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C11/',F;i.'}!H I 
·-~-"'"'""=.,--~~ 

PHO 8Pr Hi ;~:;;s r;:r;:; CJ!~ 
·-""'-.....-"'~"'"""""'-"""'~-"'='"'-='--

Enr;h o:x-l; \ b.1.J of n woleculc :i.n :its tJ'tlUllct or unexc:iter.l 

td;o..te :i.s n::.nw.J ]y ocC\lp:i.ed. hy two elech'OlH-1, :i.f Uw rnoli'H.:u1c lw.t.:J itn 

evnn nilmbo).:' of oloctl~ons. '-l'he Pauli )~xc;luG·\.on FrineipJ.e clemr1ncl.s 

in opposite direotiona. 

If one eJ.eet:con :in the molecule is exn:if:ec1 to a h:i.cher 

electronic level.; :itf3 opin c:e.n ·eitllf:~:c be ur-:i.er!"[;Ad pu.rn'llel or 

nrd;:i.par'f:JJJ.Fl1 to the sp:i.n of tl1e eJoctron remnin:ij)t: in the orb.itc\l 

(0.nU_pal:'IJJ.J.el the molecule :i.s said to be in fl~ sint:;J et stn.to or· :Lf 

the srJins f!'r·El pm·c,llel the woloeule is aai<J. 1-.o be in o tr:i.p1et. 

state. !11tcrnn.tiv~:Jy the lllolocuJ.c enn be An:i d to h~:Wfi 1:<-

emitted by on exoi ted rnol.ecuJ.o wh:i oh lllf:,y ancompany the trans:i.L!.on 

molecule. 

Theor-et:i.ca1J.y 5 i:f' angulal·· lfl<!loentuxo is to be eonsur·v<-;d, 



on :U.s nx:i.3 and :lt;:; orb:UH.l motion o-ronnrl tho mJ.c1eu::;, tlHn·e :i.s ::t 

si ngld; s1~n.tef1. 'P.lri f> probability ir:; hc,m:wwc7 very much s1nalJ.nr than 

between stater; of U:EJ ~wrne multipl:ic:Hy. 'I'b'l1.1 J.ovnn· cnn:iative 

tre.ns:i tion probnbil:i.ty man:i.f'et;ts :i:(;~;elf' ~l_.s a Jont;:e'(· ] i VE.Hl 

lum:Lnescene:e than fluorescence, v:hich :i.n the end.::.s:i.on aocotHpr.mying 

a rEJ.diative docJ"':-tdFJ.t:i.on between e1cctJ.'(Jnin st.ate.s of tho sr;;_.me 

mill tipllci ty. For example~ f'luorescenc:e tyl'icaJly hE'.s a J.:i.fei::i.rne of 

the order of nanoseoom1s vlherefl.f> phor.;phorescenoe hr,s a 1:i.fetime 

from 10=4 to 10 seconds. 

Because of its long lifet.:irne, phospb(l)_'esconee is very 

dif':f'i cuJ:l; to ob servf'.• ill i;he gaseous or J.iqu:i c1 J_)}iase s due to faster 

coJni>Oting non-:co .. diativ01 quenchitlt:; processes. A q_uerwhing re0 .. ct.:i.on 

il'l'fl.<liaLed molecules in the r-o1J.c1 stn.te Vlhe:r·t;: molecular movewr:mt 

h~s J.nrgely been ''frozen out". Under· tbese conditions quc?noh:i.ng 

X'Eli.'Wtions btJGOllte very much slcmor than :'tn the liquid or go,seous 

ph::wes and consequently phosphorescEmob me,y 00111poto wi·t.h the 

quonehing reactions far nwro euccessf1.>lly. 

Phoe.phorc:Jsoenc:e llRS been obsr:,rved in H- nnrnbE-)r of solid 

state environments~ In 1896, Scl1ln:idt(i) we.s the first to obi:;ervt:; 

l)l·,osphot·esnence fl'Otn tn(Jlecules tre.pped :i.n a "gl11.ssyn matrix. 'l.'h:Ls 

technique W8.S erupJ o;yred. by Vavilov( 2) o.ml later extensively usEicl l)y 



I 

]. e··· .. 1 " tJ11 c~ 'I"''"· ·.1.'f.'. r·; : l.·J \ .• '\1. ·'" . • ' .A 

f:J.l~c Uwso f'o:cmed on coo1:i ng 

:i. sop(mtane nd xtu:ce s 7 and 11 yn.r:i ety of other organic l':olvmrh 

m:ixturnE>(l1.). O:.d;c:n·(5) n.nd J,:olbuigh(G) liuvc~ mnployed ple,gtic8 as 

r:i t;:Vl mod:in for phosphornscenee studies. Among the plastiot3 that 

b1:W<'1 been found u~1eful H.re polyearl:wno.tes, acryl:ics, pol3rs1:yrene, 

and cellulo8<~ polymerg> A good (lenl of work hos ~~.lso been tJ.o:oe on 

the phosphorescenrle of moJ.ecuJ.eG in tJw cr·,y·stnlJJ nn ste/o:;e( 7). 

The r-e1vtionsh:ip bel.Vif:en electronic stv.tes may be 

rnn.(1ily d:i.seussec! by refe.t··cmn6 to diagrrun 1 .1 ~ 'l.'ho VlfVl"J' l:Lner> 

7/hen rr.olocules their crouncl si;at.e o.bsorb ltght energy 

moJGculcs exci te,J to hi v:i.brBtio:nftl levels w:i.th:l.n nn elooLr·or::i. c 

st.o;t(:1 (j_ll.:i.ckly ( < 10-
12 Sf~Cond~) fall in1;o the lowe;:r\: vibrationn.l 

uncJergo 11 inter.syf5"l;cm crosnine;", to 11 vihrnt:i.onal JeveJ. of an 

elcctn.m:i.e stnte of t.}1e same energy but of dif'f'er·ent mul tir<L:ici ty, 

or "inh:::rnal conversion'\ to 11. loY.'(~r electJ:'onic level of ·!:.he fWX110 

llllllt:il'1i. city. 
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into:cnn1 conversion within the higher energy states ifl fEtster than 

r<:1cl:i.ative and non··radiativa processes between the first e}ccited 

triplet state and ground state. 

From the fact that phosphorescence is observed, it may 

deduced that the process, T
1 

""""~'s0 , is slower than the process~ 

8 --"'1' 1 "' ··l • 

means of populating the lowest triplet state where the exciting 

il1um:Lnat:Lon is of low or medium intensity.. In fact, for anthracene~ 

it has b(:1en estimated that only about 0.0'1?'~ of the triplet state 

1 I- • ' d t ~ " d . t ' f' b ' . ' ' t t ' 'P c• popu e;cJ.on J.s ue ·.o l;!le 1rec · spul= o:c HJ.cten exc1 .a ·2on __ 
1 

+- ">o. 

Tl1e process of excitation may be summarised as follows: 

1 .l .. 

fJ.'he work described in this thesis is concerned wi t.h some 

of the mechanisms that are important in the depopulation of the 

triplet state. 

G-enerally the mechanisms which contribute to the 

depopulation of the triplet state may be summarized. by the kinetic 

equation propos ea. by Linschitz ( 8 ). 

Whert:. [~·1 J refers to the concentra.tion of the lo'Nest triplet str.tte. 



[" J l.'t .. f•:i" J. tL11 e<J r 1nnntrn I' (I )l of 'c,}·u.~ L·('i) Ut1cJ r.t.c,t::: > 
'"o 

; (,() \.• J 

[" J l·n r·t·:) r.·:··; to tJ·,(, Gt)J 1 < :(;':,'il,J. ·:) '(.:i 0.\1 of tl:c i tlJ (l1} c:: r.! c ~~~ j ll[; 1\1, 
:t 

(;.·r·ounil. f) l.:.:rt,~~ (~·n tl ncb. f flit~ 
t>.=""'"'"""'U,~.......<l..~<>.,...,--"",.-,""'""""-"""'I=M,c,.>~<•=""""-~~~ 

'.l'_'11-"! {·:e·r,.1·, l,· ['1' ][: ] dc•E,n·~··i>·e:.; t.'r·:r! r. .. orJt·J.··U.J'iU.on ·t;o tho 
" '.'" .. , 

11 T8() ··1 (l , . . . v " • · - ' 

r'e&Co of 1)er;n.y of' Lllc trip:lct. st.nh~ 1."!J 'lU<'CH:tnl··ittg (if.' t.}H=: l:r·:iJ>let. 

foiinc1. 1 , '1 • • l 'J . ( 9) ~o I)~~ n~)t_ -~~ t 1 J .u~' 

(h) 

'l'be ',~ !,·.~ y•,·t'l )r ['l' J 2 
- 'n"." . • I I 'I 

n.L ] ow ~:;oJ1 ~t ~on 

) . 
l'i-?.(IC L.:I_On; 

T1 'T' ~ 
.... ,, 

J 
+ '1 !), + •)o 'I 

( jl 
h\l 

\ I 

~· .....) so + j) 1 

or 'P1 )· ~ f j· F r J. \ 
, .. 

+ I \ J }c;. t.) ~·), 

J 
I 

0 -> 130 h~ 
( 2) 

·~1 ~:--



l!ic<JnhrJ.rr.lBw (~) onJy jmport.n.nt 11enP or nbove roor.1 

crossine; to tho f'ir·st 

( n) 

4 k 
:t 

l ifetirnC" F> •,; . ' »? " •.. t:r:•aet:JS of BotHe impur:i.ties can bnve a c;n:Lf':i cant eLTect; 

(i) S5.noe tht~ tripJet state is n b:i.t>.:~dieal, it is ve)'J 



batrroeu it and th0 

11 corwcquont. irW:t'ouse :tn tho 

( ii) /mothe:c vw..y a molouulu (.Jtm quench tho tri:pl<rt 

orbit coupling so that; the;) sp1.n fJoleot::ton l':'Ule :tu partio,l1y brol:on 

)jJ.ce1y t;o th:ts of:('oct; nre berwy· atonm or parnmagnotie 

( ... ) :u.:r. 

to a s:tnglcd; :5 t;uJ;o of' a rnolocul e h1W'ing a 

ata.to of lowtn:• <'morgy than that being Btudiod. 

tlonor uocoptor 

r:horc tho El!WX'fW of 1' is greater them tho energy o:C 'J'n~ A 

Such o. react:'t.on is spin nllowed tmd highly effic.:i.ent .. 

~'hi~1 ty).)O of l'onction wan fir£rt ob sox·ved 1W rreren:Ln 

l!~rmolne/ 11 ) in studying naphthalene 1.n a l'i{;id. ~:tho.nol mt:ttrix 

'J'ho solution wa;; irrad:i.o.ted. by 11-t;ht at 3660~ and no 



7. 7. 
.Jy.' ;;l/1 '• ' '! '! 

v1hePe fr
0 

:i.s +.he H>1miJ.ton:iFtn OJlAt·:::..tor- of th~ purn tr:i:plet ;,:t.att'l nnd 
1\ 7. 

IC0 is tl:e ITemiJtordnn ope:C'fd.oJ· of the sr:•hl~<"n'11it. :ini.tn·~;.et:ioJ"' ;;,tr 
~ - . ri 

_, 
:is I: he )~~~\ 

J~l i } 
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10 < 

tr<.wa:i. t:ion. 

'l'hls is the appt•o::wh tah:.n by Robinr,on and li'rosel/ 1 ?.) • 

macJ.fJ cleeeneratc~ w1tb the l\Oroth v:tbrP,tionn.l level of tho t:d.plet 

stat&J by the &.ddihion of' pd.nw.r:iJ.y mo1ccu1Hr vib:rnt:i.om.1.l 

The sinc;let f\ta tG interacts with th•J envh'onm(::mt in nueh 8. Vl1'1.y 

..,.¢ 
the T -7 ;:;· proceM> :i.rr-eve:r·r.:thle. 'l'hr: od~::;in of the perturhntion7 

H
I 
~ :i.s 

·tho c1(~penc1en(:e of. the electroniC stni;es on nuelear ct:i.;::p1fWOfflOJlt. 

ll ,- (21r/h) 

where p ,., is the:: dens:t ty of ntrttes. ny r;cpo.r·a.i;:i.ng the wavefurwt:i ons 
l~ 

p, over thH whoJe system, :tt e::J.n he shown that the rrd .. n of non­

* radiat.:ive transition T -7 S is: 

(211'/h) p~ .l :B'(E) 
J.l 



whe;~o ,J :i;:.; nn 

Condon f:_.cLo 

A13 the ene:cgy 1Jel .. weon eJ.eob·onio 

the slow non··· 

k .. ]_< ·I· k, .. _ + k [!!,] 
e:xp p · <P (~m 

when. a ng 

or: 

:i.n the absence of n, c1uencb. 

phos:phorescew.:e nnd fJuor•t:HH.:encH (lW:>.ni.:unt y:telCi n, <1? .. and <]? .T•" 
. J! 



1 2. 

quanta in:Ltial1.Y a1H;orbed by the system,. So for systems where 

no quenching 

hence: 

cios are present: 

k 
p 

::: 

k :: 
p 

k 
p 

In this project however, it. was not necessary Jco separate 

the measured rate const~mt into i t.s component rate constants, and 

therefore it was not necessary to deter·mine the absolute 

phosphorescence and fluorescence quanh.1m yields. 



of tr1plet ntate 

Vi. on i;bat eA.n be chn:·;i ved_ f'r·on1 :H:.. 

In Bl1 thA 

was un:i ulo}ecuJ nr, or 

f'fusit:JJ• 

m:i ts the speea of the reaction. An exr;n,p1e of this k:i of 

l:hulene 

ous stud1ed, some other 



:tn th:i (:h:.lptt:.:r d 

,, n 
.h + l_) D 

ko 

r-~ l':,te of i.)Hl 

( ' ') ! I 

(2) 

betweon them CHn take pJ.&ce i.f the t:.nnrt,y ri:HJt!:i rcment s of rEH.;.c:t:i c1 11 (?) 



("1ll 1- (' '~8·1 "'· ,., ~ +(1 fl <·•'Ll[1'1'[· .! 1·-r ·r) "''l'tA OJ t ·1 r• '".. ) ;l "' . ··"· '·":;ll IJ • ,, :l • ' ......... ) p .\ J\.B ~ " . .... .. """' 

thn dii\'mdon. (;oeff':Lr-:i.ont of:' mo:Loculo h !'(';1at:.!.v-e ·to DI018oulo ))., 

Cllanclranokha:c<'1 G) has t:Jbovm thnt: 

wl:le:t•o Dr r.mc:l DB m:•e t.he <'l:i.ffunion C•)O:Cf:leiontn of moloculEH> A nnlJ. 
_J 

dO.l':ivotl in tho way outlined. holowo 

Co:ns:i..dEl!' the ooncU.t:lonal p:t·obaM.:U.ty of' 11, molocmlo .A:i .. 

1) '.' .. '1.'•1 ... ,r.", .·.'L''' •·.•.'"!. ·.Lv.i''.·J'.-!l.:.·l:c.J •• <> .... ,., ~L1 <~ " 1 "' . ' 1 )' ·t· •'.·.•.'J.'J.C~ '', ' _, • ..H < "- ...... ~ C•V ] sm;c.J . ..L..l vO. )Jib v • .t.<:<Ultlll'li LirA 1;;,1) 'J.'A* ' . ·' c 

r•IOlooulo B.~ lH.dng :i.n a aimi.lu.r volume el<.:mH.mt <lV~a t'1t r., ~ t:;. ( t :i.e 
~ M J) 
\;/, 

tho M.m<.:J t:tnd rA an(l rB :c<~f'or to spe:Un:t po:cdtion~::~ w;i.1~bin the nyf.d;om) o 

'l'ho rv.te of che.ngo :in ·ch:i.f:J ;':cobo.bili t,y when A, o,nd H. 
:L J 

(U'e ::mhzi<Jcd; 'Go d:t:f':Cusion ancl bo:i.ng consurrK~d by· rcr.wtion, :ts: 

wl·wx·o 

ct:p •• 
~J. 
dt 

2(:i.) 

'J~ho first term of tho right bn.nd ::ddo of the oxpre~~sion 



r·o:to o:f.' cl.mugc of' p ..• :b1 jcho 
J,. ;j 

olomontjl avAdvn:;. Clvo Jco Mw probr~h:iJ.1t;r ·!;b[~·t A1. WLW ~-11 

or ou·b of' dvA and thn,t H j mas dif':f:usi:l ~l.n or· cmt o:f' d.vn. 1'he ;;ocond 

to:;:'rn on. thtl :di;~ht e;.;p:t'l~Hf:lOS ·~he J.'[~tn of chango of P;t,j (tuo to 

chomico,l r·oaot:lon o:t.' A. or B ,., 
;l J 

'.l.'he toi~a,1 rnto of r·e(.w-t:ton il'l tho f\UlTt over Er\fo:ry .fll$ ptd.:t' 

B:tnoo 

:i.tten1;:lcul1 thin :i.f> glvon by~ 

(l(A] d [B] 

(b) p > p o.t t. -+ 00 
. ij - ·' c•qu:tlihrlum 

u11 of t~ho p. J :.t; 

(G) O,S :!:" -.; oo fi p ij lJOCOJn0f.\ :J.ncJ.G[:Omlt:mt Oi' ).' und 

to i te o:vcrtlgo ovox· tho rw;'J t<Yrn <• 

(d.) a. boumln:cy oom1Hhm rrt 1':-:::cAB ('This hounda.x·y co1:1d:i.tion 

ia diacuEJaed heJow) t~ 

( o!J.l·' I a r) 1 can Un:m 1)(~ ().(':l{;c~rmincd ond SU1Jr;i;;ttutod. in 
. J 1 ~.:;:rAP 

ti.!) 

equut:ton 2( :t:t) to gi V(~ thEl l.'i.1tc o:t' rcm,ct:l.on, 'l'ho boundn.:r-y cond:t 

>.\J' '"" '11 {~1)."' 1"0 C lJ • .., J Jr' "t "!-'! ('j Q) -l f' '1.'"'''4 VP.d •,'l"' +;}1"" ""~"' "-::: »AJJ '~-" v 0 .. Jn,·, IUlCl \:Lnl.lt>.-._ ,..., u_,._,. _ .. ».., 

i'ollowing WP;y~ Tho p:t'Obobil:l.ty the-;!; J3 in :lJ1 a shell of tid.cknoo3 t: rp 



'l 7 ·~ 

v 

of:' renction ( 2) he:l.ng sat:l.si'1ocl h;: 

whe:ee ~ 11 p 9 :~:;(~ tu•e the eollit;:Lon fl'Oq.uenoy du.d.ng encounLe:r.•11 ·~Xm 

otox·:t o fo.otox• an<1 the ohemi o~:~l aoU.vo.t:i.on <~lWl'BY t'Ht.lp€wt:t'vo1y • 

i :t2 1+1T '" 

Jdt 

v 

p( I'j .,~ t) 
'dJ 



Ii; 

tlt 

Dl .. ,. 
)D 

by upplyi:n.g tb:i. s nonu:i:t:i.on to Of,tuc.tion 

t';l 41T AB l!All< ( f3 /[ 1 + x·ilnf3]) [A J [B J 

d:U :i:\w:i .. on co of:Ci c:l.t:' ut n :tn a co nde:!wed ph~1,s0 Q 
1.1'.t11t:l ·tr-en:tmen t 

UU\J to ).t;yr.l.ng( i9) e 

In a dilute solution, a diffu solute molecule is 

o:r 

o . .ru:i..l:i.br1Uin posJ.t.:to.o tho so1ut;u 



] ·.· ~ . 
J 

~ 

Ah 
tJ) 
L 
(\) 

c 
w 

<;---? 
d 

Distance 
? 

T f' ,r .. If 

DIAGRM.f 2. 1 

2(:i v) 

Since V,.. J ~s the 1·ato D.t. wh:i.nh :1 c1i.ffusing m••leeuJ.e cr·us~;p,g 
,I 

v ·- K k' ·r 
( ~~) f ( "' ;T''P' 2(v) --·-~ wrp .-t'lJ. I') 

h J 
l·~ 

K is known ns the tr:;~1smi.ssion coef'f:i c:i Ant and ).f> rm 



20. 

D -- 2(vi) 

where -
(

_Qq I) 

)1- the reduced mass of the molecule, vf is the free volume 

in 1·J·hich the molecule resides and k 1 is the :Boltzmann constant. 

Hence the temperature dependence of the diffu.sion co efficient 

is: 

D = L( T) e:x.p( -E ./RT) 
J 

where L(T) is a function of temperature. 

2(vii) 

In a diffusion controlled reF.tction involvj.ng oxygen, it is 

a,ssumed that the diffusion coefficient of oxygen is much larger 

that of the other spec1es involved in the :r·eaotion. Hence: 

and so E. is virtually the energy barrier to the diffusion of oxygen. 
J 

Combining the results obtained in the previous t110 sections 

(equations 2( iii) and 2( vii)), an expression for the temperuture 

dependence of the rate constant for a bimolecular re;;wtion is obtained. 

::: 
k 

1 
viz. 1 

Since V "' ~~ exp( --E ~ /RT) let E + E 
a ~ 

and then the 8qua.tion has the form: 



l 
k + 

?L 

Although the pre~exponential terms in this equation are 

functions of temperature, their contributions to the temperature 

dependence of the v!hole expression are neglig·ible by colllparison Ni th 

the contributions of the exponential teTms. 

As mentioned before, the decays of phosphorescence intensity 

and hence of the triplet state, were all exponential, suggesting 

that all the reactions were either first order or psuedo-first order. 

The equation describing the decay of the triplet state is therefore: 

vi here ( 111
] is the triplet state concentration and [m] the quenching 

species concentration. kQm is the rate constant for a birnoleoul.:u 

reaction. rrhe temperature dependence for these rate constants for 

these rate constants has been established in sections 2.2, 2.3 and 2.4. 

k is the sum of rate constants for unimolecular reactions of the 
u 

triplet state occuring in the systems studied. 

i.e. k 
u 

:::: :z. .k ~ 
i ~ 

The temperature dependence of each of these rate constants 

is given by the following equation: 

k~ = A. exp(-E . ./RT) 
..L J. 1. 

>·Jhere E. is the energy barri8r to th~:: reaction having a ra.te cons t::mt, 
1 

k .• 'l'he experimentally determined rate constants v1ere: 
l 

k exp 
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CHM1 '11.:<:n III 
IIIN•I:l'l:-~<~+··-"',- :-,,.,,,-~·'· "'-"'·'""""'-!', '~~-,>·, 

Ki':('oot of' Envh·omMnrt;?1-1 Cond.i tions on Fllofroho;~.,oneonce Jl:lfot:\:mn~J 
\VW;-«4A46)hC"-'.<'· ~"'-'" ~-..~,_.,.""'-'J':"•~"'~- "'-"'>'H' ,._~~·-~---·>~"'~~+..:c...,,_.~~"'-""-,.-->"<:"""' -l-->!1#~-""~~·~'f~"~-"'<il'Y"t'l>--- -~·~·""'-"'~"'"<-<! ,~1,;;:; l~""'-"h'>~"l.-.·-<"< """&.IV>"" -~~---"'HT~.,.;:r.-;'"U""" .r ~0'< -.>~ ""'' ~!:) 

J)1THO mrcn on 
,.,_..,'*""'"" .. *"-~-··~--""·"'"'"""-'4l<-w 

:t'eD,cGions v:h:i.oh heoc.Pnn itwl:-ensingly iJnportnnt at> tho viscosity of 

G.O 01't.11).SC~ S to 

docn,y may bc.1 conveniently oxpro~:wot't :i.n the form o:f' nn An·hcm:\.ulJ 

clependml00 can in some on~:~es bo interpreted in terms of <:.tUenol:ill2: 

1.'(1C\td;:tons$ in n~any other casos it sM.lJ. o.waits sat:tsft~otory 

OJ'.;planntion nnd :U:; is the Jn:•i:rw:i.pal subject of this >:'EJV:lew. 

1J~ho oi':Cect of other env:i.ronr1wrrb'-l po.ramehH't3 such n:..'l 
' 

prensu:co nnd soJ.vont are also r•1ention0rJ ·b.c:tof1y in tl!in r.ov:L~li'lo 

1I'l~'•PER!\'I'TJJ?E Di~PKJDF.~lcE oF :e:·o:;P!tOHii;scr·::.JCE rjn'r:rpnms 
•illi'F"•""'''-·'•"~"'·"--~.n.~~""""""":>;V"-~--'"'~'-""'~'"...-~-~,._,,,,,.,. ••""""'"' ,_·,•-='''"-"·~"-'-~>>11'\''~·,f";~ ~·>;..·P""~"' ,,,.. .. ~,~""'";""•"""'~""'"t""""··-n.!t---=,..-"'-""<lJ!I 

A typioH1 .Arrhonius pJ.ot shewing the temp~::n·at.uro (\o __ ;ontlo:nco 



oi' tho 

. 't' ) ,,., "' ,-.o "'' .. , E><· v .\.~..) ..... t.J..L. ...L. .. n f,rrhen1uB plot 1a v:t rtuf:\J.ly f':tut. or 

doco..y in 

:tn i'luict aolution,_ 'I'hey co:nolw1eCJ. fl'Oli1 their n~nul ts that ox;~/f}c'rl 

tcnJ)JE:n:><JJ;uro ns corx•eaponcU.ng to the onn<;rl; of a diffusion cont:co11aG. 

quenching Y'08.c1-.ion with oxygen<> A :::imilnr inter))rote,t:ton of' tho 

bel;nviour of the low viscoHi ty reg:Lon of the Ar-rhEm:'uJ.a plot TIW:l 

t~ppliocl wlH.m other quenching spclC:i.os ii0:co knovm to be p:t'EH30nt:( 
23

) 

Very similt:,,l' A:tThon:l.us plots to those coustructed f'o:>.' 



molecules in low temperature glasses where care has been taken to 

eliminate oxygen and other impurities capable of quenching the 

triplet state. Some workers( 25 ) have explained the observed sudden 

increase in the rate of decay of phosphorescence with increasing 

temperature in these systems in terms of diffusion controlled 

reactions with traces of oxygen still remaining in solution. 

Assmning that the Stoke-Einstein equation relating the viscosity 

of the medium to the diffusion coefficient holds for molecular 

diffusion, other workers( 2G) estimated that concentration of oxygen 

needed to explain their results was f'a,r gre1:~ter than the concentration 

of oxygen that could still remain in solution after the solution 

had been degassed by their methods. The weak point in these argumenJcs 

is the assumption of the validity of the Stoke-Einstein equation. 

to the diffusion of oxygen. Osbourne and Porte) 27 ) studied the 

temperature dependence of the rate of decay of the phosphorescence 

of :naphthalene in several solvents whose vi~>cosity-temperatur·e a.epend·~ 

ences had previously been determined. Assuming a diffusion controlled. 

quenching reaction to take place in the presence of oxygen, they 

found that the rate constant for phosphorescence decay, calculated 

from the Debye equation for the rate of a diffusion controlled 

reaction (which is based on the Stoke-Einstein equation), did not 

agree with theirmeasured values for the rate of the phosphorescence 

decay$ A modified form of the Stoke-Einstein equation was found 

to give better agreement with experimental results. However, estimat;es 

of the concentration of oxygen required to explain the temperature 

dependence of the phosphorescence lifetime in degassed solutions, 



30. 

using this modified eqmltion $ a.re etnl too la~rgc to be tted 

by the d egass:lng proocdures used. 

Hilpern, Po and Stief 
( )studied the tempera.ture 

dependence of the phosphorcsccnc~ decay constnnt, k, for a number 

of a:rornatio hydrooarbons in iso-pentrme and propyl-glycol. The 

viscosities,~ , had prEviously been determined by Stief ( 2B) in 

the tempera.ture range used in this }'fOrk. 

lo r; /T). These plots oonsiste;d of two straight line segments. 

The slope of the segment in the "loHH viscosi t,;r region Nas less 

than unity. The Debye equ&.tion for the rate constant of a 

diffusion controll,~cl rGctctiom 

k == 8RT/30007J 

would h&we predicted a, str·aight lin<::: of unit grt~.dicnt, p:t',?Videc) a 

dH'f'usion m ntrolled q_uenching reRction H<>.s resporwible :t'or the 

tempt;l'<li;u;:e d cpendcnce. Des pi tc this, th0 n.uthor:::: concluded Uw,t a 

diffusion control];, d q_uenching \Ins occuring betvH~en the 

slope of the Arrher:du!:> plot 11ns less th~>n unity H<'S expltdncd in 

terms of the ex is tcnoe of so me simul t:meous unimoleoulnr deC~i,Y 

process hav:i.ng a sm.aller viscosity ot· temperature dependence than 

that of a diffusion controlled q_uonching r(!w.ction. Also, it 1HME! 

admitted t.lH'.t the De bye equation vias not .!\ccur;;,te boca,use 'vhe 

Stoke-Einstein equation is not exuotly applicable at tha molecular 

levd. 

Othel' da,ta \ 29) are not conl'listen·t with ;1, diffusion 

controlled quenching reaction boing responsible for the temperature 



sluJHll3 of' tho J\r:chenius plots in ·tho low v:tneo;rity rogJon :Co·r c"oh 

·l"l))'ll:'l'.cr, . ., ('•''i 1).)'r V'J' .. IU"nt') , , ~;.,.~ •. • ~ ,•, l• -·,1.1.;..,.1 '1· I \ ..... j_, · ,..~ t'< 

mole YID.B outainod. front tho Arrhen:i.UI:\ plot fo:c be:nzono :l.n tbe loY:-
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(b) 

Some have obtained n slight negative 

gradient in th.e Arrhenius plotf:l of som€! phosphoroscent species in 

organic glasses at low temperatures. An activation energy of 

0.3 to 0.8 Kcals/mole has been calculated for the process responsible 

for this, in the ~>rork by Porter and Stief( 29d) on the phosphorescence 

(33) 
of dibromoanthracene. Porter has proposed a hw step, non-rndiRtive 

d.caotive.tion mechanism of the triplet st<:v!;e. This first involves 

an adia.bn,tic crossing of the triplet state to l:'-l:l isoenergetic 

level of the ground Btate tlhich is folloHcd by loss of excess 

vibrationP.l energy by repcatfsd collisions with solvent mol6cules. 

Hilpern, Por·ter ancl 8tief( 26a) have suggested -that a small 

potential energy barrier may exist to th0 first process. A 

molecule in the zeroth vibrational level of the lowest triplet 

state >'lould have to gain vibrational energy to l'!'lach the point fl'Om 

1'lhere it could cror:>S to an isoenergr:t:i.o vi'brational level of thr? 

ground. state. An activation energy of 0.3 to 0.8 Kcals/moJ.e is 

consistent •·d.th this expl<m::d;ion. Other Horkers( 29a.) have observecl 

no tempero.ture dependence of the phosphorescence lifetime tn organic 

glasses in the high viscosity region. Ladner and Beoker( 29a) 

suggest th&-t for palladium (II) mesoporphy:rin IX, dimethyl-ester 

and p - phenylbenzophenone in methylphalylcthylglycolate this way 

be expltdned in the following \•ray. rrhey believe ths.t the radiative 

rate constan·t is ver·y much l<n:>ger than the non·~re.di<,.ti ve rate 

constant and th~reforc dominates the observed rate constant, which is 

tho sum of the tvro r11.te constants. If the radiative rate constant 



is temperature independent, then the erved rate conctnnt would 

show very little temperature dependence even if the non-radiative r8tc 

oonstrm·t; temperature dependent. 

r.l'hcre h<.WO been very fovl studies that have meB,SUred the 

rate constant for unimolecular phosphorescence decay in organic 

0 glasses over a, range of tompera·ture belovr 77 IL HoJgkins ;md 1iloodyard ( 34) 

investigated a number of ben~eno derivatives in methyloyclo-

hexa.ne~isopentanc (9t1) over the temperature range 3°K to ll0°K. 

They noted tho.t above i30°K, non-rc:,dil::l,tive p~'ocesses dominate 

and emission is small; 0 at about 60 K the emission process becomes 

incre:.a.singly important i:lnd finally bclovr about l5°K the rates 

of phosphorescence decay do not change ''lith temperature. Similar 

results "rlere obtained by Leubnor and Hodgkins( 3o)in their 1wrk 

on benzene and some alkyl benzene compounds. It \ft;,s suggested th~tt 

the fact that a temperature dependence for the phosphorescence 

lifetime of benzene '\'l/:l,s observed cct tempE~ru,tures of about 20°K 

and above, may bo associated with the smsll size of the benzene 

molecule. It was observed tha.t the temperature at which the 

phosphorescence lifetime started to increase with temperature rose as 

the siz,e of the phosphorescent molecule incref~sed. 'rhe temperature 

dependence of benzene 1s phosphorescence J.if0time in high viscosity 

systems i'Iill be discussed in more detail lo.ter in this reviev1, 

Studies( 35) of phosphorescent molecules embedded in 

crystJ,ls ancl plr.stios enable the temperature dependence of their 

rates of phosphorescence decay to be followed over a wide range of 

temperature while the matrix remains rigid ~nd viscosity effects 



are tlu:ueforo unimportant. A definite r thot1gh not. very lc:.rge 

temperature clepenclence has been obfJerved for most aroma.tic 

hydrocarbons in these high visoosi ty matrices. J:l'or example, 

Kellogg and Sch1;renke1'( 35a) founcl that the phosphorescence lifetimes 

of the compounds thoy studied, decreased only about twofold ::w the 

ternpera.ture 1-1;~.8 incr<:)/i.sed frow 77°K to 300°K. ~iieb:r•&md ( 3l 9 3
6

) 

t, ttributed some of this effect to thermally aoti vated quenching. 

Others ( 35a' 35cl) do not reg&.rcl quenching as important because the 

rat,io rr;p(T()/ rr; .1?(298) if;; vi:t'tU<i,lly ·MH:: rgr~,we for deutoi'ated and 

protonatect analogues of the same compouncL ( rr; refers to phosphorescen' . p 

lifetimes a.ncl the figures in pa.:een'thesc~s ref~;:;r· to the temperature 

to be senni ti ve to the same quenchers, but !:d.noe tho deutor<J.'ted speciea 

has a lone;ex· lii'et~.me thv.n the pro·tonatc.c~d upocies ~ it \WUld b~: 

expected the.t i lifotim(~ 1'JOUld 

th<m its protonc·ted countorpo.rt. 

1)c more D.ffeotecl b,y quenchine 

Jones and Siee;el( 3?) paid careful 

attention to the porJsi.bil:i.ty of the quenching of phosphorescence 

by either oxygen or some free radical F>pecies produced by photolysis, 

in their study of solutions of naphthalene, phenanthrene, pyreno, 

·biphenyl and their perdeuterated <malogucs in l)olyructhylliH;;thc:,.or,yL;·l;o. 

'rhey conoludecl that the observed tem)er:..:.tur~~,; de1Jendenct:s of 

phor:~phore::wence lifetimeG ,.,erG associated ,.,ith 'trvc unimoleculDr 

deea.y p:moesses. 'l'he:ir resul t.s d.id not permit them to se,y ~Jhother-

the temperature dependences arose from the re.diative or non-r<J.di:::tivc 

decay modes, or fro:r. a comhinatj.on of both, but their· resul tr:\ 1·rere 



connistcnt Nith em ana.lyd.s thc:.t asswncs th;.Jt only the non·-·radiativc 

rate eonstan'ts D.re t:c;mporature dependent. Accor·ding to this rmal;;sis, 

a process having an activation energy of about 1.3 Kcals/mole is 

responslble for tho observed temperature effects. ~Phis suggests 

out-of-plano bending modes could be responsible for tho effect. Similar 

conclusions tlH:vt the triplet state returns to tho ground stEJ.te via. 

a vibrationally excited level have been arrived at by other workers 

( 38' 35d) Baldwin suggests that as the temperature increases, 

a Boltzmann distribu-tion of energy VH.m1d predict a significant 

population of upper vibrational levels of tho lowest triplet state. 

The rate of decay from each vibrational level would be diffGrent, 

duo to different Fre.nck·-Condon factors and the observed rate of 

decay could be wri-ttons 

n 
k ::: h A l • b c1 1· -~o - 1' :1. o serve ;' 

where k, is the rate of triplet decay from the ith vibrational luval 
1 

and A. in the relative population of the ith vibratj.onal level. As 
1 

the t~mperature changes, so A. changes and hence also k b d" 
1 o Bervo 

Siebrand( 3 l) and Lin and Berso~n( 39) have developed theoretical 

-troe.tmen-ts of the effect of temperature on the Franck-Oondon ove:cl<''P 

integral, which determiner:! the rate of non-ra.di2.tive deca,y. This 

integral is found to depend on the population of the various vibrational 

states of the lowest triplet state at different temperatures. Siebrand 

concludes th;:d for most fU"'rna-tic hydrocarbons~ tho temperature 

dependence of the rates of non-radia.tive decay from the lo>'>'esi; 

triplet state to the ground singlet state should only be very slight 



intra.woleculo,:r vibr;:d;ione a:eu 

responsible for the tempc1·.:v~ure eff0ct. 

Interesting, anomalously largv temperature dependences 

of phosphoreaconoe lifetime have been obscrvcd(40, 31 ) for benzene 

and some lil.lkylbenz.ene compounds in high visco i t,y media such as plastics 

and crysto,ls. This suggests that either some intermolecular effect 

in·terceding in tho temperature dependence, or this temperature 

dependence of observed rate constant docs not arise purely from 

the non-radiative decay, but from both the radiative and non-radiative 

In recent papers( 4l), Habalias, Maria and McGlynn have 

suggested that both of these alternatives may be responsible for tho 

large temperature dependence of the phosphorescence 1 "times of the 

bon~ene compounds. 

A amount of evidence exists to support the b~lief 

that some sort of solvent interaction vri th triplet stat~ molecules 

about this unomRlously tempe ret ture effect. A numb0r 

of vrorkers h::we obs.;,rved a solvent effect on the phosphorescence 

lifetime of benzene at 4• At this temperature, the lifetimes, 

in seconds, for benzene are given in the parentheses for the 

following solventaz oyclohexane (11:8)(40a), borazine (10.2)(40a)' 

(43) (43) :ngon (16) and methc:me (16) • 

done with benzene and various alkylbenzenes in a variety of solvents 

indicate that tho greater the solvent effect, the greater the 

-temperature dependence of the phosphorescence lifetime. 

Spectroscop:i.c studieE ( 44) of -benzene in rigid media indicate 

the benzene molecule undergoes <~ solvent assisted distortion which 



resul to in tv1o Ja.hn·-'.Peller strd;es, 'l'h:Lf:1 Ja.hn-·'I'ol1er d:LEJ tort ion of 

the lowost triplet state of benzene would give rise to a low 

frequency mode corresponding to the interchange bctvrcen differently 

distorted hexagons. Excitation of this mode would give rise to an 

increase in tho Franck-Condon overlap integral and therefore 

an increase in the non-radiative decay rate, since it tends to 

res tore the rogula.r hoxhgon, 1·1hich enhances vibr:=t tional overlap 

b t th d d t . J t . ~ H t l . t d .r • ( 40o) e v-roen e groun . an Tlp . e s ·c:rves. a c 1, Erl:t. z an lv 1eman 

studied the temperature dependence of tho phosphorescence lifetime 

of mesitylene in B - trimothyl-borazine and while it did display 

an anomalously large temperature effect at temperatures above 

150°K, the rate of decay was independent of temperature below 150°K. 

The E.S.R. spectrum of this system ho1vever, indica-tes interchn.ngo 

0 betw·een ti'l'O ~Tahn-'I'oller s te.teB a;t tompcn'A,tur<'l belo\T 150 K. rrhose 

findings do not support the suggestion that interchange between 

J'<;hn··Tollor states is responsib1{~ for the large temperature effoot 

in benzene compounds. 

Melhuish ( 38b) has suggested. that the temperature 

dependence he observed for the radiationless decay of tho triplet state 

of benzophenone in PMIVlA, could l>e affected by the medium if it could 

apply some constraint to the triplet benzophenone molecule which is 

partially removed at some temperature where the medium relaxes. This 

suggestion 1ms prompted by the fact th<Lt cJ.. change in phosphorescence 

lifetime occurs at a temperature where proton resonance studies show a 

second order pha.se transition in PMMA. 

Recently .Tones and CallOi-IEJ,/ 45) 1uwe reported a large 
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4~. 

If ro·tattorw.l diffusion vms respom:ible for the observed temperature 

effect in these systems, the activation energies derived from tho 

slopes of the Arrhenius plots should be the SEWie.lf' ho"l·rever, thE:l 

temJ;arHture Bffect <:trises from sowe otht;r fa.otor which is cliffe::rent 

in these molecules (and is perhaps responsible for the different 

phoE>phorescEmce lifetimes), the observed activation energies will 

be different. 

( . \ 
lV) A good deal of work has been clone il! an effort to 

correlate a phenornonon knovrn ss the photocl,ynamic action of a 

compound with its potency as a skin carcinogen. In many oases 

iropressi ve correla.tions h<:we been found (50). Photodynamic action 

is the light mediated killing of cells or inactivation of enzymes 

by· chemicals in the presence of ox,ygen. It is often rega.rdeci as 

a sensitized photo-oxidation process. One reaction often proposed 

in the mecha.nism for photodynamic o.ction is~ 

3(i) 

where 3s refers to the triplet state of the species respons1ble 

for photodynamic action. 

Bad~er( 6 l) has found a correlation to exist between the 

rate of addition of OsO ,
1 

to some polycyc1ic hydrocarbons a.nd their 
11 

potencies as carcinogens. 

r.rhe existence of these correlations make it tempting to 

suggest that a correlation exists betHeen the rate of a reaction 

of the type 3(i) and carcinogenic potency. The observation that 

the carcinogenic mono-methyl substituted J. ,2-benzc:mth:cacenes 



C:Jxhibit Gborter sphore;:leence lifeti1nes than the non·· ic 

methyl derivatives of 1,2-~enza~thxnceno(~9) could also be an 

indication of the importance of a reaction of the type 3(i) in 

determining carcinogenic potency. This is because if the rate of 

reaction J(i) is diffusion controlled and the diffusional character-

istios of the methyl 1, enzanthracenes are identical, the rates 

of oxygen quenching (reaction 3(i)) should be the same for all 

the benza.nthracenes. Ho11'ever, if the reaction of the non-c<n'cinogenic 

methy·l 1, 2-benzanthracenes Ni th OX.)'gen had a,n activation energy 

greater than the energy barri0r to the diffusion of oxygen, then 

the rate of this reaction would be slower than the rate of the 

reaction of the carcinogenic compounds with oxygen. 'rhis would 

correspond to the observation of shorter phosphoree.cence l:lfetimes 

for the carcino benza,nthracenes if some oxygen m1s present in 

solu:t;jon in the 1wrk described in reference 49. 

To see if there was any difference in the activation 

es for the reactions of the carciriDgenic non-carcinogenic 

methyl 1,2-benzanthracenes with , the slopes of the "lo'd 11 

viscosity segments of the Arrhenius plots constructed from the 

rates of decay of the triplet st,::. tes of some c<.:.rcinol?enic ond non-

carcinogenic benza,nthracenes in the presence of oxygen, in 

3-methylpentane were measured. 
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ROlub:ility and. ease of purifioation are al0o :i.mportant factors 

in the choiceo 

Although naphthalene has a relatively high triplet sto.te 

enere;y of 2.63eV (by comparison anthracene is 1 oSheV) it is readily 

purified by zone refining ancl is fairly soluble in the solvents used 

in this work. It also has a comparatively long phospJ1orescence 

lifetime which means that its recorded decay is not affected by 

much shorter lived background emission from glass elements of the 

optical system. 

The metbyl derivntivE!S of 1 ,2-benzanthracene have a mucb 

lower triplet stai~e energy (about 2.0.5eV) than naphthalene. 

However·, they have a much. lower solub:i.1i ty and about f'i ve times as 

fast a phosphorescence decey as naphthalene. Further, their 

purification is more difficult bece.use their melting points 

(over 200°C), and tho small quantities available meo.e zone-ref'ird.r~g 

impractical. Some are known to be skin carcinogens and must 

therefore be handled carefully. 

The reason for studying these benzanthre.cene compounds 

:Ls discus1:.ed in chapter III. 

PURIFICATION ------

The solvents, 3MP MCH, were Phill:ips "Pure grac1e 11 • 

They vrere both pur:tf:ied by stirring with concentrated sulphuric 

acid for about fif'ty hours, washing with distilled water, and 

drying over anh;yorous calcium chloride. The solvents were then 



vaeuum d:i.st:i11ed into their bulbs wher·e thuy were kept; 

under vacuum over fresh sodiun mirrors. 'L'he used. for preparing 

solutions of the methyl suhsti tuted 1 , 2 bemofmtbracenes was ser1.tbbed, 

washed and dr·icd as before and then fractionated us a reflux 

ratio of about 8 to 1. The middle 5o% wm; collected and. then 

cJj stilled into the storage bulb. No difference was found between 

results obtained from benzanthraoeJ.~e solutions using i'raotiom:d:;ed 3J,:IP 

ru1d those obtained unfr0.ctionated 3MP. 

(b) 

The naphtha1ene was zone-·refined using a micro-mu1tipEtss 

zone refiner built for this project. 'l'his zone refiner is shown 

in diagram 4,. l+• It cor: of a -1 m.m. diameter cap:Lll<;.ry tube 

about 8 inches which fits through a series of alternately 

hot and cold loops ~- em. apart. 'l'hese form a series of 

molten £md soU.CJ zones of naphthalene cont~:dneO. in the c::;,pillary tube. 

This tube was rotated at a rate or 4 revs/min. to tho moJ.tcu zone 

st::rred a.ncl the solid-molten interface normal to the glass tube. 

At the same time the tube was cll'i von forvrard. through thG J.oops at 

a rate of 4 cm./hours. .After the tube had been moved forward i em .. 

it was quickly returned to its sta,rting position and tlw process 

repeated. .After about twenty of these cycles a large crystal of 

naphthalene was seen to have fOl'med in one end of the tubeo If 

the refilling was continued too long, the tube shattered, }H'Obably 

because of voltane changes in the naphthalene ingot on meJ.ting aml 

freezing. 'l.'he tube was loaded with naphthalene by quick1;y sucking 

molten naphthalene up into it. Dif'ficul ty was experienced in 
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re1noving c:d. r-lo c :·~s from the na.ph thaleue ingot. 1.<,\ren so, Hhen a 

red d,ye Hc'.s added to the naphthalene to check the perl'ormEUlCf] 

of the zone-refiner it w1s found that all the red dye was 

shiftecl to one encl of the tube afte:e a few cycles. 

A short discussion of the theory of zone-refininG is 

given in Appendix I. 

The methyl substituted 1,2-benzanthracenes were kindly 

donated by Dr. M. S. Newman, Ohio State University and were 

purified by a temperature gradient sublimation method. Originally 

the method described by Melhuish(55) was employed. This involves 

establishing a temperature gradient along a glass tube Nhich 

contains the compound to be purified a,t the hottest end. Oxygen 

free nitrogen is passed along the tube from the hot to the cold 

end ancl the components of the material 1Jeing purified crystallize 

out in different regions along the length of the tube. When 

1,2-ben~anthraoone and 9,10-dimethyl 1,2-benzanthracene were 

tres,tod in this fashion and then dissolved in 31\~P glasses, they 

gave non-exponential phosphorescence decays. For some time these 

non-exponential decays were thought to arise from the presence of 

micro-crystals of solute in the solutions. A variety of solvents 

were employed to avoid the possibility of crystal formation. Those 

tried 'Here iso-pentane ( iP) cane_ a variety of mixtures of iP, 3l~il) c;.;~d 

NCH. The phosphorescence decays were still non-exJonentibl so· it 

was then suspected that impurities were responsible for the non-



exponential decays. A mass spectral annlysis of 

to be purified 1, 2-benzanthra.oene showed the presence of higher 

molecular weight impurities. These may have been produced by traces 

of oxygen present in the nitrogen used in the cation. 

rnle purification method finally (J.dopted war.s suggested 

by W. Metcalf(56). It was much the same as that use~ before, 

except instead of elution with nitrogen, the tube containing 

the matsrial to be purified was attached to the vacuum line, 

degassed, and then sealed off. A temperature gradient was established 

along the tube and the system was left overnight to allow the 

purification to take place. 'l'lvo ba,nds !'lOre formed ~~hen mono-,methyl 

derivRtives of 1,2~benzanth:cacene viere purified in this way. Mass·-

speetral analysis of samples taken from both bands shoHcd thai; both 

had the moleculnr weight of a methyl 1, 2-benzanthracene 1'li th no 

detectable higher molecular weight impurities. Thes bands may 

he different crystalline forms of the same compound. Solutions 

of samples taken from both bands were prepared by dissolving 

them in 3MP and Arrhenius plots were constructed from data 

obtained from both solutions. More solutions were prepared 

using samples of solute taken from both bands resulting from 'the 

repurification of samples that had already been nubjected to this 

met.hod of purification. This process v~as repeated until reproducible 

slopes were obtained. from the Arrhenius plo-ts. 

The quartz cell containing the solution to be studied 



55. 

1ms inserted in the copper block shovm in diagram 4. 5. 11empe:catUJ:e 

control at any temperature up to about 50 degrees above that of 

liquid air could be achieved by adjusting the current flowing through 

the heater itJind a,round the top section of the copper block. 1l'his 

heating compensfi,tes for the loss of heat that takes flle~ce 'through 

the insulation to the lo':<er t:mcl of the block 1vhich is surro.unded b~r 

liquid air. The circuit of the temperature controller shown 

in Appendix II. A platinum resistance the~nometer embedded in the 

copper block was used as one of the arms in a bridge circuit. Any 

change in temperature was sensed as a resistance change in the 

bridge circuit. \ihen the bridge became unbalanced by a, change in 

temperature it either switnhed a transistor on or off allowing 

mo1oe or less current to flovs through tho heatel' winding, depend 

on w·hether the temperature had gone up or down. To achieve a 

sui "table re.t8 of heat loss from the copper block it i'/t:<,s 

found necessa.ry to lag the heater >"finding -vii th asbestos ta.pe. 

It was also found necessary to surround the whole copper block with 

a copper shroud that vH:,s maintained. near the temperature of liquid 

air by dipping the lovJer end of the shroud into liquid air. rrhe 

temperature of the cell was measured by a chromel-oonstantan 

thermocouple attached to the copper block near the cell. The voltage 

of the thermocouple was measured with a Tinsley Type 3387B potentia-

meter and recorded on a Hitachi r.'iodel r~PD53 recorde:c. 'l'he chart 

recorder displliyed any fluctuations or drift in temperature. The 

copper block snd hence the solution in the quartz cell was maintained 

at a given temperature for at least te11 · t b mlnu .es efore the decay 
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56. 

of the phosphorescence :from the solution wr:.s recorded a.t that 

temperature. 1l'he temperature control 1·1as better than ± 0.05°C. 

The :phosphorescence from the solution '\lliW :focused on the 

photocathode of an photonml t ier tube. In order to protect 

photor:1ul tipUer tube while irradiating the solution 1vith light 

from the mercury lamp the full voltage was not applied to the 

photomultiplier. This was achieved in the following way. Light 

fro:n the mercui'y lamp fell on the pbotocatho3e of P.l•L
2 

vl'hich 

tohed on a transistor connected across sof'le of the dynode 

resistors of P.M. 1 • The voltage 

of the dynode chc:dn \•las cons 

across the remainder 

less than that developed 

across the ete dynode chain which was in effect when the 

irrad light \•laS tched off l' .M •
2

• 'l'he circuit of this pro-

tection system is shmm in Appendix II. 

IJ.'he signal from the photomultiplier tube, ? .£,1 ,
1

, vra.s 

ampl by a preamplifie:r shoi'Tn in Appendix II. The phosphorescence 

studied were all to fast to read out directly onto the 

chart recorder.available ( maxiurum sp~ed of 240 m.m./min. ). 

At the beginning of the project, the amplified signal was 

fed to the vei'tical ates of an oscilloscope the trace of the 

signal was photographed. The photograph 1·1ere then 

11 measured-up 11 using a travelling microscope. 'Phis method of 

reco ;;md decays was time consuming 2nd tedious 
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an equation of the form: 

-b/I' k :::: Be + D 4(i) 

where B and D are constants. b is also e. constant and is equal 

to E/R, wher·e E is the magnitude of the energy barr:ier to some 

process whereby a triplet state molecule can return to its 

ground sta.te. R is the gas constant. 

In this least squa:r·es fit, all rate constants were 

giv-en the same weighto The reason for· using this weighting 

scheme will be e:x:pleined in the section discussing errors. The 

absolute temperature, T, was assumed tv have negligible error. 

Figure 4.8 sbows a typical Arrhenius plot derived from 

dai:a obte.ined from a solution containing o:xygen. By comparison 

with Pigure 4. 7 which is ail Arrhenius plot typical of those derived 

for deoxygenated solutions it can be seen that the onset of the 

rapid increa3e in rate constant with :i.ncree.s:i.ng temper.e.ture occurs 

at loWel' temperatures in the o:xygenated solutions than in the 

deoxygenated solutions. This means that there are fewer points 

in the low temperature portion of the Arrhenius plot in oxygenated 

sol1:.tionn, which often made it difficult to d.ecide whether there 

was a significant slope in this section of the plot. So although. 

an equation having the form of equation 4(i). may be a good 

theoretical description of the temperature dependence of the rate 

consta.nt,often, in practice, an equation of the form: 

1 B -b/T D -d/T 
c = e + e 4(ii) 

gave a better description of the data obtained from solutions 
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t'JI. O(J.UO.U.on which :ts equ:l.vnlont to 4(11), but or tho 
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loast 1:'.\CJUO,r(JS f'i t :ts c;i '~ton bolow -t> 

~APHTHALE'!~&3MrtW.CHf.CJ? ~ilU.l.J lr''PfR~TURf <lt>o£ 

1 
2 

OLD 

0.52'l1f 01 
0. %29E 00 

o •. l677r.-oo; 
o. "1711t·-Ob 

r,SZHO 01 
t•. '~"Lqo oo 

FRROR 

Oo4052E-01 
Oo7923E-02 

ESTIMATED AGR~EMF~T F~CT~r~ P~SED 0~ PA 0 ~METERS A~TER CYCLE 5 

SUM(H*(O-CI*•21 IS 

StJP TF ( SU~1( W* (D-C I **21/ ( t!O-'IV)) I~ 

~APHTHALE~E£3MP&MC~&OZ :,~JL ·n. l TE. PEl\ A TURF 'loo2 

CALCULATED y f\ASf:D 0'1 PA~,HI[Ttl(5 BEFOI{E CYC.LE 6 

Y( lHlS I Y(CALC) or~-CALC SIG{fJ) (0-CI/S!G(O) X (I) 

1.3000 I, 2R94 o. (11 (11> '),1)600 0.1774 1. 4 3 75 
I, 3900 1. 3710 O,()[Q;} 0,0600 O. 31 S9 1o 3750 
lolbOO 1. I'' 03 (1, I) [ ') 7 0,0600 0.3?86 t. 5£,25 
1.0100 [,0084 O,OOH 0,01>00 o.025CJ 1.6~7'} 
1.0900 1.0723 0.0177 '1.01>00 o. 2<l'• 3 1.6250 
1.2300 lo212S O,Ol?S O,Ot>OO Oo2912 1.~000 
1o4700 [, 4 5 7'l 0,0121 0,:>600 0,2014 lo3125 
1. 5~ 00 1.550' -o. oJOll3 0,01>00 -0,004A 1.2500 
1. 64 00 1.648~ -0,1)08~ 0.0600 -0.1419 !. 18 75 
1o7400 1.7530 -o, 0131l 0,0700 -O,lA52 lol250 
loR400 loPb40 -0,02tt0 0.0700 -o. 3'•33 1,01)2<; 
2oOBOO 2.1077 -0,11~!77 OoO'lOO -0.3465 O.'l375 
2.2100 2.2'>13 -0,0313 0o0ll)0 -o. 3<~0'J o,n75o 
2 o3 700 2.3833 -0,1133 o.oeoo -0.165'1 O.ll125 
2.5000 2. 53't 3 -0.0343 'l, OHOD -0,4285 0,7500 
2.6600 2' ~'J4>l ··o,•n41' Oo1t!OO -0.348~ 0,68.15 
2o8300 2,8651> -0,03'i6 0,11)00 -0.3'>'>9 Oo62SO 
3o0300 3.0472 -0.·1172 0.1000 -0.1715 0,'>625 
3.2300 3.2402 -'l.010Z 0.1()1)0 -0.1022 0,5000 
3,L,BOO ~" '•455 n.n3tt5 0,1000 Oo344!J Q,lt375 
3.7700 3.663~ 0,1062 o.tooo 1.0617 0.3750 

AGREfMPH FA: TORS BASEO 0'1 1'1\-{M~ElfHS RFFfl'-E CYCLE b 

SlJM(W~(O-C)*"21 IS o. 26'ttl 01 

SQR Tf (SUM( W•' ( 0-C I«* 2) /( t;Cl-'IV I I IS 0.312'1 



mcthyloyololwxuna (MGH) m:t:x.t\lX'OS of. Q.if:foront compo t:lons in ·bho 

Bolut:ton 1 ... 1 Naphthalene + 

Voltage ox' 

t~Ot':ple 

(mV) 

'I'omperatu:.r·o 

T(°K) 

fh.J,. 86f!J4. 'i1·S7l.- Oolt-969 

1'"/f:' ,) I.} 80o3 '12~1~5) O.l~:-00 

[le>!i5 81 ... 3 12.300 0 !1lj>!)O;$ 

8,.lt9!3 8.).2 1 ~!.019 0 .. 4.761} 

B .. h:> 81~-<tB 11 •. 792 o<>M>12 

n •. 3!35 87 .. 9 1i ... :)76 Oo62!)7 

13 .. ,?85 ao.o 1211!)00 O~~<lt-549 

8(.29 90~J1 11!1098 1 (;826 

e.,.:;;oa 89(<!1 11 .d 73 1 .,Q!J!+ 



Bolub:i.on 1 o 2 Jkpli.t.halmw + ::I UP ·l· r·l C!I + 0 . ., 

Voltr:t{~c of 

'J~hormooouple 

(mV) 

8.,!)05 

8<~>395 

8 .. ~~95 

H~dB 

7o995 
7 o9()!,) 

n.1~~5 

8o04-5 

8oOI 

Volto,c;o of' 

'.l'honno co uplo 

(mv) 

8<150 

G.,)9 

8o31 

B"24 

8oi:J5 

7·9.5 
7 .. 91 

7e8B 

8o1 ;~ 

8t>025 
e .. o 

'l'empero.turo 

tl'(oK) 

8)o0 

86.·1 

90u0 

91:-<>1 

100o5 

101 "7 
96.0 
99o0 

·Joo .. o 

~remperature 

'l'(OK) 

83~1 

86.8 
89o5 
91 (19 
95(10 

102.0 

1 03o2 

1 0J+•3 

96.2 

99·6 
1 OOo) 

c. 

·) c::e04.8 

11 ... 5.34 
n.-1·11 

1 Oo626 

9o9.50 

9~B32 

1 Oolf'l 6 

'i Oo1 01 

1 o.ooo 

·12 .. 033 

11 .. !)20 

11 ~173 

1 Oc-976 
10~526 

9.803 
9.689 
9o5137 

·j0.)9!J 

10 .. 0h0 

9e970 

o.,J-1£o7 
o~~!X:J'I7 

Oo.520G 

Ooh.:Jh9 
0"966·1 

1 ~:~'1 J+9 

Ooft-~J!)j 

o .. 7;.;o9 
o .. eGL:J 

Rato Cormhcnt 
c-n~i 

k( fJee ) 

0~;/.:-703 

0 .. 47~13 

0~>l:.699 

o.J:.GG:J 
Ool1.G::1o 

1 .0'/2 

1 .:;2_:) 

1&827 

Q,ll-997 
0.(~9£36 

0.82·1 9 



8olutlotl 1 ol1, lluph-thnlono + ,3\',-lP + J.'\C)J + 0 0 
(. 

VoJ:tngo of 

'J'lwrmo oouple 

(mv) 

me'ln ·· (' '"u· ·'· · ',.,"' .l. Ji ,,c ,ljl,,, ,,, 

' . 
T -·1) k(soo 

~-~~<:fP;~,~-•:TMC-~.,-.'>,~~W<;.~A<?t!~J./"t'!JW~;:.,.,~~;~""'"M'::.>i.al·~Xli~!«•·--..'$>Ut'<','li'""""'~u.-~~ft...""Wr~~'M)!~-M>;-'4i:.l'~,r;p,M)'l~""""">oi"":·Y-'-"f!UWI~l<..<$.~"""'~~-'J.M'.><:a..._"'l "-1 ~·""~JI'-"tfu& 

l)flll55 81,.~ 7 11 .. 81 

Bo355 87 .. 9 11.38 

B~28 90,!) 11·05 

f.1.,19 93~>7 1 Oe67 

EJ~dO 9/'eO 1 0 ... 31 

o~o3 99jlh 1 o,o6 
7 <i!9'1.~> 101 .2 9~.~881 

·1 ... 925 102<~>7 9 ... 737 
B • ..13 95$8 1 O"l~J+ 

o .. o6;.> 9B.2 1 0 ... 18 

8$01 100 .. 0 1 OoOO 

~.Jol•·l·',~:i'))'J. "1 g !) ]•Y,,, .. }ltl~nlc.'n·" • ·..;~•np. · '·'Cn • 0 , \... r·--'- _ "'If"" \U'"l.-'·' J lu ... V#. \) •,• ~ .. L "t" ·~•I ',{), *'t~ 2 

VoJJ:.ago of' 

'J:lmrmoooup:Le 

(mV) 

s~~1-1 

8(>'+3 

Bo35 
Be26 
8.1 ~,5 

8e095 
e.o1 5 
7 t)'T. 9-.,..J 

7oUG 
7<>81 
7a'765 

'7,., 705 

'7o Hl-1-

~'empol"atu.x·o 

'1'(°K) 

i32o8 12.08 

85oh 11 • Tt 
88111 11o35 

9i o) 10.95 

91t-o2 1 o.G2 

9701 1 Oo30 

99·9 10{101 

102 .. 6 9o7h6 
10,5.0 9·.523 
1 06 .. 1 ... 9~39B 

107.8 9·276 
1 09e8 9·1 0"1 

105.-5. 9o478 

o ... L~·12~~ 
0 .l{.O!i·1 

0•1:.41..,.;1 

o ·'~;:;or> 
00h:J31l· 

0$6lt-.5'( 

1 "2[}j 

2 .. 67:5 
O .. lt-('00 

0. ~!!)?.J·j 

Oo9l:7J:> 

Rnte Connto:n·c 

k( seo "'1 ) 

0.4020 

O~l:~2DO 

0 ol+!')C.>i 

Oc-~.jl::i 

0.4)10 

Oe45Gj 
o.~-~376 

Ool1.822 

Or~5079 

o~~529lr. 

o. 704-7 
o.om17 
0.5250 



'J'hor:moeouple 

(mV) 

8·~4-9 

Bo~>2H 

e.·1 5 
G .. m25 
e .• oo5 
8 .. 06 

7a995 
7 r'>t' 

(l ?:> 

11'l.tormoc:oup1o 

(rnV) 

B.!)O 

Buld!) 

(; t)t)t" 
0"""'-:J 

e.,·j u;;; 
e,.:i9 

8 .. 29 

8o29 
8.<~ n: 

" I .);..; 

Bo 2!55 

e~.2o5 

Tempt.iro:ct:.x·o 

'J.'(oK) 

03o9 

90·5 
9.5o1 

99~>6 

9/a,5 
9~l 3 , ..... CiJ.· 

100~7 

·to2 .. o 

·12"'1 r~1 

11~>'160 

1 o~G/'o 

10 .. 2:15 

1 Ot~395 

-t0~3M 

·1 o.,·tJI 

9/}9(30 

I·lnplrtho,lcmo + ~·liP + MCH + O,, ,_ 

1' 

8)n'l 1 ~~ G 0,31{. 

e6.,o l1c.62[l 

92~!5 1 Oo8·J1 

93o9 10 .. 650 

86o9 '11 ~<507 

a6~Z1 1 h!'50'7 

90~:>. 11~>C87 

9::>.0 ·)0(>526 

9·1o5 10.929 

9.Jo2 ., 0¢·730 

0 ~Ji:1·1 '7 
0 ) ''17 •·+·.).) 

Ov509G 
o~9o9o 

o .. G~r.eo 
0.,7Et'?D 
'i eo2·)0 

1 &312 

... ·j k( t)CO ) 

o.,hoo:: 
0 t,)~~?:;:; 

o .,r;1,.~::o 
'I 0 ~1l,:l 

0 J.'?' t +t- (_-J 

o~ ~.z(·~~ 

6 j7'121' 
II> ;J,) -:J 

.. ~ .3 r~(\ I'" )1) 

0"~)769 

0 • EK>lth 



::1olut:tot1. i .a ITapl-rl;ho,:l()!lO + 3:' .P + !Vic:;.: + 0 0 
/,.~ 

(mV) 

'J'c..om.[)G:t'H ture 

:e(°K) 
'l'hormo ooup1o 

Bol,Lb 8lj-<>l} 1'1 ,.8lt.8 

8"1~0 B6 .. 4. 1'·1 C!!/ll:, 

8 .. j1 89 .. !) 1·i ··l '7.3 
Bo~::25 92.!) '10~811 

f3~;1 ;5 9.'3<~8 1 Ou/.r.313 

flo17!;) 9Lt. .. 2 'I01r6·16 

a .. on:; 97~>5 '10~2:)6 

o.o:~;; 99o2 1 o.oa·1 
s.oG;.; 981;12 1 O~t183 

8~015 99<>9 'lO.,OHJ 

7u9D2 101 .,o 9~90·1 

'7o96 101 .e ;;..,823 

Solut;:i.on 1 .9 Nnphtha.lono + 3i'IIP + t1C1I + 0,1 c. 

Voltage of 

'l'hormocoup1e 

(mV) 

8.,,?1 

8~39.5 

n.~~s 

8~t·l75 

8 .. 12!.5 

8"075 
8o0.3 

8o225 
8 .. 1 1:-!) 

8.09 

e"oss 

'J'E1lll})E!Y'I1i:U:r0 

'1'(°K) 

82.'7 12 .. 092 

B6 .. 7 1·1 e-!534 
90e4 11.062 

9J·Hi2 1 OoC116 

96 .. 0 ·to .. J.:,17 

97.8 10 .. 225 

99e~4. 10 .. 060 

92e!5 1 OoB11 

95&.3 10 .. h93 
97.2 1 o(}~~as 

98·7 10t.1.32 

o~3~;1 J 
O;.J-1.0G;:i 

0 .. 1:.1 66 
0 0 l~,~~ ~i ~: 

Oolt.(}j·j 

o.J!2h7 
0.!))!.1~) 

O. 7'l3B 

O~t6025 

0~95"11 

1 ·521 

·t .no; 

Ooh15;3 
0\13989 
o~l::.-25.'1. 

0;.11·.3.?3. 
o.G~~?o 

OoG50D 
1 oY19 
Oa453~~ 

0~>5,3'7.~; 

0~8205 

o .. B873 
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g:tvon 'below., 

Solution 1a1 

SoJ.trL::ton. 1 <12 

Nolof:r~-w·~:Lon of' MCH :::t 0<~5!) 

Solu'l::ton 1 ..,3 
l'!Iolofrc\c:·tj.on of L1CH ... o.,;>e 

Solution ·1 ~4 

r-tol<::l:f'rf1ctionn in MCH ::,: Ou7Si1, o,e;:;~ O.,t1·J ~ Oc-81 11 Oo83t~ 0<~86b> O.,D~-~ 

0<182!1> Oof3h<l 

Solution 1 o5 
Hc:nsurer~1Ell1ts of' wolHf:t'action :\.n MCH -- Oo}l fJ Q,._3G, OQ34.s, o.,:9!·p Od::!.v 

0.,38l3 Q.,,).J. 

8c)J.Ution 1 .. 6 

I:!Eli:.WU:r.ements of mo1ef'ruot:Lon :tn I.iCH :::t 0.,62 11 0 .. 6.3D 0.,62 9 0$61 9 l).,{;)ll 

0.61, o.G2p o~63• 

.Avoragc molofruot:i.on in MCH 

Stanc1t\.:ttl. dovicrt:l.(m 

:..lolu !;ion 1 , 7 

~-- Oa62 
:::: Oo008 

Mensm:.>ements of molef'r·ncUon in r.1GU -· 0~26» Oa26 11 Oa3'1 ~ 0«>3.'1 11 o.-.:~3, 

o.32b 

ntnndo,rd devlnt:ton 



Solu:~:ton i ., :} 

l.1eu~:>tu:'Om(mt::l oi' tiwle:f':t'tto'tion r:;; ()(.6()~ 0(>().3!> o .. 6h., o.,6l:~ ( .. f' )<;b.)~: 

0<>65, o.,6z1., o .. Gh~ ().,(:)!), 

o~~6L..1} o..,65 
AV<:1J:•age mole:t>l:'D.ct:i.on f·WH ~:: 0<>61~ 

8truJctm;(l o.oviation ;;"J 0<1009 



JJisted belovl <:ne the <wtivation energies, E, obtained 

by a least squares fit of corrected rate constant - temperature 

data to an equation of the type: 

logekcorrected = B - E/R'.r 

where B is a constant, R is the gas constant, T is the absolute 

temper<dure, and kcorrected is a rate constant for the decay of 

phosphorescence corrected in the way described in chapter IV• 

Solution Average mo1efraction MCR E/R E(Kca1s/mole) 

1.1 o.o 8.04 :1: 0.43 16.00 ± o.IJ6 

1.2 0.55 3.63 ± 0.27 7.21 ± 0.34 

1.3 0.58 3.60 ± 0.14 '7.15 ± 0.28 

1.4 0.82 ± 0.02 8.22 ± 0.88 16. ?)6 ± 0.76 

1.5 0.34 ± 0.02 5;78 ± 0.66 11.48 ± 1. 32 

1.6 0.62 ± 0.01 3.71 ± 0.28 7.3B ± o. 56 

·. L7 o. 30 ± 0.03 5.79 ± 0. '(6 11.52 ± 1. 52 

1.8 0.68 6.21 ± 0.46 12.36 ± 0.92 

1.9 0.64 4.53 ± 0.17 8.66 ± o. 34 

These results are plotted in graph 5.1. 
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enel.'(';.Y barrier to tru.rwla. tionc.l d:Lf:Cu.a:ton :i.n f:J, b:Lno.ry mi:ld:uro r.m.ci 

tho rri:txturo o.nd. its compommtn ~ I. t :in 'vho:t·o.f'o.t•e lno:~.~o mnetmblo to 

not:Lvat:ton enore;,y-cornpos:LM.on :t•olntionzhip :l .. s shown :tn f':te;u:r•o !).>1., 

in TSGH~ In torms o'f' ey_uo.Hon 2(X) ~ thin io comdntont w:Uh tho 

:f'n.c'b that tho houts of' miiiug 

nbout tho so.rne cowposition ~1.·t 

va,nour:bmtion arc temporatu .. re (lepc:-mdent, Wh:i.lo tho heu:f.g of 

where} tho measurmnents :Ln this pro joet v;ere ttone, no d. a to. OJc:l .. Dh-1 

·to Ol:rt:Lr.H3.to J~;he hents of' mi:Y.:ing of ;:JJ;p.,..J.lCll mi:ldur·\iJS o;(; 1 00°K. It 

of' the minimwn in the energy hu:cr:i.o:r·-cc>rnpns.i.tion !'olut:\.onship •. 



FIGURE 5·1 

Activation Energy-Compos ltion 

Naphtha! ene & Oxygen 1n 3MP-MCH 
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75 .. 

WHla.rd(59) has measured. the viscosity of' a number of 

3MP~Mctl glass mj xtures of ciifferent composition as a function of 

temperature by measuring the rate of extrusion of a plug of the 

organic glass from the end of a tube to which high prcssu:ces of 

helium gas were applied. Although no valu.es of data wer(;J givon in 

the paper
1 
(59) a plot of log

1 
ol/ against 1/T for each mixture was 

given. (r; is the viscosity of the m:i.xtUl~e in poise ancl T is the 

absolute tempera.ture). These plots were straight lines, of slope 

E/R where Ev is the energy barrier to viscous flovr, and R is the 

gas conr:;tante The relationship between E and composition of the 
v 

mixture derived from t.be data obtainEJd by Willal'd is shown in 

f'i.gure 5. 2. 

Comparison of figures 5.1 and 5.2 indicates that no 

simple relationship exists between E and the energy barrier to 
v 

the tre~slational diffusion of oxygen in these systems. 

If D = o
0 

exp( -Er!R'I') the reciprocal temperature clepend.ence 

of log
8

D is -E
1
/R· Hence the Stoke-Einstein equation: 

'fl = 6TIDr/RT 

would predict the reciproce.J. temperature dependence of log
8

rz as: 

i .. e. The Stoke·"Einste:in equation predicts the recj.procal temperature 

dependences of log 11 and log D have the same magni tude.or E - -E • 
e'' e ' v - D 

Therefore th:ls work has demonstrated that the Stoke·~Einstein equation 

is not a valid relationship between the diffusion eoef'ficient of 

oxygen in 3MP-MCH mixtures and the niacroscopic viscosity of these 
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Activation nergy- Cornposit ion 
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mixtures. 

A number of other workers have reported the failure of 

the Stoke-Einstein equation in predicting the molecular diffusion 

coefficients from macroscopic viscosities, particularly in the 

case of the diffusion of oxygen( 62 ). 

This inva.lidates arguments against a diffusion controlled 

quenching· reaction of ox,ygen Ni th phosphorAscing molecules occuring 

in d,egassed solutions1 vrhich, are based on the De bye equation. This 

is because the estimates of the concentration of ox,ygen necessary 

to account for the observed rates of decay in d~gassed solutions 

are based on the diffusion coefficient fo:r ox,ygen derived from the 

macroscopic viscosity of the medium by the Stoke-Einstein equation. 



·-rr • 0 

soln·Hons r:;f unphtlue>.lnne in 3moth;ylpentox.to"'ntothyJ.c;yo1ohe:x:un.o r:d.:,:-!;.uron 

of {J.;'t:C:Coront; omnpos:l t:tons in. tho oJ)sotwe of o:x;ygen'~< 

Voltngo o:C 

~-'her·mocoup10 

(mV) 

8.!)25 

8.29!5 

8 .. ~~·1 

8 .. 09 

8.,005 

7o98 

7 .. 9lt2 

7o913 

8113!55 

tlo·l!) 

~:'mnpere,turo 

'l'(oK) 

82.1 

90 .. 0 

9)o0 

97-25 

1 00o1 

·J 01 .,·1 

102 .. 2 

103 .. 05 

(' 87$9 

9!Jo2 

H:vte Consto.n'l; 

( -1) k seo 

12 .. 1 no Ool:55G 

·J ·j e11•1 O~'lt-2!a2 

'0 7<''5 't ' (> .J, 0 ol{.!)6() 

10 •. 283 0 .. .5195 

9-990 01'90f3~! 

~hfJ91 1 e176 

c T'h ,)v 0;;> 1 {1557 

9c 70lt- 1 <~~959 

1111?/17 o~l~l~J{·3 

'I Ov50ll. 0.4.4B!> 

o.,ooG 

o"oo::'l 

o@oo:1 

0.,0()2 

o .. o.11J 

Ot~OO::.S 

OoOJO 

0.010 

o('oo::: 

o ... oo~~ 



'l'he:rrnooou_ple 

(mY) 

B.l1.9 
8~!_::15 

8o33 
8o16 

8.11 

n .. ol+5 
7~99 

7·90 
'7~965 

'l~> 91 !5 
r/o87 

V'ol'Lo.gc· o:t." 

'1'hc:~.1ao couplc1 

(mv) 

o<>;>o;; 
/3.,);~ 

8.~~·1 

(1., 1.)5 

Be055 

f3o0? 
"(., 995 
'1~97 
7 q:-·t~ . .; ,);) 
7e90 
8colt.O 

'J'r:nnperatux·e 

'l'( °K) 

B~5.l1• 

86(!0 

B8.,8 

9ho8 
96,,9 

99o0 
1 oo. 7 
·1 03~ 7 
1 Oi ~ 7 
103~0 

1 Ol:-(l 7 

Te:imp <::'l'&.:ture 

''(OK) .1. .. 

8,3.0 

89e'l 

9.3o0 

95<>'7 
98o7 
99o8 

1 00e7 

1 0'1 e,5 

1 02~lt-

10,3 .. 7 
f36.~. 

11 .9;;o 
11o627 

11>)261 

1 o .. 51,B 

•10(1351 

10 ... 10·1 

9 .. 9;;o 
9-61~3 

9.8,32 

9·708 

9o551 

•.r 

12t,01~B 

1·t .223 

1 o .. 7.'32 

1 O"S15 

1 0t>'l31 

1 Oo020 

9.9.30 

9~8.52 

9·765 
9e6l,L,3 

1 'l ·.574-

Ho.;t(;) Cm:wtrm:t 

k(sec-1 ) 

O<>h:l !52 

Ool{-1 06 

OoJ:.1.33 

O~th03i!. 

01'>45?6 

Ooh98'( 

Q,,6190 

1 (i1~..5 

0 .. 7156 
01)91~8 

·j-..l1:16 

Re.te Conotnn·b 

( -1 k sea ) 

0('1~207 

Oo/:.053 

O-:.M92 

0"}1}{.12 

o~s166 

0.6133 
0.,71{.50 

0<>8355 
1 .073 

1 oll.6.3 

0 .. 1??.68 

0 ... 002 

Oo001J. 

o"'oo;~ 

o .. oo!3 
o .. oo2 
Oi'/002 

0.,003 

Oe~OI7 

0 .r·c7 ., \) ~ 

0.,020 

0~012 

Oeoo;;; 

0"001:-. 

o"'oo:>. 
OoOO~~ 

01>00} 

0.002 

O.,ooG 
Oe005 

o ... ool,. 
Q,.()-11 

0.002 



·Vol ~ngo of' 

r1'h0l1j'J1() couple 

(mV) 

8~4·9 

BthO 
8 .. 295 

8 .. 21 !3 

8.105 

a.o:; 
7e9'75 
'7o93 
7(1885 

7·1325 
7o802 

7<>78 

V'oJ. t:ago of' 

~.1hc:rntocouple 

( 1riV) 

8.52!i 
13 .. 112 

8<>335 
8.2£) 

8.·14·5 
8 .. 06 
8(102 
7o 9·77 
7.96 
7-93 
7o907 
7.HB5 

Tcm1_PeN1,ture 

'l'( °K) 

03·5 
86.,3 

90~0 

92.,8 

96.8 

99·3 
101112 

. 1 02e6 

1 Ol~-c1 

1 06 .. 0 

106 .. 8 

1 07 .,lj. 

·~Pemperature · 

~l'(°K) 

82.2 

85.B 
88 .. 6 

91· 7 
95·3 
98 .. l~o. 
99t<7 

101 e2 

101 .. 8 

102.6 
1 03.11-
104 .. 2 

+ MCH 

'l. 
·JO.;,~ 

11 "976 
11.!587 
11 .11•1 

10!' 775 
.. 

1 o.:;:;o 
1 Ot~060 

9 .. BH·1 

911 7l:.6 

9~~606 

9~4-::)3 

9·363 
9·3'10 

12.165 

11 .. G65 
11o286 

1011905 

·t 0 ·lt-9:5 
10.162 
10.030 

9.1J81 
9 .. H23 
9-·7~£ 
9.671 
9 .. !)$16 

H.n.te Conr.d;nnt 

k( neo"'"1 ) 

o.M47 
0.~.030 

Oo.3~5~· 

01>4011+ 

Oo4i 3} 
0.406.3 
0.~.032 

0<>4664 
0.,5216 

Ot6309 
o .. 7747 
0.,9032 

Rate Constant 

l.:( seo."1 ) 

OeM98 

0 .. 11.368 

0 .. 4.,31 0 

0.421'7 

0 .. 4216 

Oo4594 
O .. h!)l~2 

0 .. 571·1 
0.6327 
o .. 7714 
0 .. 8659 
1.069 

o~oo2 

o .. ooa 
Q..,()Q'l 

0.002 

o.oo2 
0110()~~ 

o .. oo;~ 
0"003 

01'00~$ 

o.,oo3 
Ott003 

Ot~009 

o.oo2. 
0$002i 

Q,002) 

Olo!OO~:~ 

0.002 

04'00~: 

0.002 
0.002 
0"1003 

041008 
o .. oo6 
0.,0·11 



Voltnt:c~ o~} 

~t:lw:rmo couple 

{mit) 

13~525 

B.!,.~:; 

8 .. }11.5 

8"22 

Be 1/J. 

8 .. 065 
8,015 

7o96 
7.,9·15 
7 f.'tf·i ~ ,..>J.,,~ 

~~~~83 

7·93!; 
"(.Bfrl 

Vol~rc&g0 of 

'1'hermo couple 

( 111V) 

8.1+95 
B.l~.i~S 

81>,3~. 

8e ~~!)2 

8.165 

0«0()!} 

7.,935 
7 .~)0!5 
7t.86 
7'11832 
7.Bo 
7-77 

'1'f,Jnpero,tu:re 

'.P(°K) 

82o2 

8lt-e 7 
88$3 
92 .. 7 
9r.: f' d) If,,/ 

9(\e2 
99o9 

101 .a 
10;5 .. 0 
1 Ol1.~G 

105<)8 

1 Q2.,/J. 

1 0Jt-<J<1 

T 6mpera:l:ure 

'.r:( OK) 

8,3 .. ,3 

f3!),.6 

88t>14-

91·3 

94·7 
90.2 

101 (lo 
103-4 
1 0511>0 
1 0!5 .. 8 
·1 06.-8 

107.,7 

+ !iCH 

1 

1 ~2~165 

1·1 .BOG 

11 ·32:.5 

10.787 
·1 O .. lt-.11 

10.·183 
·t0e>010 

;J.D23 

9<~709 

9<~542 

9(1.1.1.!):2 

9·;1(}6 

9o606 

•,;,: 

10./ 

'.!.' 

12.-005 
•11 ,682 

11 -.312 

10e9!)3 

10 .. 560 

10$183 

9 ... 901 

9.671 
9 .. 521,. 
9.,ft;):2 
9~363 
941;28!) 

· JU,tte Gorwto.nt 

k( nec-1 ) 

Ool~05 

Ot>M9.J 
0<~h181 

O .. h211 

O .. h21 J~. 

0.4262 

O.-.h9hB 
0<>5()61 

0 .. 6617 
0 

·1 •197 
o 62')" <* L-·(~ 

o .. 73r..:-: 

0"'11-00~1 

o .... ~t.oJ,..;> 

o .. h39l,. 

0.111~79 

o-hoJ.~-1 

o~L"of:l1 

0 .,!~1~26 

O .. M179 
0.5836 
Ot~60l~oi 

o .. 71{>1l:-
0.9033 

0<;>002 

oqom~ 

Oe002 

0.;002 

O .. OOh 
0 .. 003 
o~~oo; 

1).,002 

OoOO) 
Oo004. 

o .. o1o 
O<tOOl~< 

Oe 

o~oo2 

Ov007 

0"002 ' 

o .. ou6 
o.oo.3 
0(,001 

(),.00~: 

Oe~003 

0.001~. 

o,oo.:~ 

o.oo6 
0.-005 



Solut:l.on 2,., I 

Measurmnonts of molefruotion L!CH :::: 0 .. 12 9 0~16, 0 ... 18,1- 0"19» 0.,1 D~ 

Oo17, 0~21t Oo249 Oo22 9 0.21. 

[)oluMon 2"3 

lSoo,::>U:POul0!1tr;; of molo:f.'raotion l:iGH ·~ 0~2.5, Oc.:~1 ~ OQ2!) 11 o.~~1 P 0,.22,.. 

Aver€J{St1 molefract:'Lon r::cu :::: 0,23 

~ o .. oi7 

= o .. o1 

Solut:1.on 2.6 

Avm·~r,e molr?Jf'raction MCH :;! Oo66 

Solution 2 .. 7 
Avor-n,;e molefraction }-lGB ~ 0,.,!)11• 



I. is ted o.re the acti vat :Lon cmergius 1 IC~ derived 

by a least squares fit of rate constant - tsuperature for 

solution to an equation of the 

k = exp( B - EjHT) + D 

where B, E and n are constants; k is the l'ate constan·:;, T l.f.i the 

absolute temperature and R is the gas constant. 

Note~ In the least squares fit all rate const<:mts 1·1ere given 

equal 1·1eight. 

"---·--·-- ·---
Solution Average J'~lolefraction MCH EjR E ( s/mole) 

··----~ 

2.1 0.0 4. :~::·o.19 8.17 ± 0.38 

2.2 0.19 ± 0.03 4.37 rl: 0.10 8.69 :~ 0.20 

2.3 0.23 :± 0.02 4.25 ± 0.15 8.46 :1: 0 •. 30 

2.4 o. ± 0.01 s. 45 ± 0.35 10.85 ± 0. '(0 

4.86 ± ' 2.5 0.40 0.22 9.6? ± 0 ·'14 

2.6 0.66 4.11 ± 0.32 9~49 i 0.64 

2 '7 o I o. 54 4.98 ±· 0. 34 9.90 ± 0.68 

These results are plotted in graph 5.3. 
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Dis ctwsion 
,.,_~..,,..._ __ ,_,......_..., 

The energy barriers to tbe deactivation of the triplet 

state in rleoxygenatecl solutions in the 11 1ow 11 viscosity region 

of the 3MP-MCH glassy mixtures show only a slight, aln:ost linear, 

upivard. trend as the molefraction of MCH increases. (See graph 

5-3) c Graph 5.3 does not bear any sim:Uari ty to graph 5.1 in 

section 1 which is the relationship obtained when oxygen is 

present in the solutions. J Th0refore, thEl energy barriers to 

tr:tplet state deactivation in these degassed solutions do not arise 

from the translational diffusion of traees of oxygen remaini!lg in the 

solutions. 
{L.,,J 

Further> com11arison of -ancl 5.3 shows that the 

energy barriers derived in this section of the project in the 

regions of high ana. low molefra.ction of MCH are lower than tho so 

for the diffusion of oxygen in the corresponding composition 

regions. If the translational diffusion of some quencrd.ng impurity 

other than oxygen was recponsible for the observed energy barriers, 

it vrould be expected to always exhibit a greater energy liarr:ier to 

diffusion than does oxygen. This is because any other quenching 

species lil:ely to be present in the solutions vrouJ.d be larger than 

oxygen and therefore ex.perjence a greater energy barrier to diffusion. 
!J}p 

'J:lhi.-a·seotion of the project has therefope demonstrated 

that the observed activation energj es to the degr.s.dation of the 

triplet statP in the degassed solutions studied are not energy 
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DIAGRAM 5-4 

Numbering Scheme 

M ethy I Substituted 172- Benz ant hracenes 

I 

2 

I 

1 
I 

3 

8 

7 

6 3 

5 10 4 



solutlona of f'om." mono..,methyl auhst:i3mted f ,2-bet.lzanthruoonoa 1.rt 

:r:ho r.olu.te used 

wna taken from tho f.h'Dt hn.nd. resul t:tng f:t~om a vo.cuum l'.rtlbl:tnw:t:Lo:n of 

VoJ:tnge of 

~PheTr:1ooouple 

(mv) 

0 f-\(' r· • ., ,1;) 

Dtth!J 
8.)0 
t1 .. 1 !;> 

74935 
'7.,90 
7o875 
7 .. 01+-5 

7 .. B05 

7·76 
7o73 

~·emporo.tm."e 

:e(°K) 

8,3.0 

86*'.3.? 
89 .. 8!5 
91c.6· 

101 oO 

1 0).,6!} 

1 04 .. 5 
•j 05·35 
106 .. 7 
108.0 

109.0 

7 

10,] 

12.0h0 

11 t5B·i 

11 ··130 

10t~9i7. 

9;;90·1 

9o6J~8 

9.,569 
<).1+97 

9.-372 
9 .. :~~59 
9o17l!, 

Re.to C<JnfJtHnt 

k( t~GO ""1) 

4·19lt-
lt- .. 303 
4$235 
~.o/{.71 

J1.~~6M~> 

!),.l1HO 

5t.779 
6 .. 221 

7 .. ;$1 ~j 

8oB,31 

9~J:.SB 

04>0:2l~o 

o~o~~2 

o,o:::o 
n .. Olr-9 

o ... o:12 
o .. oG; 
0.032 

0.0751 

O~~o1·12 

0,0')6 

o~oD7 



1~e solute used in this 

nolnt:lon wak; tuken f:rom t:ho firEd; ban(i roaulM.ng i'rom tho vncmJJ:1 

rruhJJ.mtd.::i.on of' n rw.m:t"le of tho mator:tal twotl. for the Bolu.te :tn 

nolul;ion i • 

Voltage of' 

'1' 
(rnV) 

8 .. !)1 82 .. 8 12,,0(? lH299 o .. o2~z 

H.435 8.5 & ~: 11e7)7 lJ.j> 21-t~· o(.ou 

[\.,15 95~2 ·t Ot~504. ht~386 o~o:,tl 

0 031' ,!¢1 ,.) 99€13 1 o.,o·ro h.o357 o.,o;·~:5 

7·930 102665 9 .. 742 4~5~7 o~o~r? 

·re·'-11 " J;;J •• 1 05t> 75 9a45G ltu923 01'010 

7·785 1 07e25 9 ~ .)21(. !}c057 0 .. 0!)5 

7o68 1H>oJ5 9·0()2 5·95 0 .. 0)7 

7.,6.35 111 0 '70 8& 953'' ··-·· 6.923 0.,07!5 

7.60 112.60 £3 ... 881 7·073 1)"0'111-

7o5ll-5 11 '+•2 0.757 8o272 0.10 



ooluto :l.n G<lluHon 1~> 

(r,tV) 

H«lt-95 83 .. 25 1 ~2~0'12 l~-~ :286 0$017 

8.L~1 36~-0.5 1 ·) ~6::~1 h·347 01!0'70 

8fo127S ~Oil' 7!} 1•1 "019 lt..-232 0<'()():,; 

81!>13!1 0'' 7"' ,t;)'f ~) 'l 0'1141111, lH!)2( 0.,0}'1 

o~oo5 1 oo~ 1 9.,990 J+~~,h87 o.o·t 9 

'1('91 1 0.~~25 9.,()85 f;;.,·i22 o .. o;x:; 

7.858 1 05t>'i 9<,5'1!3 5~>733 0 CP'7 $ .tr·" 

·/.,tH 1 06.,h5 9~391., 6.'196 0"0'+3 

7o76 1oa .. o 9,.2,:j9 71•251 o .. oh;; 

7,727 1 09<>0!5 9·170 7~>6C\9 011090 

7-705 1 09o8 $).·t 07 8o665 04106~~ 



7. 
10.:> 

(mY) 

Ho:Le Gonotnn1; 

k (Hec '"'1 ) 

~~~.x>=~.,._,_,.,w.=~~~~=::'-:Y.U'=h--~t:.lla4>r,.;t~~fi:.m~T¥.t~fi~~:r~~~~~~~Wf~-/n'fA 

Bf>h95 a.:; .. :; 12.005 2.96) 0.-0·)8 

H.36 D7ti75 11 .. ;>96 2 .. 988 Ot>O·l '/ 

8!i>25!3 91 ..,Jf- 1 Ow9ll'-1 2. 92() 0~?011 

8 ... 01~!) 99 .. 0 1 0~1 Oi 2~ 9~32 Q fU ') 
llVI <-

7" 9'>~) (' ,,......, 102 .. 7 9.TJ7 2.12/.:, 0..,020 

7 .. 86 1 0!5~0 9,!]21;. 3·330 0 .. 01 !'> 

·7 ~ ao;:; 106~ 7 9·372 ),.61~.7 0<110.30 

7 76t' t> .) 1 08ll15 9.246 l~.061 o.o~:o 

7~'71 1 09~7 9 ... 116 4.606 0<-0M 

7.665 11 0 ,8(3 9o021 !:).,691{. 0-01,1:. 

7(C615 112 .. 15 C.-917 6,;-~ 92 o.or,~~ 

7·!56 11,3.8 8o7D7 7 o81i-9 o .. oGo 



tmlut:ton h~< 

Voltu[SO or '1, 
1J:'ompoX't:.;.tU:r'O 1 o~) liJtte Gonst..:u'l.t: J:Jr-~.~(1 :C' 

~~:t~o:cmooouplo 
~1'(°K) 

Mtino~~'!J' 

k(sec""'1) ~: 

(mV) 

H~~:.Jo e;s.,1 1 ~l .. 03h ~~~CI00h l9 

8")-}22 81
" 7 ',);; 11 ..,6(<i I) 983 c .• <I' • o,.o·!G 

~;s~c, 90o,3 11 :'5..031!. o.CrJ!) 

· Bl>1 !)0 cw '" ,t)'*t. 1 OG~)Ol+ 2., 901 0,017 

B¢1025 qo 7 .., .iF: ·1 Q.,r).)O 3q093 0 .. ,016 

7 ... 9;> 1 .,() 717 ·I· 3~205 0~()20 

'71)1368 ~ 04.75 ::t~!J53 3<~4.33 O .. O!D 

7~>81t5 1 05~35 9.11-61 :>~s;;s. 0_.0~25 

'7 q8·l 0 ·1 06.1" 9'1:5913 .3~691 o~f/11 

7 '[J F ll !·.:J ·t 08t~lt-5 9\1>221 ~.r.-1r33 o.o:~9 

7-.715 1 09ul:-5 9f>·137 ,.. :p9 :Jt;r ,,} 0~;:0,?·1 

'1 62r.· II> •• .J 111o9!5 H ~;rn t ,,1,'} 7to)62 OoOh6 



The solute used in this solution 

was taken from the second band resulting from vacuum sublimation 

of a samplfJ of the material used for the solute in solution 4-. 

~·----""""'"----"'"""'~-_,.,.,..,....,._~----~-~-----""' ____ ......___.. .. """""'"""'"' .. ___ """"._"'_"" .. """"""'--

Voltage of 
7. 

Temperr;,ture 1 o.J Rate Constant Error 
Thermocouple 

T(°K) k(sec - 1) T 
(mV) 

_ _,_"'-"'*""""""""""~-"""..___.._..~~-.. -..--~-"'P"....,. __ """'"""" ....... "'""'"=-----·-~--,,~-·-""=a-'"»4----~-~ 

8~4.8 8).8 11 .. 933 2 .. 84-7 0-.013 

8 .. 255 91 ..3 10~955 3.,007 OaOH; 

8.111-5 95.25 10$4-99 .) .1 21 0.009 

8.065 98,2 10.183 2.989 O.,Oi) 

7·915 103.0 9·709 3·136 0.0·12 

7·855 1 05.1 9·515 3.182 0.015 

7.795 107.0 9"31t6 3q505 0.035 

7·70 109.9 9.099 4--1 31 Oo027 

7.655 . 111 • ·1 9.00i 4-·338 0.031 

7.617 112.1 8.921 5.261 0.036 

7·575 113-3 8.826 5·773 0 .. 029 



was taken from the first band resulting from the vacuum 

snblimation of the crude 3··methyl 1 ,2.-benza.nthra.cene. 

Voltage of 

1 o3 Temperature Rate Constant Error 
Thermocouple 

T(°K) k( sec-1 ) T 
(mV) 

------,·------... .. -.-~.---~~~-.._,.,.......,.""""""'~·-~-...-.._-,_ _____ ~ .. --.. -·..,_.,.__,_ 

8 .. 455 8h.7 11~806 2o703 0.013 

8 325 89.0 11.236 .2. 737 0 .. 01 0 

8 .. 235 92.,15 10.852 2.770 0.,013 

8 •. 115 96.35 10.379 2.846 0.025 

8.03 99.4- 1 o.o6o 2.81 G 0 .. 009 

7.897 1 03.75 9.639 3.024 0.021 

7.85 1 05.25 9.501 3·175 0 .. 024 

7.82 1 06 .. 2 9·416 3.645 0~012 

7·77 107.7 9.285 Lt-·14 7 0~031 

7· 73 109.0 9.174 4.637 0~025 

7.69 11 o. 2 9.074 5·7h7 0~01,2 

7.65 111 "25 8.989 7-028 0 .. 017 

---~· _........,._ .. ____ 
-~-<.......------- ... ------·---~-----....-.. ..,--~-~_..._..,. __ 



92 .. 

The solute used in this solution was 

taken from the second band resulting from the vacuum sublimation of 

the crude 3-methyl 1,2wbenzanthracene. 

Voltage of 

Thermocouple 
Temperature 

T 
(mV) 

Rate Constant 

k(sec-1 ) 

Error 

-..:p.-•-=-·--~---~---..,__,.~., .... ..--~---"'"'_"""'.___._ ____ ~--~"""_,__..,_.._,....,_..,......,.n 
8.h95 83.3 1 2.005 2.578 0.019 

8<>375 87.2 11 .,1+68 2.790 0 .. 017 

8 .. 26 91.2 10.965 2. 772 0.,027 

8.16 94·9 10.537 2.705 0 .. Olt-1 

8.02.5 99.65 10.035 2~845 0&019 

7.885 1 0~ .• 1 9.606 3.053 0.,058 

7.82 1 06 .. 2 9·'+16 3&129 0.02~. 

7 .. 77 107.7 9.285 3.268 0.022 

7. 715 1 09.45 9.·137 3· 711 0.018 

7.64 111 .50 8.969 4.0~.3 0.022 

7-58 113.2 8.834 5.569 0.067 

7·55 114.1 8. 764 6.248 0.04Jt. 



93. 

The solute used in this solution 

was taken from the second band resulting from the yacuum sublimation 

of a sample' of the material used :for the solute in solution 7• 

Voltage of' 

~'hermocouple 

(rnv) 

Temperature 

T(°K) 

Rate Constant 

k(sec-1) 

Error 

--,._,.----=-""""'-~0------rt~~------· 
,..,~_,,.....,.....~,---,.,.._-

8. '+52 8l~. 7 11 .806 2.667 0&009 

8.,38 87 ·15 11.474 2~667 0.008 

8.285 90.25 11 .080 2~780 0 .. 012 

8.03 99·4< 10.060 2 .. 665 0.-019 

7·925 102.7 9·737 2. 851 0 .. 020 

7·89 104.0 9.615 3.001 0.011 

7.83 •! 05.9 9 .. 44-3 3.203 0.014 

(.78 107.3 9.320 3-658 0.021 

7.74 108.7 9.200 3·936 0.047 

7. 705 109.8 9.107 4-540 0 .. 040 

7.66 111 .o 9.009 5·399 0.048 

8.16 9ll-• 9 10.537 2. 766 0.013 

~-~~·---· ---~ 
.,. ____ ..... ,_....~"""'-



was taken from the first band resulting from the vacuum sublimation 

of' the crude B··metlwl 1 ,2~benzanthracene. 

-·~-"'-"""---------- •"'-_______ """"~~"-'~·---..... -~-~ 

Voltage of 
103 Temperature Rate Constant Error 

'l'herc10 couple 
T(°K) k( sec -·l) T 

(mv) 
-·~----· ~-~--~~-------~-·-"- ·------·-,_,..,_....,...,.. 

8.45 84.7 11.806 3-.506 0.025 

8.}75 87.2 11 • 468 ·3Q616 0 .. 018 

8.29 90.1 11.099 3·530 0.02·1 

8.205 93.1 1 o. 741 3,,600 0.015 

8.157 95.0 10.526 3·594 0.,020 

7·905 1 03-35 9-676 3·749 Oo032 

7 .. 84 1 0,5.6 9·J+70 4o518 0.,034 

7 .. 805 1 o6. 7 9.,372 4.964 0.035 

7.77 107.7 9.285 5-733 0 .. 039 

7·745 108.5 9.217 5·957 0 .. 036 

7.70 109.8 9.103 7 .. 782 0.07LJ. 

-----~--- ,-.,.."""""""'"~-·---.. -~-



was taken from the first band resu1ting from the vacmuu sublimation 

of a sample of the material used for the solute in solution 10. 

Voltage of 
~J.lemperature 

Thermocouple 

(mV) 

8 .. 502 83.0 

8 .. 385 87.0 

8.26 91 .. 3 

8.16 9l~.85 

8 .• 06 98el~.5 

7 .. 95 102.0 

7 .. 95 102.00 

7o78 1 07-35 

7 .. "14 108.7 

7 •. 69 11 o. 20 

. 7 .. 65 111.,25 

7 .. 65 111 .25 

7.605 112.4.5 

-,...,__. .. _, 

1 2 .. 04.8 

11 oit-94 

10.953 

10.543 

10 .. 157 

9.80~-

9.804 

9·315 

9.200 

9.074 

9·989 

9.989 

8.893 

Rate Constant 

k( sec-1 ) 

2.821 

4·787 

2u 729 

2.801 

2 .. 82L,. 

2.872 

2.868 

3.063 

3 .. 461 

3.666 

4· 281+ 

4·41 0 

4,690 

Error 

0 .. 01 }+ 

0 .. 0·16 

Ov014 

o •. 017 

o~o·Jh 

0.012 

Oo018 

0 .. 025 

0 .. 023 

0 .. 021 

0&0j2 

0 .. 09•1 

0 .. 027 

------·-----'""""~-... 



Listed below are the activation ene , i<J, derived 

by least squares fit rate constant - temperature dita for each 

solution to an equation of the type: 

k == exp(B -· E/RT) + D 

>·There B and D are constants, R :Ls the g:1s constant and T the 

absolute ternpere.ture. 

Note: All rate constants were given equal weight in the least 

squares fitt 

1,2-Benzanthracene 

·Derivative 

process. 

·-·---·----
Solution Activation Energy 

(Kca1s/mole) 

---···-------·-·------------·---

10-m ethyl 3.1 3.03 ± 0.21 6.04 :!; 0.42 

!I 3.2 2. 79 ± 0.21 5·55 ± 0.42 

II 3.3 2.80 ± 0.12 5.57 ± 0.24 

5·-methyl 3.4 3.27 :1:: 0.06 6. :1:: 0.12 

II 3.5 3.62 ± 0.16 7.20 ;:!; o. 

II 3.6 3. + 0.35 6.73 ± 0.70 

3-·methyl 3.7 4.05 :!; 0.15 8.07 ± 0.30 

II 3.8 3.85 :1: 0.)6 7.67 ± 0.72 

II 3.9 3.75 ± 0.20 7.46 ± 0.40 

8-methy1 3.10 3.65 ± o. 45 ?.26 ± 0.90 

H 3.11 3.85 ± o. 37 7.65 ± 0.74 

----~·~------·--



Discussion 
---~~~-· 

The activation energies derived from the slopes of the 

Arrheniu~ plots in the 11 low 11 viscosity region are not the same for 

all the mono-methyl substituted 1 ,2-benzantbracones studied. 

Therefore, if all the compounds studied are assumed to exhibit the 

same rotational diffusion characteristics, the activation energies 

derived from their Arrhenius plots in the "low" viscosity region 

can not be associated with the rotation of the triplet state 

molecules as suggested by Porter and Stief( 29d). 

The activation energies obtained for the compounds 

studied increase in the order 10 methyl < 5 methyl <:: 3 methyl~ 8 methyl 

derivatives. Despite the fact that only a few members of the mono·· 

methyl substituted 1 , 2-benze.nthre.cene group of com1Jounds were 

studied, it is interesting to note that the "limiting" phosphorescence 

lifetimes (i.e. those measure(l in· the temperature region where 

lifetime is independent of temperature) also increase in the order 

10 methyl( 0 •22 ) < 5 methyl(-33) < 3 rnethyl(· 37) ~ 8 methyl(· 38). 

The nwnbers in parentheses are approximate values of "limiting" 

phosphorescence lifetimes of the derivD.tives in seconds. Also, 

the two carcinogenic members of the group of' compounds studied 

exhibit lower activation energies to degradation of the triplet 

state in the higher temperature region of the Arrhenius plots 

than the other two compounds studied. 
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While it would be speculative to suggest at this stage 

that correlations exist 'betw·een the magnitude of the activation 

energies to triplet state decay, carcinogenic potency and 11 limiting11 

phosphorescence lifetimes, the results do indicate that more members 

of the mono-methyl substituted 1,2-benzanthraoenes should be 

studied to see if any such correlations do exist. It would not be 

unreasonable to expect a relationship to exist between the "limiting" 

phosphorescence lifetime and the height of the energy barrier to 

the deactivation of the tl'iplet state. The 11 1imiting11 lifetime is 

the reciprocal of the sum of the internal ra.die:tive and non­

radiative rate constants for the decay of the tr:i.plet state. 

Therefore, since in the absence of quenching species the process 

responsible the activation enel'gies measured in the "lmv 11 viscosi t,y 

regions of these systems presumeably involves internal radiative 

or non-radietive degradation mechanisms, the lower the activation 

energy, the faster the "limiting" phosphorescence deca,y (or shorter 

"limi ting 11 lifetime). 

1\fhile the results from sections 2 and 3 of this project 

do not show 1vhat prcesses are responsible for the observed temperature 

dependence of the phosphorescence lifetimes in the degassed solutions 

studied, two possibilities are ruled out: viz. 

(i) Diffusion controlled QUenching reactions. 

(ii) Increased probability of intersystem crossing 

caused b,y coupling between the orbital motion 

of the electrons in ihe phosphorescing 



molecule and Brownian rotation of the 

molecule. 

Whatever the process is, that is responsible for the 

tempere,ture dependence of the phosphorescence lifetimes, it shows 

a slight dependence on the nature of' the solvent. From graph 5.,3 

it can be seen that as the amount of MCH in the 3MP-MCH mixtures 

increases, the activation energy of the process increases. ~~his 

effect may arise from a distortion of the phosphorescing molecule 

which is assisted by MCH solvent molecules. The results of 

section 3 indicate that$ not only is the process solvent dependent, 

but it also depends on the nature of the phosphorescing molecule. 

1'he different activation energies measured for the four mono­

methyl substituted 1 ~2-benzanthra.cene compounds studied could mean 

that the effects of' the solvent on the process responsible for 

the temperature dependence of the phosphorescence lifetime are 

not the same for each of the phosphorescing species. .Alternative1y, 

the observed differences in activation energy could arise from 

differences in some truly intramolecular factor in the phosphorescing 

moJ.ecule, such as the Franck-Condon overlap integral~ 
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The rate cons"l-;ants of phosphorescence decay together with 

·estimated errors wb:i.ch were evaluated fr·om the phosphorescence 

decay curves at different temperatures are tabulated below for 

solutions of the 41 ~·methyl, 10 -methyl and 3 -methyl substituted 

1,2 -benzanthracenes,a1l containing oxygen!lin 3 -methylpentane 

glasses. AlJ. the solutes were purified by one temperature gradien.t 

ve,cuum sublimation which was described 

41methyl 1,2 -benzanthracene+ 3MP 

1'hermoccuple 

(mV) 

8.54 

8.505 

8 .. 45 

8.322 

8 .. 27 

8 .. 205 

8.16 

8.135 

8 .. 385 

·Temperature 

~'(OK) 

81 ·5 

82.95 

81, .• 75 

89 .. 0 

90.85 

93e15 

91+.8 

95-75· 

87.0 

1 2.270 

12.055 

11 • 799 

11 .236 

11 .007 

1 o. 735 

10.54.9 

10o4lf4 

11 ·49l,. 

the expedmental sect:Lono 

Rate Constant Error 

3~294- 0.-016 

}.307 0.022 

471 Oo026 

3.628 0~019 

4..091 0.025 

5.230 0.046 

7·216 0.068 

9.628 0.079 

3 .. lf51 Oo018 
= """'-.--~,--~-""'-"" ~-----~-



i OM methyl 1 , 2-benzanthracene + 3MP 
-"41!•~=--·~""•..,.,.....v.,.""_,.._,._,...,._..,_..,._,"""''""'"'"""',._..,._.,...,.. __ . .,._,...,."""'"'-~ -·-"""',_..._,.,....,.=a""'""""'._,""" __ ...,,._._,_-"""".,_..~_,"""'._.,~..,,_.,..,.,,.. .. _ •. ,._ .. ...,.N 

Voltage of 
103 

Thermocouple 'l'empera ture Rate Constant Error 

(mV) T(°K) T k(sec-1 ) 

---·---'""""""~""""''""'.......-~~ .. ...,..~--~-.----~~--~-<>-~-"""'""'>'""""~-'"""'"'*-"---" __ ......_~ ..... --~""""' ... _'""""""'-""-"""' 
8.1~25 85~65 11.675 4o386 0.026 

8.39.5 86.7 11 ·53lt- 4·432 0.-041 

8.365 87.65 11 .409 4 .• 475 0.027 

8.322 89.0 1•1 .236 4.4.29 O.Olt-1 

8~275 90-7 11.025 4.840 0.052 

8 .. 24 92.0 1 Oo870 5o587 0.035 

8.195 93-55 '10 .689 6.847 0.036 

8.162 9h .. 8 1 0.,5lt-9 8.880 0.054 

8.135 95·7 1 Oe449 11 .160 0.11 5 

8.450 84.8 11.792 4e305 0 .. 088 

8.38 87.2 1•1 .4.68 Jt-.455 0.036 

.§sD~~!iiQ.Q __ :ll 3-Methyl 1 ,2-benzanthracene + 3 MP 
--~-~·~-~---""'-"""'' ..... """'"""'..-,.""~"'...__.,_,..,.,.,.,..._......_ ... .__. _ _,_~=---------~-~""'""""'4""'"" 

Voltage of 
1 o3 

Thermocouple Temperature Rate Constant Error 

(roV) T(°K) T k( sec -1) 
_,_·--------~-..--·-----....... ,._,_~--...--~,........_------·-.... ,_.,~---~~-..,., .............. ,.., , 

8.11-3 85.3 11.723 2.655 0.017 
8. 1~1) 86 .. 3 11.587 2.627 0.020 

8.355 87.9 11.377 2.696 0.012 

8.}05 89.75 10.142 2.864 ().01)+ 

8.255 91 ·3 10 .. 953 3~4.49 0.021 

8.217 92.7 . 1 o .. 787 3-966 . 0.04.8 
8.175 9h.2 10.616 5.2!,.0 0.049 
8.135 95~75 1 0.1+4.4 8.134 0 .. 11 0 

8.51 82.75 12.085 2.619 0 .. 021 

8.1+7 84.15 11 .88lf. 2.580 0.011 

8.157 95·0 10.526 7.082 0.069 
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Listed bolow are the activation one , E 7 obtained 

by a least squares fit of corrected rate constants - temperature 

data to an equation of the type; 

log k t d = A - E/RT e correc e 

where A is R constant, R is the gas constant, T is the absolute 

temperature, and k t d is a ra,te constant for the rate of correc e 

phosphorescence decay corrected in the way described in chapter IV. 

Solution 1,2-Benzanthracene 

Derivative 

1 4 1-methyJ. 

2 10-m ethyl 

3 ·3-methyl 

EjR 

4.15 :1; 0.47 

4.78 :!; 0.37 

---· ------· -
Activation Energy 

( Kca,ls/mole) 

8.99 ± 0.32 

8.26 :J: 0.94 
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The activation energies for the degradation of the triplet 

stni.:es of the three compounds studied are the same within experi­

mental error, though these errors are fairly large in two of the 

solutions. In chapter III, it was pointed out that there is 

evia_ence to suggest that the activation energies for the reaction 

of oxygen with the carcinogenic polycyclic hydrocarbons such as 

10-methyl 1 ,2-benzanthracene and for the non-carcinogenic methyl 

derivatives of' 1 ,2-benzanthracene would be different. 'l1he fact 

that no significant difference was found in the measured activated 

energies for the degradation of the triplet state to the ground 

state means the energy harr:Lers to diffusion are greater than the 

activation energies of reaction vd th oxygen at the viscosities 

encountered in 3MP glass. However, any attempt to detennine the 

activation energies of the :reaction of oxygen with these compounds 

in a medium of lower viscosity would probably be unsuccessful 

because of the increased importance of other quenching and deactivation 

processes important in solutions of low viscosity. 

'l'he measured activation energies being the same, is 

consistent with them arising from the diffusion of oxygen in a 

diffusion controlled reaction involving the triplet state and oxygen. 

It is usually believed that the diffusivity of oxygen is larger than 

that of the triplet Btate molecules, to the extent that~ it alone 

determines the energy barrier to diffusion encountered in reactions 



between oxygen and the triplet state, 'rheref'ore, on the basis 

of the equation derived in chapter II part .3, it would be expected 

that the activation energies derived from the 1,2-benzanthracene 

solutions (about 8.9 Kcals/mole) and from the naphthalene solution 

(abou·t 1,3.8 Kcals/mole) should be the same. The observed difference 

can be rationalized in terms of a more sophisticated theory of 

diffu~don in a one component condensed phase than the one outlined 

in chapter II part .3· 'l'his treatment is due to McLaughin(Go). 

The successful movement of a molecule from one equilibrium 

position to the next depends not only on the molecule having 

sufficient energy to overcome the energy barrier E. but also on 
' J' 

the existence of a hole at the next equilibrium po Jdon in the 

medium, large enough to accommodate the diffusing molecule. ~'he 

probability, P, of such a vacancy existing is given by: 

P ::: exp(-w 1/k'l1
) 

where w 1 i.s the work done due to the disruption of local intel"molecular 

forces in the formation of a hole. This probability in molar 

quantities is: 

Therefore the empirical transmission coefficient, K, appearing in 

equation 2(vi) to allow for the possibility of a molecule, although 

having reached the 11 activated state 11 between the equilibrium positio:1s_j 

returning to its original position, may be replaced by P1
• 

i.e. equation 2(vi) becomes: 
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I-t is now assumed -that tho measured energy harrier to diffusion 

corresponds to an oxygen molecule penetrating thr:l shroud of solven·l; 

·molecules immediately surrounding the triplet state solute molecule. 

While E. would be independent of the nature of the triplet state 
J 

molecules,.Eh will depend. on their interactions with solvent 

molecules. If these interactions w·ere less in the 1 ,2-benzanthracene 

solutions than in the naphthalene solutions, then E11 and hence 

the measured activation energies, (Eh +E.), v10uld also be less. 
J 
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In order to understand how zone~refining works, first 

consider what happens when a solution cooled. The possible 

types of phase diagrams for solutions in the dilute region are 

shown below. 

(o) k<l ~~~2 

Liquid 

z 
(!) (!) 

H fj ::l 
-!-) .p 
o.l T m 
S-1 S-1 
(!) (!) 

~ ~ 
(!) Q) 

Solid 8 8 
-7 .....;. 

c1 co 
Solute' Conon. Solute Con en. 

If the original concentration of the solution is c0 and the 

temperature is lowered to T, the first solid formed will have a 

concentration c
1 

:::: kc
0

• If the solution has a phase diagram like 

(a) then the first solid frozen out will be mor'e pure than the 

original solution. At the same time the concentration of impurity 

in the remaining liquid solution increases and so the concentration 

of the impurity in the solid formed on further lowering of the 

temperature increases. 

Consider now, a solution of a compound and an impurity 

having a phase diagram of type (a). Let the concentration of the 

impurity in the compound be c0 and the solution be in the form of 



an ingot of len~th, L. 

(a) 

Heater -tJ 
~iquid 

Heater -Fl 
7 

(b) 
I 
I 
I I - -' 

1- -I 
I I 

I 
I 

~-----------,--------------~ 

107. 

Solid 

If a heater in position "a" produces a molten zone of 

length, 1, at the left hand end of .the sample, the concentration 

of the molten zone is the same as the rest of the sample, c0 .. If · 

the heater is now moved slowly from left to right, the soli a. 

forming at the left hand side of the heater at the extreme left hand 

end of the &ampl~J will have an impu:d ty concentration equal to 

kc
0

( < c
0

) ~ 'rhe concentration of' impurity in 1:he mol ten zone will 

now be grer,ter than c0 • Therefore, as the mo1ten zone adwmces 

through the s~mple the concentrr,Uon of the solid forming on the 

left hand side of the heater becomes increasingly more concentrated 

in the impuri t.y until a concentration of c
0
/k in the molten zone 

is reached, at which point the solidifying material attaiEs a 

concentration of kc
0
/k = c

0
• At tbis stage the concentration 

of the solidifying material remains constant until the heater has 

travelled. a distance of (L ~ 1) (position 11 b11 ) q Then the 

concentr·ation of the solidifying material rises sharply over the 

remaining length of the sample. 
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F'ie:;ure I.l x•epresents the distrHJUtion of the impurity 

a,long the length of the sample after one"pass 11 of the mol ten zone 

through the sample. 'rhe more times the process described above 

is repeated, the less impurity remains at the left-hand end of 

the sample. To speed up the purification,. several molten zones 

can be passed through the sample at once; one behind the other. 

This technique is employed in the zone-refiner described in the 

experimental section. 

Conoentra tior 

- - =----------4 

tance along ingot 



Temperature Controller 

+6¥01----,., 

T3 

To 
Bridge c1 

R8 

R10 R3 T5 

-sv ~------------~---------4---~~----------~--~ 

R1 3K3 R10 . 470 .n... .T6 
R2 1K R 11 ·075 .n. 
R3 2K7 C1 ·47_PF' 
R4 3'K3 D1 Si Di.ode 
R5 220-(l. T1 BC107 
R6 . 18 .0. T2 BC107 
R7 4 .o. Heater T3 BC107 
R8 B20Ji. T4 40317 
R9 75 Jl. .T5 BC107 

+12V 

Unfiltered 

R11 

2N3054 



[)ridge Arnplifier Circuit 

---~~~-1\!vV'-A----~, 
+9V 

C2 

R1 51<6 R'J'I 1K5 C1 151\ T1 BC107 

R2 5KG R12 Pt. Thcrmorn .. C2 15K J1 BC107 
F<3 33 XL H'l3 Resistance Bo>< C3 .QQ5 JR1 HTC5300 

R4 4 70 .. f2.. R14 5K6 C4 101< 01 0A91 
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R6 1201< F-1'17 'i50S't.. C6 3901< 
R7 470 .1.2.. R'l8 200K C7 ·1 
}(8 151\ R19 11\5 C8 ·001 

R9 1 o:< R15 1 KS C9 ·00'1 

FI'IO 5K6 F·J 2N5457 
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This appendix is intended to give a brief outline of 

the least squares fitting mettod and a description of the ORGLS 

progre.m. A fuller cler.cription of this program is t;iven in reference~7. 

Suppose tb.at two veriables, x and y, are believed to be 

related by an equation of the form: 

where~ p_
1 

, ~-·-- p are pa.rameters. 
·n 

p ' x) n 
( :i.) 

If a number of pairro. of measurements of the variables 

x and. y <H'e made, the least squares fitting method provides a 

mean:s of obtain:L~1g the values of p
1

; ---- pn wbich give the 11 bestn 

fit; of 'che rnee.sured variables to equation (:L). The term 11best 11 

will be defined latel'. 

The least squares fitting method will be described in 

terJJls of fitting data to a simple linear equation followed by an 

outline of how this method can be ex·Lended to the fi ttinc; of data 

to non-linear equstions. 

Consic1er a linear equation having two pa.rameters, a and b. 

e.g. (ii) 

whEH"e x and y are measured variables having values x. ancl y .• 
1. l 

Assume that yi is subject to error, ei which belongs 

to a population whose variance is J., and that x. is without error~ 
1. ). 



Also e.ssmne that a number of pairs of measurements, 

11 0. 

Y have 
' i' 

been made. It is now required to calculate the values of' the 

panuneters a and b that give the 11best 11 fit of the measured dG.ta 

to equation (ii). Let these values of the pa.rameters be 'ri. and 'jj,. 
1\ 1\ 
y~ and x. are the values of y. and x. which satisfy the equation 
~ 1 ~ ~ 

+ li. 
~ 

The 11residuals 11 d. in y. are defined as: 
l ~ 

1\ 
di ::::: yi ... yi 

x. asstuned to be without error, so the residual in x. is zero., 
1 1 

Each y i, xi pair is weighted by the redprocal of the 

variance in the measurement of yi 

w. = 1 
l. ,T, 

l. 

'rhe 11 best" values of the parameters are taken to be those 

that leac1 to the minimum value of the weighted sum of the squares 

of the r·esiduals. 

'rhe weighted sum of the squares of the residuals is: 

~ w. d. 2 = i ~ . ~ ~w. (y. - ~ x. - ~) 2 

l.J. l. ~ 

This quantity is minimized by partially differentiating with 
A A 

respect to a, then with respect to b, and equating both results to 

zero. This gives two equations known as the normal equations. (If' 

the equation that data was to be fitted to was linear in n parameters, 

n normal equations would result). Solution of these simultaneous 
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equations resul i;;:; in an estimate of' the values of the parameters 

that give the 11 best 11 or least squares f:i.t of' the data suppl:i.ed0 

These parameters have an associated error. The standard 

deviation, s p' 
of the error in parameter, p, is given by: 

k 
s (ap/ a y.) ~· d. 

2 /(k-1) = p J. i=1 J. 

where k is the number of pairs of x,y measurements. 

The least squares method requires that the parameters 

to be determined are linear function of the measured variables. 

Although in many cases this requirement not met, the least 

squares method ce.n still bo applied by making some approximations. 

The non-linear equation m~w be linearized by expanding the equation 

as a Taylor series around approximate, or trial, values of the 

pe.r·ameters. 0 These values are writt(::n; p .• 
J. 

I:f' the observational equation is of the form: 

y = f(p1 --~p.---p ,x) 
J. n 

n 
then y ~ 

i 

a 
()p. 

(p. -
0
p.) x + higher order terms 

J. J. 

n 
y::::: ~ 

i 

J. 

,6p. X 
J. 

(iii) 

if the values, 
0
p., are close to the true values (i.e • .6 p. small); 

J. J. 

because then the terms of higher order may, to a first approY.imation, 

be neglected. Strictly, the partial derivatives in equation (iii) 

should be takfm at the true values of p.. Little error will result 
. . J. 

0 
hO\'/(':ver, if they are taken at the neighbouring values pi. These 
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partial derivatives are known number·s and therefore equation (:i.ii) 

is li:n.ear in the corrections, Llp.. ~~he least sque.res method 
~ 

described before, can now be applied to estimate the "best" 

values for these corrections. Once obtained, these corrections ce.n. 

then .be applied to the olcl values of 0 p. to obtain better values 
)_ 

of 0 p. and the procedure ce,n then be repeated. If the original 
~ 

0 values of p. were reasonably near the true values, after a few 
. J. 

cycles of this procedure, a "best" value of e·a.ch parameter will 

be convereed on. 

The ORGLS progrMl is designed to fit data to any 

function, using the least squares method. The program may be 

divided into five subroutines. The first contains the function 

to which data is to be fitted. If required, it also contains the 

equations for the algebraic evaluat:i,on of the partial derivatives 

with respect to each parameter. Alternatively the der:i.vativesvrh:Lch 

are needed :i.n the normal equations may be evolved numerically. ~'he 

next subroutine contains the bulk of the least squares computation 

and incluc1.es the set-ting up of the normal equations which are 

written in matrix form and solved by calling a. matrix inversion 

subroutine, evaluating the inverse and multiplying the product 

of the original matrix and parameter vector by it. 'rhe other 

two subroutines enabling preliminary processing of data and testing 

of calculated parameters were not used. 

In most cases five cycles were sufficient for the para-

meters to converge on their final values. 

A modified version of the ORGLS program used in this 

project is listed below. 



e 
c 
c 

t 
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