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ABS1AACT

The kÍneüics of luminescence quenehing in liquÍd scÍntfllator solu-

tions containing dissolved orygen have been studied" The nectrar¡isms i-n-

volved in the quenching process can be either sùatic or eollisional.

According to the erçerimental data for the systems ínvestigated, the

quenchíng process is found to be a collislonal one and the kinetics of

this collisional process nay be explained by use of the Stern-Vo1¡ner

equation" Usíng the Sterr-VoLmer equation, the quenchÍng constanüs have

been evaluated for the solutions and using the qrenching constants, the

raùe ccnrstants have been evaluated and. compared with rates of collision

obtained fr"on sÍmp1e ki¡etic theory approeiiration, Such a comparison in-

dicates an erbremely effÍcient collisional mechanisun *rith almost everSn

col-Lision effeetiveþ deaetivaùJ-ng the solute moleeule during its life-
time"

Tk¡e effect of gases other than Orrygen have been investj-gated" Gases

líke Sulphur Dj-oxide e:<tribit almost total qrenching of lr:minescence where-

as gases IÍke Hydrogen and. Nitr"ogen do not extríbít quenchfng properties.

The effect of change of soluùíon vi-scosity on the quenehing constar¡t and.

rate constant were also i-nvestigated. As predicted by the encorrnter

theory, both the quenching constar¡t and the rate constant are irnverseþ

proportional to the solutíon viscosity" The increased viscosity of the

solution causes a decrease i¡r the coJ-lisional quenching process@
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TNTBODUCTT0I\T

Kinetic sj;u-dies carried ou'r, by Bcrr¡enl-2 on ùhe fluorescence qu-enching of

solutions and vapcrs by gases ljke 02 and S02 shor..ied that the process coul-d

be e4plained by an extreme'ì y rapid and efficient collisiona"l ¡recha¡i-sm. A1-

though there are some differences betv,¡een the fluorescence and scint,illation

processes, the sinúlarity between the tr,¡o waruanted a similar investigation

on liquid sci¡rtill-ators. Thj-s would be of both theoretical and praetical

value in view of the important discovery made by PringlJ et aL that d.issolved.

02 gas caused a considerabl e decrease in the efficiency of Iío,uid scintillator

solu-tions" Up to now, no quantitaiive measurements had been made on the 02

quenching and no quanti-tative relaòion had 'oeen esùabl-ished. for this quenching

effect"

It is important that one distinguish betv¡een internal and exbernal qu,ench-

ing processeso In the first case, the d-egradation of the incident energy in a

solutÍon is achieved by solvent and solute mol-ecule interaction. In the see-

ond ease, the non-emissive degradation is achi-eved. by the interaetion of the

fluorescent mol-eqfles r'¡ith some foreign molecules li-ke O2 gas" Some mentj-on

of the ideas of j¡ternal quenching rnrill be made later. Tn this investigation,

the most Ímportant quenching process is the exbernal quenching of liquid

scintillators by gases such as 02 or S02"

Ïn addition to the quantitative measurements of 02 euenching and the

establishment of a suitable mechanism for the quenehing process in liquid
scintillators, the effect of viscosity 'r¡as also ilvestigated according to the

modern enccunter theory, The effect of other gases on the luminescent oritput

of liquid scintillators was checked as r,sell"



HISTOHICAL

Nu-elear reactions occur with the edússion of energet,ic particles, radi-

ati-on, or a combination of both. In order to be able to charact,erise these

partic¡-rlar phenomena, some means must be used. to deternd-ne the energr asso-

ciated with the parlicles and radiati-on, !ühen a charged partie'l e passes

through natter', it causes excitation and ionisation of the molecules of the

medium" Ït is the i-onj.sation which is the basis of nearly all the method.s

used for the measurement and detection of zuch particles. In the case of

uncharged radiation such as gaJnma rays or X-rays, the secondary ionisirig

pa.rticles serve to charaeteríse the radiation v¡hich produced themo

Ï¡ihen lhe charged particle or radiation hits certai-n liquids or solids

knovrn a,s phosphors (tumilescent materi-als), part of the energy is lost in
molecul-ar excitation and ionisation and may then be emítted as U, V. or visi-

bIe light. The ol:servat'ion and the counting of these light pulses is the

basis of the scintilLation counter" The classical ex¿mple of the scintilla-

tion counter rùas the activated ZnS screen used by Ru.therford j¡r his e:çeri-

ments wÍth alpha pa.rticles" In lhi-s instance, the light pulses prod.uced by

the alpha particles v¡ere observed and counted with the aid of a microscope

j:r a darkened room. A counter of this type ruould be insensitive to beta and

ga¡ma rays because of the weak ionisation produced in the thin phosphor

screeno A.s a result, the scintillation counter dropped into relative disuse

after this time and the Geiger*lñi1ler t¡z¡pe of counter Ïras the type most widely

used. in the investigation of nucl-ear phenomena" trrlith the d.evelopment of

efficient photo multiplier tubes of high gain and good sensitiuity to small

light, intensities the interest in scintil-lation coun'r,ers becan:re quite pro-

not:nced." A very important advance jl this field i"¡as mad.e by Kallmann4 who

found. i.ha'i, a large erystal of naphthalene could be used to detect the
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scintillatj.ons produeed by beta a.nd gaiïma râys. Then, 8e115 showed. that a

orystål of anthraÕene was even better si.nce it yield.ed a pulse whose anpli-

tude was five times 'uhat of a eoinparable naphthal-ene crystaI, The r¡ork of
/

Hofstadtero showed that a crystal of NaI, activated by thallium, gave pulses

even larger than thc¡se from anthraceneo Reynolds, Harrison and Salvi¡rí?

were able to shovr that certain organic solutions ernitted pulses, under suit-
p-bIe excitation, i,¡hich r^rere compârable in magnilude to those obta.ined frm
an anthracene crystaI. Thus, these organic scintillating soluiions could be

used as garnna ra¡r detectors wÍth an efficiency relatively the same as anthra-

ceneô tr'fith these initial imporLant ùiscoveries, the technique involving

liqrid scintillators has steadil;r advanced unt,il today, liquid scintillators

are used in many and various fields" ïndeed, there are numerous problems

r+hich, as far as the physicist is concerned are over once a suitable sol-ution

is found" For a chemist, however, they present a very interesti-ng plece of

r,,¡ork sj-nce some of the problems - particularly ihe quenching of the mechanism

of light ernission * câri be explained along the lines of modern chemical

theories"

Inoreanic Scirtillators

There are tuio main classes of scintillators - inorganic and organic"

Historically, ãrS is the most j:rteresting of the phosphors sinee r¡arious

forms of the substance l'.¡ere used in the earliest visual- scintillation counters.

However, at the present time, its use is sonel"¡hat eu-r'tailed due to the inabil-

ity to prepare crystals of large djmensions. The most important group of in-

organic phosphors is the A1ka1i Halides, The high density of crystals such

as NaI, KI and RbT n'rakes thm very efflcient absorbers of electromagnetic

radiation" A point of i:rterest is that these cr.ystals must be i-npregnated

with an rrÍmpurityrt - usual.lJ¡ thallium" This thallium activation is foi¡nd,
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necessarJr in order for the crystaL to funetion as a suitable deteetor. The

theories '¡¡hieh have been put f orward to e>pl ajl the processes by r.¡hich the

crysta1 emits energy a-nd the rol-e that the activator plays j¡ the process

a,re too complicatecÌ and advanced for an i¡iroducti-on such as thi.s. However,
a|

Currano gives an etcellent account of the present theories of the lumine-

scence of ionic solids and their properties,

OrganÍc Crystal Scintillators

The other important gro-lp of scintillators are the large nu¡nber of or-

ganic eompounds" The organie grcup of scintj-llators may be divided. into

three classes: organic crystals, plastic scintillators and liquid scintÍ-
l-lators. Many of the ideas which have been developed for ionie crystals are

applicable, wj-th some modi-ficatíon, to the field of organic crystaf-s" Plas-

tics and Ii-quid scintillators, on the other hand, require new theorÍes and

explanatíons" These r'¡j-ll be discussed later. As far as the nr-igration of

enerry is concerned, there are a ni:rnber of prrrcesses which are discussed for
inorganic erystals8, Most authors agree that the sarne general iype of mecha-

nism can be used to e:çlain the migration of energy through the organic cïys-

tal lattice* The najority of the work has been done on i-onic crystals, but

there is reasonr to believe that the phenomena of luminescence are more easily

explained by examinatíon of organic crystals and liquids, Although there has

been a limited stud.y of the properbies of organic crystals, there is much

material available and. Boi,¡en9 htu mad.e use of potentiat energy dj-agra.urs in
díseussing the activation and de-activation of organic molecules"

It is for¡nd that the organi-e crystals, although differing markedly i¡
structure, do, nevertheless, possess remarkabl-e similarity" Both Bortren and

sangsterlo hurr" camied out stu.dies on this point and t,he results of the

latter can be su¡marised very briefly as follst,¡s. The best erystallÍne
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orgardc phosphors are colorless snd Ðossess a high melting poini" the st::'-:.c*

ture is fairl-y simpS-e and tire molecu-les should pc.ssess exbensive ring struc-

t,-rre r.ri-'uh nurrlerûu.s dou.ble boncis and oNher s-Lructu-res gir,ang extended i:rter*

locked s¡rstens" In fact, ii is lhoughl Lhat the whole emissj-r¡e ancl" absor¡-

ti.ve process is due to lhe resonance of theT electrons in the benzene l-ike

ring siructure of the'crganic scintillatoT=so The exLensive studies carrj-ed

out by Sa.ngster on a large number of compounds have led him 'r,o these concl¡:-

sions, The crystals v¿ere excited by CoóO V *rays and U" Vo radiation as

r¡ell" Thj-s latter" point is of great impcrtance since much of our knowledge

about f1u-orescence has been due to studies usirrg Un l', exci-tation,

tre the ca.se of i-norgaaìc crys't,als, acti-vators had to be used" l,tlith or-

ganic crystals, no activaior is necessary and stress is placed on absolute

purity and freedom frcan ÍmperfectÍons" Even traces of impurity present in

the crystal can cau-se very serious quench:jrrg. The quenching of f1u-oreseence

is discussed very furly by Bowen9. No attempt i,,¡i11 be mad.e here to give

these theor.ies or discuss their relative meritsn

Pl-astic Scintillatorå

Solid solutions of ff-uoreseent organic compounds i-n a suitably trans-

parent material have been foirnd to yield pulse heights which are relat,ively

high cornpared to anthracene" The most suitable materials used at present are

polystyrene and poly vinyl toluene" Tlrese plastic scíntil_lators offer some

advanta,ges in that they nay be pre¡:ared in large vol-umes r¡itlr relative ease

and may be machj.ned or cu.t to a shape or size desired for some particular

prcblem. The mechani-sm of energy absorptíon and emission has not yet been

fulty resolved" However, since the plastic has no definite crystaLljne

structure, it would appear t,ha'r, the plastics should be grouped. r,,¡ith liquid

sci¡rtillators ra.ther tha.n with the ionic crystals" Since the d.ecay times are



6.

of the ord.er of 1O*9 seconds, plasties find use in sysierns requir.ing fast

detection withoui regard to energr evalua.tion.

Liquid Scintillators

Organic sol-vents such as benzene, toluene and. :grlene shc¡r^¡ very weak

fluoresceni properties when exposed to ganmra rays or other exciting radía*

tion' How-ever, the fluorescent excitations produced i¡r the mol-ecules would.

nearly all be c¡renched by internal conversion of the energy into heat" The

quenching is due to some process whereby the non-excited molecules rob the

excited molecules of their energy and use it up in a non-radiative process

such as conversion i¡rto heat" l¡then the solvent contains a solute like p-

terphenyl, 'rrhose mol-ecu1e is highly conjugateC., the fluorescent excitations

of t'he solvent molecul-es can be tra.nsferred. to the solute before solvent

quenchi-ng can set in" Tiris transfer of energy must occur in a tjme i.¡hich

is short enough compared 'r,o the solvent quenching time" The trapped energy

of the solute is then degraded to some erLent; 'out the quantum efficíency
(photons emitted f photons absorbed) - is quite high. It should. be pointed

out that the emission spectrum of the solution corresponds to that of the

solute and not the solvent. There are a mimber of mechanisms whi-ch account

for the energ¡ trartsfer from solvent to soLute and. the subsequent emission

processo These will be discussed in some detail- at a l-ater stage,
-t"Îith the advent of the modei:n photo niulì;iplier, the use of liquÍd scin*

tillators has i¡creased very rapidly. The moderate cost of the solutions

and their stabiliQr makes them very attractive for use i-n research - parti-
cularly in nuclear physics l¡here Ia-rge volume solutions are u-sed. as parbi-cle

detectors" They are readily a.daptable as regards size and shape. Their

ernissive spec'r,r".m can be matched very closely to most commercial tubes by the

addition of very s¡naIl a¡nounts of secondary solutes knovnr. as spectrum shifters.
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These spectnnri shifters cen shift i;he emj ssive spectrum of a sol-ution to a

more favorable position r,¡hen a,dded to the scluilion in ciuantities as srnal-l

as I part, in a thousand"

The luminescence efÍiciencj/ of organie solvenls l-ike benzene, tolu-ene

and >Ðrlene is very 1ow" Hor,*ever, when a solid lÍke p*terphen¡rl or anthracene

is added to the solvent, the resulting solution has a pulse heigh',, comparable

'¡¡i'bh an anthracene crystal" These primary soluies, as they are usually

called, are characterised by a. number of benzene-like rings being joined to*

gether thus giving -r:ise to a. high]y conjugated systemo The presence of

double bond.s and. the non-loealísed7Te7-ectrons all-oy¡s resone.nce structures

to be set up and it is thought tha.t, the irLechanism of energy a.bsorption and

emission is due 'uo the excitation and de-e>'citation of these electrons and

their associated resonance structureso Use of a two dj_rnensional potentiat

energy curve ha.s been made by Bowen in e>çlaining the mechanj-sm of energy

a-bsorption and ern-ission" Although the varj-ous primary solutes are d.ifferent

in pruperiies, their structural properties a.re very sjmilar. The,v all e:'Jri*

bít structures i-n which tl'rere are double bonds and conjugation of rings

yieJ-ding et'cended and rigid interlocked systems,

The pioneer r'¡ork on liqu:id scintillators and the mecha.ni-sms i¡vol-ved.

was d.one by Kallmanll1 
"rrd. 

Kallmarur and f.\rst]-2^l3, They condu.cted a ]arge

number of e:çeriments using various solutes and. solvents" An important dis-

covery was that the pulse height of a solution varied with the primary sol*

ute concentr:ation. F\rthermore, there rras a certaj-n optimum concentration

of prinary solute which would yield the ma;rimum pulse height," Amounts in
excess or deficiency of this quantity would yield pul-se heigh'r,s less than

the mari¡au¡r" These authors state that i¡r the case i+here the primary solute

is in exeess of the opti-inun value, the decrease in pulse height is due to

the concentration or self-quenching effect. Besj-des other processes involved,
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líke primary solute molecul-es can decrea.se the pulse height by a non-enissive

degradatory processe It was al-so found that the emissive spectrum of the sol-

ution r+as characteristic of the primary solute and not that of the solvent

even v¡ith solute concentrations as lou¡ as 1O-4 parts. Another charaeteristic

feature of lio¡rid scintillators is the rel-ative ease "rith r'¡hich the emissj-ve

spectrum of the solution can be matched to the responsive spectrun of the

corrnercj-all.y available photo nrultipliers. This is achieved by the addition

of compolincls knov¡n as spectru"n shifters. Thu-s, in the case of a so1id, an*

thracene containång naphthacene as an ímpurity, will shov¡ an eraissive spect-

rrm displaced to the green of the naphthacene. The optimum concentrations

lie in the region 0"01 - 0"1- #s, / liter of solution" The displacement of

the spectrum r.riIl occur on].y if the fluoreseent, spectrum of the rrso¡laÍLin¿nlrr

is located at longer T,,rave lengths than that of the bulk material" A typical

spectrum shifter is 2-5-diphenyloxazole (PeO)" This substance can play a

dual role since it acts equaÌly weIL a.s either a speetrum shifter or a pri-

mary solute, As with the prinary solute, there i-s also an optimum concent-

ration of spectrum shjJter"

It is known that there are certain atoms or groups of atoms which act

as quenchÍng agents. The presence of C12, COOH and N02 groups in a substance

øill suppress the flu-orescence of a solutionl4. These atoms or atom:ic groups

â.re competíng lrith the radiative process and are abl-e to de-activate a. nr-rmber

of fluorescent mol-ecules and convert 'uhe energy to heat" Another good o,uench-

ing agent is O2 gas. A typical scintillaior solution will have its lunri-nes-

cence efficiency decreased by almost l0 percent r'¡hen a. fine stream of 02 gas

i-s bubbled through the solution, Bowen and Nortonl5 found. that bubbling a

fine stream of N2 gas through a solution i,,¡ould have a marked effeet on the

fluoreseent er¡l-ission" Thus a solution r,uhieh tras prepared under atmospherie
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conditions would yÍetd a pulse height of 50 percent of anthraceneE This

value would increase to 7O percenù ¡ehen the solution was bubbled w:ith N2

for a perÍod of 15 minutes. The quenchång of fluorescence is of great

i-nportance not only fron the point of obtainíng high effj-cj-eney solutions,

but also frø the point of elucidating the mechanisms by ¡.¡hich the process

of quenchfng occurs. A solution, whose pulse height has been decreased by

02 bubbJ-ing, can be retumed to its former state by bubbting hrith N2 a sec-

ond tlmeu Ttre quenchfng of fluoreseence is not confined solely to the a-

bove nentioned substances" Traces of irapurities Ín the solvent or in the

apparatus ri'tot¡ld be suffÍcient to cauee a noticeable quenching effect, Thug

it is imperatÍve that chenicals of the highest purity be used in the pre-

paration of liquld scintÍllator soluüions and that the apparatus used in the

investigations be scni¡nrlous1y clean"

Analogy I^Íith nluorescence

Fruor¡escence of sorutions has been laroçrn for a long ti.me, &re of the

earllest referenees nede was by Boyle u*ro gave detailed instnrctions on hcer

to prepare aqueous solutíons. Stokes was able to show that the phenøenon

deperded upon absorptlon and re-enission at a different wave lengthu Fluon-

escence, Iike the ltght produced from a liquid seintillator, is one of the

effects of Ínteractlon betrøeen light or energetíc particles with natter, The

mission of energy i¡ both cases nay be explained by the use of potentÍal

energy diagrams" Liquíd scÍntillator solutlons do show strong fluorescence

when e:çosed to U, Vn racLiatÍon wbereas substances which extribit fLuorescen$

properbies are not, in most cases, eapable of acting es scintillators when

dissolved ín solutionu Most authors agree that although ther"e are a nr¡mber

of differences between the fluorescence and scintlllatíon processes, there

are nonetheless certafn sìnilaritÍes as weIL" The fluorescence process and
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the scintitlation process can be distinguished by the fact that the latÈerss

emissive process is caused by a single event ín the solution or crystal" An-

other point of importance j-s that the decay tine of the sci¡t{'lì¿f'fsp process

is of the ord,er of 10-9 secondsn Beeause of this and the seak intensÍty of

the enitted light, a photo nr:-ltiplier is needed as a detectoru The study of

elther pr-ocess will give valuable infomation to the other as wel}"

Scintil-Lation MechanisEs

fire mechar¡im involved in the scÍntillatÍon proeess is given very fuIl-y

by Kaltnann and Fursü12'L3 ín their two excellent papers on liquid scí-ntil-

Lators, By means of fluoreseent experiments, ft Ís weIL known that a Èrane-

port of energy through solids ean occur over d:istances whích are of the order

of 100 atøic díameters, ThÍs can be done by the free electrons of the crys-

'tal or by nigration of excitation energy from one molecrrle to another" This

idea led the authors to hope that a si-nilar pr€cess would occur in solutions.

Here the enerry world be transferred, fron the br¡Lk naterial to ùhe dissolved

moleculeso Because of the fact that the nolecuJ-es of e liquid have such con-

sÍderable freedom of notion, the fluorescence of a pure solvent wor¡Id be

maLL due to the fact that the coIIisíone beüween moLecules v¡ouild cause a

non-Lr¡rninescent degradation of energyo Strou].d the lÍquid contaÍn foreÍgn

molecules which can trap the exeitation enerry, it nay be that the excitation

enerry is transported to the dfssolved molecuJ.es before ít is quenched,

Frcm üheir experLments, the authors for¡r¡d that the energy emitted by the

fluorescent sìtbstances i¡l a solr¡tion comes originally frcm the solvent" Along

wiùh the energy transported frø solvenù to solute, the process of quenching

by solvent molecules mtrst also be consídered, tr{hen the solute is added, the

transport of energy must be fast enough to avoid the process of quenching of

the excitation enersr by the solvent" l\lo additional eonòitlons must now be
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fulf:¡lIs¿ at the solute molecule for large light emi-ssion to oeeur" These

areå (f) tf¡e excitation enerry of solute cannot be quenched too nuch by

intenraL conversion or interaction with solvenü molecuJ.es and (Z) ttre con-

eentration of the solute molecules must be low enough to avoid EeIf quench-

ing, llre emission can be thought of as a competition between enisslon and

quenchlng prþcesses. Along with these we stÍlI have the quenching of energ3r

by solvent, the transporb of enerry to the solute and the trapping of the

energy by the solute molecules. The probability of trensporùing to and

trappÍng the exeitation energy by the fluorescent molecule is proporülonal

to the concentratÍon of the fluorescenü molecule.

Thus, there are fÍve separate mechanims involved in the lwÉnescence

of solutions:

I, Trapping the excitatÍon enerry of the solvent at the

fluorescent moleculeS

2" Suenchíng of the excitation energy in the solvent;

3" Light emÍs61.. of the fluorescent molecule;

l+. Internal quenchlng at the fluoreeeent molecule;

5o Concentration quenching betwse¡ sinilar moleculeso

Tho authorg consider the various probabilities of these processeso In

tems of the characteristic lifetimes, vÍe can writey'4¿"¡ s reaction probabí-

líty of quenehÍ.ng the excitation 1n the solvent, r/7ç æ reaetion probabflfty

of trapping the excÍtation energy et the fluorescenù molecu1eee//fü Ë pro*

bability than an excited molecule enits light i^rr unít Limes r/f¿ E probabf-

lity for íntemel qrenching ane//ry = same for self quenching. Noüing that

E artdfr aepena upon the concentration e so thaÈ ry /ry e k/e and

ry /E * Éc an¿ ru /Ti / L = É, tftu enlssíon Íntenstty ts found. to be
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given b¡rc

r = 
-*ltu¡"1]

Where Ne j-s the number of exeited molecules produced per second by the exber-

na1 radi.ation withÍ¡ ühe solvent" The radiatlon frø the solvent itself ie

negleeted in equatlon 1" The invesùigations of various substances showed the

following general characteristics. A sharp rise in intensity at maLI con-

cenfrations, then a slower Íncrease or ¡lrnost constant Íntensity over a larger

range of concentratlons, and flnaLly a slow decrease Ín íntensÍ.ty" SeIf-

quenehlng is regarded as a resonance Ínteraction between the excited molecule

and a¡r unexcited molecule of the same kind whereas internal quenching ie

regarded as lead.Íng to a m.pfd transfo¡matlon of excitation energr i¡to heat

by interaetfon wfht the surroundfngs" If a snal-l amørnt, of conta¡rfnant 1g

present whlch quencbes Ínùernally, equat5-on (f) is nodÍfíed. and for larger

eoncentratÍone car¡ be shown to decrease exponentially. In solvents such as

benzene, toluene and rylene, the molecule consists of a basfc benzene ring

tyTe structuren These are fluorescent to sme extent, but they dfffer w'ith

regard to the dissolved solute in regard ùo the posS-tlon of the absorptíon

and enj-ssion spectnrmn trr the case of heptane and paraffin oil, thene are

no double bonds and no substantlal fluorescence has been reported, Neverç

tbeless, ín solution a considerable amotrnt of the excitation enerry of the

bulk naterial is transferred to the solute molecules" This proves that

energy transport is not liraited to benzeno like substances, but depends on

a nnrch &ore general property of the solvents.

Fron their exLenslve wo¡lc Kallmann and F\rrst were able to conclud.e

that self quenchÍng plays an Í.mportant role ln the reaction process, There

were two mechar¡isms by which this could be ex¡plaÍned" If an excfted mole*

f v<t" * iü Ne
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cuJ-e approaches an unexcíted molecule of the same ki¡d, the excitatÍon erref,-

g$r wiLL osclll-ate between the two molecrrles and the energy state of the two

wiIL split lnto t¡¡o states" The state with the higher energy has a greater

probabilÍty of lieht emissíon than one of lower enersro Thus the isolated

molecule wlLL have a greaùer probability of light enission than the double

state, Ìolhen an excited and unexcited nolecule co]-lide, both states are pre-

sent; but the hfgher energy goes to the lower state and the excess energy

Ís degraded as heaü" In the lower state, the molecules nay be close enougþ

to dissipate the energ1r by vibrations" In ùhe seeond ease, the two moLe-

cules nay form an excfted double molecule rsith a certain binding energy and

this excited double molecule will live until the excitation energy is
quenched by interaction r,¡ith ùhe surroundingsu During the lifetime of the

double molecule, no emission oceurs" Fronn this, the probability of trans-

forar:ing the excitation energy into heat is increased,

From fluorescence studies, the transport of energJr Ín crystals is well

kno¡m and analogous ideas are used here as weIl. Iru¡rediaùeþ after the

excitation, the molectrles of the solvent, are raised to highly excited

electron levels and atonic vibrations. In a very sborb ti.me, these ener-

gies are ùransformed into heat and the molecrrles return to their lowest

exciüation level, rhe excitation enerry - (purery electronic) ts of the

orrler of several volts and car¡rot be transformed as easily l¡to heat as

the energÍes of the hÍgher states, slnce the difference bet¡¿een energy

levels in tbe higher states are snaller than from the lourest excited level

to the grorrnd state. Thus a very short tÍme afber the exci-tation, most of

the excited ¡rolecules are to be found. in the first exciLed states" Then

the migration of this energy occursa The transport theory must satisfy two

conditionss
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the mechanism nusù explaiJ¡ the v¡eak emi.ssj-ve character-

istics of the solvent but the lffetl-me of the excítatÍon

energy must be long enough to a1lon a large portion of

the energy to be trapped by the solute molecules;

the process mr¡st result in a trapping of the excitatÍon

energy by the solute molecules;

There are three possfble mechanisms for the transport of the energy

consÍdered by Kallrnann and Furst, Ttrese ares

Iu The excÍtation energy Jr¡nps from one molecuLe to another

by the mechanÍsr of energy exchange. If the average en€r-

gy assocÍated w'ith this enerry exchange i-s deseribed by

Vex, then the tÍ-ner/a which the energr talces üo Jwnp fron

one molecule to another is gÍven by: "H ã h/Vex. If
the mole concentration of the fluoreseent molecule ls
glven by Nf/Ns where Nf is the nunber of flLuorescent mole-

cules / uu;ríL vo1r;me and Ns the number of golvent molecules

,/ unit volume, then the average f.ime E. required for the

excÍtation energy to hit the fluorescent molecule 1s glvln

by¡

7í EÌ ã (wsßt)

If we assrme eaeh co1lísfon affects the trapplng of energJr

i,hen 'E is identi ca]- wj-:th 7l " If not e\rery collisfon is
effeetive , y'E ít nrrltiplied þy a faetor æ., {æ < t ) which

gives the probabÍlÍty that the excítation enerry is trapped

at such a collision and we get tor TV the reactlon proba*

bility of energy transport
71 = 7*¿ 4n ,/< ¿

1.

2"
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v¡here c is written for Nf and 7A * a constant i¡herent

in the soLvent. In this pictìlre the energy transfer ma¡r

be descrlbed as a dlffusion process through the bulk

material" I¡r this treatnent, the detaÍIs of energy trans-

fer through solvent are onitted and may be considered as

a ffrst approximatÍon,

Between the purely electronie excited levels fn the sol-

venf molecules and the excítation 1evels of the dissolved

solute molecules there exists a sort of a resonance ¡rhen

the spectn¡n enitted fron the solvent molecule can be ab*

sorbed by the dissolved moleeule, &rergy exchange between

these molecuJ-es can occur over faÍr1y large distances and

resonance can exist between these two molecr¡les with a

definite probabil5.ty" But this energy exchange takes plaee

in sr¡ch a Ìüay that the d'issolved molecule, since its enerry

lever is lwer thar¡ that of the solvent molecure is excíted,

r+rÍth sone nuclear as well as electronic vibrations. These

nuclear vibrations are at once ùransferred to other vibra-

tions and nolecules and thus only the pr:re electronic ex-

cited states of the dissolved molecules remain. A sJrnilar
16

process has been calculated by Foereter for the interaction

of certain dye molecules. The calculations involve the

assumptÍon of dipole lnteraction between the excited sorvent

molecule ard the unexciùed fluorescent molecr:]-e.

rn this ease one assÌ¡a,es t,hat the excited sorvent morecule

inùeracts rtrlth its neighboring molecules a¡rd thus foms

two energy states in which the losrer one does not radiate

)t
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erier"go If these exeiùed solvent moleeules are noÈ strong-

Iy quenched by solvent molefirles, they rnay have a long

enough lifetime to undergo a collision urith a solute mole-

cule in a v¡ay si.nilar to the first processô The excitation

enersr is again trapped in the fluoreseent molecu.].e"

With the v¡ork done up to the present, it is i-mpossfble to decide which

of the three proeesEes is the correct one, Some substanees which have a

high output would tend to favor the third processo

the remainÍng mechanÍm ls the trapping mechanísm" The exciüed nole-

cule of the solvent has an excitation level (exelusive of excÍtation of

atomic vibrations) whieh has a higher energy than the pure electronlc level

of the fluorescent, moleculeso When such an excited. solvent molecule inter-

acts witb a fluorescent molecule, it v,:iIL transfer its energy to the fluor"-

escent molecule and give it a state in which the atonlc vfbratíons are

excÍted ss well-o These wlLI be tra¡rsferred al:nost i:meùiately to other

molecules and to other atomic vibratÍons and w1ll be decoupled fron the

electronÍc exeitatíon 1n the fluorescent moleeule. The remaining energy ís

purely electronic" ltrÍs energy is not, enorrgh to re-excÍte the solvent msle-

cule and so the energy is trapped. ThÍs trapping mechanlm is a most €es€n*

tial part of the energy transport fron the soÌvent to flLuorescent contaninant.

It e:çlains the e:rperÍ-mentel fact thaù addition of a maIL anoru¡t of a cer-

Èain substanee not only shifts the spectn¡m of tbe fluorescent light alnost

totally to the spectrrun of the add.ed molecules but also fncreases the light

output in some casesè This latter effect occìlrs because the excttation

energy is trapped ín the added moleeules and restrai¡ed fron being quenched

by the bulk naterial. the trapplng of the excitatíon energy in the fluor-
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escent molesules prevents ùhe energy fron beÍng quenched.Ín bhe solvent and

increases the probability that the excitatÍon energ¡r is enÍtted as light by

the fluorescent molecu1e"

There are a nunber of dÍfferent theoretical interpretations wbich have

been puü forbh by dÍfferent authors" One of the best knovm is that of John-

son and Wi11iaÍrsu which gives the lun,j¡rescent efficíency as a functlon of

activator concentration. This theor¡r was first applied to activated crys-

tals, but has nqn¡ been generalÍzed to liquids as welI" Applieation to

liquids involves eonsideration of Ínternal radiatfonless processes, radi-

atíonless interaction with nearly unexcited activators and emission, the

three ways Ín which the actÍvators lose their energra tr\¡rther work has been

done by Beynoldsl8 who has IaÍd stress on ühe low intensity of the observed

radiation and the fact that the obsenred scintillaùion ti-nes are too short

to pemrit the energy to be carried about by a particrrlar solvenÈ molecul-e

or dimer" The work of Reynolds and his group at Princeton sho¡¡s general

agreement wÍth that of Kallmann and Furst,"

The applications of liquid scintillators aåe quite nr¡merous and are j¡-

creasing very rapidly, One important application is in the field of carbon

dating" In some cases tne C14 aton may be incorporated into the solvent of

the solution. In other cases, con¡roturds containi¡g C14 such as ¡nethanol or

raethylborate nay be dissolved in the 'solution wlthout any serfous q,tun"f,irrg*9

Knor,rÍng the half life of tfre *4 isotope, the nr¡mber of cor¡nts from the un-

knowr¡ særple is conpared rrith the nr¡mber from a saaiple ¡uhose age is knor,vn,

In this way, ùhe age of the r¡nknown sa:nple can be found" The technique of

carbon dating employing lÍquid scintjLlators has reached a high degree of

perfectlon and depends only upon the compounds available incorporatíng the

c14 ato¡rsu
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Up to now we have onJ.y consÍdered internal quenching of lr:ninescenceo

ï¡rtenral quenchÍng occurs when the aetivated solvent ar¡d solute noleeu].es

interact amongst themselves to cause a non-emi-ssive ener&r degration" Arr-

other case of quenchíng j-s known where the activated. solvent and. solute

molecules Ínteract with foreign molecules to cause a decrease ia the 1u¡0in-

escence output of a solution" A good. example is the decrease of the pulse

height of a liquid scintillaüor solution by the dissolved O2 of the air,

Althougþ sqne ideas concernÍng intennal quenching have been made, this in-

vestigation v¡iJ-I be solely concerned with the elucidation of the process

of exbernal quenchíng of liquid. scintillators,

The presence of dissolved o4ygen has been shown to decrease the lumín-

escence of liquid scintillator so1ut1orr"3-20 and to cause the fluorescence

quenching of solutÍorr"l-2 under Uu V. excitation, The majority of the work

done on the quenclrtng of fluoreseence is by Bowen9 slt7e?Jszz 
" The study of

the kineùics of the quenchfng proeess would be of considerable theoreùical

interesüZ sj¡rce the quench-i-rag process ca,n be considered as a t¡rpical fast

reactÍon jn whích most collisions are effeetive" A fairly detailed study

of ühe kinetics of o:çrgen quenching would be quite ir¡portant to test the

validity of the proposed mechanism" Although liquid scintillators show

orygen quenching, ùhere was no experimental data which sho¡red. that the solu-

tions wo¡ld obey the Stern - Vol*"r23 equation or wouJ-d. extribit the rapid.

collísional mechanisns proposed by Bo**rr24 to account for the d.ecrease in

h¡minescent outprrt, It was the obJect of this work to do a quanÈitatíve

study of the quenching by 0¿ and. to try and elucid.ate the mecf¡anisæn by whieh

the process oecurs, The effect of other gases on the lumi¡escent output was

to be checked as weLLE

A nr:mber of mechanÍsms for the quenching process have been developed'
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lhe earlíest one is that of Stem and VoLnerÐ. Bo,*ren24 has given a number

of mechanisons r*hieh he uses Ín explaining the various cases of qrrench{ng

whieh are obsenred" These meeha¡risms wil1 be discussed. in fi¡rther detall in

the discussion of results" Ïn order to sho¡u the validity of the nechanims,

ealcrrlations can be made of the number of collisions necessary to cause

quenching" There are t¡ro nethods that one can uses These are the sinple

kinetic theory and the more complex encounùer theoryo Ïtr connecÈion with

the encounter theorye one can show the d.ependency of the quenehing constant

on the viscosity of the solution. The results of nea$¡rementp in whlch the

solution viscosity was changed will also be díscusseds

the quantitatj-ve meaeurement of quenchfng by OZin liquid scÍntillators

and the evaluation of certai¡¡ resulùs from these data was the chief concern

of this investigation"



20"

Object of the Investígation

The extensi-ve work carried out by Bouren on both fluorescent sol-utions

and vapors have sholrn that gases like 02 and SO2 and atomie grouplngs 1ike

C00ll and N02 e>rhÍbit qrrenching effects" By quenching, it is meant that the

fluorescent i-r¡üensity is decreased in proportion to the quencher concentra-

tion. The relatíve pulse height of liquid scintÍIlator solutlons is de-

creased by the quench-ing effect of A2 gas as weIL. Although both static
and collisional mechanisms were pr"oposed for fluorescent quenchÍng, no

attempt was made to show whether these same mechanisns were applicable to

liquid sci¡tillatorsu

The present investigatíon was primarily concerned in showing the

quantÍÙative behavior of t¡rpical sclntillator solutlons containÍng known

anounts of Q2 gas. WÍth this !<nowledge two things could be d.one, One

could establish whether the mechanism lnvolved was static or collisional
and if collisÍonal, ealculate the number of effective collisions using the

kinetic theory as a simple approximatÍon. The effect of viscosity on both

the relative pulse height and quenehÍng was also determined. to fÍnd if the

effect r,ras the same as predicted by the encounter theory"
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Eæerinental_

The liguid scintillator golution was placed in a flat bottoned., eylind-

rlcal cell .4, (figure 1) of ll rnm"o"d., 100 m. in length provided t¡ith a

stopcock. The solution was then degassed by alte¡nate freezing and thaw'Íng

on the vacuum l-j¡e. The solutfon røas evaeuated under a pressure of

lu0 x t0-3 en; this pressure beÍng measured. by means of the Mcleod Gage in-

corlporated in the system. A 'n'i nimr¡m of four freezing and. thawj¡rg cycles

were four¡d to be sufficient for the removel of dissolved gaseso In some

early eases, up t,o I0 freezi¡g and thawÍng cycJ-es were used, but it wae

found that after four complete cycles, there was no change in the resultant

pulse height of the solution" The evacuated solutÍon rr¡as then allowed ts

return to rtom temperature and Íncrements of orçrgen hrere j¡rtroduced by a Iw'
pressure gas burette system B, Dow Cornfng Silieone vacuum grease was used

throughout the syetem and had no quenching effect on the solution as was

verified by measuring the pulse height of a typical solubion containfng a

r.rnaJ.l æount of silicone greaseo

A, t¡4pical run would proceed as foÌlours" The solutÍon in cell .å, was de-

gassed by four vacurm, freezíng and tharring cycleo. Keeping stopcock I
closed, the solution was brought to room tøperature, Orygen was arhitÈed

to the sysüem by means of stopcock 4 and the pressure ltras read directly fronn

the manometer. Durtng the admÍssion of gas, stopcock I was opened to fill
the space above the solution. With stopcocks l¡ and J closed, the mer"cur¡r

level in the tube was read or¿ the scale. The solution was shaken vígorousþ

to a1low absorption to take p1ace, the mercury was leveJ-led and Èhe differ-
ence i-a the tvro readings was converted to the vo}¡me of orygen absorbed by

the solution under the given temperature and pressureø Table I shows the

results for two typieal solutions,
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During the freezing and thawing cycles, it was found that the solutes came

out of solution" However, by shaking the solution vigorousþ at room tøpera-

ture, solution would soon be complete, Ânother point of funportance was that

the evacuated solutÍon røouJ.d not absorb an)r gas unless it ¡¡ere shaken vigorous-

Iy" Fifteen ninutes were usual-ly al-løred for complete saturation røith gas at

that particular pressureo Initía1ly', absorption would be quite large, but as

equilibriun approached, the absorptíon v,¡ould decrease and after fifteen minutes"

furbher shaking of the solution shor¡ed no further absorptionu

The pulse heÍght of the resultant solution was then determÍned relative to

a¡ anthracene crystal of approxi.mateþ the sanne weÍght" The anthracene rÄras

arbitrariJ-y assigned the value of 1O0 and the solu-tions were expressed as per*

cent of anthracene" There were a number of methods that could- be used to de-

tenøiine the relative effi-ciency of a solution. Ore method used. was a eompari-

son of the t,ota1 number of counts for a gi-ven time for the solution and the

anthra.cone crystal at zero bias on the discrimj¡rator" Another nethod ?râ.s corr-

paring the solution and the erystat at the discriminator setti-r¡g correspondíng

Èo the end pofnt" Another possibility was to choose some arbitrary value of

the counting rate like 40cÆ! sec. and compare the solution and crystal on both

an integral and differentíal basis" However, since a differential and Íntegral

count at the end point are too time consrrmÍng, the 40cÂ! sec, (integral) unas

chosen not onJ-y because of the ease and rapidity with which the meazurements

could be made but also beeause comparison of a standard solution by the four

methods above yielded values of the relative efficiency which had a risrcieun

devÍation of only 2 percent from the ¡1san va1 ue. Qae ninute counts ruere used

in order to average out the statistical variation, In each case¡ 25 m.l" of

so}¡tion were used a¡ld the geometry of the solutions wes as far as possible

identicat i¡r each case@ The comparíson of the solutions to the anthracene

crystal by means of the t+Ocft5 sec, (integrai-) nethod was thought to be
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justified since the four methods showed good agreement as mentioned earlíer

and. since the investigation lÁras concerned with relative values of the solu-

tion effíciencÍes onJ-y and nct absolute values" A typical pulse height d.e-

termination curve for a solution is shorøn belshr"

D/s cR/¡'|ttvÐ7-o R ¿/o¿ 73
The pulse height of the solution was deterrined by nounting the cell ôn

¡n E.M"I, No, 1361 VX5O55 photo tube operated at 1000 vo1ts" The solutÍon

was excited by the garma radiation from a Cs13? sourcee ttre pr:lses were fed

to an .Atøic Tnstrtment No" 2O¿r C amplifier, then to a D¡mat,ron N/101 prrlse

analyser and fÍ¡alIy to an Atomj-c fnstrr¡nent 162-A glow transfer cor:nter

(figure ¿) " Finely povrdered, dry ÞfSO was used. as a reflector for the cell"

The cell was nounted in a glass jacket and the MgO was then packed arrcund it
until the ceLL was coutpletely covered, except for the stemo The geometry of

the liquid scintÍIlator cells did not provide a very effective means of light
coIlecti.on, and as a result, the pulse heights obtained were about I0 percent

lower than those obtai¡ed with r¡-ider and shorüer cells of the sa.me volume"

Nonetheless, the same geomefry was used throughout the work and it is quite
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probable that the relative pulse heíghÈs are eomparable and. the advantages of

the long cells in the vacuum proeedure compensated for their poorer líght

colleetion properties" In order to assure a good optical contact betvreen the

face of the photo tube and the cel1, Dow Corn-Ìng SiLicone Fluid i¿as used in

all measurements of pulse heights.

There are a nu¡nber of faetors ¡¿ï¡ich wor¡Id contribute to the error i¡ the

neasurementgu The stability of the electronic apparatus was checked durÍng

the course of each e:qperiment by means of the disspiûri¡ator setting for r¡¡hich

hjcft5 seco oecurred for the anthrraceneè The naximum variatíon for a I0 hour

period was found to be ,5 volt giving rise to an error of 1"0 percent" the

error due to statistical variation of the corx¡ting rate would b.ve a nå)d¡fltn

value of 2"0 percent at the point of comparison (4Oc/15 sec.). A furbher

2.0 pereent error wor¡ld arise Ín reading the level of the mercuty i¡ the

manorneter and leve].ling tube. This gives a total of 5,0 percent error for

eaeh poÍnt" CheckS"ng a number of points on the graphs shows that the maxi¡nr¡s

error found is 5,4 pereent" There are some indetermj.nate factors such as the

packing of the reflector r,¡ttÍch would add some further errorø However, the

distribution of the poinÈs about the cr:rves is weIL l'rithj¡ ex¡peri-mental emor,

ChenÍcaIs

ScÍnti11atÍon grade chem:lcals obtained from the Arapahoe Chemicals, Inc"

Boulderu Colorado, were used without furbher purification. These vrereg

p - iliphenyl benzene C1gH14, (p - terphenyl), phenylbiphenylyloxadiazole -
Iu 3, d, C26H14@[2 (een), 2e5 diphenyloxazo]e C15H110N (ppO), p-bis (zu 5^

phenyloxazolylbenzene C24H16AZNZ (fOfOe) ar¡d 2 - (l-naphthyf) -J-phenyl-

øxazoLe C19H130N (tfpO), Baker Ánalysed. reagent grade :qrlene, p-ryIene and

toluene wer"e employed"
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TABTE Ï

ryleneå 4

"1
#'f\. terphenyJ.
gtn,/I" P0P0P

02 Concentration. Re1àtive-
Motes/titç¡ E 1o4 pulse Heieht

FoÆ-l

o
3"2
7"6

20-2
28,0
36"6
l+9 

"2
59.2

53"o
50,8
47.5
38"h
35"O
30.0
25.h
23"8

o

"04
"L2
"37
"51
"76r"08

r.22

p-ryIene: l+ gar./I" terphenyl

Concentration
es/liter x ro4

0
l+"2O
9"10

20"9
35"6
39"?
l+7 

"6
5l+"8
69 "6

Relative

36,9
33"L
3r"6
26"3
21,0
20"ù,
Lg"3
17"g
15.o

o
rIL
.16
.40

"76
"80.9L

1.06
1.46
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Ði scussion and_Be sulte

There are úwo t¡ryes of bimolecular proeesses which quench fluorescence

and these have been divided into two grorips - collisional and statÍc quencþ-

ing" In the former case, quenching bgÍ.rns after the nolecule absorbs enerry

qnanta whereas in the latter, the process begins prevlous to the absorption

of energy. Ïn the very si-mp1e case where quenching depends on coI}Ísions,

îÍe can ¡rrite the foAlowing schenet

S y' hv --_-*-**) S' Ka

SB '-*_t S Kp

S"lM SIM* Kr

Mo ****€ M I b; Kp

M'lq 

-) 

M/q K6

Using the steady state treatment, rre carl write the follorring scheme:

For no quenching ¡øe havei

Fo @ &(¡i)

a(u') 3o E rr(s')(M) Ko(M")
dü

(M') s g(s') (u)
Kr

Fo É rr(¡t)(s')

For quenchÍng we havee

F s' ru(u')

d(M) = 0 as icr(s.)(¡,t) KÃ(M.) - Ke(¡t") g
dt

(¡t') = rz(Pt)(s* )
rr I xç(A)
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r'

thus:

Fo
F

&
F

Fo
F

Fo = rls" )(¡t)

æ r"(s")(u) I(,ø / K¿(Al
KF K/(S')(M)

IçÉ-j Kal3D
Ky

1 / K(q)

And final-Iy:

Fo-I n KA(1) r,rrhereK = WFKr

S represents the solvent molecu1e, M the solute molecule, Q the quencher

molecule, K the o,uenchÍng constant, Fo the lumínescent output in the absence

of quenchev and F, the luminescent out¡nrt in the presence of quencher" }r

this mechanism, the transfer steps frcrn solvent to solute have been added

according to the present theories12tl3t25e26t27t28, Horrrever, these addÍtion-

a1 steps do not change the final form of equatÍon (f) frcr¿ that obtaÍned by

bhe original Süern-Volmer m"chanísraz3" Equation (f ) is in the fo¡rn of a

straight If¡e and thus a plot of the r.elative Iu¡ainescent efficiency (f'o-f)
F

vs the concentration (e) of quencher should yield. a straight llne whose slope

will. be equal to K; the quenchlng constant. It should be noted that Kr ís

the reciprocaL of the ¡nean life of the fluorescent molecule and its value may

be fornd by fast circuit technique" Consequently, hrowing the values of K

and [?, one can easily evaluate the eonstant KQ, The va]ue of Kr for liquid

scintillators is around 5 x 1OB "u""-1 
(29) and since the measured values of

K are of the order of magnitude 10 - 2@; K4 has values up to fdo ang larger,
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This is a quantity whlch is very nuch larger than bi¡noleeular velocity con-

stants measured for ordilary theraal reactions. hperS-ments on quenching in

the gaseous state of anthracene by o4¡gen or sulphur dioxid.el gÍves quench-

ing constants of nagnftude 1O0O-2æ0" This is just what kinetic theory pre-

dicts for quenching on nearly evelry collision, Thus, it appears that the

quenclring processes can be very efficient under certaÍn conditions. As a

good approxi-mation, the collisÍon frequency between dissolved molecules 1n

solutj-on may be taken to be nearily the sane as that for the molecules occupy*

ing the same volume in the gaseous etate. Thus, w'íth this assumption in nind,

oRe ¡uay use the simple kinetic theory to ealculate the nunber of collisions

betv¡een solute and qnencher molecules to a good degree of approxi-nation" Such

calculations have been madeaL ura the results show that at fairþ lon quencher

concenùrations, the co]-lisional process is very effective" I¡adeed¡ the

resuJ-üs of this investigation show this to be the case for the sol-utÍons

studied"

In the reaction scheme postulated for this work, the enorgy transfer step

from solvent to solute ¡'¡as taken into account, but no mentfon was uade of sol*

vent quenching" Thus, we could have the folJ.ouing kinetie scheme as well¡

slhv
s"lQ,
S"IM

M'

M.y'8

su

Sy'Q,

slMo

Mlhv'

Mlo

Ke

K. Q,

TIT

Kç

Eç

In this schene a d:istinction is made beÈr,veen the two quencliíng processes by

designaüing the quencher mo]-ecu]-es as d and 8" Tndeed it is very probable,

that the sa¡ne quencher u:lll act on both the solvent and fluoreseence molecules.



30"

this is so especially when the system under study is subjeet to only one

quencher - ín this case oxygen gas@ The distinction Q and Ql iu mad,e mereþ

to allow ease in nranipulation of the equationsu Oae could perhaps* consider

the step S" I M -*--: -å S I Mt as a quenchlng of the solvent fluorescence,

However, most authors agree that this is a trrre transfer step rather than a

quenehing step. F\¡rtherrore, the .fluorescense emission of most solvents is

very lomr in the absence of a primary solute, so that ÏÍe can consider this

step as a tnre energy transfer step rather than a solvent quenching step"

{isfng the steady state treatnent as before, we again get the result

thatc

Fo*F = K(a) (2)
F

The s¡mbols have the same meaning as before" the mechanism r,shich has been

postulated for the quenching of l¡nineseence seems to be dependent only upon

the quenchÍng of tbe excited solute molecule and Índependent of quenchíng of

solvent. thís does not mean to say that solvont quenching is not present.

However, the fínal result of the kinetic scheme contaíns no expression Ínvolv-

Íng solvent quenching. Nonethelessu it is quite possible that solvenù quencb-

ing occurs to some degree and that iÈs effect woutd. add to ühat of the solute

quenchÍng ¡nd cause a further drop in ùhe h¡ninescenù ouùput which would be

attributed to solute quenching only on the basis of this kfnetic scheme"

Another imFortant fact that has not been taken i¡to aecount in our

kinetlc sche¡ne is concentratlon or self quenchÍng. It is well haown that

there are certain optimrla eoneentratlons of pri"{ary solute and spectn¡n shift-

er ¡,¡hich will give the ¡naximrm pulse height, for that particular s¡rsüem' Be-

yond thís opt5mrrn concentration, a decrease in the pulse height of the solu-

tion is obse¡ved, Presumably, the mechanism of concentration quenchÍng is
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soil€ flon-radiative process such as degradation of the lumi¡resoence energy in-

to heat. In thÍs investigation, eoneentration qrrenching has been onitÈed; buË

as tbe results shovr, there is some variation of KQ with concentration of pri-

mary solute" This variation can, i-n all probability, be attributed to the

effects of ioncentration quenchf.ngø t,,

A nr¡nber of examples of fluorescence quencþing show features that ea¡rnot

be explained by a eollisional mecharrisn, Soue of these are an increase in

fLuorescence intensity with an j¡erease j¡r tenperature and the faÍlure of some

systems to obey the stern-vol-mer equationl'3o'31. These ca¡a be explained, 
: :

', 
'.

satisfaetorily by usj-ng the follourLng kinetic schemeg : :

M/hv _*--> H' K,

IIQ / hv

¡n I q t--*** Mq Kr

Mo Mf hv' K"/

In this klnetic scheme, the fluoreseent rnolecule M is thought to interact r,rj.üh

the quencher molecrrle I to form a sorb of a loose ttcompoundtt possessing an

equílíbriun or mass actioR constant K3" If the force betr'¡een this conpornd is 
,

of a van der tr{aaIs nature, then we can assÌr¡ße tkst the ccmpound wÍIL not j.nter- :

::
fere wlth the light absorptÍon of the solution, The absorbed light w111 be ,, :

shared by botir M and IfQ, but it should be noted that Mq will not fluoresce

whereas ¡4s røÍ1I" The energy absorbed by ¡tQ will probably be degraded i-ato

heat" Thus, the quencber Hrill reduce the fluoreseence of the solution accord.-

lng to the relatione

For/F-1s f3(0) (3)

It should be noted t,hat the guenching constant is aetualþ the equilÍbrÍum
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constant and not the ratio of two constants as in equation (1),

We have onJ-y considered trnro easesc coll-isional and static quenchiJÌg, fn

the case of static quenchiJlg, we have also assr¡:aed that the ttcompound.tr d.oes not

fluoresce" Should the forces causÍng ùhe conplex be quite sürongo there is a

possibility that absorption i^¡ill take pIace, and as a rezult, the absorption

spectrum of the solutíon wiJ-I change. If this is the case, then we do not have

a case of tnre quenchÍng si¡ace the solution contai¡s two different t¡4pes of

moJ-ecuJ.ar stttrctures" Because inter molecular for-ces are ca¡rable of fairly
wide variation, no sharp line can be set beÈween true quenching and complex

fortaüion, The problem is resolved by noting whether there is a pronowrced

change in the absorption spectrum of the solution or merely a small shift"

There is also the possibílity of the dependence of the quenchlng constant on

the quencher e¡ncentration Ín strong collisional quenchirrg rgurt"3z. ThÍs can

be ercplained by assuming that both collisional and statie quenching process

occurô No attenpt v¡ÍLL be made to derive the relation; but that used by

Boru"nl? rrill be gÍven

gg 1= (k/K3)a/k\(ù2
F

(4)

The quenehing constant is now (k I Vg) / kK3(a) and depends linearly on the

quencher concentrationl" It Ís thought that in such cases, the complex

rrcenpoundtr forrued can¡rot be a very specifie i:eteraetion"

!üe have thus outli¡red the three main types of quenching processes which

are possible for }¡minescent solutions" fn this investigation it was for¡nd

that the simple Stern-Volner mechanisn worrld suffice to explaÍ-n the quenching

of fluorescence by orygen gas" It is possible that should a d:iffer"enü quencher

be employed, the si-np1e mechanism might fail" In this investigation, the most

imporbant aspect of Èhe problem is that of 02 quenchÍng" the effects of other
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gases on ]iqr.Li-d scinti-l-lators wì]-} be discussed later on"

In a liquid, we suppose that queaehlng occurs r¡hen ar¡ excited moleeuJ-e

and a quenchÍng ¡nolecule occupy neighbourång sitee, Although the collision

frequency between dissolved moleeu-Les in a fÍquid is approximately the sanre

for the molecules occupying the sarre voh¡me in the gaseous state, neighbor:r-

ing nolecules i¡ Liquids nake narry rnore repeated colLisions with one another

before separatÍng by diffusíon, These collisions are referred to as

*rr.orrot"r*33n lfl the nr¡nber of repeated. collisions in an encounter is large

compared *rith the nunber of collisions rshich uust take place before quench-

íng occurs, then the value of K wilL be detennrined by the encounter fre-
quency ratber than the collision frequeney. The encowrter frequency, the

rate at which molecules find. ner¿ parbners by diffusÍ-on, ean be fowrd by an

appr"oxümat,e method24 based. on the fuol-uchowst t34 diffusion equation" Ttre

¡naxinun quenching constant K is then given by Èhe following relatíon:

K s l+ ÐRN rc LA-3

uihere is the mean life of the fluorescent nolecuJ.e¡ Ð - is the diffusional

constant of fluoreseent and quencher molecules, R - is the sum of the radii
of fluorescent and quencher uolecules and. N is the Avogadro numbern If we

take the average values of these constants for organic solutions at orrlinary

temperatures, the foIlowíng result is for¡nds

(s)

(6)K*1 ffi'*
T is the absolute tæperature and the viscosity of the solr¡tion" For

liquids of average viscosity, the varue of K v¡ilr be }ess than 3@. ve¡y 
.

efficient collisional quenching processes i-n solution have the peculiar prop-

erty that the qrrenching conståst, K depends upon the rriscosity of the solution.
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A good exsstple is the quenehi.xg of fluorescence by orrygen of liquid scínüiL-

lator solutions, The theory nay be verj-fied readily by naking liquid scin:

tÍIlator solutions of vary5ng viscosities, and irrvestigating the effeet of

the viscosity on the quenchÍng constant K" ï¡ this ínvestigation it rn¡as

fowrd that the quenching constant was quite large for :qrlene solutions (23O)

but drops almost to half the val-ue in :ry1ene solutfons to which have been

added measured arnounts of vÍscous paraffin oil"

Using the encor¡nt"fo tir"ory¡ it is possible not only to predict the

n¿xi¡tu¡r value of the quenching eonstant K, but it is also possible to pre*

díct in the Ídeal ease, the naxi¡rnm value of K " As before, if the nr:mber

of collisions in eaeh eneounter is large compared to the number required

for collfsj-onal qtrencheng, the IÍanitÍng rate is set by the diffusion and K

Ís given by the expressionr

K4 EB $TNÐr/LO|ue-VL" see.-1 mole * 0)

D * diffusion coefficÍent, r molecular radius of solute" If we assume that

Stokess 1aw i-s valid for the diffuslon pt€cess of the solute molecules, the

enpression in (?) reduced to:

Kq = $nfþoclÙV L. S€Go ¿ mote-l (s)

where T is the absolute temperature and V i, the vÍseosity of the solution"

These K values wiJ-1 represent the theoretieal narìmun rates of bi.moleeular

reactíons jn id.eal solutions. Bo¡n¡e,n2 has calculated values for benzeneu

chloroform and kerosene solutions and the velues are all of the o¡der of fdO

at ordinary temperature, The i¡vestigations of this exlperÍ-ment have yielded

values of fCO for nylene and toluene as wellu The good agreement between

theory and eSperi-ment in view of the assumptions nade can be attribuled ts
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the fact that the assr:mptions regarding the kinetÍcs of the process have been

essentially correct"

Table ïï gives the data for all- the solutions lnvestigated" The prined

values are those calculated using the slope K of equation (1) for each so1¡r-

tion, The variation of lurrÍ¡aescent output as a fl¡nction of O2 concentratlon

Ís shou¡n jn Fígures 3, 4: 5, 6 and?" These fj-gures shor,r the nagnitud.e of

the orygen qrenching effect sn a nrmber of connonly e,mployed liquid scintÍl-

lator solutions. It is i:nportant to note thaü the carrres are the theoretical

curres obtaÍned fron equation (1) whereas the poinüs ar€ actual exper5-uental

values, In the najority of cases, the variatíons of the poinüs about the

cunre is vrithi¡ e>qperÍmental error, lhis represents exbremely good agreenenü

with the sinple Stern-Vol-ner collisíonal process for the quenchíng reaction.

ln equatíon (f) the values of Fo were dete¡¡nined for the evacuated solutiorrs,

$ü2 bubbllng of these solutions in the same type of cells yielded values which

were ¡,rithin one percent or less of the Fs values for the evacuated solutions"

Figures 8e 9t 10, IL and 12 shov,r plots of the relative lumineseence

efficÍeney (Iq - F) vs O2 concentration for the solutfons i¡vestigated, As
F

predicted by equation (1) a li-near relationship is obtaíned ar¡d the variation

of the points about the line is r,¡ithÍn e:peri.nental error. The slopes of

these lines were used to evaluate the quenching constants K shounn in Table III

and for the caler¡-Lation of the theoretical curves for Figures 3e be 5¡ 6 ar¡d

7, Asswning a value of 2n10-9 seeonds as the d.ecay time for the solutlons,

it is possible to ealcrÈate Kn frrcn the relation Kn ^ K./¡ for the s¡rstems"

the values for Kn are tabr:-1ated in Table III.
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rylene: l+

"1

gø."/t. terphenyl
&"/L, P0P0P

0
3'2Q
7.60

20"2
28"O
36.6
49.2
59.2

Re]-ative
SE

53,O
50.8
l+7 "538,4
35 "O
30.0
25 

"l+23"8

FolF - I

"Ah
.L2
,37
.5L
.76

l.o8
I"22

o
10
20
30
l"þ
50
æ
70

Relative

53"0
h3"8
37 "332"5
2É"8
25"8
23.t+
2L"l+

) lenes 4 g"/L, terphenyl
'1 gn"/r" NPo

l4olæs¿it€r x l-04 Pulse HeÍeht Intes,ôåter x1O4 P¡rlse Heishtt

0
3.80
7 "LO1?"9

28.lt
35"5
48"6
64"0
72.1+

50"2
W "l+
41,8
36"3
30"0
26"6
22"5
L9 "7lg"3

"o6
uZQ

"37
"67.89

L"23
a"56
r.74

0
IO
20
30
å0
50
60
7o
80

50"2
ho"7
3l+"1+
29 "726"r
23"3
21"0
L9"2
17.6

p-rqylene; 4 gs"/L" terphenyl

0
l+.2o
9"10

20.9
35.6
39,7
h,7 16
5l+"8
69.6

36,ê
33.L
3L,6
26.3
21"0
20"l+
L9"3
L7.g
15"0

o
.LL

"16. .40
.76
.80

"gl
1,0ó
L"¿'þ

o
5

10
20
3a
40
50
60
7ø
80
90

33"2
30.lQ'
25"8
22'l+
20"0
18,3
L6"2
14"8
L3'6
12u6
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>ry}ene: h
rI

go./L" terPhenY1
gn,/I. DPo

Oz Cæcentration Relative
x I04

¡ Relative

29 
"52&,6

2]"2
lg.6
L6"5
14"9
t3"6
l-.2"5

o
2"60
9"20

L6"5
27.6
3h"h
40"l
56"O
66.o

29"5
29.0
2h"6
23,O
20"o
L7 "5L6.3
J3,g
L2"5

0
10
20
30
40
5o
60
7o

o

"A5
'20.28

"l+7
'69
"81+1"12

t"36

: lene: 4 g"/L"
,tr gP"Æ.

ÐP0
POPOP

02 Concentration Relative Fo/F - I O2 Coacenfratior
Mõ]esÀiterx I04 Pulse Heisht UõleeÂiter x104

o Belative
R¡lse HeiehtÊ

o
2,50
7.30

19.6
25,O
33.6
39 "O
52"8
60"o

53.5
52"O
l+9 

"O
4].,0
37 

"O
33.O
29 

"t+27.2
2l+"6

o

"03
,10
8A
"h5
"62
"82
"971"r8

o
10
20
3a
l+O

5o
@
7o

53,5
45.5
39.5
35,O
3r.2
29.3
25.8
23"8

P*rryIene I gtrÂ,/I" terphenyl
g&"fL" P0P0P

4
,r

0
2"20
7 "3816"9

27 "6
40.0
l$"1+
65 "2
7b"8

5L"Q
49 "5l+6.5
38"0
32"h
27 

"825"O
2L"6
20"o

o

"A3
"10
"35
"57
"821"04

L"36
L"56

0
Ã

10
20
30
hß
50
60
7o
80

b6"5
42.O
36,'Q
3L"h
27.8
25"5
22,6
20"6
19"0
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xylene: 4
"1

W./L" terphenyl
gn,,/I, PBÐ

02 Cæcentretie$ Rel-ative Fo/F - I 02 Cørcentratioat ReJ-ative
ldles îìterx 104 PÈIse HeiehÈ -' Mã1es/Itber:ûO4 Rúse Heiehts

0
3,æ
7 "l+Ou"o

22"O
3t"6
ho,h
56"O
65.6

hÊ"5
l+7.O

h5"3
38"5
35"o
32"O
30"O
25.O
23,2

0

"Q3
"87
.26
.39
"5r
"65
"91+lo09

o
10
20
3o
hÐ
5s
@
7o

Ag"5
lQ"o
37 

"CI
33"CI
30,0
27 "3
25"O
23"2

rylenet h W./I. PBD

o
3"7h
9"L5

20.5
29.â
33"2
l+3'5
5]."5
55"5

56.o
53"h
bg.3
44"0
l+O.5

39.5
36.5
34.O
31"8

0
5

10
20
30
40
50
@

o

^Q5.14

"26.38
.l&
"53,65
r76

49.5
l&"5
40u0
36"5
34"0
3L.l+

rylene: 4 gn.Æ, ÐPO

uãtesÂlter x 1O4
Be1atÍve Fo/F - I 02 Corcenùratloq¡ Belative
hrlse Heíeht Moles,lliter x 104 Pr¡lse I{eishtt

0
2.?L
9"36

19"0
28"2
39"L
U+.5
h7.o
5lr"O

lß,5
l+6.2
Lts.O
39'2
33"o
30"o
28"O
27 "525.3

0
to
20
30
t$
5o
60

0
uO5

'14
u2h

"l+7
'62.72
,76
*92

¿$,5
l+1"3
36"L
32.O
29"7
26"O
23.8
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:ryrlenea 5 grrr,lJ-" terphenyl

0
L"10
7,70

L7.5
24"o
35,2
lþ3 "3
56"2
60,2

35"h
3l+"9
32,O
29"O
26,5
23.2
2L"0
19"8
19.6

o
10
2A
30
l,þ
50
&
70

o
.o2
"10
"22
.31+

"52
"69
"79
"æ

35,t+
30.8
27 '2
2l+.1+
22.Q
20"2
19"6
L7"3

rqytene¡ 6 æ"/L" terphenyl

O2 Cæenüratioç Relative Fo/F - 1 02 Cøncentrationc
!6tee,/Ilter x 104 hrlse Heidrt Mo.ùesÀíten x l0l+

Belative
Pul-se Heipht s

o
2"34
5.35

L6.3
27 "4
3h,"h
h3"o
50"7
59.2

36.4
35 

"l+
32"h
28.O
25"o
22.6
20 "6L9"6
18"0

0
rA3
.v,
.30
rh5
.61
'77
"86r^o2

36"1+
3r.ø
27"o
23.8
2J"l+
19.h
18"1
L6"3

o
10
2t
30
40
50
&
7A

toluene: 5
ul

gn/L" terphenyl
gm,Æ" ÐP0

O2 Concentratlon.
MolesÂiter x I04

RelatÍve Fo/F - L O2 Concentratioqt
R¡lse HeisåÈ Moll-es/llter x l-O4 Pulse Helphtr

ve

o
7 "62w"7

2l+"5
29,8
LtPrT
52"O
59,o

t+6"O
la"o
37,8
33,8
32"2
28"2
4,2
25"o

0

"11
"22
"36
"h3
"63
"70
.8lr

0
10
æ
3a
40
50
60
70

l+6'O
l+Orl+
35,8
32"h
29 

"l+26"9
2l+"8
23.o
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52"7
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l'6,3

toluene: I gn.r/I. PBD
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CI

7 "72
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0
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0
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toluenee I æ"Â"
,L gø*.ft"

PtsD

POPOP

02 Conceetration Relative Fo/F - t 02 Cørcentrationf Relative
lúolesÂiterxIO4 R¡lse H_eíÆ!__ Moles¿iter_x lqa__ luLsg Heigh, s

0
7.55

L6"7
27 "7
35.8
t¿"6
49.6
55"0

5r.5
49.o
t+6,5
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39,6
39.O
37 "6

0
10
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l'þ
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6o

0

"O5rll
"22
,2?
"30
,32

"37

5L,5
¿}8"0
l+5"2
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38.0
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toluene: I+ æ"ß" ÆD

0
8"75

15,8
27 '6
39 "2
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5l+.3
48.8
45"0
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3L,t+
30,0

0
10
20
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0
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"28.38
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39 "l+
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02 Oørcentratdsn Belaüive FoÆ - t O2 Cørcenbnaüioçt Relative
lbles/líterx IO4 RrLse Heiehù Ho:Les/återx l0a Prllse i{eishts

PtsD

POPOP

0
7 "75U15

25.1+

4l"o
hÊ,5
56"O
65"5

53,5
l+8"6
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40.o
35,4
3l+.O
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29.5

o
.10
"22
"3h
"5L.58
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o
10
20
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&
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53.5
l+7,5
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39"6
35 
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]ryIenes l+ gn"f3. terphenyl
,1 gm.[" PoPoP
2"5ît by vreight Mineral 0j-L

02 Ceæentratiorl
Malee./ltter x 1O4
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l+O 
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0
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20
3o
l+O
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0
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34.5
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29.2
27 'o

:ryleae: l+ ggr./L" terphøryl
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5"Oit by weight Mi¡eral Oi-l-

Relatlve

o

"3014"r
2L.5
30"8
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55"O
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32,¿,,
29 

'Lþ28"O

o
10
20
30
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50
60

o
,01

"1&
.23

"3L
"39
"5L
.59

hJ+"5
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36.9
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ïABLE TTT

So}¡tlon
Q\renchårg
ConstanÈ
K ã Kn/KF

h*Klr
Molar Conc. Collisfsns
tor LØ /2 x Lo-9
Ouenching Seconde

qrlene
l+ g,fl" terphenyl-

.! go,.ft. PoPoP

rryIene
4 #"fl" terphenyl-

.1 gn./I, l{Po

P-:ryIene
l+ &"/L, terphenyl

rylene
b ffi,/L" terphenyJ-

,1 gE"Â" PPo

rylene
h p*il-" PPo

,1 glnuÆ, PoPoP

P*:Ylene
h æ"ft" terphenyl

ur gwo/ln PoPoP

rqrlene
b $"ft"

"l gn'/L"

ryIene
h #"/L.

terphenyl
FtsD

PBÐ

rrylene
4 en"Æ. PPo

I0.? x ldQ

9,8 x 1o1o

zLO 10"5 x tO10 9"0 x 1o*4 a4

u2

"2

23L t2,5 x tdo 6 x Io-4

2J3

L95

5 x I0-l+

? x lO-4

r.78 8.9 x 1o1o ? x 10-&

zLO 10"5 x 1*0 5 x 10-4

L55 ?"8 x 1010 I x 10*4

r32 6,6 x l-do 9 x 10-4

L73 8*? x 1O1O ? x 10-l*

"2

"3

"2

.2

ul+

*3
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So1uti.on
QuenchSlrg
ConstanÈ

----Ei-KdKF ftÐcnchtne seconds

:ç¡lene
5 g"/A, terphenyl L50 ?"5 x 1o1o 8xlF4

rylene
6 gn"/L. terpherryl L75 8.8 x to10 6 x IO-/s

to.Luene
5 #"/L. üerphenyt

"1 gn'Â" PPo
Ll.þ3 ?"I x 1ol0 8.5 x 10-4

foluene
5 g"lL" terpherryl 141 ?.1 x t#0 ? x IO-& 62

"2

toluene
5 grn./1. terphenyl

,r æ."ft. PoPoP
L30 6"5 x toto 6 x 1O-I+

toluene
I gm"Æ" PBD 6s 3.4 x 1010 1"5 x ro-4

ùoluene
I gn.Â' PBD

,I gm"[. PoPoP
70 3.5 x ldo 9 x 10-4

"I+

üoluene
4 gp"/l" PgD L25 6,3 x tolo I x 1O-4

toluene
4 gp",/l, PBD

"1 gnn[" PoPoF

Molar" Conc. Co]-lisíons
K8 * K^/r for L@ /2 x i:O*9

"2

.1

,2

"6

'l*

128 6"4 x tolo 15 x l0rl*
"7
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One can obtain an Ínsíght ínto the mechani-sms involved by calculatång

the effectiveness of the eollisions between solute and quencher moleculeg,

For such a comparison, one nay select quite arbitrarjLy a molar eoneentra-

tion for ten percent quenehi4gal+ and by means of kÍnetic ùheor';r, calculate

the nr¡mber of collisions between solute and quencher molecules rv"ithj¡ tbe

lifetime of the fluoreseent molecule, The kÍnetic theorXr erçression for

collisj.ons betu¡een two unlike molecules is given bye

zA,B s Nwafrrq{trwt ffi
urhere I{A¡ Iþ are the numbers of molecules of each specieag@ffiare the res*

pective collisionál- dia¡netersS M¿, Mg are the nolecular weåghts, R is the

gas constant and T the bbsolute tenperature. The value of T used was 2959K.

The collisional d.i¡.meters used were e OA=s 2,0 x 10-8 cm", p-terphenytr ry

5.0 x 1O-8 em"e PBD ry8"C x 1O-8 cm., a.nd PPO #6"0 x 10-8 cm" These quan-

tÍties are listed in co}¡mns 4 and. 5 of Table IIf, For ten percent quench*

Íng, the data show that between ,1 and "6 col}Ísions occur between an acti-

vated solute molecuJ-e and an 02 molecule w'ithin the lifetime of the fonrer"

For fifty percent quenehing, the values are ten ti-mes as large; the same as

pred.ieted by Bolrenz4"

These data show that the quenchíng pr€cess is characterised by an

exbremely rapid and efficient bimoleeular collfsional process" These data

also show that the process may be explaÍned by using a cotli.sional mecha-

nisnr identical to that of the Stena-Vol-ner mechanism v¡hose final form is

given by equation (f), It appears from the data that the quenching effeet,

of 02 on the solutions studied here nray be explained by the use of a simple

eollisional proeess rather than a statie on€o Tkre solutíons studied obey
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the Sbern-Vol-ner equation and on the basis 6f sinple kinetíc theory, the

collisional process is found to be very efficient.

Self quenching effects have not been eonsidered i¡r this work and it can

be seen that the valu.es of I{ vary with the concentration of primary solute.

At the higher concentrration of primary solute, the value of K is seen to de-

creases This is in accordance with theory sj-nce at higher concentrationst

self o,uenching r,111 cause a decrease j:a the luminescent efficj-ency" Sínce

F6 for the excess concentration is less than Fo for the optimtm value, K

will be snaller than for the case where the primary solute is used in the

opti-urun quantÍty. .Llthough K does d.ecrease accordíng to theory, the actual

nagnitude 1n some cases does not show too good an agreement" Studies of

self quenching for several primary solutes have been r"po*tudu-13"

Up to now, we have onJ.y considered quenching due to olrygen gas. There

are other gases which quench fluorescence as well. In this investigation,

ag attempt was made to use S02. However, the quenchÍng effect of the gas is

so large thaü even røith small amounts of gas in solution, the pulse beight

dropped i¡to the noise region of the apparatus so tbt no aecurate measure-

ments cotrld be rnade. Another difficulty encountered was the Ínability to

evacuate a solution that had absorbed S02. In most cases, the S02 conbined

l,,"ith the spectrua shifter to foru a yellow-green solid which fe11 to the

bottqn of the cel1 and prevented anJr measurement of the puLse height"

Studies were also made using N2 and H2 gases. In both cases, the addition

of gas had no effeet. Thus the F9 value was the sa^ne for an evacuated solu-

tion as for a solution contai¡ring measured amor¡nts of either I{2 or H2" The

results are shown in Table fV, Thus it appeårs that as long as Èhe gas does

not quench the fluorescence, the pulse height w1J.l be the same for the

evacuated solution as for a solution containÍng soùne a¡Bor¡nt of non*qr¿enehlng
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gas like N2 or H2"

By using the encounter theory, one can find relations which wiIL give

both K and KQ as a firnction of the solutj.on viscosity" Tn both cases, the

constants are inversely proportional to the solution viscosity. Thus with

an j¡crease in the solution viscosÍty, there shouJ.d be a eorrespondì-ng de*

crease in the two constants" The effect of viscosity on the constants K

and KQ was done i¡ this investigation" TL¡e viscosity was changed by the

addition of high puríty Nujol mineral oil to the solutions Ín weighed a*

mounts. Tühen these solutions were subject to 02 quenching, there was a

defi¡ite drop in bot'h K and KQ for these two solutfons as compared to a

pure ryIene solution" Oae would expect a drop in K due to the fact that

Fs for the nore viscous solutions would decrease due to the diJ.utÍng effeet

of the mi¡eral oÍI. However, sínce the drop in the K values is of the order

of fifty pereent, one must concl-ude that the effect is due ¡lmost ¡et¡]ly to

the increased solution viscosity, Since the constant K decreases in value,

one can cqrclude that quenching by 02 is not so effective in the more vÍs-

cous solutions sjnce the collisional process will be arresùed to some extent

by the i¡creased viscosity of the solution" The investigation of the t¡¡o

solutions of different viscosÍ-ty shours that both K and KQ do decrease i,rith

an lncrease in viscosity of the solution as pred.icted by theory"

Another interesting point was to check the pulse height, of a bubbled

solution to which had been added some substance with a high viscosity. Idhen

poly-vÍ.nyI toluene v¡as tried, there was a very notlceable drop in ùhe pulse

beight" ftris sould possibly be attributed to the inhibitor which r^res pre-

sent i.¡r the liquid. I{owever, v¡hen Dow nstJrronrr polymer ¡¡as added to a

solution, a noticeable increase in the prrlse height occurredn The naxÍmr¡n

occumed at a Styron coneentratíon of bebøeen 0,5 - 1"0 pereent by weight"



58"

ryIenee l+ g"/L.
'1 g'/1'

TABT,E ff
EffecÈ of I{2 and N2 on Bel.atÍve Rr-}se Height

terphenyl- rylenel t+ ge"/!"
PPo 

"L gn"/L"
PPO
POPOP

uPulse
sfrü

0
l"L
3"2
7"2

L2"8
L5"6
22"1+
24"Q
25,6

30"l+
30"7
30"l+
3o"g
30"4
30.8
30.2
30"o
30.h

o
2"1+
6"t+

10"4
17 

"2
32.O
37.2

30.0
29"5
29"8
30"O
30.2
29 

"5
30"3

0
L"l*
5"2

IO.l+
14"0
Lg"6
2L"6
22"8
25'2

53"7
53"o
53"O
53,O
53"8
53.o
53.o
53,4
52.8

TABI,E V

Effect of Viscosity on Relative pulse Height

Solutions

Ø uy weisht
Styron

Þrlse Height of
Bubbled Solution

toluene a 5 g"/I,
"1 gn.Æ.

terphenyl
PPO

2

6LL57t 66,j 63"7 65"5

l+

63,3 5gn5

So1utÍon¡

fi uy werght
Styron

Ptrlse HeÍgþt of
Bubbled Solutlon

É uy we:ebt Poly-
Vinyl Toluene

ftrlse Height of
Bubbled Solution

:ryIene e 4 g"/L.
'1 gn.Â"

"5 r"0

73 "5i6 75"5 ?? "O

terphenyl-
POPOP

2"O

67 'o

3

lQ.8

l+.0 5'O

6t+"5 63"5

3,O

66'.5

h

38'l+73.Li6 53"O h7 "5
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AdditÍon of fu¡ther Styron caused a smooth decreage in pulse height, The

resul-ts are listed in Tab1e V. The íncrease Ín pulse height eould be ex-

plained. on the basis that the concentration quenching and solute quenchÍng

deerease due to the deerease Ín collj-sional processes" On the other hand,

one woul-d expect that the luminescence efficiency of a more viscous solu-

tion should drop slightþ if the energy transfer occurs by means of the

third mechanlsm gi-ven by Kallmann and tr\rst. It nay be that this collision-

al mechanism is not the pnedcminant one and concentration quenchÍng Ís de-

ereased to cause a rj-se isr the h¡minescenee outputo

These data shor^¡ that the quenching process is characterised by an

exbreneþ effj-cient collisional mechanism in wh-ich nearly evet1r bj-noleeular

collision is an effective quenching reaction" Although a number of mecha-

niÉms have been proposed. - both static and collisional - the data show that

the quenching of liquid sçintil'lator solu-tions can be explaiiaed by applyÍng

the simple Stern-Volmer equatÍon (1). Having verifíed this, calculations

using kinetic theory have shown that the collisional process is exbremely

efficient at such low quencher concentraùions. Kinetic studies of fluores-

cent solutions and vapors have yielded results which also prove that the

Stern-Volmer mechanism is applicable in e:çlaining the quenching process.

The quenchíng constants for the vapors are of tl¡e same ord.er of nagnitude

as predicted by kinetic theory for quenching on nearly every collision.

SÌmilarly, the constants for the soluùions are comparable with the values

predicted from calcr¡J.ations using the encounter theory" Thus the results

obtained frqn studies of scintillator and fluorescent solutions are va.Iuable

sinee these measurenents on strong quenchers could be used to exbend and

elaborate the general theory of encounters in the lio,uid state"



CONCLUSIONS

1o The 02 quenching of the Light ernissivs process of liquid scintil-

lators hes been shov¡n to be a coJ-lÍsional process ex¡plicable by

the Sbern-Vol¡ner mechanim"

2, Using the Kinetic t?reory approxination, the nr¡mber of effective

collisions between the activated solute and quencher molecuJ.es

can be calcuLated, For ten percent quenching, between oI and "6

collisions occurred between the activated solute and quencher

molecì¡les durfng the lifetÍme'of the forner'

3" The rate constants for the quenchi.ng process have been d.eüermined,u

TLrese results are in good. agreement r,rith those obtafned by Borren2l+

for fluorescent solutionsê

4. An increase jn the solution víscosity has been sho¡¡n to cause a

decrease fu¡ the quenchÍng constant of the solution" This is as

predicted by Èhe encorxrter theory of liquids"
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