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PHOSPHORESCEICR
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Lach orbital of a molecule in its ground or unexcited
state is usually occupied by two electrons, if the molecule hes an
even pumbey of electrons. The Pauli Bxclusion Frinciple demands

that electrons occupying the ssme orbitel have their spins aligned

in opposite directions.

_— ’ A) WS

Tf one eleetron in the molecule is excited to a higher
electropic level, itg spin can either be ordented porallel or
antiparallel to the spin of the electron remaining in the orbital
from whileh the excited elecltron was removed. Tf the spins are

antiparsllel the molecule is sald to be in a singlet stoate o i

(D

the spins are parallel the wolceule ds said to be in o triple

)

state. Alternatively the wolecule can be said o have a

"multiplicity" of one or three respectively

The term "phosphorescence"; usually refers to the light

emitted by an excited molecule which mey accompany the transition

Trom the lowest 1TJPL01 state to the ground singlet state of the

molecule.

Theoretically, if angular pomentvm is to be conserved;

el A} oy >

the same multiplicity.

4.

transitions can only occur between states of
Tn practice; becsuge of a perturbation to the electron's sapin

-y

quantum number due to coupling between the rotation of the electron
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on its axis and its orbitel motion osround the micleus, there is a
e probhability of a radiastive transition bebtween triplel and
singlet stotes. This probability is however, very much swaller than
between states of tﬁe seme multiplicity. This lower radialive
transition probabilily manifests itself as a longer lived
luninescence than fluorescence, which is the emigsion accompanying
a radiabive degrsadation between electronic gtates of the same
multiplicity. For example, fluorescence typically has a lifetime of
the order of panoseconds wheress phosphorescence has a lifetime
from 1074 o 10 seconds.

2 .

Becauvse of its long lifetime, phosphorescence ls very
difficult to observe in the gaseous or licuid phases due to faster
campeting non-radiative quenching processes. A guenching reaction
is a process in which the excitation energy possessed by the
triplet state is dissipated by scme chemlcal species present in
the system. Phosphorescence may of'ten be readily observed {rom
irradisted molecvles in the solid state vhere molecular movement
has largely been "frozen out'. Under these conditions quenching
reactions becone vefy‘much slover then in the liquid or gosecus
phoses and consequently phosphorescence may compete with the
quenching reactions far more successfully.

Phosphorsscence bas been observed in a number of solid
state enviromments. In {896,Schmiit<i) wes the first to observe

phosphorescence Trom molecules trapped in a "glassy" matrixe This

n
technique was enployed by Vavilov(£>and later extensively used by
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hewis ond Terenin&)> in the 1940%'s. Today, glasses commonly N3 wd

are those formed on cooliug J-methylpenbane, Methyleyclohexano -
igopenbane wixtures, and a variety of other organic solvent

. b R £ ¢ i e s
mmxtuyes(§>a Oster (5 and helhumﬁh( ) have enployed plastics as

rigld media for phosphorescence studies. Among the plastics thatb

[

o~ Y

have been found ugeful are polycarhonates, acrylics, polystyrene,
and celluvloss polymerss A good denl of work has slso been done on

. D

the phosphorescence of molegules in the crystallline stale

1.2 RELATTONSUIE DETWRMN BLECTROUTC STATES

The relati >nsb1p between electronic stotes wmay be most.

readily discussed by veference to disgram 1¢1. The woavy lines
refer to non-radiative processes and the abraight lines refer to

radiative processes.

w o P!
[

When molecules in their ground state abscrb Light energy
they are excited to uwpper singlet states. AL low temperstures,
moleculos exeited to higher vibretional levels within an elecironic
state quickly (<<10 secon&s) rall into the lowest vibrationsl
level by a non-radiastive prOOQS$; frow where they cen either
undergo “interaysten crossing% to a vibrational level of an
electronic stote of the same energy but of different wultiplicity,
or "internal ocmveréion“)to g lower electronic level of the some
L6 3 e by

Phosphorescence 15 generally only observed Trom a

transition between the lowest triplet state and the ground state.

Thie is prosumebly becsuse the rabte of intersystew crossing and
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internal conversion within the higher energy states is Faster than
radiative and non-radiative processes between the first excited

triplet state and ground state.

1«5 POPULATION OF THE TRIPLET STATE
¥rom the fect that phosphorescence is observed, it may

be deduced that the process, T1m~@8 , is slower than the process,

0

S1~W¢T1, The 81~M%T1 transition appears to be the principal

means of populating the lowest triplel state where the exciting
illumination is of low or medium intensity. In fact, for anthracene,
it bas been estimated that only about 0.01% of the triplet state

population is due to the direct spin-forbidden excitation T, By

ollows:

's3

The process of excitation may be summarised as I

‘,. ¢ X, €
SO +h = Bi bivvpu(j<i)

S .~ T, T, 2T
dJ : J 1

€,

1ok  DEPOPULATION OF THE TRIPLET STATE

The work described in this thesis is concerned with sonme
of the mechanisms that are importanﬁ in the depopulation of the
triplet state. |

Generally the ﬁechanisms which contribute to the

depopulation of the triplet state may be summarized by the kinetic

equation proposed by Linsohitz<8>°

; £ m "t i 2

- i&iﬂ = kp[ii} + ka[l‘i] ¢ Yppl 2, ;
at o

+ quSO[T,‘][SO] +§ RQI“% [’i‘ﬁ]fié,]

Where [Tj} refers to the concentration of the lowest triplel state,
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ceTors to tha concnntration o

[M. ]’mjei"mr:}; to the concenlyration of the 1ih guenciing
i

and the svheserinled Xty refer to bhe vate constanls of the di

i
&

meehnniams of desnctivation.

reneivi e e
nienclyig s

H ] dascribes the contribution to

rate of decsy of the triplet sta

g .

state with the ground state. Wor wost molecules thias terw is

fornd to be neglisgibhle.

-

e by quenching of the triplet

g

erent

PN
Grie

4 Tow solobion

concentrations and Jow intensity exciting i1luminations; becovse

under these conditions [T, ] is swall. Tt iz associated with !
1

PRAction:

~3
-
<
3
-
{
p]
-
3

e

This reachion ls duportant as a gowres of the amisaion

known as "delayed 7 varescence” which has heen

by Goive Pard

er vio hos elso wriltbten reviews on

",

the same spectresl characteris
bult a lifetime comparable to thab of phosphorescence.

m

The usual

or o W {hest) —5 5,

for its production are:



Wechanisw (1) can be important ob low temperatures
provided [Ti]'ia great enough and the viscosity of the mediwg low
enough to meke o diflfusion controlled T 4 T reaction compelitive
with normal radlstive or non-radiative deactivation to the ground
stute,

Wechsnisn (2) is only iwmportant nesr or nbove roon

temperature where thers is suflislent mn!\u &l energy to allow some

harmn 1 population of hi%hbr vabz onal levels of the 1owast
triplet state, frow where intersysten crossing in the first
excited singlet state can take place.
(e) fuenching by Twpurities:
E km{i [‘»T ] ['? ] expresses Lhe conbtribution to the

F1l ‘2l

rabe of decsy of the triplel state made by gvenching reasctions of
specles M, with T, .

i 1

Theve are geveral types of quenching reachtions that are
possible, some of which are very efficient. This dmpoges stringent
standards of purity on tha resgents vsed iu studies of phosphorescent
Tifetimes,as traces of some impurities can huve a significant efTect
on the rote of decay by quenching

(i) Since the triplet state is o birvadic esl, it is very

reac f!?@, particulexly with other radicel specics. The tlype of

.e

reactlon envisazed in PJ kind of guenching is san addition

@ &
‘1‘0 + (\: - 'E“\ﬁ

followed by some further reschion to produce a more stable produck.
This type of quenching demands triplel = guench sucounter and hence

is not dimportzat in o complebely ripgid medium. However, as the



b d

fo
somperature increases, the visconity of the wediuw docresses ond
if s guenching specics is present, diffusion controlled reactlong
botween 3Lt and the triplet stale gpecies become important, with
& congequent ineresse in the rate of decsy of the triplet stato.

One of the wost effective guenchers in this calegory
14 oxyeene This is bacause oxygengin ity pround stat@?i& e birudliond
ond also heing quite gmallg 1t hes e high wobility.

(11)  Another woy o molecule con guench the triplet
gt&té g by p@rturhing the txiplet siete and increasing the ppine
orbit coupling so thot the spin scloction rule is partially brolen
down,with a consequent increuse iu tryuonsition probability

2 K

betwoen stoles off 6iffar&n£ mul%iplicmty; The type of spocios
Likely to have this offect are heavy atoms or paramsgnetic spocles
“such as trensition metol ions, oxygon or nitric oxide.

(313) tnother quenching mechenism is redietionloess

a molocule having o triplet

onergy transfer to o singlet stebe of
state of lower enesrgy thon that beling studied.

Se U, o+ 8,—- T, + 8

e ACERT TR YN
doner  aecepbor

vhere the enorgy of T s greater than the energy of TBo

Sueh o resclion is spin ollowed and highly efficients

This typo of reaction was first observed by Tevenin ond
¥ b ~ (3?) 2 iy A . N " ¥ 4 03 N 3 . N A 3
Ermoloev in studying nuphthalene in & rigid ethanol matrix ol
T{ Ke Tho solution was irradicted vy light at §6603‘mnd G

phoaphorescence wes observed becouse naphthalene does not cbhaorb

et thig wavelengthe However, when benzeldhyde was inbroduced,
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phosphorescence charncherdstie of nophtbhalane wag obacrved affter

&
T SN SR P ot waro 8 o a4
further fersdiotion with Jight ab 3500A ¢ This snggeshed the

) )

et stebe and theo donnbed
its enercpy to nephlhalope,which hed then been excited o jta

triplet sbabe. Rxcitation of pephlinlene could not have heen

chieved by singlet = siuglet enurey branafer becauce the singlet

stabe of benzaldebyde Ls of lowsr sneregy than thel of napbhihalene.
This type of enersy transfer oan mpﬁrate over
comparatively long distances (up Lo abouk :r'm>

)

(ci) Hediabive Decay or Phasphorescences

The telﬂaJ kA[T;])'ﬂﬁfﬁL%;in} the contribution of radiatlive
i 1 :
&

-

decay to the degradation of the trinlel state,

RBacause of spine-orblt counlin

S
&

the singlet states nf o
molecule have sowre Lrd

& Ao P 1 I3 - + L ey s doynd gy ot T cesvvd 1o
states have some singlel charactere The lrinlet state is descriled

by nn elge 1

safupction of a Hemdlbonion made up of a pure briplet

state component and a spinecrbit periurbation.

tod
»
&
-

N

s

Tamiltondan operator of the pure ftriplet state a

i3
jal}

-

wharse ﬁ 1s the
H,\\ is the Hamiltonian opepator of the spin=orbit interaction. ’)gﬂl
w3 <

2

vavefunction of the Mirst or lowest "triplet" stale and 73

w
D
(o

g iils ENETEY . lilf}; HEAY be expressed in terms of the firsteordar

perturbation theory as;
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Upo= Ty Kk (N

: " 0
J ! . ] Fais . i aS oy 4. o T T
whore '1//1 s the wavelfuanction of lhe first pure teiplet shate, wk

is the wavelmetion of the ktb pure singlet state, iy 18 a coef
and the suw ls Laken over the entive sivglet wanifold,

From pevturbation theory:

Cthe ivtegration being taken over the entirve configurationnl
Bpane, T .‘
Siwilarly; the wavefunchtion for tha ground state mzy be
widblen s
/‘

1, 0 A 3 ¢
b 3_’ .
WO ’ #O '%ioﬁ wﬁ

The radiative transibioo probability of a molecule, as

W/

I .

derived from time dependent perturbation theory, is proportioned
o the sguare of the wmatris element of the dipole mowent of the
molecule, ¥

LR

3 40 R N A A
k*0 ‘ 1!

(r‘*) Moneradiative Traosition:

]
The Beam, ke, [0 ], refars to the degrodation of the
-

tive transilion to the ground stete.

triplet stote by a non~radia &

This is oftsn copnsidered to be essentially an intramolecular



10,
procass, although the environment acts as an energy sink to the
transgition.

s x ) (12)
This ds the approsch taken by lobinson and Frosch o

B oy . X
They assume s perturbation; H , makes the system nop-stationary

with-respect to a radiationless transition hebween the seroth

vibrationsl Jevel of o triplet state and o lower singlet state,
made degenerate with the geroth vibrational level of the triplet

state by the addition of primarily wolcecular vibrational energy.

.

The singlet state interacts with the envivonment in such s way

as to Jose the excess vibrationzl energy in the singlet state,muking

3

e . ; . .
the T —» 5 process drreversible. The origin of the perturbalion,

<

/
H

H

i

3

o]

oﬁsidér@& to be interactions among the electrons snd nucledl
of the gystem. Other workers have suggested it could also arise from
the dependence of the electronic states on nuclear displacement.

E

The transition probability, p; between the states ¥,

initial, andAwfs final, of the type described sbove is;

D

(er/v) oy (g B gy av)
where p}gis the density of states. By separabing the wavelunctions
into e}ect%onic and vibrationul parts ard summing the probebilily,
ps over the whole system,it can be shown that the rate of non-

.. . ¥,
yadiative transition T - 9 is:



e

e

an electbronia sntrix element und

@ Franck-

Condon

Pactor, which is Lhe sum of the sguarss

vibrationnl

averlep dutegrals.  As the energy sepavabtion betweon elechronic’
states increases, W{R) docrenses, This explaing the slow none

radiahive transition Ti'ﬁ RO cowpored with non=radiative intersy
cressing hebween higher excited states.
Lo Wk 15 ,
B bvﬁun( ) uln( >5 RQSS( 5) and others have exten

this approach by tiyivg to obtain values for P(B) by consider

<

the molecular vibrations they believe to be lmOOMbHD{ in the
radiationless bransition.
1ebh  WXPEGTIIOENTALLY DETERVITYNED RATRE 0% TET STATE DRC ”‘V
In 211 experimental weasurements of phosphorescence
ifetimes done inthis work the vele conetont detersined 1z eith
ko oo=k o owk, 4k [u]
axp T p Tt e L
when a quencling species, w, is presert
or.
k o=k ¢ k.
eED I D
in the absence of

of & quenche

The only way to separvate the radidt

4o
[

frow the won~radiative rate constant is by wessupi

-

hosehorescence and fluorescence

oy my T N P s
The quantum yleld

rSpe proceas, is the ralio of
the pumber of guants involved iu that proczss to the number of

ing

ravaten

ded

@y




guanta initially absorbed by the system. BSo for systems

no guenching species are presentd:

‘kexp = kp 4 3{{2}? = e ¢I|1
k k
P p ¢I>
hence: k = 'éxp ¢p
P e s
1 -0

In this project however, it was nol necessary
the measured rate constant into its component rate const
therefore it was not necessary to determine the absolute

phosphorescence and fluorescence guantum yields.

12,

whers

to separate

ants, and
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DEWRUSEON AND PHR TEHPERATURE DEPENDENOR OF RATR COMATANTS
2e1  TNTRODUCTICN
LHIRGDUCTION

concerned with the

Tawe
s

The work desceribed in this thesis

temperature dependence of tha rote of decsy of t rii} et abate

\euies snbeddad in organic glasse This chepter is principally

o

A1
1 ]

to show what this temperature dependence is and hence the

intended
informabion that cap be devived Trom it.

Tn all the systems studied, the phosphiorescence decays
wera exponential, dmplying thatl either the resction being studied
was unimelecular, or in the case of the selutions satuvated with
oRyeen, psuedo=-{irst oprdere.

ALY kineiie processes involve the surmounting of an encrey

bardier or perhaps

)

nuwber of envrgy barriervs. The speed ot vwhich
the process proceeds ot o given bewmperature depends on the
magaitudes of Lhe energy barriers.

Some of the reschbions studicd in this project sppeared
to be "diffusion controlled"el leas The energy barrier Lo diffusion
Tinits the speed of the reaction. An exenple of this kind of
reaction was tso gquenching of the phosphorescence of waphthulene
with oxygens Phia reaction, although bimolecular,; way psuedo=T"rat

order because of the lorge ercess of oxygen

W

sresent in the solutions

saturated with oxygen. In other resctions studied, HOME othar

type of enevgy barrier sppesred to limit the rate of reaction.
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For exsapic, the decuys of phosphorescence of the mono=eabhyl

substitubed 1, 2-berzanthrscenes in the abserco of oxypen.
»osections of this chapter are devoted o

establishing the tenperature dependence of the rale of bhe
disappeasvance of s specles, A, in a simple bimolecular rewction of
the type:

# b 4

A+ B products

Thig is followed by an ersaulnation of the effect of any

;.; .

concurrent uniwnoleculsr veactlons of specles A on the Lewnperature
dopondence of the rate of di soppearance of A,  The fingl section

iy this chaplter deals with the dependence ol Lhe enervgy bavrier to

diffusion in a binary mixture, on the composiltion of the mixture.

ITn a simple bilmolecwlaer resetion dnvelving two veactanls;
A and B, there are ftwo distinet staps duvolved.  Firstly the

rasctants woat come Logath yhhere iy & vedlsbribution

B e o . r i . . . RO I
L enaerEy and nonda. MMese processasg may bDe writben ag:

AaeD st D (1)
4

ko

-8

o
T

a3
M’

B = produchs (

1. e e v " -3 J 3 Wy N . L . PR A
The species writhten A ¢ D s terwed un Yencounter® behuioey

ition in space where resction

=
e
o
7
el a

Hoand B, dee. & 2nd B oare in suc
between them can take place i the energy requirements of reachion (2)

for the dillusive

are satisMied. Lk and k are the
& &

. A d Y., e A R -
saration of the resnchmots respectively. ke io Lhe



vate constaot for the chewdcnl chongo Lo the producta.

k{ and I , eon be related to o quantity, D 0 widelh Lo
% g,

Al

m-

tho diffusion coelficient of wmolecule A relutive to molecule D

(s

Chandyransckhas has shown thab:

|
AB A

whera Df and DB ave the diffusion coefficients of molecules A pnd
K

B xospectivelye
An equation for the rate of tho overell resction
A+ B - produchs

in tewms of D, and tho energy be r:Jm to venction (2), mey be
184

a BY

dewived in the way outlined bolow. Yhils treatment ip due lo ‘-Jf‘a:'n.'{;@( /} “
Consider the conditlonal probebility of a moleculo A,

bolng in en inCinitely smsli volume element dv , BT, t and o

moleoule B, belng in o similer voluae element dv., et v, 6,{% &s
3 - B B*
X
the time and r, and L rafer to spobial positions within the sysiom)e

ihie probability may be exprassed oast

t

IR 2
pij(fﬁlﬁ"c) c?.xAdva/\

3

The rute of chenge in this rrobobility when Ai end B.

EN Al

are subject te diffusion and being consumed by rewction,

2
a Pi 4 2 8 jo ap
, dd i 1 .
épy 4 = D “LMQ R R T 2(4)
dt o™ » Oy a4

.
in
.o

chenme
vhere ¥ = IPA “ 1"}31

The first term of the right band slde of the expression
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deseribes the vabe of ohnuge mi‘pij in the sliz dimenslonal voluso

il /

elomont, dy A WB" duo to the probebility that A, may diffuse in

o ont of dvﬂ and that Bj may diffuse dn or oul of &VR@‘ The second

torm on the right expresses the yate of change of Py ] due to
- t l

ehomlenl roaction of Ai ox Bje

o

e totel wobe of revccbion is the sum over every AB puiy

off the probebility flux of 4 indo Be GHinee o1l of the p, , are

i

i&anﬁicx3 this i given by

af]  am m“
e ) "”” ‘?””tﬁs

d% ab

. WA e 0 O osan
where ¥y Ls the "encounter™ diastonce, N7 and ﬂP oyre the dpiticld
F33 N

punmbers of specles A end B respocltively in the systome I{ eguaticn

2(4) cen be solved for 943 vsing the boundery conditions:
) Py =1 o t w0 (reodom initlod aistribubion)

L‘t—u}(}@

(V) Py 3> Pogustibriun

(¢) a8 r -0, p, . bocones independent of » und equel

13

to its cverage over tho svateme
(a) o boundaevy condition o r“"jlﬁ (This boundory coudilion

is discusped below).

(891,./;3r)rmr an then be determined and subsbitutod in
3 Sy

eguation 2(11) to give the rote of renction. The boundsyy condition

ot o= wﬁﬂ due to Collins end Kimbhok ‘?8)

Tollowiag weys The probability thet B ls in a shell of thilcknenrs Olry

is derived in the



surrounding volecule Ay such that the encowter radiug i o

0
har % Ov ple  b)

A
The probebility of tha encer end sterio roquivenenbs

of reoction (2) belng setisiled is:
N p 63:}:;)(wu / R

vheve s P Ea are the colligion Dreguensy duping encounter, the

shborle Lfoctor end the chemicel sctivolion energy respectively.

The probability of chemical resction during btime &,is tho
product of the probabiliity of molecule A and B being in o spatiol
pogition where chemicel reactlon ls possibie,end the probobility

5 . . . N . . \ .
of the onergy end steric requirewents of renction {2) being

poblialiods

1e€oe L7r1 AX' p(lj“l £)

w ¥ p exp(es /um)
v a

By eguating this, with the probeblility mnet flux, J, of

A, into B, during dtg

SA J
Ju:t = i+7r:c Ap J‘Y‘ <?;)i,j> | c‘i&.
v ¢
Tl

the boundoxy condition is obtalined say

3
84. i

Sl
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&t

Tt follows by applying this boundary condition to eguebion

3

g T T

8{4) s dotermiling Py 3 e} .‘msiu:e( OBy« end subabitutdng this
0w

EEAD

.8 4

in eyustion 2051}, thel the rate of diseppesronce of A due o

Winolecwlor vecction ofter a stoady sbote hog besn abibtasined isg

il LR n (B /11 x8]) (A [B]
d

e [B] > [6], the roccbion s psuado-itrst order in A whth
wr, o npparent vete constant of

kow Gy D (B/04 4 vy A1) 2(adi)

where C g a coostant equal {o {B]

$ad

de3  DIFRDSION T A O (G SPOVENT CHNDENDED PHASH
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In thiles seotion Byvians's Tronsition Stote Theory of labe

Procopses lo spplied to determine tho bemperature dependence of

foy

diitusion coefTiclenks in a condensed phagses Tnig btreatment

(19),

due to Eyring:

v

In & dilube oiuthon, 8 diffusing solule molecule is
ploturad na unﬁit5ornw g serden of Jumps Irom one 8%8Ll¢brudﬂ
o b0 the vext. o gain each ouilibviun positlon the solubo
mplocule dn regquired to siip pest solvent molecules, Tils process

. <

invelves the orosaing of on sssociabed euergy bavrice. This way



be vepresanted diagramaticnlly ss shown below,

,

DIAGRAM 2.1

Energy

(-'—'d—“""‘%’

Ny,
. 7
Distance
d is the distance bebween puccessive eguilibrium positions.
i, is the height of the energy barrier. I \’f ig the Jjump freguency,
J . ’
it may be shown that
o
D=4 v,.,
i
Since V, is the rate at which a Affusing molecule crogsses
d

the enevgy barricr of height,ﬁ.,it may be expressad in berag of bhe
, . i
pariition function, @ of the molecule in its equilibriun position,
1 . . : .o S ) A o 4.
Q% dn some aetivated state durding the Juwp and the xnitode of the

energy bacrier,

L3

s | e | @ xp (=8 3 /R’,[‘) 2(v)

N
2

K is known as the trensmission coeflficient and is an

empirical constant which allows lor the a molecule,

althoust baving reached the

O

"activated"state belween egquilibrivm

)

positions, returning to its origin

S0 from e

!
w

s ofa n ol
uations 2(iv) and 2(v)



D = Xa° (5;59 <g§L) exp (wEé/RT) 2(vi)
A

h Q

A
| . NE L F
where (%L) = b /(Z?fek'm>? Ve

/a ig the reduced mass of the molecule, Ve ig the free volume
in which the molecule regides and k' is the Bolizmann constant.

Hence the temperature dependence of the diffusion cosefficient

g

D = L(T) exp(mEj/RT} : 2(wvii)
where L(T) ig a function of temperature.
| In a diffusion controlled reaction invqlving oxygen, it is
assumed thatl the diffusion coefficient of oxygen is much larger than
that of the other gpecies involved in the reaction., Hence:

D, D
AB 02

and s0 Eﬁ ig virtually the energy barrier to the diffusion of oxygen.

R

2.4 TEMPRRATURE DEPENDENCE OF THE RATE CONSTANT

Combining the results obitained in the previous two sections
(equations 2(1ii) and 2(vii)), an expression for the temperature

dependence of the rate constant for a bimolecular rezction is obtained,

L 1 o 1
ke 7 cor ewp(-E /R0)4nx Np o T ger L exp(-E /1)

Viz» )

B'F AB

Since V¥ = ' exp(-E, JRT) 3 let E + B =B

and then the equation has the form:



21,

&= A exp(Eb/R‘J.‘) + B ?X];)(I*}‘_}/BT)

Although the pre—exponential terms in this equation are
functions of temperature, their contributions to the temperature
dependence of the whole expression are negligible by cowparison with
the contributions of the exponential terms.

Ag mentioned before, the decays of phosphorescence intensity
and hence of the triplet state, were all exponential, sueggesting
that all the resctions were eithexr first order or‘psuedo~first order,

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

arn

- [T {m]

.

= ku[Tﬂ + ka

where {1] is the triplet state concentration and [m] the quénching
species concentration. ka is the rate constant for a bimolecular
reaction. The temperature dependence for these rate constants for
these rate constants has been egtablished in sections 2.2, 2.3 and 2.4.
ku is the sum of rate constants for unimolecular reactions of the
triplet state occuring in the systems studied.,

i.€. k = = k,
¢ u i: i

The temperature dependence of each of these rate constante
ig given by the following esguation:
k; = A, exp{-E /RT
| : ; exp(-E /RT)
where Ei is the energy barrier o the reaction having s rate congtant,

ki. The experimentally determined rate constants were:

¥k =k kaEm]

exp u
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. 2 N . N o e , ' E U SN,
Pherolore the tomporoture depondenen of e glven by

- . _— o famy] el
I w3 oA, exp(eB, /RE) 4[4 uﬂ(} JREY w B expll, /R0)] 2(viis
Qxp A T ‘ R
In most cases wheve the himoleculor cute coustant, k“wg
nakes o contribobion to k xn E3:> Ekﬁ so oquation 2(vidl) reducos
X 3 ‘

GO

kexp - E,Ai uxw(nh JRTY « (1/8") *“p(mr, /RT) 2( L)

'..J

. /‘ .
. R AN X P Iy gyt wia
If an Arvhenvis plol was aunbhauauedﬁ(lo%ﬁ kexp ogeinst T>

o -

it would appear as @ serdes of sbroight line regmontd of' dlifevont
slope, eoch seguont corvesponding to cne Lerm in the sumg equation
2(1x)@ Inspection of the Arrheruls plet constructed from data

obtained frem o glvon systenm thorefore gives the nucber of rosctions

opouing in the systen over the tenporaturoe range coverads
~of the deta in terms of eouation 2(1%) gives tho magnitudes of thoe

enerey bharsiers Lo the rescliongs

25 DIITL sI0;

The mein principles discussed in the esylier section on
¢iffusion in one compopent copzopaeu syctens apply hers. & p,ur, in

4

o binary mixtere the energy barviers enccuntered by e diffusing
moleevle will not o1l have the some mognitude, This be becanse o
mamber of different traupsition epvirorments ere possible f&v £
diffusing molecule in o binpeary mixbuve, I8 we congider e simple

tue dimensional, three body model the different types of altustions

that eye popsible are shown dn the uavﬂﬁrm belowe
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DIAGRAM 2.2
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f
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(a) (b) (c) (d)

.
accoeding

Lhers will be eawrgy harviors

e rent wegai buden,

& Bnersy

Ly GLfPuging moloonlos will bey

[P . 4 RV R N S U TN S S

WIKiE AP bhe probahilily of o solole woleenle eccountering

g e g ey b 3 . NP TSI R A K st R

enviromrent 5, B, dp the eanergy barricer Lo diffusion in enviix
K&

ioand s dw the maber of woles of solule wolesules, a.

., . E P DR S S ,ooe
hhour Tnherachlons g

Lhie i’:};‘(‘ﬂ”) bl

consisting of I
Wheve W, ds thoe ounber of wnlas of eomponent
e nomber of woles of cowponech 2

57 ds the pumber of moles soleole moleatles

J

EN .
T

are Ldentiosl and heralore

E R LSRR

+ - - - RN A L I 2 V. RN N ) . " . "
aasuming the probabilities of the situstions shown
i . 1 KN - - & K it

pre lndependent of the Cree energles of the gi

1.
i
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Foe voyy dilube soluticns of 8, the nowber of wmoles of

gitos dn the soaution ds:
W, o4 N, M NN
1 e 1T

The probability, P39 of situation (o) in disgram 2.2 let

=
N
o

P oo oo =
R TR TR
£ \? A ; g A% 2

Ny FO NN ay
» ) . X I e 2%, b
Shimddlarvly lﬂl s Poow g T T R
) ¢ o ?
(I, + m) ’ Nq + 1,
/ e
o
[
N, G

and P& 5 [ o \ ST evoron s
\ i
N’i 4 }flfg/ ﬁi o+ lsg

Thorefore the averepge nmolayr onergy borrier to diifusion isy

o . o .
o, T e B i) e {3 - 28 4 B
4 (‘a b B} + %(Mb ¢ '8

Where x, is the molefroction of component 1.

This model therefore prodicts e parsbolic relutionship
betweon the energy barrier to diffusion and the compositlon of iha
solutions

-The same conclusion ig reached by the following semi~omivical

methode Yor o molecule to diffuse, » hole must be eveileble; this hol

ol

¢
15 not necessorily thoe full gizo of & wolecule but will be scne finction,
Crepresented by the additlonal volumo required by the sctivated steto

s compared with tho initial stote. The woyk reguired to moke o

hole in the solvent the size of o solvent melecule i cguoel to whe
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ey P de Y A - o Lo & Yo v r e
n ey be expected o he some Traction of the enervey of

ar of

have shown Por oo b

v e s
subalernacy

1 T
'E & i
d ¥ vap
where }‘33 is the mnargy bharrier to Aifusion.
{

'ﬁ" .
A N
vt
VL

The dependence of A Y m,';fx“a,l‘zz"e’ on the

¢ <l 1 -

componition of the gixtura,nay ba established by considering the

thervodynsmic cyele shown below.

o Aoy s .
Compononhs Mintures
v L)) D

Gas Phase

m
+ B e (A 33) »
s

£ 0
TAER g85

Piguid Plase A]‘ 4 BI' — > (L 4 B, .
3, )
(R4 Ly A?; Joaty
(R
T4 ois assumed that in the gos
AR 20 and thet AT, 2 Ry, 4.
i X P
Then A A AT X
‘ PANDES = X, ! N L e WX W
(25N ki i / Ve i o

3t
-3
e
=
5
—~
g
=3
ke
1
>
:J
"2
R
>

s the molefpaction of compovent i, AW, is the anergy of
’ J
vapourisation of component 1 and ¥ i a constant.

mw R, -

i
>
=l

then By k[, Koy xqf}{ v BT, -~ AR) 5 AT, 2(x)

WO omeasurements of
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orgente solvent binory mixtures of different composition have boep

(2

reported dun the Titeratore. However,Colling and Watts® y have

mensured the energy bavirier Lo viscous flow; which is expected to have
the some magnituds as the enevgy barrier Lo diffusion, as a function

oft compoaition of the benzene -

w minbure,  They obhained

a payabolic relotlonship with o minievs aboult o wolefractlon of

Lengane egual Lo O.G’WHich e predicted for this mixbure by equation

p

2(%)e  The depth of the wintmun 35 also in good agreement with thal

ion 2(x) for this mixtura.



Eifect off imvi vomsental Conditions on llmsolxar esoence Ljfoiu

3¢t ENTRODUCTLON

Phosphorescence Lg gennr;LQv only observed in the gpolid
phasee This has of'ten been ascribed to the existence of quenching
reoctlons which become ineressingly lnportant es the viscosity
the modiuwm decreases,with o consequent incroease in the vate of decay
off phosphorescence untild evenbuelly, in fMluid aolntioméﬁ the v snehing
veactions completely dominebo the desctivaticn of the triplet stnto
sud no phospherescence ls obswervede The viscosity of the medivm
ig closely linked with the temporatures &g the tomperature
increeses,so the viscosity decrensess

The tenperature depondence of the rate of phosphorescenco
decoy may be convenidently expressed in the fomm of an Arvhoning
plote See for example, figure 4.8 Vhile this tempersiuve
dependence can in some cases bo interpreted in terms of quenching
renctlions, in many other cases it sbtill ewelts satisfoctory
grplonetion end it 1ls the priacipsl subJect of this reviews

The ofTect of other envirommental paramebers such an
N

praegsure cud solvent are also mentioned brlefly in this review

Je2 " NEUPERATURE DEIIDEICE OF PrOSPUGRESCIIC

s r st

yﬂ I ruwrn w}}o

A typical Arrhenius plot showing the temperature dejondence



Y
A

of the thasphorescence Litetime of o woclens fn o plespy aotydx

(!

2

ig showm in [lgure 4@8% it generally cengints of two straight
Line segments of different slopes. AL lower tempar&tmresg(higbor
viscopities) the Avrhenius plot is virtually flat or shows only
slight negative slope. é* vleher bemporaturen (Lower viscositics)
the yate constent for the phosphorescence dsony storts to inerocse
repidly with dnorceaing tenpersture. It Lo convenlent to disenss
the work done on the tonporature deyen&eﬁcs of phosphorescenso
decoy in berms of a "low" viscosity voglon, delined as the ropl

e

on
where the rate constent shows e marked tempersture dependence and
o "hipgh" viscoslty weglon, delined as the reglon where the voto
constont vpunlly only disploys o slicht tewporeture dependanco
(0) PLow" Viscopd

.'E ‘W
" (92)

Porter snd VWindsor

gtudied the ofMlect of dissolved
oxyren on the rate of decay of the pho&phoye cenog off anthra CENe

In dludd solutions  They concluded Frow their results bthat oxyveen

s
aguenched the phosphoresvence of anthracene by o diffvslon controlicd
(25)

vesoblons  Later work on ths temperoture dependence of the

vote of decay of phogphorescence in the prescence of oxygen
interproted the sudden dncreasec in the rate constent with increensing
temperature ns corresponding to the ouset of o diffusion controllicd
guenching voncilsn with oyy gene A similar dnterprotetion of thw
behoviour of the low viascosity reglon of the Archenivs plot was
. I IR . . o2 » (22} 23)
applied when other guenching species were known to be present ™ .
Very similer Arrhoniuve plots to those constructed fop

A

pyotems contalning oxypen,bave heen obbained for phosphoreseing

=



29.
wolecules in low temperature glasses where care has been taken to
eliminate oxygen and other impurities capable of quenching the

(25)

triplet state. Some workers have explained the observed sudden
increase in the rate of decay of phosphorescence with increasing
temperature in these systems in terms of diffusion caﬁtrplled
reactions with traces of oxygen still remaining in solution.

Assuming that the Stoke-Binstelin eguation relating the viscosity

of the medium to.the diffusion coefficient holds for molecular
diffusion, other Worﬂers(Zs) estimated that concentration of oxygen
needed to explain their results was far greater than the concentration
of oxygen that could still remain in solution after the solution

had bheen degassed by their methods. The weak point in these arguments
is the assumption cof the validity of the Stoke-Einstein eguation

to the diffusion of oxygen. Osbourne and Porter(2?> studied the
tempefature dependence of the rate of decay of the phosphorescence

of naphthslene in several solvents whose viscosity-temperature depend-
ences had previously been determined. Assuming a diffusion controlled
guenching reaction to take place in the presence §f oxygen, they

found that the rate constant for phosphorescence decay, calculsted
from the Debye equation for the rate of a diffusion controlled
reaction (which is based on the Stoke-Einstein equation), did not
agree with their<mcasureé values for the rate of the phosphorescence
decay. A modified form of the Stoke~Iinstein equation was found

to give better agreement with experimentel results. However, estimates

of the concentration of oxygen required to explain the temperature

dependence of the phosphorescence lifetime in degassed solutions,



3()'
uging this modified equation, are still too large to be permitted
by the deguasing procedures used.

. N s (26&;) . B
Hilpern, Portexr and Stief studied the temperature

dependence of ‘the phosphorescence decay constant, k, for a number
of aromaitic hydrocarbons in iso-pentsne and propyl-glycol. The

s o . o (28) .
viscosities, 9 , had previously been determined by Stief *' in
the temperatvore range used in this work. Log@k vas pletted againsid
10g@(7}/T)@ These plots consisted of two straight line segments.
The slope of the segment in the "low" viscosity region was lesg
than unity. The Debye squation for the rate constant of a
diffusion conftroliled recction:

k = 8RT/30007

would have predicted a straight line of unit gredient, provided a
dgiffusion c)ntroilﬂd quenching reaction was responsible for the
temperanture dependence. Despite this, the authors concluded that a
diffusion contfoll@d gquenching resctlon vas ocouring between the
triplet stnte and some unidentified impurity. The fact that the
slope of the Arrhenlus plot was less thsn unity wes explained in
terms of the existence of some simultonecus unimolecular decay
process having a smzller viscosity or temperature dependence than
that of a diffusion controlled guenching rezction. Also, it was
admittad.ﬁhat the Debye equation wag not sccurste because the
Stoke-Tinstein equation ig not exactly applicable at the moleculsr
level,

Other data (29) are not consigtent with & diffusion

controlled quenching reaction being responsible for the temperaturc
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4 %

offect An degrased golublons compused off highly purified vcomicundse
Theralfora, othor explanctions of the tempercture depondence of the
Y ~ B FOTDR T oy Y 4 /(;Jf/}'])
pliosphorescence 1ifebine hovo been soughts  Povrter snd stled
studied the temporature dependence of the phosphoroscence Lifotindgs
of 9, 10~dibroneantheacene in propyleglycol, Jemethylpentane ond
isopontunes 9,10-dibromoenthracene woa chosen beccuse the hoovy
oton eiffect importont in this compound woeuld make tho nwimeleowlar
ridlationless decoy dominato the desclivetion of the triplet stovo
end fho‘oiuru the contribution from any diffusion controlled meoction
woudd be negligibleo. The acbivatlon enorgles derived from the

i

glopes of the Arrhenius plots in the Llow vigcosity region Loy coch

solvont Were 1662, 3.8, and 2.7 Zesls/mole for propyleglycol,

Jemothylpentone aad dsopentena regpectiveiye It was suggested
that Brovwnien rototionsl diffusion moy bave Lecome imporitant as

]

The tonperabure rose and the solvenbte! viscositics decresseds IF

thig is so, thers could be coupling between the phosphorescing
molecuiots rotation and its eloctrouie motion,with o congequentth

v

inereage in the tronsition probabilily between the lowest frilpleth

gbate and the ground singlet state and a concomitent shortoning
of phogphoregcence Lifebine.

4 | 11 4 | <30> 4 : “ 3
Leubner and Hodpking exeanined the temporatuvre dopondences
of the veles of decay of phosphovescence of bengzene and o nuwsher

of alkylebenzenes in .. glaszy miztures of methyloyclohexane and
lsopentone (b1t by volume)e An activation energy of sbout 2 rooly/
mele wos obtalined from the Avvhenius plot For benzence in the low

t

viacoalty reglon. This energy is aboub that of the CH oubeoi'=)
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Bending, wethylone rocking end gholotel stretching modens Lb wow

LA B

N "
h

therefore pugpested thoet pevbops these vibrotlons gave wise Lo tho

obsorved tompersivree dependence.  Whis ls bowever, not in necordenos

, . o en A5 . .
with the conclusionn of biebr&uﬁ( £ owlideh will be dealt with lobaers

he phosphorescenco Lifotines and r@lativa phogphorescence

8

snaxbun ylelds have been nmeapvred foxr solutions of galludive (1

4

mosoporphyedn TX, dimelthyi-cster ond p phenyibeéngsophenone in
s p I !

. 30y [l
. . e, S2Uc)
webhyivholylethylplycolota as o funebion of t@mper&tura(aj 2 e >¢

Lt

¥4,

The sodden dncroeaso in obhsorved rabte constant dn the low viscosity
reglon s interpreted as o viscosity effect ouw the Uuawutvuﬁi
radiotive aud noneradiative processess  The obperved rate wsonstont
Lo the sum ol thege rediolive end nonercdictive rate consionbs,
Haling o aunber of ssgumphions, the obhsoluvie phosphorascence
gt yields wore cetermined Trow the wengured velntive
phiosphor SHEANCO agusntun yieldse This encbled the rediotive oud

nop-radistive robe constants to bo seperated from the observed

robe censtont ond thay were then both

Tunetion of temperstures It vans found that Lor bobh phosphicresving

OUNG S stﬁdieﬁﬁ the vuabe constents for noneradictive decay
Cdeoreased wilh duereosing viscositys The radistive rube conslend
increoped Loy p~ph@mylb@nzophemon&,bnﬁ decressed Tor palladium {71)
negoporphyrin IX, dinet 3f1muﬂtbf with inereesing solvent viscosily.

3

YU ds dwportant to realise thal while these authors interprotod

vesulis in terws of changes in polvent viscosity,they could
elternotively ardse from chavges of tempersture or some other

cnvivonmenbol peremeter which depends on tesveroture.
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(v)  "High' Viscozity Repion:

(32)

Some workens have obtained o slight negative

gradient in the Arrhenius plots of scme phosphorascent gpecies in
organic glesszes at low temperatures. An activation energy of
0.3 to 0.8 Xcals/mole hes been calculated for the process responsible

(29a)

for this, in the work by Porter and Stief

(39)

of dibromoanthracene. Porter has proposed s two siep, non-radiative

on the phosphorescence

deactivation mechanism of the triplet state. This first involves
an adiabatio‘crossing of the triplet state to an isoenergetic

level of the ground state which is followed by losg of excess
vibrational energy by repeated collisions with solvent molecules.
Hilpern, Porter and Stief(26a> have suggested that a small
potential energy barrier may exist to the first process, A
molecule in the zercth vibrational level of the lowest triplet
state would,havelﬁo gain vibrotional energy to reach the point from
where iﬁ could cross 1o en iscenergetic vibrational level of the
ground state. An zotivation energy of 0.3 to 0.8 Koals/mole is

(292)

consistent with thig explanzition. Other workers have observed

no temperature dependenoe of the phospborescence lifetime in organic
glasges in the high viscosity region, Ladner and Beoker(295>
suggest that for palladium (iI) mesoporphyrin IX, dimethyl-ester
and p-»phenylbénzophencn& in methylpbhalylethylglycolate thig may
be explained in the following way. They believe that the radiative
rate consgtant is very much larger than the non-radiative rate

constant and therefore dominates the observed rate constant, which is

the sum of the ftwo rate constants. If the radiasbive rate constbant



e

is temp@rafurc independent, then the observed rate constant would
show very little temperature dependence even if the non-rudistive rate
constant is temperature dependent.

There have been very few studies that have measured the
rate constant for unimolecular phosphorescence decay in organic
glasses over & range of temperature below 77OK; Hodgking and Woodyard(gé)
investigeted a number of benzene derivatives in methyloyclo-
hexane-isopentane (931) over the temp@r@ture range 3°K to 110°K.

They noted that above GOOK, non-radiative pfooesses dominate

and emission is smally at about 60°K the emission process becomes
increagingly important and finally below about 150K the rates

of phosphorescence decay do not change with temperatﬁre. Similar
results were obhiained by'Leubncr and Ho&gkins(30>in their work

on benzene and sgome alkylbenzene compounds. It was suggested thot
the fact that a témperature dependence for the phosphorescence
1ifetime’of benzene wasg observed at temperotures of about 20°K,

and sbove, moy be agsociated with the small size of the benzenc
molecule. It was observed that the ftemperzture gt which the
phosphorescence lifetime started to increase with temperature rose as
the size of the phogphorescent molecule increased. The temperature
‘dependence of benzens's phosphorescence lifetime in high viscosity
systems will be discussed in more detail later in this review.

(35)

Studies of phosphorescent molecules embedded in
crystuls and plestics enable the temperature dependence of their

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

temperature while the matrix remains rigid end viscosity effects
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are therefore unimportant. A definite, though not very large
temperature de@endencé has been observed for mogt aromatic
hydrocarbong in these high viscosity matricec; For example,
(352)

Kellogg and Schwenkew found that the phosphorescence lifetimes

of the compounds thoy studied, decrecased only about ﬁﬁofold as the
tempereture wag dncresased from 77 K o 3“0 Ko Biebran d(zj’ 36)
ahtributed some of this effect to fthermally asctivated gquenching.
Others(35a9 354) do not re’afd quenching as important because the

ratio 'tp(77)/ 1'9(298) is virtuzlly the esme for deutorated and
protonated annlogues of the same compounds (’Cp refers to phosphorescen:
lifetimes and the figures in parentheses refexr to the tomperaburc

(°r) at wbsoh thoy were messured.) These anslognes would be expoched

to be mensitive to the same gquenchers, but since the deuterated specico
has & longer litetime thun the protonated gpecies, it would be

expected thet its lifotlime would be more affected by quenching

than 1ts protonsied counterpart, Jones and Siegel(37> paid careful
attention to the possibility of the quenching of phosplorescence

by gither oxygen or some free radical species produced by pholtolysis
in their study of solutions of mephthalene, phenanthwene, pyrens,

* biphenyl and theix perdeutcr@ted analogues in polymcthyluetheacrylsto
They conolu@ed that thevobserved %emgeraturuvéependenCcs of
puosphozegbamca lifetimes were associated with trye unimolecular
decay processes. Their resulis did not permit them to say whether

the temperature dependences arose from the redistive or non-radistive

decay modes, or from a combination of both, but their resulils were
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consistent with an anslysis thet assumes thst only the non-radiative
rate congtants are temperature dependent. According to this analysis,

a process having an activation energy of about 1.3 Kcals/mole'is
responsible for the observed ftemperature effects. This suggests
out-of-plane bending modes could be responsible for the effect. Similar
conclusions that the triplet state returns to the ground state via

a vibrationally excited level have been errived at by othef workers

(38, 35d>. Baldwin suggesté that as the temperature increases,

a Boltzmann distribution of energy would predict a significant
population of upper vibrational levels of ﬁhe lowest triplet state.
The rate of decsy from each vibrational level would be different,
due to different Prenck-Condon factors and the observed rate of
decay could bhe written:

18!

—

= ZJ <
Kopeervea = 150 215y

where k, is the rate of triplet decay from the ith vibeational level

and Ai is the relative population of the ith vibrational level. As

the temperzture changes, o Ai changes and hence also k

(39)

Siebrand(33‘> and Lin snd Bersohn have developed theoretical

observed”®

dreatments of the effect of temperature on the FPrasnck-Condon overlap
integral, which determiﬁeg the rate of non~radistive decay. AThis
integral 1g found to depénd on the population of the various vibrational
states of the lowest triplet state at different temperatures. Siebrand
concludes thet for most aromatic hydrocarbong, the temperature
dependence of the rates of non-radiative deoay from the lowest

triplet state to the ground singlet state should only be very slight
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at temperstures below 300K, if canly intrswolecular vibraetione are
responsible for the temperature effecth.
Interesting, anomalously large temperature dependences

(40, 31)

of phosphorescence lifetime have been observed for bennene

and some salkylbenzene compounds in high viscosity media sueh ag plastics
and crystals. This suggests that elther some intermolecular effect

ig interceding in the temperature dependence, or this temperature
dependence of the observed rate constant does not arise purely from
the'non~radiative d&oay,‘but from both the radiative and non-rvadiative
decays. In recent papers<41)9 Rabalias, Maria and ¥c¢Glynn have
suggested that both of these alternstives may be rvesponsible for the
large temperature dependence of the phospborescence 1ifetimes of the
benzene compounds.

A certain smount of evidence exists to support th@ belief
that some sort of“solvent interaction with triplet state molecules
brings about this anomalously large temperature effect. A number
of workers have observed a solvent effect on the phosshorescence
lifetime of benzene at 4.20K. - At this tempersture, the lifcetimes,
in seconds, for benzene ave given in the parentheses for the
following solventszk cyclohexane (11:8)(4Oa)’ borazine (10n2)(408},
\06D6(9.5j<40&), argon (16)(43) and methene (16)(43). Work(42)
done with benzene and various alkylbenzenes in a variety of solvents
indicate that the greater the solvent effect, the greater the
temperature dependence of the phosphorescence lifetinme.

(44)

Spectroscopic studies of benzene in rigid media indicate

the benzene molecule undergoes 2 solvent assisted distorition which
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results in two Jahn-Teller states. This Jahn-Teller distortion of
the lowest triplet state of benzene would give rige to a low
frequency mode corresponding to the interchange between differently
digstorted hexagons. Excitation of thisg mode would give rise to an
increase in the FranckmCondon‘overlap integral and therefore
an increase in the non-radiative decay raote, since it tends to
restore the regular hexagon, which enhancegs vibrational overlap
‘betwoen the ground and triplet states. Hatch, Erlitz and Nieman(AOC)
studied the temperature dependence of the phosphorescence lifetime
of mesitylene in B ~ trimethyl~borazine and while it did display
an anomalously large temperature effect at temperatures asbove
ISOOK, the rate of decay was independent of temperature below 1500K.
The E.S5.R. spectrum of this system however, indicates interchange
between two Jahn-Teller states at temperature below 15001{c Thesa
findings do not support the suggestion that interchange between
Jahn-Teller states is responsible for the large temperature @ffeot
in benzene compounds.

Melhuish<38b) has suggested that the temperature

dependence he observed for the radiationless decay of the triplet state
of benzophenone in PMMA, could be affected by the medium if it could
aﬁply some constraint to the {riplet benzophenone molecule which is
paytially removed at some temperature where the medium relexes. This
suegestion was prompted by the fact that a change in phosphorescence
lifetime occurs at a temperature where proton resonance studies show a
second order phase transition in PMMA,.

(45)

Recently Jones and Calloway huve reported a large



topperature dependenee of ke phosphorcsconcen Lilabine of nophlholong

in poiyebyrene (Pofe)e They suppestod thot ecevtein conforuoiions

%,
H

of the soluwbe triplet state which sve efVective lu poperadictlve
intorgyrston erorsing ara conatroined by o vizid solvent cegos In
Pefly, theas conatreints are relaxed s the temporelurs inoreasese
Thay aduit that thelir chgerved temporsiuvre effect dn the Peds nmyston
could he due to specifile interoctions belween PuB. vings and

5, o

avonstio solubee Mo test this possilld ljtyﬁahPJ ropested tholy

't

- A 4 ? ¥ " :\ Tl ey
work veing o wore rigid stereoisomer of Pel. (lsotactic)e fhe

found thet the tewpersture vardistion in phogphorescence lifetina

£ .

"‘"’(}‘m i R KAl 3 f ? s AL e ¢ R I
Cyare 77K to A007K iz ghout hald gg levge in the nore rigid

5

(isotnotic) P.8, inomere Obbor possilhile dnterpretolions of thelw

date such ss woleculex Jifflucion, dmpurlty offects snd triplet

: LG
tyiplet cywibilavion vwere ruled oul by later u“harimant&(%”)e

Lbﬂ?{utlm. i uj.}.‘ B4 1..[M{

Boldwin and Qffen hove published o number of papers vidch

3 3

show thot the phogpborcscence Lifetimes ol aromatic woleoules in ¢

it

. LG ) o .
slastic matrix(* ) such es polymethyluethecrylote (Podaliefe) and an

{47

low temporeture orgonic glussos ars dependent on the prossvre

+

appliod to the systome It has been found that decreasing the

o

1

epplied pressure dininishegn the phosphoresconcs lifetine ond the

4 3

rolotionship beotween the two quuntitios moy be satisfoobeeily

exprosned by the equationt
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vhopo T Ge Lhoe phesphorescence Liffetiae, P iy lhe prossware, T o
U "
shoolute Lemporeiure, U the gas consbovt, and AV is an Recbivotion

volumete  As yeb,the physleel interprebebion of this velwre ds in

Goubt, but Lt devs glve o convenlcont meons of gvmmardalog the

pregsuze = ¢ dependencs for o glven systoem. Il bos boen

& Z}i} ' ] .
tentotively sugge svod( ) that this aclivellon volume wey corvespond

£

to the differcnce in the volumos ccoupled by the ground and taiplet
sbobess  Altormotively, higk precpure could lend to cumpressici of
selvent onges conboining solule moleculesn.  This in turn would lead
to distortion of the scoluie aulmauux with the conﬁvqueni ellfoots

Ge whieh buve olrendy

) 3.

an b roate of doactivebion of the teiple

o
pesd
o
o
of

]

been suggested in work on the tempersiure dependence of phosphoressouce

Bube  RATIOMALE:

Cx EwT R A

The work deoscribed in this thesls was direcied ot the

afffeat of tauperature on the phosprorescence lif'etime off tripd

sbote aromoiie hydrocarbong in organic glassy matrices in the “louor®

vigeopity wogione The viscositics of those orgenic glosses are
intimstoly linked with the tomperat ture of the glesse The voview

of proevious work hosg shown thetl many msﬁkem regerd the suddon

3

dooreass in phosphores f‘é.nce litetime with increassing tompersture
a6 belng esscelated with the concemitont decroase in viscosity of
o)

the medimme Howover,in mony caseg o, the dncresse in temperature oy

. T o e & , st gy A ) -
some tomperature dependent envirommentald peraneter, could equelly
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well have heuen rosponsible for the observed decresse in phogphoroscones

Livotine. No sdequate abttempt hos besn mode to seprrote temporainye
and yiseoaity eoffects on the phogphoreseence lifotive of selutions
of trinlel stote specios in crgonic pglosses.

In solutions containing yger?f' in oceaptod thot o
diffusion controlled yeacblon hebweon cxygen ond the triplet stoto
is responsible for the observed temporature cfi'ect in the ¥low!

varcoslty reglon. Howgvor, in rigorcusly degassed solubions
& £ 3

wde vp Ffrom corefvily purified components, the only evidence
ég@inst o diffusion controlled quenchlng resction bolween the
teiplet ataﬁé snd traces of oxyvgen oy impuri%ieg?ia the wnrecscnably
lovge guantities of those quenching spocies, as estimslod by tho
bobye equetion, reguired Lo predvce the obaserved tesmperature
effacte  Theso ostimated quantities of guench could be in ewror
booouse the Debye equation ie bosed on the Stoke-iinatein equetion,
whose validity is cdoubiful ob the moleocvlur level.

(L} It wes decided to first study the temperature
dependence of the phosphorescence Lifetime of nophthelene in o
serios of J-nethylpentane « methyleyelobexane glass mixbtures of
differont compositions in the presence of oyxygen. In chapter 71 3%
wag theoreticnlly established that the energy b&rrier t0 Uronpe
letionol diffusion varded witn the composition of o binary mixivreo.
\ince it is commenly believed that the sctivetion enerpy éeriveQ
from tha slope of the "low” viscesity region of the Arrhenivs plot

f'or the s@lutions deseribed ebove, corraesponds ko the energy borriocr

to trenslational diXfusion of oxygen, tho aiw of the first port of



o

tha peogect wan Lo provido an crpuerimentnl cheelr of the tbhoeow
veault derdved in choptor 11,
(1i) Once the dependence of the onergy barricr Lo
tennslational diffusion on the compositlion of J-webhylpentone e
nethyleyeloboxone mixturay of Low Gemperature hed hoon ewporimerdiolly
catoblished, the next step was to study the tompevature dependonce

the phosphorescence Lifetine of nephthalene in these mixbures,
In the sbgence off oxygen. Iff the acbivntion energlas deyived vam

.

the Avzhenins plote in the "low" visceosdlty reglon did not follow the

¥

axpectad dependencno on uonpovﬁLLon for enecrgy harviers to trouse

Letional diffusion, then the ponslibility of a diffusion controllod
gquencliing reattion being rogponsitle for tho obssrved temporoiuig

effect in these systems could be wuled outl,
i s (29(1) o any ,
(111) Porter and Sticf suggested that the tenperulure
wet could erdise from Brownian rotational diffusion of the lriplot

+

sbete moleenlea. To test this possibili

a4

by, the third pert of tho
proeject ves an sttenpt to sepavate temporature efffocts from viscosliiy
s

cifortae This was done by studying the tempereture dependencu of

the phegphorescence Lifetines of & group of similer moleoules cxpoctod

to exbibit the seme diffusionsl chersctoristics in the same solvent
et the sane temperature. The molecules studied wore some mone=

1.

yethyl=substitobed 1,2—ben59nthracunes which were dlssolved in degussed

S-nothylpentone glasses. These molecules wera known to have Q8%

N SN 50 " 3 4 ) z‘-"
vhogphorescencs 1ifobines in tho sane glasa at low temperature™ ™,
This suggosts that the intrinsic radintive decsy rates, tho noje

2

radintive decay rates,ov both,are differont in these compoundse
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If rotational diffusion was responsible for the observed temperature
effect in these systems, the activation energies derived from the
slopes of the Arrhenius plots should be the same,Tf however, the
~tempera%ura effect arvises from sowe other [actor which is different
in these molecules (and is perhaps responsible for the different
phosphorescence 1ifetimes)$ the observéd activation encrgles will
be different,

(iv) A -good deal of work has been done in an effort to
correlate a phenomonon known &g the photodynamic action of a
compound with its potency as a skin carcinogen. In many cases

(50)

impregssive correlations have been found . Photodynamic action
is the 1light mediated killing of cells or inactivation of enzymes
by chemicels in the presence of oxygen., It ig often regarded ag

a sengitized photo-oxidation process. One reaction often proposed

in the mechanism for photodynamic zction is:

3. X
5+ 0,— 50, 3(4)

where 3S‘refers to the triplet state of the gpecies regpousible
for photodynamic action.

(61)

Badeer has found e correlation to exist between the

‘rate of addition of 0804 to some polycyclic hydrooarbohs ana tﬁeir
potencies as carcinogens.

The existencé of these correlations make it tempting to
suggest that a correlation exists between the rate of & rezction

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

the carcinogenic mono-methyl substituted 1,2-benzanthracenes
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exhibit shorter phosphorescence lifetimes than the non-corcinogenic
methyl derivatives of 13?mbenzaﬁthraoene(49) could also be an
indication of the importance of a reaction of the type 3(i) in
determining carcinogenic polency. This is because if the rote of

" reaction 3(i) is diffusion controlled and the diffusional character—
istice of the methyl 1,2-benzanthracenes sre identical, the rates

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

the benzanthracenéss However, if the reaction Qf the non—carcinogenic
methyl 1,2~benzanthracenes with oxygen had an sctivation energy
greater than the energy barrier to the diffusion of oxygen, then

the rate‘of thig reaction would be slower than the rate of the
reaction of the carcinogenic compdundé with oxygen. Thig would
OOrreSpOﬂd‘ﬁO the observaiion of shorier phogphorescence lifetimes
for the carcinogenic benzanthracenes if some oxygen was present in
solution in the work described in reference 49,

'To see if there was any difference in the activation
energies for ﬁhe resctions of the carcinogenic and non-—-carcinogenic
methyl 1,2~benzanthracenes with oxygen, the slopes of the "low"
viscosity segments of the Arrhenius piots constructed from the
f&tes of decay of the triplet states of some carcinogenic and non-
carcinogenic benzanthracenes in the presence of oxygen, in

3-methylpentane were measuvred.
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The principel elements of the sppayetuy, develaped to
veeord the rebe of deegy off phosphorescencs at moepuvred Low
Lopporstures are shown dn the gehewmatlie dlogram bl

Light from o mediuvn pressure Pwiliips, type L7201E,

mercury lamn wos focvsed on o glasa vwhich had been obtained by
. & LY v

cooking o solubion of a potentislly phosphorescont wolecules in o

B table ovpovle selvent contnined in n cuaphs cell. The coolling

NS .

wog cohloved by houging the cell i

clyreed dnto liguid elr enptained in on vneilvered pyres dewars

2.

won eooaer Bloek vhope lower ond

Tho emission frem the cell wves focused on the photeonihone of tho

i

shotomultinlier, Polte sty
4 E } H

K

R B I e gy FRP S RS- I SR T T
ted at wight angles o the Lrpadlotin

beams  Shen the lyvadioting beom waa st ol by the cwoers shubior
L ot

ancthor photomultiplier, JGH¢O> sctueted o switchivg civeuldt, which

suitahad P Wo,, ene  The luminescenco deeay from the eoll wos Uhoy

dotected by P.M.19 the signel amplificd und fed to o Va fl~n Lwan’b

A 1

tine avoroging computere ‘The signal was stored in the time 2

computer and thon read cul ot o sultebly slow rabe onto o Bitnold

fodel GEDDS recordors Who tenpersturce of the copper block wes

dotermined by meosuring. the voltage of 2 chromal~constontagn

thormocouple attached to the corper blocks The temperuture il 6o

of the coll was ssiumed to be thab of the coppor bloek near the

colle
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Block Diagram of Apparatus
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In the fipst two ports of the project two series of
‘solutionsg of nephthalene in mixed 7 methylpentane - methyloyoeloe
hexone solvepts of diff'erent compositions were preparcd. The
solutions of one series were ell soturated with oxygen while the
asolutions of the other series were thoroughly degnssed to remove

oxygene It wos found imprectical to work with solutions of Roloe

fraction grester thap D7 fn methyleycloboxene (MCH) because the

’
3

glesses foymed on cooling solutions of hirh KO concentretion to

Liguid eir temperature, cracked bodly, brecking the cuartsz colle
In the second two parts of the projecty both oxygennted

ond deoxygonnted solutlons of the &, 10, 8 end 3 methyl mono-

)

substituted 1,2 bengenthracene compouvnds all in 3 methylpentona
(3P) solvont weve preperods

Avrheniug plots (plots of logok against the recipronod
of the ebsolute temperatvre, T) wers constructed for coch selution
by deternining the rote congbents, k, Loy the disuppearsnce of
the twiplet stote fvom the decays of phogphorcscence recorded ot
agbout eleven or twelve temperatures in the range from about 60",

O ' . 2
0 115 ke DBefore each phosphorescence decoy was recorvded the

Laiad

o

olution wes kept aﬁ ecch temperature for ebout ten minutes te
ensure that the solution had come to thermel equilibrium with the

copper blocks

Lo2 PLEPARATION OF CLLLS

All the golutions wore contained in quarts cells wmedo

from 9 memes 0.4. quartz tubings uarts wos used instead. of pyrex
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' 2t

Becsuse quarts wes Tound to glve considerably less emission el per

~

saion frow Lhe

y..n

drradiction with 1ighl from the wereory Lempe I
weldls of the cell and the dewar were Pound Lo be dmportant when

sbudying the phosphoregcence decuy from the webhyl subpbituted

1 2-bonsanthreacones solutionse Uhis was becavse,althongh the erission
Trom the glass wolls decayed mowe wropidly than that from the 190-'
bangonthrocenes solutions, it sbilil wade o slgnificant contributlon

to tho observed onission in the carlder pavt of tho phosphorescence
Cdecay, A the phosphorescence inbtonaity wes Lows Thils set o lower

Llmit to the minimum usoble concentretion of the 1 ,2-benzonthracencs
solublonss In order to moke the omission from tho gless wells negligivle
by comparison with the emigsion from the sgolubion, e concentrotion of‘

wh
shout 10" melor wos necoaspry.  The moasured phosgphorescence

lifetinmes were independent of copscabretion provided the solublons
vere not boo concentrated. tﬂo concontrated solution could lead

L.

wo the formation of mlcrowerystuls of the solubo. The emlssion then

rocorded Tyom the solution would be the sum of {two ewisglons of
different lifetime, vize thalt from the solube in goluition aund that
(s1)

from the erystalline stobtes. Further, conceptroted solubions orhance
¥

the possibility of triplet « triplet guenching ond delayed ILuorencoicte
Thig would egain result in modificotions to the ebserved decay of Lhe
triplet stotee

The guarts cell wos sealed onto the veocuum Line shown in

diogram Le2e

The following methods were usad to prepare the sclubtlons,

Hophthalone Solutionsy

To prepore naphtholene solutions o smell quontity of
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schematic Diagram of Vacuum Line

B

> 1

Backi Diffusi SJ r S

acking iffusion N : b MG

Pump Purnp P \ ‘ -
) b4 52 ws Hg

3 4
& e | @)@

M
¢.T, Cold Trap ' 5.B. Storage Bulb
S Greaseless Stopooock M.G, Mcleod Gauge
C. Cell M. Manometer
¢.T, Graduated Tube

BIAGRAM 4.3

Diagram of Cell

To Vacuurn Line

W
|
J

. ' W s
dearm b

Sidedrmd”’

Graded Seal

Quartz Solution
bt Container




L4
naphthelono (ebout QOWW grons) wes pleced in the sideswva "e¥ (seo
diogromn he)e The top of this sidesrw wos sesled off end stopeoelr

99 was oponed fox n few seconds Lo depgup the cell and sldecinm
The stopeock wos then shut and tho paphthaleno wes ﬂuﬁlimo& Loto
the cell by putbing o cold trep of liquid alr pvound the cell
avnd applying & Jittle gentle heat to the noplhibhalens. A auantiiy
of! sz and a quoentity of HCH wore in twin distilled over dnto tho
greduated tube "G from thely respecltive storage bulbge The
mixc1isolv@n% vos then distilled over into th@icelle The volunes
off the solulbions wore aboud % to &'m fe The concoantration of the
solution was therefore sbout 10 Jwg Use of the grodusiod fubo
gove on approximote indication of the composition of the mixed
solvente. A more exact devermingtion of the compesition of the
solvent was nmede efter dete [lor sn Arcvhenius plot for the solubion
had beon obtaineds A sample of the solulion was injected into &
Varion Model 1200 gos chrometopreph using en SE-30 column ot “G &»
Ly dntveprator mosgured the arees uvndey tﬁm peaks in the gus

chromo togram due to JUP and to MCGHe  From the ereas under the pecleg
the mole Crection of KHCI din ecch mixture vos determineds This
pasunes {th the area under each 3@&! is proportional to the mmber
of moles of the corresponding compound eud the proportionality
constent is tha same for Loth compounds. The proportioncslity
] . 2 )’) o S 2 EE Ty hl RonYy & = (b‘?)
constants cvo 1600 ond 1610 Lor JCH cnd 300 respectively ¢

-

Hongesubgtd bubed methyl 1,2 bensentiovocene solubions:

In the preperation of these solutions o small guantity of



e

x

nto the cell via sidoarn

ol

whe solute on o gloss rod wes introduoed |

"y This gldosrm was scalad off pud stopeock S? opened Lo dogos
the eolle About 5 to b mls of 3P were then distilled into the

5

-
. - v . . , . )
6elle The concentrotion of the solulion se formed was about 40

ALL the solubtlons to be salureited with oxypen were
completed by introducing oxygen et 8 to 10 foryr pressure inte Lho

coll and then gealing off the cell by hesling the constriction with
o gless«<blowing torehe

The deoxygenated solutlions wore completed by four cyeles
of'e freesing the solution, degnssing to o pressvre of less thon 1077
tory, theving, distiliing into sidoawvm “a" ond then beel into the

cotle The cell vns then senled off o bv constrletione

In chapter I it wes pointed cut tholt impurities can hove
ieant effect on the mecsured rete constant for the decey of

phoaphorescences In fact the removal of the last traces of some

impurdties was the principal experimentsl difficuliy encountered in
thig projects This & culty ig cccentuated by the foet thot thoe

LR BN

noture of the objectionable impuritics camnnot be predicted with
corbeinty end thers is no general method Toy their detection ob vory
low levels, aport from the effceet they hove on the lifotime of the
phiosphorescence or on the Avvheniug plote The only way of testing
the effectiveness of o purdfication technique vas to use i

purdily o sample of compound, dlﬂ,olqe wie "purified" scmple in o



e

pais

gloss weteds, end vonstruet an fovheniuvg plot from the neasur

»

phosphoraseence Liletines ﬁf Lo compound in the glass wmatyix ob

a puabar of bemperstuces. Phen repuprily the Y“puce® compownd unlng
the *:?& purdifention teehnique snd copstrvct onpothey Arrbonius
plot Lrom date obtoined Sfrom this aow semplo dissolved in the somo

3,

gloss mnbrix os befores I the slopen of the corresponding parts
[ & 2

off tho ftwo Awrhenius plets ore the sene, then the impurities ceopeble
£ lnfdueencing the rate of decny o yho&phmwaa anee have beon yeduced

¥

to the lowest level that the purdficotion technique lg capsble of.

Sinee oxypen lo koown to be o very effective quenching
mand wos present in the owygenated solubions ot o far
gﬁ@atmy soncentretion thon any othor lumpurity Imk&lv to be prosout,
54 was presurned thot it would dowminate the cuenching reoctions in
these solubtions. Thervefore the presence of traces of othow
dimpurities eve nolt ap importont in these solulions as they aro in
deoxygenated solutliong.

The most iwmportset impurities to bo eliminsted ave those
iﬁag ere copable of sccapting triplet stote caevgy from the compound
being studieds Such impuritiea con inbroduce ervors eh concentroibions

. U [‘LL . s 2 4 2
below 10 4 molar(9‘>¢ This problem is grestest when the compound

vnder dnvestlgetion has a kelonbively high triplet stete soereye

Lelo  GHOYCE OF PHOSFUORESCHNT MATERTALS

The helght of the tripleb astote cnergy therefore obviously
Influences the choice of the plwsphorescent compound to be studieds

However faolors such es phosphorescent guantum yleld, stebility,
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solubility and ease of purifioatioﬁ are also important factors
in the cholce.

£1though naphthalene has a relatively high triplet state
enerey of 2.63eV (by comparison anthracene is 1OBAGV) it is readily
purified by zone refining and is fairly soluble in the solvents used
in this work. It also bas a comparatively long phosphorescence
lifetime whiéh‘means that its recorded decay is not affected by
much shorter lived background emission from gleass elementé of the
optical systems

The methyl derivatives of 1,2-benzanthracene have a muck
lower triplet state energy (about 2.05e¢V) than naphthalene.
However, they have a much lower solubility and aﬁout five times asm
fast a phosphorescence decay as naphthalene, Further, their
purification is more difficult because their high melting points
(over 20QOC), and the small quantities available made zone-refininrg
impractical, Some are known to be sgkin carcinogens snd must
therefore be handled carefully.

The reason for studying these benzanthracene oompoﬁnds

is discussed in chapter I1I.

Lo5 PURLFICATION
 (s) Solvents:
The solvents, 3MP and MCH, were Phillips "Pure grade".
They were both purified by stirring with concentrated sulphurié

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

drying over gnhydrous calecium chloride. The solvents were then
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vacuun distilled into their storage bulbs where they wers kept
under vacuunm over fresh sodium mirrors. The 3RP used Toy preparing
éolutions of’ the methyl substituted 1,2 benzenthracenes was scrubbed,
washed aﬁd dried as before and then fractionated using a reflux
ratio of about 8 to 1. The middle 50% was collected and then
distilled into the storage bulb. No difference was found between
results oblained from benzanthrecene solutions using fractionated P
and those obteined using unfractionated ZMP.
() Naphthelene:
" The naphthalene was zone-refined using a micro-mulltipass

zone refiner built for this project. This zone refiner is shown

in diagram Lhe Tt consists of & 1 men. diametef capillary tube
about 8 inches long which fits through & series of alternalely

bot and cold loops placed 5+ cm. apart. These form & series of
melien and solid zones of naphthalene conteired in the capillary tube.
This tvbe was rotated at & rate of 4 revs/min. to keep the molten zone
stirred and the solid-molten interface normal to the glass tube.
4t the same time the tube was driven forwerd through the loops at

a rate of 4 cme/hours. After the tube had been moved forward 4 cm.
it was quickly returge& to its sterting position and the process
repeated, After about twenty of these cycles a large crystal of
naphthalene was seen to haﬁe forped in one end of the tube. IF

the refining was continued too long, the tube shattered, probably
because of volume changes in the naphthalene ingot on melting and
freazing. The tube was loaded with naphthalene by quickly sucking

molten naphthelene up into it. Difficulty was experienced in
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removing alr-locks from the naphthalene ingot. fven so, when a
red dye wos added to the naphthalene to check the perlormance
of the zone-refiner it wis found thut all the red dye was
ghifted to one end of the tube after a few cycles.
A short discussion of the theory of zone~refining is
given in Appendix I.

(c) Vono methyl substituted 1,2-Benzsnthracenes:

The methyl substituted 1,2-benzanthracenes were kindly
donated by Dr., M. S. Newman, Chio State University and were
purified by a temperature gradient sublimaticn method. Originally

-
the method described by‘Melhuish()5>

was employed. This involves
establishing s temperature gradient along a glass tube which

contains the compound to be purified at the hottest end. Oxygen

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

wn

stallize

P

end and the components of the material being purified cry
out in different regions zslong the length of the tube. When
l,2-benganthracens and 9,10~-dimethyl 1,2-benzanthracene were
trested in this fashion and then dissol?ed in 3MP glasses, they
gave non-exponential phosphorescence decays. For some time these
non-exponential deoays were thought to arise from the presence of
micro~crystals of solute in the solutions. A variety of solvents
were employed to avoid the pogsibility of crystal formation. Those
tried were iso-pentane (iP) @mnd a variety of mixtures of iP, 2P aud
HMCH., The phosphoszcenoebdecays vere still non-~exponentiul gso’ it

was then suspected that impurities were regponsible for the non-
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0.

exponential decsys. A masg spectral anelysis of a sample belicved
to be purified 1,2~benzaenthracene showed the presence of higher
molecular welght impurities., These way bhave been produced by iraces
of oxzygen present in the nitrogen used in the puxification.

| The purification method finally adopted was suggested
by Y. Metoalf(56>¢ It was much the same ag that used belfore,
except instead of elution with nitrogen, the tube containing
the material to he purified was attached to the vacuum line,
degassed, and then sealed off. & tempesraiure gradient was established
along the tube and the system was left ovérnight to allow the
purification to take place. Two bands were formed when mono-methyl
Qerivatives of 1,2~benzanthracene were purified in this way. Mass-
gspectral analysis of samples taken from ﬁoth bands showed that both
had the molecular weight of a methyl 1,2-benzanthracene with no
detectable higher moleculan wéight impurities. Thes bands may
he different crystalline forms of the same compound. Solutions
of samples taken Trom both bands were preopared by dissolving
them in 3MP and Arrhenius plots were constructed from data
ohtained from bhoth solutions. More solutions were prepared
using samples of solute talken from both bands resulting from the
repurification of samples that had alresdy been subjected to this
method of purification. This process was repeated until reproducible

slopes were obtained from the Arrheniug plots.

4.6 TEMPERATURE CONTROL AND MmASUREMINT

The quartz cell containing the solution to be studied



De

AT

was inserted in the copper block shown in diagram 4.5. Temperature
control at any temperature up to about 50 degreeé’ahove that of
liquid air could be achieved by adjusiting the current flowing through
the heater winding sround the top seciion of the copper block. This
heating compensates for the loss of heat that takes place through
the insulation o the lower end of the block which is surrounded by
liquid air. The oirouit‘of the temperature controller is shown

in Appeﬁdix I1. A platinum resistance thermometer embedded in the
copper block was used as one of the arms in a bridge circuit. Any
change in temperature was sensed as s resistance change in the
bridge circuit. When the bridge became unbalanced by a change in
temperature it either switched a transistor oé or off allowing
'more or less current to flow through the heater winding, depending
on whether the temperature had gone up or down. To achieve a
guitable vate of heat logs from the copper block it wasg

found necessary to lag the heater winding with asgbestos tape.

It was also found necessary to surround the whole copper block with
& copper ghroud that wss maintained near the temperature of liguid
air by dipping the 1bwer end of the shroud into liquid air, The
temperature of the cell was‘measured by & chromel-constantan
thermocouple aﬁfached to the copper block near the cell. The voltage
of the thermocouple was measured with a Tinsley Type 33278 potentio-
meter and recorded on a Hitachi Model QPD53 recorder., The chart
recorder displayed any flgctuations or drift in temperature. The
copper block and hénce the solution in the quarﬁz cell was maintained

at

& glven temperature for at least ten minutes before the decay



Co

Side View

Exciting ———

Lignht

pper

Block

/T .

DIAGRAM 4.5

To Temperature Controller

Stainless Steel

Support

Hole for Cell

Piatinum Resistance
Thermometer

Ashestos lLagging

Thermocouple

-z

Top View

Hole for Viewing
Phosphorescence

Heater Winding

Tufno! Disc

Lower Part of
Copper Biock

Hole for cell



56.
of the phosphorescence from the solution was recorded at that

temperature. The temperature control was better than * 0.0506.

4.7 REGORDING OF PHOSPHORESCENCE

The phosphorescence from the solution was focused on the
photocathode of an IP28 photomultiplier tube. In order to protect
this photomuliiplier tube while irrsdisting the solution with light
from the mercury lamp the full voltage wag not applied to the
photomultiplier. This was achieved in the following way. Light

from the mercury lamp fell on the photocathode of P.W.,., which

P
gwitched on a transistor connected across s0me of the dynode
resistors of P.M,]a The voltage developed across the remsinder

of the dynode chain was considerably less than that developed
across the compléte dynode chain which was in effect when the
irradiating light was switched off POM,Q. The circult of tbis PYO-~
tection system is shown in Appendix IX,

The signal from the photomultiplier tube, P.H, was

1‘)
amplified by & poreamplifier shown in Appendix II. The phogphoresoence
decays étudied were all to fast to read out direétly onﬁo the

chart recorder\available ( meximum speed of 240 m.m./min. ).

‘At.the beginning of the project, the amplified signal was
fed to the vertical plates of an oscilloscope and the trace of the
gignal was photographed. The photograph negatives were then
"measured-up" uvsing a travelling microscope. This method of

recording and meacguring decays was time consuming end tedious



prelivinery trliol and ervor work involved dn

1y developed bo

o
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setting up the gysteme The method thet wan fr

ve enployed the Varian C-024 Gine

reooed the phosphorescence deony
svereping computer (CAT).  The sipgnel wes fed into the GAT ot o
pobe of porkaps {024 chonnels In 5 seconds ond loter veed oul

to the Mitechi recorder ot o vobe of 102k channels in 100 socondse

these rotes of reeding into and out of the CAT, e twenty

fold exponsion in the tine scale wen achlevod. The GAD's "sweep!
won triggered by & voltage puvlse produced from e voltage drop of
a point in the dynode resistor chein of P. fo sy which oscurred

Y (s e

when the dreoedloting Light wes awitobed ol P»ers It vag found

fi,

Lreve woas only obout o 10 milliscecond deloy from the time the

dreedivnting Light vas swiliched of?, to the time the signal
voeceived by Poﬁ“ woag heing stored in the CAT. In most cases o
good deeld of rolse epppeared on the recorded signzl. Before
fensoringeupt tha decays, & smooth curve wes drovn through the
middle of the noise which wag superimposed on the decoy. Two
further swwoth curves were drown through the upper end lover
extroemitics of this nolsee Tho dnteaval between the o lotter
WO curves, av agy_givon tine, gove an egtinate of the maximum
exrvor in the newsurement of intensity ot that {times See ddagron

ol

In order “to culculute the vate conatont, k, of a

phosphorascence decay, about t;en,y padrs of intensity, I, and
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an equation of the form:

k = Be”b/T + D L(4)

where B and D are constants. b is alse a constant and is equal
to E/R, where E is the megnitude of the energy barrierAto some
process whereby a triplet state molecule can return to its
ground state. R is the gas consbant.

In this least squares fit, all rate constants were
given the same weight. The reason for using this weighting
scheme will be expleined in the section discussing errors. The
absolute temperature, T, was assnméd t¢ have negligible ervor.

Figure 4.8 shows a typical Arrhenius p1o€ derived from
data obteined from a solution contaeining oxygen. By comparison
with Figure 4.7 which is an Avrhenius plot typical of those derived
for deoxygenated solutions it can be secn that the onset of the
rapid increase in rate constanﬁvwith increasing tempersture occurs
at lower temperatures in the oxygenated solutions than in the
deoxygenated solutions. This means that there are fewer points
in the low tempefature portion of the Arrhenius plot in oxygenated
solutions, which often made it difficult to decide whether there
was a significagt slope in this section of the plote So although.
an equation having the form of equation 4(i). may be & good
theoretical description of the temperature dependenée of the rate

constanty,of'ten, in practice, an equation of the form:

k = Be“b/T + De“a‘/T

L{i1)

gave a better description of the data obteined from solutions
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i ; :
whero "k ia the corrected rube constent ot temporoture, W,

correchod #
. L 'y . . A P, . N
and i 8 the experimentally detormined value of the rote conubont
# e}

T . R
ot temporature, T Voluss of Zvnrrecieﬁ ot differont tomporcturas

sore Lhen fitted by the leact scuoares process to the ¢ uﬂuwblén:
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A typicol exsumple of the debormination of the role
constent feor a phosphorescence decoy is shown for goluticon 145 o
a Lemporature of 96.2°K,

The Teaarﬁeﬁ:phamphurﬁsaanca desay is shown Lo Alepgrom

~ ® e oy A4
Lo and computer outpul after the fifth and finel cyele of the

least mquares £3% s given bolovs
NAPHTHALEMEEAMP EMCHEN? SOLMNL 3 TEMPERATURE  96ey

PARAMETFRS AFTER LEAST SOUAPES CYCLE o

oLD CeANGE NEW ERROR
1 0.5297E 01 03677705 CeS523970 01 0,4052E-01
2 0,92529E 00 06 7711le~06 - (94290 00 0.7923E=02

ESTIMATED AGRLEWMFNT FACTORY PASED O PARAMETERS AFTER CYCLE &
SUM(WH(O=C1&%2) 1S Qe 2640 0]

SURTFISUMWx (Q=-CY=%2)/(10-"v)) 1S 063723

NAPHTHALENEE3MPEMGHENZ H0LNL1. 3 TE PERATURE 9662
CALCULATED Y BASED NN PARAMETERS BEFORE CYCLLE 6

viups?} Y(CALC) ops-caLc STG{N) (0-CY/7SIG(0)Y  X(1)

1.3000 1.2894 0.0106 240600 0.1774 144375
1.3900 1.3710 0,019 s 0600 0.2159 1.3750
1.1600 11403 0.0197 0.0600 0.3286 145625
1.0100 1.0084 0.001¢ 0, 0600 0.,02%9 106875
1.0900 1.0723 0.0177 N, 0600 042943 1.6250
1.2300 le212% 0.0178 0.0600 0.2912 1.5000
14700 1.4579 0.0121 06 3600 0.2014 1e3125
1.5500 145503 -0,9003 0.0600 -0.0048 1.2500
106400 1,6485 ~0.008% 0.0600 ~0.1419 1.1875
1.7400 17530 -0.9130 00700 ~0. 1052 11250
1.8400 18640 ~0,0240 0,0700 ~0:3433 1.0625
2.0800 . 2.1077 =0 N2T7 00300  -0634065 0.9375
242100 262413 ~=0.0313 N.0830 -0 3909 0.8750
203700 203833 -0,7133 0.0800 ~0e1659 0.8125
245000 25343 ~0eN343 N. 0800 ~0e4285 07500
2:6600 25968 “0ei)34 ¢ 01000 -0e348% 06875
208300 2.8656 ~0.,0356 0.1000 ~0e3559 06250
3.0300 3.0472 “0e0172 01000 ~0. 1715 065625
342300 32402 -0.0102 01000 ~0.1022 065000
3.4800 3.4455 0.0345 0, 1600 0e3408 004375
3.7700 3.6638 0.1062 01000 1.0617 0.3750

AGREEMENT FAZTORS BASED OM PARAMEIERS BEFORE CYCLE o
SUMIW¥(O~Chee2) IS Do 2640 01

SQRTF{SUMIWSLO=CIxe2) /(ND=-NVY) IS 03723
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fesultys

The rete consbepbs which were evaluated from phogphorencenco

4

intonsity decoy curves ol Aifferent temperstures sre given below
in tobular form for solutions of naphthelene in % methylpontone (51P) «
methyleyelohoxone (HOH) mizbures of different compomitions in tho

prosecnce of oxyzen et o pressurve of about 5 4o 40nme

Solutlon 1.4 Nephthalene + 31 + O,

Voltage of ;

Phopovonple Temperature lgi Rete Gsnétunﬁ

{1¥) 2(°x) L k(585M§)

Bedt ‘, 86 ok i1abth 064069
Bali7h - 8063 126455 04200
855 6163 120300 GeltH0%
Bel5 B3e2 12019 0470k
Gelils BB 11792 Geli12
Go 365 8765 o THe3T6 0e6257
Be 505 8040 126500 0 5hY
8029 N 904 110098 16826

36308 8Y¢5 11175 1+05A




67

Solubion 1.2  Nephthalene o P 4 MCH o O
&y

Voltoge of g ) o
Thermocouple 'i‘@mpegaxturo a0~ Rate (Jc;;‘::jfr‘;‘cm‘a.t
(si7) (KD ‘ 7 k(seo

Bo505 8340 126048 04607
84395 86,7 EETHI 05717
84295 90,0 i1e111 065206
818 SIN \ 106626 064549
72995 10065 96550 09661
76965 1017 9eB32 4 ot 49
Be185 96.0 106416 064955
8045 99,0 106101 067509
8601 10060 106000 00615

Bolution 10% Hephthalewne 4 ZHP 4+ HCH 4 O 9

Volteago of > _

Thexmmo gouple Temperature 1 l:); Rete CC)l"’lf:}ﬁ-'}.ll't

(V) 7(°k) P k(sec™ )

Ge50 8361 12,033 04705
8639 868 11520  Dek753
Bo 51 , 895 116175 0659
Bal 9169 106976 064663
Ge1H5 95.0 106526 04350
7695 © 10240 9.803 16072
791 10562 94689 16525
788 1043 G0 557 16827
Bo12 9642 106395 0e4597
84025 | 9946 106040 066986

B0 10063 90970 068219




Solutlon 1eh  Taphthalene 4 3P 4 MG 4 0,

2

Voltege of ’ 3

PheTio 6o uplé '.[’@np@ :,;u;tm?a 107 Rete ‘Cﬁz:;:‘rtmfx't

' ) | (" K) iy k(see )
Belb5H Blo? 11 689 Oolgan
Be 3555 86709 1138 04051
8428 90¢5 11605 Oehkl
Hal19 Q367 10667 04605
Ba10 97.0 10031 064450k,
8s03 9G el 10606 06457
Te 975 1012 9881 16201
76925 10267 96757 , 26673
3613 958 106l 064700
H6065 9862 1018 0ebh31
8601 100.0 1000 0eSh7h

Solution 1.5 Naphthsleno « 3T « MCH 4 02

Voltage of 5

Mo rio cotple Tempegatare ig; lnte Cun;U he¥n

(V) T(7K) P k(see™ )

Gealil 8248 12,08 ' 04020
8el3 8544, ' 11671 04280
8o35 881 C i1e35 Qo5
8626 %165 1095 0ol
8175 ‘ CShe2 10642 Qeb10
8.095 971 10630 0elt565
8,015 9949 10401 0uk§576
193 10246 9, 7h6 00522
70806 10560 T 9eb23 - 05072
751 1064 943598 0e529Y
7765 107.8 96276 067047
7705 10948 94407 00847

768l 10565 . 9478 ' 065250




Solution 1.6

Waphthslene « 350 + HCH 4

0,

e
Voltoge of -
e Temperoblva 1 o~ Rate Consbont
Thermocouple st

(m?)

(k)

"

w
k(see )

Bal
Be2f

8.025
8085
806

7995

Te95

RIS
2065
9501
9906
Q705
9803

1007

10260

12121

116160

10630
10e1 51
95000

Qehit ¥
Qohi 07
065055
08 2000
066100

0a7570
‘i 02.

<

e

1s

1

L ]

Solution 1.7

Haphthalene « 3P 4 NG 4 O,
A

Voltage of

Thermooouple

Temperahure

{ o

ey

Lete CGonstont

e

il O o pou
(B‘ﬂV) .l( J,,.) i K(B(}b }
Ee 50 c"f»,:» sl 2a O:}«’{ 0&3{")0'}

360
9245
93569
C 8669

11628
106811
106650
114507

Nedi20573
0eHLE0
1 el

Qeli272

829 8669 115507 Qoo
2:29 00 42 11087 0a5525
80155 95 0 100526 4 6350
80255 9 o5 106929 065769
8o 205 9362 1067350 0680602,




706

=

Solution 16  Hophthalene o 3002 o MU 4

2
Voltage of "
Troriocouplo T@mpeg&turc vigi Late Co&ﬁ%nnt
(V) *("K) i k(s00™)
Bohds Blisdy 116845 0e5915
§eli0 86 oh. T1eb7h Qeh0063
et 8945 116173 0ol 66
825 9265 10611 Qeb2hiz
8e13 0% 6 10838 0s4811
8175 Sl 2 100616 Ol 207
Bo00S 9765 106256 0ub309
8,035 9862 100081 067158
8065 98,2 10183 066025
8:015 9969 10010 060571
7982 10160 9+901 15
7696 1018 G823 16603
Selution 1.9 Naphthslene 4 3MP 4 MCH 4 O?
Voltage of 3
Thorimocouple Tempegature lgm Rate Cwiftmnt
() T{"K) , i\ | k{sec ')
845 827 12,092 Oeh155
80395 86.7 110534 02969
8628 M el 110062 Osdi20h
80175 el 106616 CQpli 5355
8125 9640 10447 0,6320
84075 9748 10225 046500
8403 9%l 10060 16379
Bo225 9265 10,811 0ah5352
82105 963 166493 065377
8009 972 10,288 08205

B.055 ’ 9847 106132 06873




?’\ )

The mecsvranents of composition foy eoch solutivn are

clven belowe

Solution 1 e

Piolefroctlon of MCH = 0.0

3

Selution 162

Holelracuion of MCH

i

0.55

Solution 13

off 0658

i

tolefroction HeH
Solution 1 ek

Molefractions dn MCH = 0.79,
AMverage nmolefraction in MG

Stendord deviation

Solution 1.5

0:85, 0681, 081, 0683, 036, 084,
0680
= 0082
e 0,029

Heasurenents of wolefraction dn MCH = 0%, 0650, De3k, 0edh, 032,

Averoge moleiraction in HCOH

Standerd deviation

Solution 4.6

tleasurenents of molefroction

Average molefraction in MCH
Stoandard deviation

Solubtion 1.7

it

*

Avoeroge molef'roction in HCH

[SE N

i t

anderd deviation

058, 0633,
a Oold
= 06024
in HCH = 0662, 0603, 0462, 0,61, 063,

0661, 0662, 0e63e
s 0662
= 06008

eosuyenents of molefraction in MGH = 0,26, 026, 031, 0033, 33,

093)20‘
= 0630
= 0030



7 P ®

Selution 1.9

Honsurvmenta of nolefraction MO = 066, 0.03, 0ably 0cbl, 0,65,
0eb5, 0665, 0.6k, 0ably, 0ab5,
0aGl, 0663

H

Averape moloefraction MCH = 0.6k
0009

Fid

Standard deviation

Solotion 1.8
Melefroction HCH = 068



T3

Listed below are the activation energies, E, obtained

by a leaslt squares fit of corrected rate constant - tempersture

data to an equation of the type:

1Ogekcorrected

= B -

E/RT

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

temperature, and k

phosphorescence corrected in the way described

corrected

in chapter IV:

is a rate constant for the decay of

Solution  Average molefraction HMCH E/R E(Kcals/mole)
‘1.1 0.0 8.04 + 0.43 16.00 + 0.86
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 16,236 £ 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 7.38 £ 0.56
1T 0.30 * 0.03 C5.79 £ 0.76 11.52 £ 1.52
1.8 0.68 6.21 * 0,46 12.36 + 0.92
1.9 0.64 4.53 % 0,17 £ 0,34

8.66

These results

are plotted in graph



Discusglon

Poth models for diffusion in binory mixtures presented ln
seotions 2ok ond 2.5 predict o purebolic reletlonship batwooen the
enerey barr@er to tronslationel diffusion in & binory mixture and
the composition of the mixturee The first approach, being in teorms
off moleculer Interection energles, lends itaell fo relipement ond
dlmprovemente lHowever, the second gponleenpliricel method glves o
result dn terms of divecbly mecsureable therncdynsmic propertics oif
the mixtore end its componentse It is therefore move amensble 1o
compariaon with oxparimenbal rosults thon the Cirot npproache

In this section of the project, the activetion enorgies

to the

determined from the Arvheniuvs plots wore encrgy bavelers
tronslationol diffusion of oxygen in 3MP<UCH mixbtures. The
eotivation epnevgy-composition veletionship is shown in figure Sete
There is e distinet minimum et o molefrection between 0¢h and 0.6

in MCHe In torma of evvation 2(X), thi&.iﬂ consiatent with the

fact that tho heots of mixing of 3P=MCH mixbures show & mosivaws ob
q‘gc JFR T & (3)8) T e g L e PR
about the game compositlon at 20 Cq Heats of mixing end of
vagourisation are temperature dependent, While the hests of
vapourization of 34 and HCU could bo estimated st about 100%K

where the wecsurements in this project were done, no dato exlsts

$0 estivate the heats of mixing of 2Pl mixtures ot 100 Ke It

ig thorefors not possible to predict, using eguation 2(X), the depth

v

of the minimum in the energy barricrecompasition relationships



Activation Energy (Kcals/mole)

FIGURE 5-1

Activation Energy - Composition

Naphthalene & Oxygen in 3MP - MCH
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Molefraction of MC.H,

Composition of 3MP-MCH Mixtures



75.
Willard<59) has messured the viscosity of a number of
BMP-MCH glass mixtures of different composition as a function of
temperature by measuring the rate of extrusion of a plug of the
organic élass from the end of a tube to which high pressures of
helium gas were epplied. Although no velues of data were given in

c
the paper,()9>

a plot of log, 7 against 1/T for each mixture was
given. (7 is the viscosity of the mixture in poise and T is the
absolute temperature). These plots were straight lines, of slope
EV/R where Ev is the energy barrier to viscous flow, and R is the
gas constent. The relalionship between EV and composition of the
mixture derived from the data obtained by Willard is shown in
figure 5.2.
Comparison of figures 5.1 and 5.2 indicates that no
simple relationship sxists between Ev and the energy barrier to
the translational &iffusion of oxygen in these systems.
Irf D = DO exp(mED/RT) the reciprocal temperature dependence
of log D is ~EDXR, Hence the Stoke-Einstein equation:
7 = 6TDr/RT
would predict the reciprocel temperature dependence of 1ogeﬁ as:
CE/R 4 /T E]/R
i.e. The StokewEinstein equation predicts the reciprocal temperature

dependences of logeﬁ and 1ogeD'have the same magnitude,or EVH: )

DO
Therefore this work has demonstrated that the Stoke-Einstein equation
is not a valid relationship between the diffusion coefficient of

oxygen in 3MP-MCH mixtures and the msacroscopic viscosity of these



Activation Energy (Kcals /mote)

12

FIGURE 5-2

-y
}

Activation Energy - Compoéit%om

Energy of Viscous Flow in 3MP -MCH

18

16

14

10

o

Motlefraction of MCH
Composition of 3MP-MCH Mixtures



6.
mixtures.

A number of other workers have reported the failure of
the Stoke~Bingtein equation in predicting the molecular diffusion
coefficlents from maorosoopic viscosities, particularly in the
case.of the diffusion of oxygen{@)°

This invelidates arguments agsinst a diffusion centrolied
guenching reaction of oxygen with phosphorescing molecules occuring
in degassed;solufioﬁsjwhich,are hagsed on the Debye equation. This
ig because the estimates of the concentration of oxygen necessary
to account for‘the observed rates of déoay in degassed solutions
are based on the diffusion coefficient for oxygen derived from the

4

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



Remrlts

The rebo consteante together with estimoted curors which
Wero evaluated from phosphorescence intensity deeay curves ob
different temperstures are glven belew in bobuler form for
solationg of nephthelone in Znethylpentone-nethyleyclehexane mirbores

of different compositions in thoe obsence of oxygene

Solution 261 Naphthalene + NP

Yoltoge of 3 .

Thermocouple Tempezaﬁur@ 100 Rate Cﬁiftamt o

(V) 1{7K) iy k(soe )

86525 L B2 126160 0oliHE0 0006
Be205 900 116111 06l 502 06003
Ba21 95,0 10.753 Q04560 0003
8609 97625 10283 005165 0002
84005 10041 94990 069062 0.0l
7698 101 o1 9439 §6176 0,003
To942 102.2 9,785 16557 0,010

o915 105605 9e 704 1959 0.0%0
86355 ¢« B87.9 116577 Oolii3 0002

801 5 95‘32 1 Oufsgz} Oo!}lg&f} 0002




=

e

Solutlon “e2  Naphthalene 4 JMP .+ WCH

Voltoge of “

Thermosouple ‘ ‘l‘eee‘zur@gature 1@% Rote Coz,;a'i:f.v,n.‘t JOCON
() 1(°K) 7 K(sec™)
8649 B3l 11990 Dol 52 ’ 0002
Bk 5 86 0 11627 00k 06 0000k,
Be33 88,8 116264 0ol 35 0,002
8,16 Ghe8 10503 0 b 050, 0a005
Be11 969 10351 064535 0.002
o045 29,0 106101 004987 06002
7099 10067 9930 06190 Ge003
7680 102567 96643 ‘ 1el4h 0017
75965 1077 9832 007156 GeOGT
TeN5 1050 96 708 069428 0,020
7087 10ke7 90551 164,76 04012

Sedution 2%  Nephthalene o 3HP o MCH

Voltage ol

Ihernocouple Tampegature‘ lﬂi Rete Co:itanﬁ Hron
(ua¥) ©“(UK) T k(seo ')
86505 8340 12048 04207 0e 002
3032 891 110223 060053 D00
e 930 106752 0el192 0002
$e1 35 9567 10515 Oedidi 2 (0002
60565 98,7 100131 045166 060605
B.02 298 106020 0e6133 0002
7995 1007 96930 Ce7HED 06006
1697 1015 0852 08355 0005
Te 9355 102l Ge 765 1073 (16 D04
790 1037 96643 10463 0011
8640 86 ol 11657k 004,268 06002




Solution Zely

Baphtholeno « 35 4 WO

Volloge of

¥

=3

er

hermoconple Tampeg&ture lgi © Rate Coz§£ant L Brron
(V) T("K) i ¥(nee )

) 835 112976 Oold 47 - 0,002
8eli0) 8643 11587 0e4030 0002
86295 9060 116111 00395, 0001
2.5 9268 106775 0.4014 0002
Be105 9648 106550 Oedil 35 06002
8e03 9963 10060 064063 e
76975 10§ o2 0,561 04032 0003
7293 10266 9, 74h6 Oohibbly 0007

- 7885 1041 9,606 0:5216 06003
76825 106.0 Yel33 066309 0007
72602 106.8 96363 07747 0005
7478 1074 Co 510 069032 0003

Solubion 2.5  Nephthalene o 3P 4 MCH

Voltago of o 3 1 &

Thermoacuylg 'Tempegature 107 Rate Conatgnﬁ shugm~

() ©("K) T K(soo™)
Be525 8242 125165 0okt 98 06002
842 8568 116065 0ol 368 0,007
B335 88.6 11 6286 04310 0a003

- Be25 Yo7 102905 0ok217 0,002
Bethb 9563 106493 064216 0002
8606 98l 106162 064594 0002
8402 99.7 1060350 004942 06002
1977 101.2 G681 05711 0,002
7696 101.8 9,027 066327 06003
7493 10246 Yo 746 07714 04003
74907 10364 9671 068659 00006
7.885 10462 96596 16069

06014

agponin



1y

Solubion 2.6  Nephthaleno s S0P 4 WO

Voltoge off

oo couple Temperabues - 1 Qf Rate Con tent hpror
(iv) 7(“K) - b © k(see™)
8525 B2a2 T 424465 004205 06002
Bel55 87 L 416806 T 064193 06002
" Bekh T 8B.4 C 416325 Oakifi 06002
C Be2 C 92,7 104787 0ah214 04002
 Beth 9565 1071 0ehPik 000
8,065 902 106183 064262 0003
Be015 99,9 10,010 0o O10 0003
7696 10148 9523 005661 (3,002
7915 103.0 9¢ 709 06617 L 06003
76065 1045 9e542 068854 (U0
7085 10548 Dalih? 16197 Qe G
CTe9BY 10284 G766 06200 D00
7.887 1040 44606 Oo7562 G003

Solution 2.7 I‘m:eiwih ileng & :} P e MOI

Vollage of

Thornooouple Tenperature 1 Si Rote Constonb o
vy (%K) g  k(se o™ H
8¢496 8363 126005 04007 0602 -
Bel25 8566 11682 0w h0LY 0,007
5o»q  8Bely O He2 Osle39), 0002
+ Be2l 9163 106953 079 0006
&9165 C o Oke7 106860 Qellyg 0003
8065 98e2. 100183 04408 0,001
70955 1010 e S0 000,26 0.002
74905 1036 967 0k879 0003
786 A 10540 e B24 065836 0004
7832 1058 S hh2 05041 (6003
780 10668 96363 Oo7hil 06006
a7 1077 G205 0.9033 0005




?_’}'] &
Measvrenents of composition in molefwection of HCH

are given below for esach polutione

Solution et
Moelalraction MO = 0.0

Solution 2.2

Heasvrements of molefraction HCH = 0612, 0616, 0618; 0019, 0610,
0617, 0e21, 0e2h, 0422, Qo2

Avorase molafrmction HCH = 0019

Standord deviatlon = 06033

Solution 243
Heapurcnents of molefraction ICH = 0625, 0621, 0025, 0621, 022,
*EFIY]

Ayverose molefraction MCH = 0,23
5 2

Stendard deviation = 0017

Soluticn 2.4
Heosurenents ol molofrection MO = 071, 072

Aversge molefraction HOT = Ud72

0 .

Stendard devistion = 001

Solution ZeH

fverage molelraction MCH = Q.40

Solution 2.6
Average molefraction MCH = 0.66

3

Solution 267

Avore.e molefraction MCH = Qobh

i



go.

Listed below wre the activation energies, Ik, derived
by a least squares fit of rate constent - tenperature data for
'each solution fto an equation of the type:

k = exp(B - B/RT) + D

where By B and D are constantsy k is the rate constant, T ig the
vabsolute temperature and R is the gas constant.
Note: In the least squares fit a1l rate constants were given

equal weight.

Solution Average Molefraction MCH B/R E (Yeals/mole)
2.1 0.0 | 4,11 %°0,19 8.17 # 0.238
2.2 0.19 + 0.03 ~ 4.37 # C.10 8.69 * 0,20
243 | 0,23 % 0.02 4425 F 0,15 8,46 % 0.20
2.4 0.72 % 0.01 5.45 £ 0.3 10.85 * 0.0
2.5 0.40 - 4.86 & 0,22 9.67 ¥ 0.44
2.6 0.66 4.77 =+ 0.32 9.49 1 0.64
2.7 0454 4.98 £ 0.34 9.90 * 0,68

These results are plotted in graph 5.3.



Activation Energy (Kcals/mole)

FIGURE 5.3

Activation Energy - Composition

Naphthalene in  3MP - MCH
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Motefraction of MCH
Composition of 3MP-MCH Mixtures
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Section 2

Discussion

The energy barriers to the desctivailion of the triplet
state in deoxygenated solubions in the "low" viscesity region
of the 3MP-MCH glassy mixtures show only a slight, alwmost linear,
vpward trend as the molefraction of MCH increases. (S3ee graph
5.5)e Graph 5.3 does not beor any similarity to graph 5.1 in
section f which is the relationship obtained when oxygen is
present in the solutions. fTherefore, the energy barriers to
tfiplef state deactivation in these degassed solutions do not arige
from the translational diffusion of traces of oxyéen remaining in the
solutioﬁse | (7

Sy N 2/ dfvwf ‘

<Ly
. ,§ -
Purther, comparison of grephs-5H.4-and-5.3 shows that the

<}

energy barriers derived in this section of the project in the
regiong of high and low molefraction of MCOH are lower than those
for the diffusion of oxygen in the corresponding composition
regions. If the trasnslational dilffusion of some guenching impurity
other than oxygen was responsible for the observed enecrgy barricrs,
it would be expectea to always exhibit a greater energy barrier to
diffﬁsion'than does oxygen. This ds because any other guenching
species likely to be preseﬁt in the solutions would be larger than

oxyeen end therefore experience a greater energy barrier to diffusion.
5} ; 1 E\ ool
A

Phi-s—seotion-of-the-preject has therefore demonstrated
that the observed achbivation energies to the degredation of the

triplet state in the degassed solutions studied are not energy



(ke

bayriers to diffusion encsountered in diffuslon controlled

é),g

guenching reactiona, oz hos been sugpested by some workers o

P

Fuythey disousasion of the results in this seetion of
the work will be left until alfter the resulbs bave been given for

degosned solutions of some wono-mebhyl substituted 1,2 benzanthroccaos

in AP



DIAGRAM 5.4

Numbering Scheme

Methy! Substituted 1,2-Benzanthracenes




Desulty

The rate constants together with ostimoted ervers which
vere evaluated from phosphorescence intensity decoy cwivesn ob
dif'fevent temper&tufes sre given below dn tebular form for degussed
solutions of four mono-methyl substituted 1,2-hepnzanthrecencs in
Imethylpentone glasses. The noming scheme for these compounds 1s
showe in dlogren Selie |

[P 3 ?,
dotutien Hed,

10-ethyl 1, 2-henwanthigcens o %Py The polute used in this solullon

wan taken from the Lirst band resulbing from o vecuunm sublimotlion of

the crude 10-methyl 1,2-bensunthracene (see exporimental geoticn) .

Voltege of

Z
Temporoturs 4 Rato Constonk Brros
Phermooouple Tempeorature 10”7 Reto Counstent ITOS

, el Sy N ' -
(V) ( h)‘ T k(eeo )

BeH0Y 83540 126048 Lot Ol (e 02
Bohil) 86635 11584 L3035 GeDR2
8o 50 89.85 14130 C he235 (.02

8615 9 o6 10917 holiTA (009
7985 1010 9.901 SARINN 00352
7420 103.65 9.648 B8O 0,063
7875 1045 90569 5.779 00352
7845 05635 - Y97 66221 0.0
76805 “ 1067 9,572 76515 ~ 012
776 108.0 96259 8.8 0056

7675 10940 L 94Th Q5B 0,057

Lo



Sotublon 5.2

10-Hethyl 1,2

hangenthrecene

865«

9Py The solube used in this

solution was teken from the first hond resulbing from the vecuw

aublinastion of o pomple of the materisl usod for the solute in

solution 1e

Voltage of

KA
Temperaturo 10~ Rutbe Constant Brror
Thoernocouple o - »
o("K) o k(see ")
(mV)

Be5t 82.8 124077 46299 0,022
Bok30 852 10757 o 2lidy 0003
8e15 90e2 106504 0 386 0,007
20053 995 10070 lo 357 080225
7* 950 1 02665 93?}42 A « 5’47 0? 2'?
14835 10575 Gol 56 49923 0.010
79785 10?625 9‘)522{, 50057 ()0055
7468 11035 9,062 5095 00057

74635
7860
e 505

111670
112,60

1142

8 R 95:/‘ e

6889

8757

66923
74073
8@272 ’

0075
Oe O’i );.

010




’{37@ ’

Solution %%

10-1sthyl 1 ,2<benzantheocenc o -

Py he solube used in this
goLubion was taken from the second Lond resulting Lrom the

vacuun sublingtion of o sauple of the moderinl used for the

golute in solutlion 1.

Voltage of 5 v
Temperature (0 Rote Consbaut Eryoy
ihermocoupl.e e ‘
. - o N
2K )\ k(see 1)
(uv) .
8eh95 85025 24012 54286 S 0.7

8‘0:‘4»41 86&05 'i"l 062 l{_e 31.@.7 ()Q}(.)‘?G

8275 80675 11019 o232 G065
Bet3h L 95,75 10ehdidy Lo 5527 060353
8005 10061 ‘ 90990 Lol 87 0019
7691 105025 9,685 bei 22 0,056
74858 1059 9e515 BeV35 Uo7
7e81 106615 Qe 50N o196 0a0k3
7476 108,0 G259 7251 04009

Ts127 109,05 Vet 70 7,689 06090
(705 1098 96107 8665 06064
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Solvition %l

L=fothyl 1, 2-hengontlcocene o 41iPe The solube used da thin

solution was bakon from the first band resulting from the

vacuum sublimation ol the crudu H-methyl 1,2-benzanthracenc,

Volioge of

Terperobuve 107 rabe Conatant Brrow
Thowiocouple o e o
2R P k (sec )
(:1;"%*} V

Bolh 8363 124005 24965 00018
8@36 G475 110356 \8§988 0017
80255 Nk 10.9% 2,926 0u011
8045 59,0 104101 2,952 0,012
74925 102.7 9o 757 2020 0,02
7686 10500 SRR 34520 0,015
72605 10647 90572 30647 0050
7e 765 108415 O Ge246 4061 (020
7o 109.7 90116 4e606 060k
74665 110,66 94021 5065k 04Ol
74615 11215 80917 66192 0,002

Te b6 1138 8787 C 74849 0060
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v )

Sotution 3.0
i S AR AT A o et gt Tt RS

Geliothyl 4 P-bonsonthrecene 4 340y The golube uveed in thils

¥ et

solution wap ltaken Lrow the firet band resulbing fyom the vecvum
sublimation of & senple of the natoriel used for the soluts in

Ex

polubion L

Voltogn of 3 :
Temporatuye 107 Rate Constent Breor

Thormosouple G -
‘ TRy i k(e ?)

(i)

G50 B 1% 42030 5000k 0.0
Seh 22 8547 11659 2.983 06016
84205 e 1o07h Fe03h 0uH D

"3et B0 9548 4 050) 2,901 0e017
00285 ug,7 10050 5,093 0.6
769% 1025 G ThT %205 el

70868 § 047D Debi5 Heb33 Galil

T8l 106,35 9e461 3558 0,025

7810 106k 94590 3,691 0u011
1< Thb | 10845 9221 Loli33 0.
7715 10%:05 Yot 57 Fe 529 00741

74625 11195 8:9%5 Te 08 (a0
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Solution 3.6

SeMethyl 4 ,2-benzanthracene 4 3MP: The solute used in this solution
was taken from the second band resuliing from vacuum sublimation

of a sample of the material used for the solute in solution 4.

Voltage of

‘ Temperature 103 Rate Constant Error.
Thermocouple R
‘ (%K) T k(sec™!)
(mV) '
848 8.8 114933 2.847 0,013
84255 93 10953 3»007 0.016
8.145 95.25 104499 30124 0.009
8.065 98.2 104183 2.989 0.01%
7:915 1030 9.709 3.136 0.012
7,855 105.4 9.515 3.182 0.015
1795 ‘10?~0 9346 5.505 0.035
7.70 109.9 9.099  hed3 0.027
7655 111 o1 ©9.00% }.338 0.031
74617 1124 84921 5.261 0.036

7.575 1133 8.826 5.775 0.029
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solution 3.7

S-liethyl 1,2«benzanthracens: The solute used in this solution

was taken from the first band resulting from the vacuum

sublimation of the crude 3-methyl 4,2~benzanthracene.

Voltage of

Ihermocouple Temperature 195 Rate Constant Ervor
) (k) o k(see™)

8455 C Bhe7 11 .806 2.705 0.013

- 8,325 , 89.0 11236 2,737 0.010
8.235 92,15 10.852 2770 0.013
8@1»45 96.35 106379 2.846 0.025
8.03 99 10,060 2.816 0.009
7.897 103.75 9.639 3.024 0.021
785 | 105,25 9501 3475 0.02%
7.82 106.2 9.116 3.645 0.012
177 107.7 9.285 Lell7 0.0%
773 , 109.0 9174 L4637 0.025
7.69 0.2 9.0 5T 0.042

7,65 - 111,25 8.989 7,028 0,017




Solution 3.8

SeMethyl 1,2-benzanthracene:

O

The solute used in this solution was

taken from the second band resulting from the vacuum sublimation of

the crude 3-methyl 1,2=henzanthracene.

Voltagé of . ‘

Thermocouplé Temperature igi Rate Constant Error
- (%K) 7 k(sec™)

844,95 833 12.005 2.578 04019
8.375 87.2 11 o168 2.790 0017
8.26 N2 10,965 2,772 0.027
8,16‘ 94.9 10.557 2.705 0.0l
8,025 99.65 10.035 2.845 0.019
7.885 10ko1 9.606 3.053 0.058
7.82 106.2 9416 34429 0.024
7.77 107.7 9.285 3.268 0.022
7.715 109.45 9.137 3,711 0.018
7.6k 111.50 8.969 4o OL3 0,022
7.58 1132 8.834 5.569 0.067
7055 INE 8.764 6,248 0,01
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Solution 3,9

" S-Methyl 1,7Z-benzanthracene 4 3MP: The solute used in this solution

was taken from the second band resulting from the vacuum sublimation

of' & sample of the materiasl used for the solute in scolution 7.

Voltage of

Thermocouplo Temperaturev 123 Rate Coustant Error
7(°K) 7 x(sec )
(aiv)

8al52 | 8ho7 11 .806 2.667 0.009
838 87.15 11470 2.667 " 0.008
8.285 90.25 11080 2.780 0.012
8.0% 99.4 10,060 2,665 0.019
7.925 | 102.7 9.737 2.851 0.020
769 1040 9.615 %.001 0.011
7.83 10549 93 3.203 0.014
778 107.3 2520 3.658 0.021
7+ 7k 108.7 9.200 3.936 0,047
7,705 109.8 9407  L.540 0.040
7,66 411.0 9.009 5,399 C0.048

8.16 9.9 | 10.537 2.766 0.013
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Solution 3.10

8-Methyl 1,2-benzanthracene + %MP: The solute used in this solution

was taken from the first band resulting from the vacuum sublimation

of' the crude 8-methyl 1,2-benzanthracene.

Voltage of
Temperature 1 5 Rate Constant Errvor
Thermocouple ’ B >
2(°k) T k(sec™)
(mV) '
8e45 8.7 11.806 3,506 0.025
8.375 - 87.2 11.468 3.616 0.018
8.29 9001 11.099 3530 0.021
8.205 931 106744 3,600 0.015
8.157 950 10.526 3,59 0,020
7905 105635 - 9.676 3749 0.032
7.8l 105.6 9e470 4518 0054
7805 106.7 9372 L.96) 0.035
Tel7 107.7 9.285 5.733 0.039
7745 -~ 108.5 _ 9.217 5.957 0,036

7.70 C109.8 9,403 - 7.782  0.07%
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Solution 3.11

- 8-tlethyl 1,2-benzanthracene + 3MP: The solute used in this solution

was taken from the first band resulting from the vacuum sublimation

of & sample of the materisl vsed for the seclute in solution 10.

Voltage of

Thermocougle Tempezaﬁure lgf Rate Constant Erroxr
2(°K) T K(sec™)
(V)

8,502 | 83.0 12,048 2,821 0,014
8,385 ‘ 87.0 11 o494 2,787 : 0.016
8,26 M3 10.953 2.729 ‘ ouoia
8.16 93,85 10,543 2.801 0.017
8.06 9845 106157 2.82) 0,014
7095 - 10240 2.804 2.872 0.012
795 102.00 9. 804 2,868 0.018
7.78 10735 9345 3.063 0,025
7o 7h 108.7 94200 34461 0,023
769 1410020 | | 9.074 3.666 0,021
7465 411625 9.989 | .28l | 0.0%2
765 11125 9.989 4¢a1o 0.0%

7,605 ' 11245 8.893 1,690 0,027
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Listed below are the activation energies, W, derivéd
by o least squares Fit rate constant -~ femperature data for each
golution to an equation of the type:
k = exp(B ~ E/RT) + D
where B and D ore constants, R is the gas constant and T ig the
abgolute temperature.
Note: All rate constants were given egual weight in the least

- squares fitting process.

1,2~Benzanthracene Solution E/R Activation Fnergy
" Derivative (Kecals/mole)

10-methyl - 3.1 3,03 F 0021 6.0& £ 0.42
L 3.2 2.79'i 0.21 5.55 £ 0,42

a | 3.3 2.80 % 0,12 5.57 % 0.24
S-methyl 3.4 3.27 * 0.06 6.52 % 0.12

" 3.5 ‘3;62 0,16 | T.20 £ 0,32

" | 3.6 3.38 £ 0.35 6.73 % 0.70
3-methyl | 3.7 4.05 % 0,15 8,07 + 0.30

" 3.8 3.85 # 6.36 7.61 t 0.72

" 3.9 3.75 * 0.20 7.46 £ 0.40

B-me thyl 310 3.65 % 0.45 7.26 £ 0.90

R 3.11 3.85 % 0,37 T.65 % 0,74




Section 2

Discussion

The activation energies derived from the slopés of the
Arrherdus plots in the “low" viscosity region are not the same for
all the mono-methyl substituted 1,2~benzanthracenes studiede
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)o

The activation energies obtained for the compounds
studied increase in the order 10 methyl « 5 methyl <« 3 methyle«8 methyl
derivatives. Despite the fact that only a few members of the monbm
methyl substituted 1,2wbénzanthraoene grouvp of compounds were
studied, it is interesting to note that the "limiting" phosphorescence
lifetimes (i.e. those measured in the temperature region where
lifetime is’independent of temperature) salso increase in the order

(0.22) <5 methy1(°35) <3 methyl("37)ik 8 methyl('58).

" 10 methyl
The numbers in parentheses are approximate values of "limiting"
.phosphoresoence lifetimes of the derivatives in seconds. Also,
the two carcinggeﬁic members of the group of compounds studied
exhibit lower activation energies to degrsdation 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 between the magnitude of the activation
'energies to triplet state decay, carcinogenic potency and "limiting"
phosphorescence lifetimes, the results do indicate that\more members
of the mono-methyl subétituted 1y2~benzanthracenes shoulé be
studied to see if any such correlations do exist. It would not be
unreasonable to expect a relationship to exist between the "limiting"
phosphoregcence lifetime an@ the height of the energy barrier to
the desctivation of the triplet state. The "limiting' lifetime is
the reciprocal of the sum of the inﬁernal radietive and non-
radiative rate constents for the decay of the triplet state.
Therefore, since in the absence of guenching gpecies the process
responsible the activation energies measured in the "low' viscosity
regions of these systems presumeably involves internal radiative
or non-radiative degradafien meohanismé, the lower the activation
energy; the faster the ﬁiimiting” phosphorescence decay (or shorter
"limiting" lifetime).
While the results from seotiohs 2 and 3 éf this project
do nol show what prcesses are responsible for the observed temperature
’dépendence of the phosphorescence 1ifetimes in ‘the degassed'éoiutions
studied, two possibilities are ruled cut: viz,
(i) Diffusion controlled quenching reactions.
(ii) Tnoreaged probability of intersystem crossing
caused by coupling betwe¢n~the orbital motion

of the electrons in the phosphorescing
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molecule and Brownien rotation of the
molecule.
Whatever the process is, that is responsible for the

temperaﬁure dependence of the phosphorescence lifetimes, il shows
a slight dependence on the nature of the solvent. Irom greph 5.3
it can be seen that as the amount of MCH in the 3¥P-MCH mixtures
| increases, the activation energy of the process increases. This
effect moy arise from & distortion of the phosphorescing molecule
which is assisted by MCH solvent molecules. The results of
section 3 inaioate that, not only is the process solvent dependent,
but it also depends on the naturé'cf the phosphorescing molecule.
The different activation‘energies measured for the four mono-
methylAsubstituted 1,2-benzanthracense compounds studied could mean
that the effects of the solvent on the process responsible for
thé temperature dependerice of the phosphorescence lifetime are
not the same for eéeh of the phosphoreécing species. Alternatively,
- the observed differendes in aotiva%ion energy could arise frdm
differences in some truly intramolecular factor in the phosphorescing

molecule, such as the Franck-Condon overlap integral.




Results

Section L
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The rate constants of phosphorescence decsy together with

‘estimated errors which were evaluated Trom the phosphorescence

decay curves at different temperatures are tabulated below for

solutions of the A'Mmethyl, 10 ~methyl and 3 -methyl substituted

1,2 ~benzanthracenes,all containing oxygenyiﬁ 3 -methylpentane

glasses. All the solutes were purified by one temperature gradient

vocuvn sublimation which was described in the experimental section.

Solution 1

L'methyl 1,2 ~benzanthracene + 3MP

Voltage of

&

Temperature 103 Rate Coustant Error
Thermoccuyple o
(%K) 7 K(sec™) @
(wv)

8. 5L, 8.5 12,270 34290, 0.016
8.505 82,95 12,055 %.307 0.022
’8e45 84.75 11799 Wy 0,026
8.322 89.0 11236 %.628 0019
8.27 90.85 11.007 Lo O 0.025
8.205 93.15 10.735 54230 0,046
8416 9.8 106549 7216 0.068
84135 95.75. 106hldy 9.628 - 0.079
8,385 87.0 11 430, 36451 0.018




Solution 2:

101 .

10-methyl 1 ,2«benzeanthracene + 3MP

Voltage of

Thermocouple Temperature lgm Rate Constant Erroxr
(miv) (°K) T k(sec“1)

8.425 85,65 11.675 L+ 386 0,026
8.395 86.7 116534 hely32 06041
8,365 87.65 116409 Le k75 0.027
8.322 89.0 114236 4129 0.0l
8.275 90.7 11.025 4e8LO 0.052
8.2l 92.0 10870 56587 0.035
8195 93455 10.689 6,847 0.0%6
8162 9.8 10549 8.880 0.054
8.135 95.7 10449 114160 0.115
8450 84,8 11.792 L« 305 0.088
8,38 87.2 11468 Leli55 0.036

Solution 3:  3-Methyl 1,2-benzanthracene 4+ 3 MP

Voltage of , 3 v

Thermocouple Tempegature 107 Rate Conitant Error

(V) T("K) T k(sec™')

8.3 85,3 114723 2.655 0.017
8,40 86.3 11.587 2.627 0.020
8.355 87.9 11377 2.696 0.012

. 8.305 89.75 10142 2.86) 0.014
8.255 913 10.953 3.449 0.021
8247 92,7 - 10.787 3.966 - 0.048
8.175 e 2 10.616 5,240 0.049
Be135 95.75 10444 8e134 0,110
851 82.75 12,085 2.619 0.021
8o47 84.15 11 .88 2.580 0.011
84157 95.0 104526 7.082 0.069

i e o
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Listed below are the activation ecnergies, B, obtained
by a leagt mqueres fit of corrected rate constants - temperature

data to an equation of the type:

tog ko rrocted T A T B/RT

where A ig a constant, R is the gas constant, T iz the absolute

tempergture, and k is a rate constant for the rate of

corrected

phosphoregcence decay corrected in the way described in chapter IV,

Solution 1,2~Benzanthracene E/R Aetivation ¥Energy
Derivative | (Keals/mole)
1 4'-methyl 4.51 % 0,16 8.99 + 0,32
2 10-methyl 4.15 % 0,47 8.26 £ 0,92

3 3-methyl 4.78 % 0.37 9.50 * 0,74
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Section &

Discussion

The activation energies for the degradation of the triplet
stotes of the three compeunds 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
evidence to suggest that the activation energies for the reaction
of oxygen with.the‘carcinogenic polycyclic hydrocarbons such as
10=-methyl 1,2~behzanthracene and for the non-carcinogenic methyl
derivatives of' 1,2-benzanthracene would be different. The 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 harriers to diffusion are greater than the
activation energies of reaction with oxygen at the viscosities
encountered in 3¥P glass. However, any att@&pt to determine the
activatidn energies of the reaction of oxygen with thess compounds
in a medium of lower viscosity would probably be.unsuccessful
because of the increased importance of oﬁher quenching and deactivation
processes importent in solutions of low viscosity.

The measured activation energies being the same, is
consistent with then arisiﬁg from the diffusion of oxygen in a
diffusion controlled reaction involving the triplet state and oxygen.
It is usually believed that the diffusivily of oxygen is larger than
that of the triplet state molecdles, to the extent that it alone

determines the energy barrier to diffusion encountered in reactions
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between oxygen and the triplet state. Therefore, 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
solution# (about 8.9 Keals/mole) and from the naphthalene solution
(about 13.8 Kcals/mole) should be the same. The observed difference
can be rationaliged in fterms of a more sophisticated theory of
diffusion in a one component condensed phase than the one outlined
in chapter II part 3. This treatment is due to McLaughin(GO).

The successful wovement of a molecule from one equilibrium
position to the next depends not only on the molecule having
sufficient energy to overcome the energy barrier, Ej’ but alsc on
the existence of a hole at the next equilibrium position in the
medium, large enough to accommodste the diffusing molecule. The

“probability, P, of such a vecancy existing is given by:

P = exp(-w'/kT)
where w' is the work done due td the disruption of local intermoleculaxr
forces in the formation of a hole. This probability in molér
quantities dis:

p' exp(émh/m)
Therefore the empirioal transmission coefficient, K5 aﬁpéaring in
equation 2(vi) to allow for the possibility of a moleoﬁle, although
having reached the "activated state" between the equilibrium positions,
returning to its original position,‘may be replaced by p'.

i.e« equation 2(vi) becomes:

D o (ur/eme B (a%/v,¥) eupl- (B, 4 B,)/i]
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It ig now assumed that the measured energy barrier to diffusion
corresponds to an oxygen molecule penetrating the shroud of sclvent
‘molecules immediately surrounding‘the triplet gtate solute molecule.
VWhile Ej would he indepéndent of the ﬁature of the triplet state

molecules, B will depend on their interactions with solvent

h

molecules, If these interactions were less in the 1,2-benzanthracene

I

the measured activation energies, (Eh + Ej)’ would also be less.

¥

solutions than in the naphthalene solutions, then Ez and hence
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APPENDIL L.

Zone Refining

In order to understand how zone-refining works, first
consider what happens when a solution is cooled. The possible
types of phase diagrams for solutions in the dilute region are

shown belowe.
La) k<l (b) K> 1

A
Liquid Liquid

8 [
i I
8, | 2,
5 ‘ g
& |Solid! & | Solid
“ ‘o
Solute Concn. S5olvute Concn.

If the original concentration of the solution is °y and the
temperature is lowered to T, the first solid formed will have a
concentration c, :hkoo. If the solution ha§ & phage diagram like
(a) then the first solid frozen out wili be more pure than the
original solution. At the same time the concentration of impurity
in the remaining ligquid solution increases and so the éoncentrétién
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 ¢y and the soluiion be in the form of



en ingot of length, L.

Heater —~ E
Liquid ——- ‘ —] Solid
Heater [ ] ‘ :-—E
. Loy
>
1
N L (4

If s heater in position "a" produces a molten zone of
length, 1, at the left hand end of the sample, the concentration

0° If.

the heater is now moved slowly from left to rdight, the solid

of the molten zone is the same as the rest of the sample, ¢

forming at the left hand side of the heater at the extreme left hand
end of the seample will have an impurity concentration equal to
k00(<<co)v The concentraticn of impurity in the molten zone will

now be greater than c.. Therefore, as the molten zone advances

0
through the sample the concentration of the solid forming on the
left hand side of the heater becomes increasingly more concentrated
in the impurity until a concentration of co/ﬁc in the molten zone
‘is reached,‘at which point the solidifying material(attains a

concentration of ch;ﬁc = ¢ At this stage the concentration

OO
of the selidifying material remsins constant until the heater has
travelled & distance of (L -~ 1) (position "b"). Then the

concentration of the solidifying material rises sharply over the

remeining length of the sample.
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Figure 1.1 represents the distribution of the impurity

along the length of the gample after one'pass" of the molten zone
through the gample. The more times the process deséribed above

is repéated, the less impurity remains at the leff-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,

PIGURE T.1

I
Concentration !
]
|

° ;/////M/ﬂ” ' i
ke A ‘ V !
!

t
i
!
I
¢ (L-1) L

A

Distance along ingot
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APFENDI Y ITT

Least Sguares fitting of Data to a Function

This appendix is intended to give a brief outline of
the least squares fitting method and a description of the ORGLS
programe. A fuller description of this program is given in referencel’.

Suppose that two veriables, x and y, are believed to be
related by an equation of the form:

¥ = £(p, 5Py, == D, X) (1)
where Pys =mm= Poare paraneters.

LT & number of pairs of measurements of the variables
x and v are made, the least sguares fitlting method provides a
means of obtaining the Qalues of’ p1; el which give the "best"
fit of the messured variables to equation (i). The term “"best"
will be defined later.

The least squeres itting method will be described in
terms of fitting data to a simple linear equation followed by an
ouvtline of how this method can be extended to the fitting of data
to non~linear equeations.

Congider a linear equation having two parameters, a and b.

Eefe ¥y =ax + b (11)
where x and y are measured variables having values Xy and yi°

Assume that Yy is subject to error, e which belongs

to a population whose variance is Ji’ and that X is without error.
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Also asswee that a number of palrs of measurements, Xi; Iy have
been made. It is now required to calculate the velues of the
;parameters a and b that give the "best" it of the measured data
to equation (ii). Let these values of the peremeters be @ and D..

A A . . .
vy and X, are the values of vy and Xy which setisfy the equation

T o=4% .f
Yy = &% 40y

The *residuals" &i in y, are defined as:

Fal
dy =35 = 95

X, is assumed to be without error, so the residual in X, is zero.
Each Yis Xy pair is weighted by the reciprocal of the

varisnce in the measurement of ¥

iqee W, = wwm ¥

The Ybest" wvalues of the parameters are taken to be those
that lead to the minimum value of the weighted sun of the squares
of the residusls.

The weighted sum of the squares of the residuals is:

S 2__5_}~ A ~ 2
Fw; 4% = Fwy (g -ax - B)

This quantity is minimiged by partially differentiating with

A Y
respect to a, then with respect to b, and equating both results to
zero. This gives two eguations known as the normal equations. (If

the equation that data was to be fitted to was linear in n parameters,

n normel equations would result). Solution of these simultancous
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sguationg results in an eslimate of the values of the parameters
that give the "best" or least squares fit of the data supplied.
These parsmeters will have an associated error. The standard

deviation, Sp’ of the error in parameter, p, is given by:

2 /(1)

L

.

k
8, = (op/0y,) ;iq a

where k is ﬁhe 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 msny cases this requirement is not met, the least
squares method capn still be applied by making some approximations.
The nop-linear equation mgy be linearized by expanding the equation
as a Taylor series around approximate, or trial, values of the
perameters. These values are written; opic

If the observational equation is of the form:

Y = £(p,===p; =P ;%)

3] ' ‘
then y =3 <L (p, - °p.) x + higher order terms
i op, i i
® n ay i
ce Y E o Apox (ii1)

if the values, opi, are close to the trué values (i.e.ﬁxpi small);
because then the terms of higher order may, to a first approximation,
be neglected. Strictly, the partial derivatives in equation (iii)
should be takgn at the true values of P, . Little error will result

however, if they are taken at the neighbouring values opi. These
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partial derivatives are known numbers and therefore equation (iii)
is linear in the corrections,é&pio The least squares method
~degceribed befofe, can now be applied to estimate the "best"
values for these corrections. Once obtained, these corrections can
~then be applied to the old values of Opi to obtain better values
of’ Opi and the procedure cen then be repeated. If the original
values of opj were reasonably near the true values, after a few
cycles of this procedure, a "best" value of each parameter will
be converged on.

The ORGLS program is designed to it 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
equetions for the algebraic evaluation of the partial derivatives
with respect to each parameter. Alternatively the derivativeswhich
are needed in the normal equations may be evolved numerically. The
next subroutine contains the bulk of the least squares computation
and includes the setting 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. The other
two subroutines ensbling preliminary processing of data and testing
of calculated parameters were not used.

In most cases five cycles were sufficient for the para-

neters to converge on their final values.
A modified version of the ORGLS program used in this

project is listed below.
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