse­
dosente aan Suid-Afrikaanse universiteite. Ons 
meet egter planne beraarn om die talent te 
ontdek en te ontwikkeL In hierdie opsig kan 
die organisasies soos die Suid-Afrikaanse 
Genootskap vir die Bevordering van Weten­
skap ook behulpsaam wees. My wens is dat 
die idees wat bierbo uitgespreek is, daartoe­
sal hydra dat die regte ~tappe betyds in Suid­
_\frika geneem word. 
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Vintage Wine Made in 

Laboratory 

Twelve of the thirteen substances which 
contribute chiefly to the taste, aroma, body 
and all the other characteristics of wine can 
he made in the laboratory, according to 
chemists of the University of California. The 
thirteenth substance is exclusively a grape 
product. It is the tannin formed from the 
seeds and stems of grapes, imparting a dry 
quality to wines. Among the substances the 
scientists found in wine are ethyl alcohol, the 
sugars dextrose and laevulose. glycerine. 
which gives wine its "body", fruit acids and 
cream of tartar. Sulphur dioxide presen-es 
the wine, and ethyl acetate and acetaldehyde 
are the substances that give wine its aroma or 
bouquet. The scientists are now trying tn 
determine whether they can synthesize a parti­
cular vintage by mixing the chemicals in the 
proper way. 

No Metal Adequote for Space 

Travel 

The best materials found on earth will dis­
integrate after prolonged exposure to space 
conditions, and even the most promising 
alloys are inadequate, according to re· 
searchers in the United States. The scienti8ts 
make this allegation after testing nearly thirty 
metals in a "space chamber" imitating condi­
tions to be found 4-00,000 feet and more above 
the earth. In this chamber samples of metah 
and other materials are bombarded with in­
Yisible electrically-charged particles that mo\·e 
as fast as 20,000 miles an hour. The pur· 
pose of the work is to find out w·hat metals 
will withstand the prolonged attack by atoms 
and molecules that are found ahoY~ the earth. 
It is hoped that the space chamber will en­
able scientists to design high altitude Yehicle~. 
The work may also be important for the con· 
struction of the artificial earth satellite to ],e 
launched by the United States. 



FLUORESCENT SPECTRA OF SOME ORGANIC CRYSTALS 

ABSTRACT 

Observa tions have been made of the microrrystal­
line fluort'scencc >p .. ctra of anthracene, 1 :2 benzan­
thracene and eleven of it• tweh·e mono-methyl 
derivatiw::. The spectra wer<! excited by 253.7 1nu 
radiation aud the- relnth:.o quantum intensities 
observed with a calihra!t'd ~pcctrophotomPtt'r and 
photomultiplier. :\ualy~is of the re~uhs shows 
;.pectral shifb due to t"IIVironment and to methyl 
;ubstitution. An unusual effect in the 5-methyl and 
a-methyl compounds is reported. 

li'\TRODUCTIOl\" 

· Ahsorption >'pectro~copy in the ultra-vio let 
is a well-estab lishcd and important tool for 
the study of aromatic organic compound!'l. 
Fluoresc«:'ncc spectroscopy of these com­
pounds ha~ received much less a ttl':ntion. 
despite the ~ucce>'s of the classic researches 
h.y which 3 :4, benzpyrene. the potent carcino­
f!Cn. was identified and isolatf'd from coal-tar 
.?xt~acts hy means of its fluorescence spec­
trum2. In view of the biological importance 
and chemical interest of ma1w such com­
pound~. it i10 surprising that often the only 
data avai lable on Lhf'ir fluorescPnce emission 
de~cril1f'~ it yagueh- as "hlue"' . <'b lue-green". 
'"!!:reen". etc .. and as '·intense"' or '·weak". 
S~hoental and Scou:·: haYe obserwd photo­
graphica l!~- the fluorescence spectra of a 
number of polycyclic hydrocarbons in solu­
tion. l\Jore recPntlv cletailed studie~ have 
been made of the · crv;:talline fluore~cence 
;;pcctra of tht> <>implcr- compounds such as 
h.enzcne. naphthalf'ne and anthracene by e.g:. 
Craig and Hohbins4

• PesteiP and others, 
fo llowin,g Kortum and Finckh G. 

Th._, trchnique introduct>d hv Birk~ and 
Lilt le 'i' and t>xtended hy Birks and W ri!!l1tS 
i;: particularly suitable for quantitatiYe 
•tudie~ of crystalline fluorescence spf'ctra. 
Tht> usr. of microcrpta lline layf'rs enable" 
IhC' comp lclf' molecul ar emission spectrum 
to hf' oh~C'n·<'d. while the u~P of a calihrated 
)•llOto-multiplit>r for detection rnables the 
r f'latil·c quantnm i11trnsity to be determined. 

Anthracene. l : 2 benzanthracene and the 
met h y I df'ri vu t iw~ of l : 2 henzanthrncme 

·Now at British Dielectric Research Ltd., 38, Wood 
1.. -:- ne. London, W.l2, England. 
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were cho~en for study by this technique for 
various reasons. Data on the fluorescence 
spectra of these molecules in liquid solution 
are available3, so that the effects of molecular 
crvstalline environment can be obtained by 
co-mparison . The effect of methyl substitu-
1ion in the 12 alternative positions in 1 :2 
benzanthracene is of interest for ·comparison 
with the predictions of molecular orbital and 
valence-bond theories. 

Moreover, certain of these compounds are 
carcinogens, and further light might he 
thrown on this important biochemical 01 

biophysical property. 

EXPEUT:V!ENTAL METHOD 

The fluorescence spectra were Pxcited br 
monochromatic radiation of wavelength 
253.7 mu. An intense steady source wa!'­
ohtained by using a 7-watt Model 11 Hanovia 
mercury discharge tube. in which a large 
proportion of the energy radiated is of 
253.7 mu wavelength. In this spectral region 
the extinction coefficient of the crystals is 
so high that all the incident radiation is 
absorbed in a few waydengths thickneoss. 

The thin discharge tube was placed in the 
entrance plane of a quartz ~peclograph who~e 
entrance slit mechanism had been removed, 

. and an intense image of the 253.7 mu line. 
rrsolved from the other mercury lines, was 
formed in the t'Xit plan!" of the spectograph. 
This radiation was focussed on the specimen. 

The fluore>'eCtlcc spectra were observed· 
using a Cenco grating spectrophotometer and· 
an E.M.I.6262 photomultiplier tube, operat­
ing from a stabilised power unit and coupled 
to a ~ensitivc galn.nometer. The grating· 
mounting employed is such that the spectro­
photometer has a constant wavelength band­
width, and its ,-ariation of transmission co­
efficient with wa\'e]rngth had been measured. 
The relative spt>etral response of the photo­
multiplier had also been dctermined9 . 

The photomultiplier output current was 
therefore corrected for the overall response 
of the spectrophotometer and the photo-

Suid-Afril:aanse I oernaal vir Wetenska]J' 
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multiplier to give readings proportional to 
the intensity, I, of the fluorescence. 

RESULTS AND DISCUSSION 

Anthracene · 

Figure I shows the fluorescence spectra of 
anthracene specimens with quantum intensity, 
lA, which is proportional to I/hv, plotted 
against wavelength, A. 

{a) from a microcrystalline layer, in which 
the reabsorption is negligible; and 

(b) from a I em. thick crystal cube which 
partially reabsorbs its own emission. Both 
spectra were measured in transmission 
through the specimens. 

The microcrystalline specimens were pre­
pared by evaporation from dilute solution 
.onto a glass plate. Their thickness was 

chosen as O.Iu approximately to give 
optimum resolution of the spectral vibra­
tional structure. Reabsorption is negligible' 
.and the spectrum observed approximates to 
the true molecular fluorescence emission. 

For the -thick crystal, about 80% of the 
fluoreseence emission is reabsorbed within the 
erystallO. Molecules too distant from the 
surface to be excited directly by the incident 
radiation absorb some of the fluorescence 
emission, and in turn emit fluorescence radia-

South African Journal of Science 

tion. This photon cascade process 11 proceeds 
through the body of the crystal, which effec· 
lively filters out the portion of the spectrum 
to which the crystal is not transparent. The 
thick crystal spectrum is called the technical 
fluorescence spectrum. The effect of reab­
sorption of fluorescence in anthracene is 
pronounced because of the considerable over­
lap of the absorption and emission spectra. 

The microcrystalline spectrum corresponds 
to the complete set of transitions from the 
first excited singlet electronic state of the 
molecule to the ground state. The maxima 
are due to the ground·state vibrational struc­
ture, and correspond to the following energy 
transitions, in decreasing magniture (Figure 
2). 

(0) lo-Oo, (1) lo-01> {2) lo-02, 
{3) I 0-03 • 

The amplitude of the peaks corresponds to 
the relative probability of the transition to 
the particular vibrational state. 

I :2 Benzanthracene and Mono-Methyl 

Derivatives. 

~1easurements have been made of the 
microcrystalline fluorescence spectra of I :2 
benzanthracene and eleven of its twelve mono· 
methyl derivatives, namely, 2'-, 3'-, 4'-, 3·, 4· , 
5-, 6-, 7-, 8-, 9-, and IO- methyl, using speci-

F'IG. 2. ENEilGY L EVEL DIAGRAM. 
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mens O.lu thick. Each of the compounds has 
a similar high molar extinction coefficient for 
the exciting radiation (253.7mu), so that over 
90% of the incident radiation is absorbed 
in this thickness. The specimens are prac­
tically completely transparent to their own 
fluorescence emission. In order to compare 
the relative intensities of the fluorescence 
from different compounds, the same standard 
conditions of preparation, excitation and 
observation were observed throughout. Figure 
3 shows the molecular fluorescence spectrum 
of l : 2 benzanthracene. It will he noted that 
the vibrational structure is similar to that of 
anthracene, and there is little difficulty in 
assigning the principal maxima observed to 
the corresponding vibrational transitions. 
The general fo1·m of the spectra of the mono· 
methyl derivatives is similar to that shown in 
Figure 3, with the exception of the 5-methyl 
and 8·methyl derivatives, whose spectra are 
diffuse. The spectrum of 5-methyl 1 :2 ben­
zanthracene is shown in Figure 4. 

The detailed results and analysis are being 
published elsewhere t2 but the principal effects 
observed are as follows. 

lfi!.ATIVE 
QUANT Vi.! 

lt.ITlWSITV 

lA 
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{a) In the free molecule (i.e. in solution} 
the wave-number interval .6v' ~ 1400 cm·.l 
between all the vibrational bands is similar 
in all the compounds (Schoental and Scott 
1949). 

In the crystalline molecule, .6u' between 
hands 1 and 2, and 2 and 3 (Fig. 2), and 
higher bands, has a similar value ~ 1370 
cm·l for all the compounds except the 
5-methyl and 8-methyl, where there is no. 
vibrational structure. Hence the interval 
between the 1st, 2nd, 3rd vibrational levels 
of the grou11d state is not generally perturbed 
by the crystal environment. The quantum 
intensities of these bands decrease monotonic­
ally. 

(h) The complete crystalline spectra are 
shifted to longer wavelengths relative to those 
of the free molecules. This is due to the 
" solvent " effect, attributable to the different 
permittivity of the environment. 

(c) The .6v' interval between bands 0 and 
1 in the crystalline molecule is in general less 
than 1370 cm·l, the lowest value being 900 
cm·l for anthracene (Figure 1). This effect 
is attributable to the overlap of the absorp· 
tion edge and is accompanied by a reduction 
in the intensity of the 0 band. The magni­
tude differs for the different compounds. 

A~tgu.stus 1956 



(d) In the case of the 5-methyl (Fig. 4) and 
8-methyl compounds, there is a major shift 
of the whole lipectrum and there is no 
re~olved molecular structtJre. This is prob­
ablv an extreme case of an "exciton" shift13 

and it merits further detailed study. It ha~ 
since been observed in other compounds, and 
it is usually accompanied by an abnormally 
long fluore~cence dr.cay time. 

(e) Methyl substitution in different posi­
tions in the l : 2 benzanthracene molecule 
produces a spectral shift (band l is taken as 
reference) towards longer wavelengths rela­
tive to the parent compound. The magnitude 
of this shift varies from 50 cm·l for 2 ' -methyl 
to 420 cm·l for 9-methyl. Similar shifts are 
observed for the free molecules (Schoental 
and Scott 1949). The shifts observed in the 
5-methyl and 8-methyl molecular crystals are 
=:= 4000 cm·l however, compared with only 
=:= 200 cm·l for the free molecules. 

The spectra tim:- reveal the existence of 
several interesting molecular and crystalline 
effects, some of which have not been pre­
viously reported or recognised. 
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D .EPAUTMENT OF PHYSICS, 

RHODES UNI\'EttSITY, CRAIIA:USTOWN. 

Fourth Alex. L. du T oit MemoriaL 

Lecture 

Orders for copies of this lecture may now 
be placed and are available to members of 
s~ A3 at the nominal charge of 45. per copy. 
Postal orders should he made payable to the 
Geological Society of South Africa and should 
be sent to the Joint Secretaries, S2 A3 , Box 
6894-, Johannesburg. 

lboga: A Plant that Prevents 

Fatigue 

The stimulant properties of the iboga plant 
have long been known to various Central 
African peoples. The Pygmies chew iboga 
leaves and stalks before certain tribal cere­
monies during which they must remain awake 
for several days, drumming on their tom­
toms. Other tribes use the plant for initiation 
ceremonies, when adolescent boys are left 
alone to roam the forests for five days, living 
solely on the iboga plant. Hunters of certain 
trib~s also consume iboga before undertaking 
particularly long and dangerous t reks through 
the forest. French chemists, who have been 
carrying out resea.rch on the plant over the 
past ten Years, have now succeeded in extract­
ing alkaloids from which they can manufac­
ture a stimulant with very little toxic effect. 

(Unesco). 
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The World of Science 

THE TELL~TALE TREE 

Three thousand-year-old giant sequoias 
from the forests of California are todav en­
abling scientists to delve hack deep int~ the 
past and establish an accurate chronology of 
life in prehistoric times. 

The method, evolved in the United States 
but as yet little known in Europe, was fore­
shadowed at the beginning of the 19th cen­
tury hy the English chronologist Henry Fynes 
·Clinton. Known as "dendrochronology" 
from the Greek "dendron" - tree, and 
"chronolgy" -- the science of time and dates, 
it is based on the study of the different layers 
-of wood which form the trunk of a tree. 

The process of tree growth has been known 
:£or centuries. Almost all children are taught 
1n school that each year a new ring forms 
around the core of the tree. By counting the 

. number of rings it is easy to calculate the 
age of the tree. But for hundreds of years 
nobody suspected that any other information 
could be gained from the study of these rings. 
It was known that the lighter coloured, better 
developed part of the ring forms in the spring, 
while the wood cells that grow· in the autumn 
are harder, more compact and darker in col­
our. When spring comes {!.round again -
after the winter halt in natural growth -the 
cells are once more pale in colour and better 
developed. 
. Several scientists includ4Ig Ernst Antevs 
a nd Andrew Douglass of the University of 
Arizona, believed, however, that this alterna­
tion of different layers of wood could be 
jnterpreted to reveal other data than the mere 
age of trees. They noted variations in the 
thickness of the layers which appeared to 
correspond to variations in climate over the 
years. Their theory seemed to be borne out 
by the fact that when differ~nt trees growing 
in the same area were studied, every species 
revealed the same type of layer for each suc­
cessive vear. 

This led the American scientists to devise 
a means of identification for each type o£ 
layer. Douglass gave them code numbers ac-
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cording to the species of the tree, the position 
of the layer on the cross·section of the trunk 
and other characteristics, while Antevs used 
a graduated chart to describe the different 
rings. 

Both these methods of identification now 
enable scientists to draw up a complete 
"climatic biography" of the life of a tree. By 
examining a 70-year·old pine, it is possible 
to follow all the atmospheric variations which 
occurred, for instance, between 1886 and 
1956. And a three thousand-year-old Califor­
nian equoia offers an almost unlimited field 
for research. · 

The trees of any one region present com­
mon growth characteristics. By " deciphering" 
the data contained in the layers of a wooden 
beam discovered in an ancient Inca dwelling 
and comparing it with trees of the same re­
gion, it is relatively simple to obtain informa­
tion on the age of the bea~ and the per iod 
when it was made. It has thus been possible 
to date a piece of timber hewn in 14-73 and 

. a wooden prop supporting the roof of a house 
in Mexico which was still a shrub in 1344. 
Other specimens examined have been traced 
back to the year ll A.D., and the record thus 
established covers fifteen centuries of Ameri· 
can Indian prehistory. Step by step the arch­
aeologists are able to work back over hun­
dreds and even thousands of vears. 

Climate by Tree Rings. 

This method of dating is extraordinarily 
accurate. Douglass has worked out a scietnti­
fic system of cross-checking which only leaves 
room for an extremely small margin of error 
- never more than one year or the time it 
takes for a ring of wood to form in a tree. 
This is much more precise than the method 
based on the radioactivity of Carbon 14 where 
the margin of error is as much as 200 vears 
for an object dating back to the beginni~g of 
the Christian era. However, the Carbon 14 
method offers the distinct advantage of cover­
ing a much longer period of prehistorv than 
dendrochronology. · 
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Apart from its value to historical and pre· 
historical research, dendrochronology is an ex­
tremely useful adjunct in other fields of study. 
Research undertaken in the Uuited States has 
revealed that there is a distinct relationship 
between the :;:peed at which the layers of wood 
form during a given period and all the other 
climatic phenomena of the same period. Pro· 
fessor Douglass has demonstrated the close 
correlation between the growth rate of tree 
rings and the solar cycle, for irregularities in 
the seasons coincide with the phenomenon of 
!'>unspots. Accordingly, it has now heen proved 
that the length of the solar cycle has varied 
in past centuries. Specimens of wood exam· 
ined in Arizona show that in the 17th century 
this cycle extended only over tt>n years when~ 
as today it covers eleven yel!rs. 

Dendrochronology is a new science but it 
offers immense possibilities for historians, 
meteorologists and geographers. It will en· 
able them to unravel many mysteries of the 
past, and provide further data on the climatic 
changes which have taken place during the 
centuries. It also holds the promise of a better 
knowledge of Nature which mankind is ever 
seeking to master. (Unesco). 

Camera Lens 

A new camera for taking amateur moving 
pictures has a re' olutionary new device which 
automatically adjusts the lens opening for the 
correct exposure under the prevailing light 
conditions. The light control mechanism 
operates on the same principle as the humnn 
eye, contracting in strong light and opening 
for weak light. The camera can follow the 
actions of people moving from areas of deep 
shade into strong, hright sunlight ani! hack 
11gain to deep shade without any adjustment 
for the changing light hy the operator. The 
mechanism that changes the size of the lens 
ouenin~ is activated by an electric eye or 
photo-electric cell. Impulses from this cell 
operate a ~mall motor which operates on elec­
trical power provided hy six tiny mercury 
r.dl batteries. A warning flag in the camera'~ 
view finder tells the photop:rapher when th~: 
li~ht is too weak for good pictmes. (Usi~). 
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METALS 

:\h:TAL INDUSTRY HANDIIOOK AND DIRECTORY, 1956. 
l.ondon, Louis Gassier & Co. Ltd. 472 pp. Numer· 
ons tables. Price 15/·. 

This well known publication, now in its 44th 
year, is an ideal reference work for the buying, sell­
it:g ant! use of non.ferrous metals and alloys. It 
is divided into sections covering· the general pro· 
pr·rtif's of metals and alloys, general clnta and tables, 
electroplating, polishing and finishing, and a direc· 
tory for buyers. In this form, information is easy 
to find although a vast amount of detail is present. 
Trarle names, mnnr of which are YCI'}' similar, can 
be a source of great confusion, and a welcome new 
inclusion is the list of proprietary alloys together 
with their manufacturers, compositions, propertie~ 
and uses. 

This compact but exhaustive handbook is well 
worth its rrnsonable price. 

R. B. G. YEO. 

MINERALOGY 

ffANORTICJI DEn MIKROSKOPIE IN DEn TECHNIK. 
Dand IV Teil I. Mikroskopie der Gesteine edited 
by Dn Huco FREUND WETzun. Pp. xxiii + 873; 
Umshau Verlag, Frankfurt am Main 1955. DM 
98 net. 
This volume forms port of the series being pub· 

lished on the application of the microscope to tech· 
nology. 

Prof. H. v. Phillipsbom of Bonn deals with the 
historical background of the petrological microscope 
from the seventeenth century to the present day. 

Prof. W. Trager of the Technischcn Hochschule, 
Darmstadt, describes the optical properties of the 
important rock.forming mineral~. These are given 
in considerable detail with excellent drawings, 
photomicrographs and a large number of graphs. 
Over a hundred minerals are described including 
all the characteristic minerals found in igneous, 
sedimentary and metamorphic rocks. The section on 
the felspars alone covers forty pages and that on 
the pyrnxene group twenty pages. 

The section devoted to the petrography of rocks, 
by Prof. D. Hoenes of the Tecbnische Hochschule, 
Karlsruhe, describes mrnsurements under the micro· 
scope, such as grain ~:ze, geometric proportion of 
minernls, shape of grains, orientation of grains 
(petrofabrics) etc. Considerable detail, minera. 
logical and textural, is given for all the three major 
groups of rocks. Interesting paragraphs on the 
behaviour of the different rock types subjected to 
exposure and weathering in huildings etc., are given. 

Prof. C. W. Correns, Gottingen University, and 
Dr H. Pillar of Zeiss·Winkel have contributed the 
section on the microscopic examination o{ clay 
minerals. Methods of preparat.ion, variation in pro­
perties, staining techniques, etc., are discusserl. 
Detailed optical properties. are given. 

Aug"st 1956 
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.\ final ~ec.Lion eunlrHmtec:l ],y Dr S. Mall ltr~, 
deals with the optical properties of asbestos. 

The volume covers a large field in petrography 
in considerable detail, and is liberally illustrated. 
Probably beyond the means of the average student, 
the book is of value to libraries in scientific institu­
tions and universities, and particularly technical 
departments of industries concerned with rocks and 
minerals. 

E.M. 

ACRICUL TURE 

MANACINC THE FARM BusiNEss, by R. R. BENEKE 
{1st edition) . New ·York, ] ohn Wiley and Sons, 
Inc. 1955. vi + 451 pp. 158 figures, 80 tables. 
Price $3.96. 
Though written for American students of farm 

economics, excellent use can be made of this book in 
South African faculties of agriculture in courses 
on farm organization and management for under­
graduate students. Although every one of the 21 
chapters is an excellent contribution, as far as South 
African readers are concerned special attention can 
profitably be given to the chapter on soil conserva­
tion measures in which a large number of economic 
factors are dealt with. The book is exceedingly well 
written and each chapter contains a fairly complete 
and appropriate list of references. 

F. R. ToMLINSON. 

MATHEMATICS 

ADVANCED "CALCULUS. An Introduction to Classical 
Analysis by Loms BRAND. New York. John Wiley 
and Son. London, Chapman and Hall Ltd. xii + 
574 pp. 1955. Price $8.50. 
This is one of the most comprehensive and satis­

factory books of its kind available. 
Starting from a discussion of groups and fields 

the author leads the student naturally to the real 
and complex number systems. Especially good are 
the sections on "sequences', "vectors" and "the 
definite integral". It is refreshing to find a clear 
presentation of such topics as "cluster points", 
"bounded sets", "nested intervals", etc. The author 
early touches on the fascinating subject of trans­
finite numbers, gives the Cantor-Dedekind Axiom 
and interests the reader by posing the famous "con­
tinuum" problem. 

For some years past, of course, vectors have been 
increasingly used in treatises on advanced calculus, 
and the author follows the now accepted practice 
of devoting a chapter to this topic delving, however, 
1·ather more deeply than is usual. It is, perhaps, a 
pity that only the Riemann Integral is discussed. 
The more so as the author introduces the concept 
of "a set of zero measure" and could have led easily 
to mention of the Lebesgue Integral. this, however, 
is a small matter when contrasted with .the general 
excellence of . the work. 

There is a chapter on Functions of a Complex 
Variable and examples of the evaluation real inte-
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grals Ly th~ "contour'' methoJ. Tl•e book closes 
with u discussion of orthogonal sets of functions, 
leading naturally to Fourier Series. Four appendic.es 
deal with a couple o{ theorems on "cluster points", 
and introduce, hriclly, "difference equations", "the 
difference calculus" and "dimensional checks". 

111. G. CLAnKr;. 

ASTRONOMY 

l\fJ::1'£0n AsTRONOMY, by A. C. B. LovELL. Oxford: 
Clarendon Press, 1954. xiv + 444· pp., 187 figus. 
Price 60/-. 

This monumental volume, intended to be the first 
of two parts of a comprehensive textbook, is the 
first of its kind to appear since C. P. Olivier's well 
known text which. is now already tl!irty years old. 
During the intervening generation the whole field 
of meteor astronomy has been enlarged and in a 
great measure fundamentally revised, mainly as the 
result of the photographic work at Harvard and of 
t.he application of short-wave radio techniques. The 
time is thus more than r ipe for a work such liS 

this, 11nd one can think of no one more competent 
than Lovell, himself one of the leaders of the new 
developments in radio-astronomy, to have written 
it. 

After a discussion of the observational techniques, 
hoth those of ordinary astronomy and of the radio­
echo method, and a brief excursion into the equa­
tions of meteoric motion, Lovell proceeds to discuss 
in great detail and "·ith great ins.ight the results 
of the application of these techniques. The results 
are grouped under the main heads: number and 
mass distributien of sporadic ancl o£ shower meteors, 
the velocities of sporadic meteors, the major meteor 
showers, and the cosmological relationships of 
meteors. The neces&ary theory is given at all times, 
and the hook fill s with great distinction what has for 
Jt.ng been a noticeable gap in astronomical litera­
ture. It will certainly become the sti!Ddard text for 
meteor astronomers, and one looks forward with 
·eager anticjpation to the promised second volume, 
on meteor physics. 

A.E.H.B. 

Tm: HISTORY OF AsTRONOMY, by GroRciO ABETTI 

(translated from the Italian Ly Betty Burr Abetti) • 
London: Sidgwick and Jackson, 1954. xv + 328 
pp. 34 plates. Price 25/-. 

Among the sciences, that which exhibits the most 
clearly mnrked unity is astronomy, which may ex­
plain why there are more readable histories of that 
science than of any other. Professor Ahetti has added 
another valuable work to the list of semi·popular 
books 'n the history of the development of man's 
understanding of the starry heavens, which will 
certainly prove of interest and value to every student 
of astronomy. Ev!'n the interested layman will find 
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'Yes, I've checked 
these graduations 

most carefully ••• 
• . .. J'vc never yet found the slightest inaccuracy 
in a 'PYREX' Glass graduated Burette, or in fact 
;n any 'PYREX' gradua ted vessel.' 

'Our work is rather special, so we always usc 
Works Class A standard , but 1 am sure we'd be 
l:uite mfe in using Works Class B at the lower 
cost. Of course we keep NPL Class A for all 
our research work.' 

'What about breakages?' 

'Very few, Sir! You see, 'PYREX' can be made 
so much more sturdy and robust because of its 
low coefficient of expansion (actually 3.2xt0·6) 
-and we never have breakage through heat, nor 
any sign of chemical attack.' 

' PYREX ' brand laboratory glassware 
s made in England only by James A. Jobling & Co. Ltd., • 

Sunderland, England. Supplies can be obtained 
from all the main Laboratory Furnisher.; 

• . .. u;O rtAOf ... U& 

in rhe Union . 

JAMES A JOBLING & CO LTD 
Wear Glast Works Sunderland 
Eneland 

Arcnts to the Union ot South Africa Messrs. floss-Elliott an~ 
M;Kcllar (Pty.) Ltd., with branches at lohanncsburr. CapeTown 
Port Elizabeth. Salisbury, Durb;a,n. 
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ll'!. tins book an emincnliy readalJie story, stretclung 
from the early beginnings of the science among the 
Babylonian:; to the major c<>ntrihutiuns of our own 
times. The author has added to the value of the 
work by paying attention, not merely to the pro­
blems and their solution, but also to the men who 
contributed to the development of the science, thus 
adding a touch of humanity to an already fascinat-
ing narrative. 

A.E.H.B. 

BIRDS 

CHECK LIST OF BIRDS OF THE s.w. CAPE, 1955. 
Published by the Cape Bird Club. 59 pp. 1 Map. 

This list gives a picture of present knlJwledge of 
bird distribution in the South West Cape. Based 
es~entially on sight rec rrds and published literature, 
it contains the names of 320 species, all of which 
have bet-n observed in the area since 1930. The 
distribution of the binls by disti·ict is indicated, 
and an appendix is included of extinct and doubtful 
~pecies, old records and escapes. 

J.L. 

THE HEAVENS IN SEPTEMBER':' 
SUN 

E(Jllinox 011 the 2:~nl at 3.36 a.nJ.. 

MOON 
New l\foon on the '1Lh at 8.57 p_m. 
First Quarter on the 12th at 2.13 a.m. 
Full Moon on the 20th at 5.19 a.m. 
Last Quarter on the 27th at 1.25 p.m. 
Perigee on the 3rd at 6 a.m. 
Apogee on the 15th at 7 a.m. 

. PLANETS 

MERCURY evening star, stationa.ry on the 13th, 
inferior con.iunction on the 26th, morning star after 
that date, one degree nor th of the Moon on the 
6th at 7 p.m. 

VENUS morning star, one degree n orth of the Moon 
on the 1st at 2 p.m., 9 degrees south of Pollux on 
the 2nd. • 

l'\'L~IIS in Aqaarius, nearest to the Earth ( 35 million 
miles) on the 7th, opposition on the 10/llth at 
midnight, 11 degrees south of the Moon on the 
19th at 4 p.m. 

JuPITER in Leo, conjunction on the 4-th, 6 degrees 
north of the Moon on the 5th at I a.m. 

SATURN in Libra, 2 degrees north of the Moon on 
the lOth at 9 a.m. 

Bulletiin. 

•Data supplied by Vn!on Ob ser vatory, J ohannesburg. 
August, 1956. 
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PROGRESS IN 

CHROMATOGRAPHY 2 

SEPARATION OF LARGE MOLECULES 
BY ELECTROPHORESIS 

Since most large molecules and colloidal particles 
carry a charge, electrophoresis is obviously a con­
venient method of separation. However, the disad­
vantage is that, when the potential gradient is merely 
applied across a buffered solution of the material to 
he separated, r e-mixing may occur owing to convec­
tion currents, and complete resolution of the fractions 
is not possible. 
Such difficulties have been overcome by using filter 
paper to provide a capillary mesh to hold the solution. 
Each end of a filter paper sheet soaked in buffer dips 
into a trough con taining an electrode and a quantity 
of the buffer solution. When 11 solution of the test mat­
erial is applied to the centre of a strip, its components 
will migrate towards one or other of the electrodes. 
Their direction and rate of travel (hence their position 
on the strip) will furnish a clue to their identitr. 
Re-mixing cannot occur, and the fractions are 
aYailable for both qualitative and quantitative 
examination. 

ELECTROPHORETIC ANALYSIS 
OF SERUM PROTEINS 

IN CHRONIC RHEUMATIC DISEASES 
The analysis of serum protein for purposes of diag­
nosis has been greatly advanced by paper electro­
phoresis. Kunkel and Tiselius ( ]. Ge11. Physiol., 35: 
89. 1951-2) have described a procedure which is 
'extremely simple and surprisingly accurate', but lay 
great stress upon the importance of using the right 
filter paper. The reason for this is that, though human 
albumin migrates towards the anode, there is an 
electro-osmotic flow of buffer solutions towards the 
cathode. It has been found that What man 3M:'IL paper 
is satisfactory in reducing this flow to the desired 
minimum. The physician's diagnosis is confirmed by 
an increase of gamma globulin and some decrease in 
albumin, both of which are revealed by simple 
inspection. The paper strip method brings electro­
phoretic analysis well within the scope of normal 
clinical laboratory routine, and compares very 
favourably with previous techniques on cost, time, 
and accuracy. 

Now that you have read tl1is report it may ocwr to you that Chroma­
tography can help you in your research or production progrmume. If 
so, Ol4r lo11g experie11ce in this specialised jidd is at your fit!/ disposal. 
Discuss the possibilities of chromatography with 
H. REEVE ANGEL & CO . LTD 
"9 BRIDEWELL PLACE LONDON, E.C.4 

Sole Distribntors of 

WHAT MAN FILTER PAPERS 
(Manufacturers W. & R. Balsto1z Ltd-) 

Sole Agents in Souch A/rica: S.A. Druggists Ltd., Div. Macdonald Adams & Co. 
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a Kodak High Speed 

Camera? 

You can take up to 3,200 pictures 
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the picture moves as much as 200 times 

slower on the screen. Taking these 
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ing to parts moving so fast they're just a blur to your naked eye. 
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You can use the camera out of doors to photograph the 

action of a lawn mower, aircraft propeller, or motor car tyre. 

You can use it on wiring electrical components like relays, 
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Energy Transfer in Organic Systems 

I: Photofluorescence of Terpheny 1-toluene Solutions 

BY J. B. BIRKSi" AND A. J. W. CAMERON 
Physics Department, Rhodes University, South Africa 

Jl!IS. received 9th January 1958, and in final form 5th lvlarch 1958 

Abstract. The fluorescence quantum intensities of normal and oxygen-free 
solutions of para-terphenyl in toluene have been measured as a function of 
concentration c and of excitation wavelength A from 2200 A. to 3300 A. 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. 

fis found to depend on A. For a given c,f=/1 in region 1 (A=2500-2650A.), 
f= / 2 > / 1 in region 2 (A= 2200-2350A.), and/2 > f> / 1 for intermediate A. Regions 
1 and 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 l0-11 sec, competes efficiently with conversion to the 1st excited 
state of toluene. 

§ 1. INTRODUCTION ~-· . :~· · · 
r ~ 

T
HE high fluorescence efficiency of certain organic liquid solutions, w en 
excited by ionizing radiations, was observed initially by Ageno, Chioz~oto 
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, although the fluorescence 
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 

t 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 been suggested. These include exciton migration, dipole-dipole interaction, 
quantum-mechanical resonance, or inductive transfe r, sensitized fluorescence, 
collisional transfer and the formation of excited ' double molecules ' ,or of solvent­
solute molecular complexes. While some of these processes are plausible on 
theoretical grounds, others that have been borrowed 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 experimental 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 energy 
transfer, without the additional effects of primary ionization. Cohen and 
Weinreb (1954) have shown that such energy transfer occurs in organic 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. 

In' 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 2200.A to 3300 .A. The absorption spectra of t he 
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 
itbsorption spectra of toluene in ethanol (figure 1, curve A) and of terphenyl in 
cyclohexane (figure 1, curve B) were measured with a Beckman Model D U 
spectrophotometer. The absorption spectrum of terphenyl in toluene was 
measured down to 2950 J.., 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 ). 

t This solution was chosen because its high scintillation efficiency indicates efficient 
solvent-solute energy transfer. 
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The ratio p, of the molar extinction coefficients ey and ex of terphenyl and 
toluene respectively, is plotted in figure 1, curve C. 

Figure 1. A, absorption spectrum of toluene in ethanol l!:x; B, absorption spectrum of 
para-terphenyl in cyclohexane f:y; C, p = ey/t!:r 

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 em) being the same for all specimens. The fluorescence was excited by illumina­
tion with monochromatic radiation from a Beckman Model D U spectrophotometer, 
the horizontal exit beam lVI 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 DuMont 6291 photomultiplier P mounted vertically. 

F ., .. 

p 

Figure 2. Experimental arrangement. :.vi, exit beam from monochromator; Q, quartz 
prism; S, solution specimen in glass vessel; F, OY 10 glass filter; 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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glass vessel were luminescent, an important precaution since fused silica and some 
glasses luminesce in the near ultra-violet and visible regions. Optical contact 
between the surfaces -..vas improved by thin films of glycerine. 

The experiments consisted of illuminating the top surface of each solution 
specimen, and measuring the integrated intensity of the fluorescence transmitted 
through the base. This observation was repeated for excitation wavelengths 
from 2200 A to 3300 A. The fluorescence intensity at each wavelength was nor­
malized to the same quantum flux of incident radiation, as described in § 2.3. 
Thus the fluorescence excitation spectra of several solutions of different concen­
trations were determined. 

2.3. Calibration of Incident Radiation 
The relative quantum intensity of the incident radiation at different wave­

lengths was determined by a method, similar to that described by Wright (1955 ). 
The solution specimen S was replaced by a 1 em cube para-terphenyl crystal, 
thus converting the incident radiation into terphenyl fluorescence radiation to. 
which the photomultiplier is sensitive. Wright (1955) has shown that the technical 
photofluorescence quantum efficiency of such a terphenyl crystal is constant, and 
independent of wavelength, down to 2537 'A, and that this uniform response can 
be assumed to extend down to at least 2200 A. 

The intensity of the integrated fluorescence from the terphenyl crystal was 
thus taken as directly proportional to the quantum intensity of the incident beam. 
This calibration was checked down to 2537 A using the ultra-violet-sensitive photo­
tube, supplied with the spectrophotometer, as detector. The photo-tube 
response had been previously measured against a Hilger Model F.T. 16 linear 
vacuum thermopile, fitted with a fluorite window (Wright 1955). Excellent 
agreement was obtained between the two independent calibrations. 

2.4. Fluorescence Excitation Spectra 

Fluorescence excitation spectra, normalized to a constant flux of incident 
quanta, were measured from 3300 A to 2200 A, for a range of solutions of different 
concentrations. Figure 3 shows the results for 5 solutions, in normal toluene, of 

Figure 3. Fluorescence excitation spectra of normal solutions. Concentration: A,. 
4·15 g I.-1 ; B, 2·07 g L-1 ; C, 1·04 g L-1 ; D, 0·415 g I.- 1 ; E, 0·091 g 1.-1. 
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concentration from 4·15 g 1. -l to 0·09 g 1. ~l. 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. 

0 - ' 
2200 2400 2600 2000 JOOO 

[xCIWtiOn Wavelength (A) 
3200 

1 
3400 

Figure 4. Fluorescence excitation spectra of oxygen-free solutions. Concentration: 
F, 1·08 g J.-1; G, 0·054 g I.-I. 

§ 3. ANALYSIS OF RESULTS 

3.1. Qualitative Description 

Three distinct regions may be distinguished in the excitation spectra. In the 
first region (0) from 2800-3300A., 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 A by the onset of the toluene absorption. 

In the second and third regions (1 and 2), corresponding to wavelengths below 
about 2700 A, the toluene absorption is high, and practically all the incident 
radiation is absorbed by the solvent. In these 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 
Ey 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 efficiency, is higher at the shorter wavelengths (2200-2350A.) 
designated region 2, than at the longer wavelengths (2500- 2650 .A), designated 
region 1. 

3.2. Correction 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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The effect is clearly seen in the present measurements (figures 3 and 4) for 
·wavelengths from 3000A to 3300A. In·this spectral region the toluene is trans­
parent, all the terphcnyl fluorescence is directly excited, and the fluorescence 
quantum efficiency of terphenyl is constant. Nevertheless, the observed fluores­
cence intensity decreases with increasing wavelength, due to the decrease in E"y, 

and the consequent increase in the depth of penetration of the incident radiation. 
The observed fluorescence intensity I has been expressed in terms of 10 , the 

observed fluorescence intensity at a wavelength of 3000A, and 1/10 has been 
normalized to correspond to the strongest solution ( 4·15 g 1. -I) In figure 5, 
IJI0 for all the solutions from 3000 A to 3300 A is plotted on a logarithmic scale 
against the molar extinction coefficient ( E"x + €yC ), where c is the concentration of 
solute molecules per solvent molecule. In this spectral region E"x = 0. 

') I I 

0·7 

o-s 

Cl-1 1·0 10 100 

Figure S. Effect of excitation depth on fluorescence intensity: relative intensity I /I 
0 

plotted against extinction coefficient fx +Eye. 

Within the experimental error, the values of 1/10 for the different solutions lie 
on a single smooth curve. For values of E"x +Eye from 1 to 36 the curve is linear, 
and it is reasonable to extrapolate it linearly to higher values of tx + E"yC. 

Figure 5 thus shows the change in the observed fluorescence intensity I from 
the value 10 that it would have if the molar extinction coefficient E"x + E"yC were 36, 
i.e. if the radiation were absorbed at the same depth as in the strongest solution at 
.A= 3000 A. Figure 5 has therefore been used to correct the observed fluorescence 
excitation spectra (figures 3 and 4) by normalizing them to the standard excitation 
depth, corresponding to 10 • This has been done by dividing the observed fluores­
cence intensity I (figures 3 and 4) by the value of 1/10 from figure 5, corresponding 
to the value of "x + E"yc, for the particular solution and excitation wavelength. 

In the wavelength range 2650-2200 .A, which is analysed below, E"x +eye varies 
from 12·4 to 214 over all the solutions, corresponding to correction factors from 
0·98 to 1·05. Observations at A= 2650-2800 A. are omitted from the subsequent 
analysis, because of experimental uncertainties in the exact position of the toluene 
absorption edge, since the absorption spectrum (figure 1, curve A) measured for 
an ethanol solution, does not correspond exactly to that for pure toluene. 

The corrected fluorescence excitation spectra are similar in form to figures 3 
and 4, except for uniform plateaux from A"' 2900 A to 3300 A. 
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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 nx and ny respectively. 

1 
nx=--

1 +pc 

ny= l:cpc ...... (1) 

where p = €y{€x· 

The quantum efficiency qry of the observed solute fluorescence is 

qry= nf .. ... . (2) 
ny+ nx 

where nr is the number of photons emitted per incident quantum absorbed, and f is 
the energy transfer coefficient, i.e. the fraction of quanta, initially absorbed by the 
solvent, which are transferred to the solute. qry is characteristic of the solute 
in the particular solvent at a given value of c. It is independent of A within the 1st 
absorption band of the solute (down to 2350 A. 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 A. 

In the spectral region 0, where the solvent is transparent, nx = 0, 1ly = 1, and 

...... (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 

nr f=- (1 +pc) - pc. 
nro 

. ..... (4) 

The ratio nr/nr0 is obtained directly from the corrected fluorescence excitation 
spectra: p is obtained from figure 1, curve C. 
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.Figure 6. Energy transfer coefficient f plotted against wavelength ,\, Normal solutions. 
Concentration: A, 4·15gl.-l ; B, 2·07gl.-1 ; C, 1·04gl.-1 ; D, 0·415gl.-1 ; 

E, 0·091 g I.-1• 
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The values off, derived from (4), are plotted against>. in figures 6 and 7. For 
each solution, it is found thatfhas two characteristic values: fv which is constant 
within the experimental error, for A= 2500-2650 A (region 1); and f 2 , which is 
similarly constant, but higher, for A= 2200-2350 A (region 2). Between these two 
spectral regions,Jhas a valne intermediate betweenf1 andf2 . 

The mean values of f 1 and f 2 are plotted as a function of c in figure 8. 
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Figure 7. Energy transfer coefficient f plotted against wavelength >. for oxygen-free 
solutions. Concentration: F, 1·08gl.-1 ; G, 0·054g J.-1. 

3.4. Energy Transfer and Quenching 

On the photon transfer theory, and some of the alternative non-radiative· 
mechanisms proposed, the probability of solvent-solute transfer is proportional 
to the concentration c. On an elementary analysis, the probabilities of the various. 
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Figure 8. Energy transfer coefficient f plotted 
against concentration c. A, normal solutions, 
>. = 2500-2650..\; B, oxygen-free solutions 
>. = 2500- 2650 A. ; C, normal solutions 
>. = 2200-2350 A; D, oxygen-free solutions 
}. = 2200--2350..\. 
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Figure 9. elf plotted against con-
centration c. A, normal solutions 
A= 2500-2650A; B, oxygen-free 
solutions >. = 25 00--2650 A; C, 
normal solutions >. = 2200-
2350..\; D, oxygen-free solutions 
>. = 2200-2350A. 

processes competing for the solvent excitation energy may be enumerated as 
follows: (i) solvent- solute transfer, kc; (ii) quenching by solute, lc; (iii) self­
quenching by solvent, s; and (iv) quenching by oxygen, m. 

\ 

I 
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Hence we obtain, 
kc 

f= (k+ l)c+s+ m 
... . .. (5) 

c 
...... (Sa) 

= Ac+B 

In figure 9 the experimental values of cff1 and cff2 are plotted against c for the 
normal and oxygen-free solutions. Linear relations in agreement with (Sa) 
are obtained. From the gradients and intercepts, for the normal solutions 
A 1 = 2·1, B 1 = 8 x 10-4 ; A 2 = 1·4, B 2 = 5 x 10-4; and for the oxygen-free solutions 
A 1 =2·1, B1 =4x 10-4; A 2 =1·4, B2=2·5 x to-~. where suffixes 1 and 2 refer 
to the spectral regions 1 and 2. 

It is tempting to evaluate the relative values of k, l, s and 111 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 effect of solvent absorption and re­
emission ('photon regeneration', Birks 1953, 1954) has not been allowed for. 
A fuller theoretical analysis, which leads to a relation similar to (Sa), is given 
by Birks (to be published) and A and B are there related to the molecular 
quantum efficiency of the solvent and the relative soh.ite/solvent absorption 
coefficient 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 solutions. 

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 ..\ for wavelcnbrths from 2200-2700 A. This is in distinct 
contrast to the present results. 

Most of the measurements of Cohen and Weinreb were made using 2537 A 
and 3130 A radiation for excitation, corresponding to our spectral regions 1 and 0. 
They observed a linear relation between cff1 and cas given by (5 ), but with the 
parameter l = 0. Thus they found that / 1 tended towards a limiting value of 1·0, 
as c increased, rather than to the limits, given by 1/A1 and 1/A2 of / 1 = 0·48 and 
f 2 = 0·7 obtained from the present measurements. It may be noted that Cohen 
and Weinreb assumed l = 0 in their theoretical analysis, and also that their own 
measurements on anthracene 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. \Vhile 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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In the present measurements, covering a similar range of concentrations, the 
values of Ex+ EyC at 2537 A and 3130 A (the wavelengths used by these authors) 
range from 170 down to 0·06, corresponding to values of !flo from 1·04 down to 
0·7. 

4.2. Consideration of Assumptions 

Two assumptions made in the analysis and calibration should be noted, since 
if they were invalid, the results at ,\ < 2537 A might not be reliable. (i) The 
molecular fluorescence quantum efficiency qry of terphenyl in solution is constant 
down to ,\ = 2200 A ( § 3. 3.) ( ii) The technical fluorescence quantum efficiency 
of the 1 em cube terphenyl crystal is constant down to,\= 2200 A (§ 2.3). Since 
crystalline terphenyl is transparent to its own fluorescence emission (Birks and 
Wright 1954 ), its technical and molecular fluorescence efficiencies are identical. 
Hence (i) and (ii) are equivalent assumptions for terphenyl molecules in solution 
and in the crystalline state. 

These assumptions are consistent with all the experimental data on organic 
fluorescent materials, excited by non-ionizing radiation (Pringsheim 1949, 
Wright 1955) and there is no reason to doubt their validity. Cohen and Weinreb 
(1956) also make assumption (i), and a similar assumption to (ii) for the aqueous 
solution of fluorescein used for calibration. 

The choice of terphenyl both as solute and for calibration of the incident 
radiation flux means that, even if (i) and (ii) are not valid, provided the ratio of 
the molecular fluorescence efficiencies of terphenyl in solution and in the crystal is 
constant down to ,\ = 2200 A, the values off calculated from the observations 
will be unchanged. 

4.3. Dependence on Wavelength 

The most interesting result is that the energy transfer probability depends 
on the wavelength of excitation. 

The two spectral regions 1 (2500-2650 A) and 2 (2200- 2350 A) correspond 
to excitation into the first and second excited electronic singlet states of the 
toluene molecule. It is found 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 lifetimes of the first and second excited states, estimated from the 
absorption strengths of the electronic transitions, are of the order of 10-9 sec 
and 10-11 sec respectively. Cohen and Weinreb (1956) have estimated, by 
measurements of the effect of carbon tetrachloride on quenching, that energy 
transfer from the first excited state occurs in the order of 10-9 sec. The efficient 
energy transfer from the second excited state shows that in this case transfer must 
occur in about 10-n sec or less. The very short lifetime of the second excited 
state reduces the probability that the energy transfer from this state is collisional 
in nature, since the average time required by an excited solvent molecule to 
diffuse into the proximity of a solute molecule is in excess of 10-11 sec. 

Because of the short lifetime of the second excited state the external quenching 
will be relatively small. The chief process competing with solvent-solute 
energy transfer from this state will be conversion into the first excited state of the 
solvent molecule, either by internal conversion or by solvent-solvent energy 
transfer. This conversion process is known to be highly efficient and rapid 
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(Pringsheim 194-9). Nevertheless, the results show that the solvent-solute 
transfer can compete efficiently with 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 second and higher 
electronic excited states of a fluorescent molecule. The results show that the 
concept, previously accepted (Pringsheim 194-9), that all the excitation energy 
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 10-11 and 10-9 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 A. 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, 
264-6, 2676, 2740, 2808 and 2886 A (Pringsheim 194-9). There is thus a major 
overlap of the fluorescence and absorption spectrum, and in pure toluene the 
mean free path of the emitted photons will be only a few microns. The relatively 
lo"" technical fluorescence efficiency q1 observed with thicker toluene specimens 
by Kallmann and Furst ( 1951 b) will be considerably less than the molecular 
fluorescence efficiency q0 , due to this high self-absorption. Since q1=(qo)", 
where 1 /n is the probability of photon escape without absorption (Birks 1954 ), 
by taking values of q1-0·015 (Kallmann and Furst 1951 b), n-6 (estimated 
from the absorption and emission spectrat) we obtain a rough estimate of q0 ~ 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 emission from the 
first and second excited states ( the latter will be even more difficult to observe 

t n=4- 5 for pure anthracene (Birks 1954). 
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since it is completely overlapped by the absorption spectrum) by observations 
on thin films. 

The theory of the scintillation and fluorescence processes in solutions will be 
developed in more detail by Birks, when experimental data on other liquid and 

·plastic solutions will be considered. 
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