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SUMMARY.

In part one of this thesis some of the methods
of determining the rate of initiation in a
polymerisation reaction proceeding by & free radical
mechanism have been studied and compavred, All of the
meagur@ments relate to the photoinitiated po?ymerjsatnaa
of methyl methacrylate in bulk wusing l:1° azoois -
isobutyronitrile (AIBN. ) &8 tphe initiator.

The stable free radiealy L:il' diphenyl - 2 -
picrylhydrazyl, (DPPH. ), has frequently been used as
an inhibitor in polymerisations. The rate of removal
of DPPH. has been measured and equated to the rate of
initiation. The rate of disapvesrance of DPPH. has
been followed dilatometrically and spectrophotometrically
and DPPH. has also been used as a radical scavenger
in an ineyrt solvent.

The rate of initiation has also been evaluated
from the number average degree of,polymeri&ation and
the rate of polymerisation. The kinetic chain length

has been measured, and it is shown that an unambiguous



value for the rate of initviation can be obtained from
the value of the kinetic ehain length together with
that of the rate of polymerisation.

The values obtained using DPPH. and by measurementy
of the kinetic chain length have been compared and the
differences have been explained in terms of the
efficiency of initlation of polymer cheins by AIBN., An
efficiency of about 60% has been found.

The kinetic chain length and the number averaée
" degree of polymerisation have been compaved and it is
confirmed that +the termination process between
polymethyl methacrylete redicals occurs weinly by
disproportionation at 25°C,

In part two of this thesis the photoinitiated
polymerisation of 2 = vinyl pyridine using AIBN. as
initiator has been veported. A brief examination of the
polynmexrisation of 4 -~ vinyl pyridine has also been
made. For 2 -« vinyl pyridine, the dependence of the
rate of polymerisation on the initiator concentration
and the intensity of irradiation has been studied fox
the initial stages of reaction (6% poln.) and can be
gxpressed:-

Rate = K.[AIBN] ©°°n°°? |, where K is a
constant, [AIBN| = initiator concentration, and n is
the intensity of drradiation.

The rate of initiation has been measured from

the kinetic chain length. An attempt to use DPPH.



to measure the rate of indtiation was unrsuccessiul,

The velocity ceoefficients for the propagation
and termination reactions have been evaluated by the
non - stationary state thermocouple method and by the
rotating sector technique.

The activation énergy for both the propagation
and termination reactions and the heat of polymerisation

have also been measured.
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P ART ONE,

A STUDY OF SOME METHODS OF MEASURING THE RATE OF

INITIATION IN 4 POLYMERISATION RLACTION,




CHAPTBR I,

INTRODUCTION ,

St&udimg@rl in 1620 published o paper in which
he proposed chain structures Lor polymeric matelrials.

He esgigned struetures of +the form

=QHg =CH=CHg =CH- s =CHg=0--Clip=0=Cly~ , e%ec.

ﬁ ﬁ

Cells Cgllg

for polystyrene and polyoxymethylene. These struectures
are 8%ill accepsed teday. Steundingew pointed out that
in contrest to assosclation eolleids, high polymers
displey colleldal prap@rti@@ im pll +the solvents in
which they dissolve.

A mechanlgm for polymerisetlon was suvggested in
which Antermediate @ﬁfu@@ur@@ were regerded as.
heving & Lree valency at ocach end. Steaudinger
congldered that activgtion of who Bnonemer resulited
im the opening of & double bond, and that the

activeted molecule reacted wilth suceessive wits of



mononer to give intermediaste structures. He suggested
that the termination process o¢eurred simply by
deactivation of growing radlcal hy virtue of itis
great lengtho

The first complete free radical mechanism for
a polymerisation was given by Teylor & Joneaa 4
1930. Another scheme had been suggested previously

by Whitby & K&ntzS

» who, while they accepted the ides
of linear polymeric moleeunles, 4ld not agree with

Stendinger's concept of free radical intermedilates.

They postulated a meehanism involving successive
hydrogen transfer between a polymerie molecule and
the vinyl monomer.

The concept of free radical polymerisation was
ultimately accepted when it was shown that polymerisediom
could be initiated by substances which were kunown €o
decompose t0 glve radicals on photo - excitation.

There have been major advances in the manufacture and
applications of synthetlc polymers which have

resulted Lfrom the realisation that these are not merely
subgtitutes, but may offer a combination of propertles
maxkedly supexrioxr for certain purposes, by

comparison with conventional materials.

The search for new polymers has provided the
incentive for investigations into the fundamental

chemical processes by which polymers are formed.



Suech investigations have in their bturn resulted in
advaneces in theoretical chemistiry, an outstanding
example héing the chemistry of free radical ‘
reactions, the quantitative development of which
owes much to0 polymer @h@mistry;

A polymer molecule may be regaxrded as a
permanent record of bthe chain reaction in which it
was formed. The size, shape, and composition of the
molecule, and the nature of its end - groups, are all
controlled by the relative rates and mechanisms of
the elementary steps into whieh the whole process can
be divided. Kinetlie studlies of a2 polymerisation
reaction end examination of the resulting polymer
can lead to a comprehensive understending of the
mechanisn of ﬁhe reactions oceurring during
polymerisation , and the factors governing thelr rate.
An uvnderstending of the physical chemistry of
polymerisation is an obvious prerequisite to the
ultimate objective of the preparation of polymers
with prescribed structures and properties.

It is now realised that there are three separate
stages which are fTundamental to any free radical
polymerisation- reaction. These are initiation,
propagation, and termination. The kinetic schenme,

baeaed on these reagtions,way be representeds—



C 4 C° Raa.i;eo aon(lol)
INITIATION, G° + M - R, ° 1 voo{1a2)
PROPAGATION, R ® + M - R .° K, RI[M] occ(2.3)

2
IERMINATION, R, + R ' ~ B, K, [Rl© .oo(2.4)

or Pn 4 Pm

where C, M, and P represent mple@ules of initiator,
monomer, and inactive polymer respectively. Free
radicals are indicated by a dash, i.e.,{( ' )., Square
brackets signify the concentration of the reactant.
The initlal free xadical (1l.l) may be generated
either thermally or phoitochemically from a molecule
of monomer, or way be obtained from a molecule of
catalyst, i.e. the iniﬁiatorg as in a sensitised
polymerisation. Reaction (1l.2) is the true initiation
8tep in p@lymeriaa%iong‘th@ initlial radical combines
wlth a molecule of monomew forming e growing polymer
radical. The propagation reaction (1.3) involves the
the rapid additionr of a large number of monomer
molecules, one at & time, 0 the radical Fformed in. the
initliation reaction., The termination reaction (1l.4)
is the step in which the growing polymer radicals
are deactivated to give stable polymer moleecules.
Two mechanismg of termination are possible. The
growing polymer redicels may combine to give a

larger polymer molecule, each radical contributing
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én@ electron to form a covalent bond, ov,
alternatively, disproportionation may occur, one
polymer molecule having an unsaturated end = group
and the other a saturated end = group.

A Further proecess may occur in some aystems -

a chein transfer reaction. This may be yrepregented:-

CHAIN TRANSFER. R, ' + X - P + X oo (L5)

where X represents a molecule of monomer, polymer,
or an initiator radical.

From the basiec kinetic secheme set out on page 4,
and assuning that chain transfer is uwniwportant in
2 particular polymerisation reaction, a simple equatlion
may be derived fox the overall rate of reaction.

The only reactions which involve the consumpition
of free radicals are the inltlstion and termination
steps, and therefore the rate of change of radlcal
concentration can be expressed:-

alj/as = 1 - x,[R]? voo(2.6)
and when stationery state conditions apply, i.e.,
‘when the rate of formetion of radicals is egqual %o
the rate of consumption of radicals, then:-

dH/m; = Q[RSE/M; = 0 eoollaT)
where ERJ repregsents thé steady concentration of
radicals during the statiomaxy state period of the
polymerisation reacition,.

Reagction (1.3) is the only 8%9? involving
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appreciable copsumnption of monemer, and if the
vate of polymerisation ls expressed im Terms of the

rate of removal of monomes, thens-

~afu]/as = & [#[u] oeo(1.8)
= Kp ERJ[M] ) 2BSURINE oco{1.9)
, - K gf@@ 56a410087Y  ooo(1.10)

b state.

This is the basic equation governing all free
radical polymerisation reaciions which conform %o
the simple kinetic scheme given on page 4. The rate
of polymerisation is thus a composite Funetion of
the veloeity ecoeffielents of the separate steps in
the overall reaction., In those cases where obthex
reactions also oecur, @.g., & chain translfer reaction,
the basic equation must be modified.

In attempting vto relate experimental resmlts of
2 polymerisation reaction to the simple kimetic
scheme it is usual to make the following assumpbionsg~
a) The reactivity of the growing chains is
independent of chain leagith.

The free radical intermedisates in & wvinyl
polymerisation are a2ll of a similer nature, but differ
from one another in the number of monomer unliss Trom
which they have besn formed. The kinetlic treatment

muat congider madlcals of all siges and it has besn
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the practice to agsume that the reactivity of any
glven radical is independent of its length. Thus
one veloeclty cosfficlent can be used to deseribe
all termination steps oxr to characterise all chain
transfer reactions betwegen the growing polymer
radicals and any other single species, and only
one veloclity coefficlent is necessary to defline
all the propagation reactions which occur. This
asgumption leads %0 kKinetic eguationa which are in
agreement with the majority of resulits whiech have
been Tfound in vinyl polymerisations.

.lt should be noted however that xrecent work by
Kirkhem & Robl indicates that the assumption of equal
reactivity is incorrect, at least for the first few

wnits of monomer which are added.

b) The rate of polymerisation is equal to the rate
of propagation.

The overall rate of reaction is generally taken
as the rate of removal of monomer in the propagation
step neglecting any comsumption of monomer in
initliation ox chaln transfer reactions sinee this
will be megligibly small where high polymer is
produged.

e) Stationary stete conditions are set up quickly.

The concentration of reactive radical

intermediates is supposed to remaln constant during



the polymexrisation rea@tionOS

This approximation
obviously cannot apply to the very earliest part of
the reaction, but ¢all be successiully vsed over mos$
of the reaction, during which pgriod the concentration
of reactants remains virtually constant.

One of the major tasks of the polymer chemist is
o assign definite values to the rate comsitants
Kp and K% and to determine the importance of any
chain transfer reactions which ocecuvr, and %0
evaluate the rate of initiation. A clear understanding
of the overall process of polymerisation is impossible
without o knowledge of at least the order of magnitude
of the veloeclty coefficlents of the indiwidual
reactions., The behaviour of different monomers is also
most uwsefully compared by examining the ratios of the
veloeity coefficients in each system. From an
industrial viewpoint, the knowledge of the veloeity
congtants and the activetion energles of the individual
steps is essential for the successful design of
efficient plant for . the production of synthetic
polymexrs.

As will be shown later, the evaluation of the
rate of initietion is an integral part of the
determination of the constants KP and K%o Any
inaccuracy in the determination of the rate of

initiation will therefore be reflected in the values



of the constants so derived. Apart from this however,
a2 knowledge of the rate of initiation is of interest

for other reasons, for example, in the caleculation of
guantum efficiency in photo = imltiation and the .

efficiency of imitiation in a sensitised polymerisation.

The object of Part 1 of this thesis 1is o0 make
a comparison of some of the methods of measuring the
rate of initiation. In the past various methods have
been used for measuvuring the rate of initiation, butb
few comparisons of the various methods have been
reported. There has therefore been eonsiderable S
uncertalinty about values of the rate of initlation
in some systems, and doubt exists regarding the
interpretetion of experimental results for the
determination of the rate of inltiation by some
methods.

In this work the well known monomer methyl
methacrylate was chosenr as a suitable monomexr for
examination of the rate of initiation ag determined
by seversl methods since 1t is known %o conform o
the. simple kinetlc scheme given on page 4 and Little
chalin trangfer with polymer or monomer occurs, at
least during the first few percent reaction. Other
factors which were responsible for its choice were
the ease with which the monomer caun be purified and

handled.
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All polymerisations were carried outb
photochemically using 1l:1' azobislisobutyronitrile
as initlator. In suckh a system the rate of initiation
igs a function of the rete 0f decompositlion of the
indtlator which in turn depends on the initiator
conecentration and the intensity of lrradiation. In
photochenical initiation temperature has very little
effeet over the useful renge in which the initiator
is generally employed.

If the rate of inditiation and the rate of
deecomposition are known, the efficiency of imitiation

may be ealculated. Thuss—

Efficiency = Rate of Imitiation , where

noKd [Init iat or]

Kd is the veloedty éoeffi@ient for the decomposition
of the initiator and m. is the number of radicals
produced from one molecule of initiator. n. is
normally two, but in some cases it may be one ( eog.
in systems involving en electron transfer ). The
constant Kﬁ refers to the primary dissociation of the
initiator and not necessarlily to the total rate of
consumption of initletor which msy inelude
contributions from Turther decomposition of the
radicals imitially Tormed.

Efficiencies of less then 100% may oceur in
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ﬁﬁ@ Wayss
1) the initiator ﬁay deconpose parily by a
non = radical mechanlsn 0 give proeducts whiah
gaywnoet initiste nﬂlym rlisation, or,
2) some of the radlcals may not initiate polymer
chaing, but fake part in other reactlions. This
raflical wastage sdght wesult frowme-
&) direet dntervaction of he vedicals derived from
Phe dndtiatowrs
b 2 sermination reacticon dnvolvivg & polymer radical
and an indtlstor radical; i1.e., primary radical
termingtions
¢) reaction of the radical with another component
of the system.
Hessuremaents of rates of initliation wsling
Jg 1“ azebialscobultyronitrile by a variety of bechnigves

Tl

has led to an efficleney of abouwt 60% for wmany systems.

Bamford ek alaa{ give values of 0.79 and Q.58 for

whe polymsrisatlons of acrylonltrile and styrene
respectively in N¥-dimethylformamide solution at
6®0G9 uweing the Fferric chloride technlgue. The latter
vailue is in good agreewment with results by Bevi ﬂg%@aV
who used & bracer technigue. Caleulations of the
relatdive rates of initiation reacbions and those
'r@a@ﬁi@ms by -which radicals may be wasbted, asswesling

reasonable veloelty coefficlients indicatve that



initiation should be fevoured except when +the

initiator concentration is low., The comperatively

low efficliencies are generally @xpl&imeé in terms of
avgage effect” in which the solvent or monomer

molecules aire aspumed to Fform o barrier which eflectively
hinders the separation of newly formed radiecels and

80 engouvgages thelr interaetion.

N@y@gg

has epproached this problem from e
different stand - poimnt., He comments thet ordinary
kinetlie principles cannot be applied %o the
interpretation of the two reactlonss-
2R' - Ry ooo(2all)

and R 4+ M - RW 0oof1.22)
since the distribution of R' vedicels is not rendom.
The redicals are generated in pairs and seo, until
they diffuee apart , the wastege reesction is
preferred.

Three bypes of recombinetion are possibles—

1) Primary recombinatiom oceurs within sbows 10~+*

86C.
after the gemeration of the radicals and before they
have had time o diffuse apart by more than a

moleculay diameters

2) Secondary recombination occurs within about

loqg sec. of dissociation, 80 that although the radicals
have separated to some extent there is still a

finite possibility that re -~ encounter may occur;
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3) Recombinetion in the body of the solution may
ocecur between radicals which have escaped'primary
aﬂd secondary recombination and also reac¢tion with

a radical scavenger. This reaction will almost
certainly involve radicals origineting from differens
molecules of initlator,

| Primary and secondary recombination may
together be referred t0o as cage recomﬁinations but the
term used by Noyes 1z "geminate™ recombinetlon, |
which suggests the interaction of radicals derived
from the same molecule of initiator.

The wse of an unsymmetrical azo initiator
which gives radicals of the types Ra“ and RD° might
be helpful in studying the various types of
recombination. Geminate recombination would produce
producis of the type Ra°Rb end at low monomer
concentrations where recombination in the body of
the solution becomes significent, the products (Ra)g
-and(Rb)g should also be formed. It is appreciated
that the determination of these products in the
very low concenbtrations in which they would occur
“would be extremely difficult, but the problem counld
perhaps be approached by wsing a Ci@ labelled
initiator and the isotope dilution.techniqueo

| There are several methods for meaauring the

"rate of initiation in a polymérisation, but no one
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method is ldeally sulted to all cases., There are

two main clesses into which the various methods can
be assigneds-

a) estimation of the rate of produetion of free
radicals by addition %o the polymerisation system

of o foreigh substance which reacts with free radiecals
and whose rate of disappearance can be followed by
physical ér chemical means. The use of inhibitors

and retarders falls into {this class.

It is also convenient %o consider under this

heading measurement of the rate of decomposition of
an initliator in an inert solvent by a rapdical
scavenger. It must be realised that any rate of
initiation measurement based on the measurement of
the rate of decomposition of the initiator in an
inert solvent will be subject to a measure of
uncertainty because of doubts conserning the efficiency
of initiation.

b) ecalculation of the vate of initiation from other
measured kinetic quantitites, e.g.y, from rate of
polymerisation and degree of polymerisation, or Trom

kinetic chain length.
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METHODS OF WMEASURING THE RARE OF INITIATION.

a) Methods involving the addition of a forelgn

substance t0 the polymerising medium, and

-megsurement of ite rate of disapnearance.

When a substance is added to a polym@riéing |

~ vinyl monomey 1t may function in a variety of waye iﬁ
. addition %o acting es a dlluent. The effects produced
on the rete of polymerisetion may bese

Initiation - an increesed rate of rescsion occurs;

Retoxdation - the rate of polymerisation is reduced
but not completely suppressed;

Inhibition -~ the added snbstance causes complete

suppression of polymerisation.

A1l of these additives resuls in & change in
the degree of polymerisation of the polymer formed.
A fufther class of additlives has no specific effect
on the rate of polymerisation but reduces the degree
of polymerisation much more than can be expleined &y
simple dilution. These materisls are vermed chain
tranafer agents.

Subatences which eause inhibition ov reterdation
may be unsed to determine the rate of pr@dugﬁiﬂd ol
free radlicals in & polymerisation re&éﬁi@noffer
inhibition it 138 neeessaxry that the added subsitance

should react preferrentlially with the primary



inltiating radicals and it is desivable That the

rate of polymerigation aftey inhibliltion should be
close t0 the rabte produced in the abhsence of
inhibltor. FPor ldeal inhibition kinetics the leangth

of the inhibition pericd showld be proportional to the
conecentration of ivhlbitor.

The chodce of an inhibitor which is of general
unaefulness is very restrigted since a wide range of
substances show retarding effects rather than
imbibition. Further, some ivhibltoras are speeific
or selective in action. Thus, benzoguinone inhiblis
the polymerisation of vinyl ae ﬁ&ﬁ%g but only
revardse the polymerisation of methyl m@kha@rglatelgo
As reported in Part 2 of this work it shows Little
effect om the polymerisation of 2 - winyl pyridine.
Tnhibition and retardation are basically similar
reactiong, the chief difference being in the
relative rates of the two processes.

The most ugeful classification of retarders and
inhibitors is according %o the way in which they
react with rediecals. On this basis thres types of
addivive can be dlistingulished:-—

i) stabilised free r&diaalé which react with
radicals present in polymerising systems, but not
with the monomer:

il) substances which are essentially transfer




agente but the products of radical displacement arve

T

tate very inefficiently;

Eif'

LAt

Ele

g0 wnreactive that they
idi) substances bo which p“?ﬂ&wy'OE polymer radicals
hecome chemically atltached giving new radicals whieh
are relatlively wareactive.

From eguation {(1.10) it is seen that the raite

of nelymerisation may be decreased by reducing
the xate of inltiation. The simplest way in which
thie can be effected i by the addition to the systom
of a substance which will react with the dnitiating
or propagabing radicals to glve products which are

o el

inert, oy new radicals which sre incapable of

P SRV SR N 1 - E - O, Sy 6 e h G am s R
initieating as veadlily as the original yadical suvecios.
L R N Sy 4 o .i Foos -.i,.T(, 5 et Tl 37 e T i
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the original species may vary from uwality o almost
zero, LY is evident that simliler mechenisns could
aperate in boith retardetion and inhibltion.

B Ghaw
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The simplest type of inhiblition

‘..‘.;
(’“ .
\J

resulting from the addition of a stanle free
which combines with the inlviating oy propageting
rediecsl to give an inert product. The dinhibitor
need not be & Iree radical however, since the added
gsubstance, 4, may reacgt in severslh wayﬁllﬁlga The
indtinl reaction between 4 and bthe wxadical may be

aithe:
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1) direct addition to give
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R* + 4 - RZL'® K soolXol3)
or, |
2) a transfer reaction such as
R 4« Z =-» P + 4 Ksz coobklold)
Reaction (1.13) is formally possible if Z is
an uwmsaturated, aromatic or ¢yelic compound, and also
13

-
o

if the reaction invoelves complex formation
A further type of reaction similar to (L.14)

4o opus

can take place with certain metallic halides
when ferric chloride is used with certalin types of
polymer radical a reaction of the following type

can oceuxr:-

R' + FeClg - P + FeCly!® oooflal5)
Monomers which have been used include styrene,
acrylonitrile, methacrylonitrile, methyl acrylate,
and methyl methagrylate in non - aqueous solution,

The nature of the anion ls of some importance.
Entwistlelﬁ has sbtudied a wide vange of ferxic salis
and has shown thet while ferric chloride only
retards the polymerisation of methyl methacrylaite
ferric bromide is an excellent inhibitor.

In the case of reactions (1.13) and (1.14) the
new radical formed may undergo a variety of subsequent
reactions including;

i)\ termination by combination or disproportionation;

ii) transfer with the monomer or the added subsbtance:
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144 ) propagation with the mounomewr, or less probably,
with the added substance. The molecules produced in
these reactions may be inert or may participate
further in any of the usuval steps of vinyl polymerisation,
gome of which may result il the regeneration of
an inhibitor molecule.

It will be appreciated that the problem of
glucidating such a complex sevies of reactions is
celearly very difficult, and it is not swrprlsing th&%
few 0f the proposed mechanisms for inhibition and
retardation which can be tested ekperim@nﬁally have
been found o0 be entirely satisfactory.

For an inhibltor or an ideal retarder ( one
which reacts with the polymer radicals directly %o
give an inert product ) the following kinetlec scheme

can be set out:

¢ - @ voo{1.16)

C' ¢ M - R,° Rete = I eool{dod7)

Rnu = M 4 Rﬁ‘}'lﬂ V@lao GOHS‘B o KP © oo ( lol&‘))

Rnﬂ 4 Z hiiid Inert P}?OdthSn KE cou(loQO)
&

Rn° v B = By Kt ooof{lo21)

or Pn & Pm

]

1 - x,[r][z] - . [r]® (1.22)

and =d[z}/as = x, [RY[7] oool2.23)

Thus, d[Rﬂl/dt



The complete integral of equations {(1.22) and (1.23)
cannot be obteluned in a simple form, and it is not
therefore possible to express the radlcal concentration
in terms of the experimental variables except by
assuming stationary state conditions and setting

a[r7] /et = o.

In many cases this procedure may not be walild,
gince the rate of change of radical concentration, as
reflected in the rate of polymerisation is
experinentally seen to Pe appreciable.

If the stationary state assumption is applied,

then,
- o[m|/a% = l&p[R‘;}[M] m(:;na)
= Rp 88 . '
From {1.22) and (1.23),
“alrl - 1 _x & = I - ke - als
At Kp[nf at at

000(3m024)
" Now since R@ is usually small during an
induction period and sin@@'Kp i8 uswally of the

=43, gec.

order of 10 - 1,000 mole. s the quantity
on the left hemnd side of (1L.24) can be made small
compared with both 1 and the terms in brackets if
condltions are sultably chosen, so that the
stationary state assumption is in fact reasonable,

In cases where the inhibition period is not
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sharply defined, the assumption is less satisfacbory,
particularly neaxy the end of the inhiblition period

when &Rp/dt and ﬁ{R{}/ﬁt are inereasing in value.

In the presence of a sirong vetarder, the rate
of mutual terﬁimati@m of polymer chains is amall
gompared with the rate of terminmation with retarder.
This is seen if the stationary state assumpbtion is

applied to the induction period, thus:-~

1 = g [rlg] xR e voo{1.25)

When the inhibitor is exhauwsted, 2 = O and

the concentration of polymer radicals assumes ite

maximum value R“mﬂ? a8 glven bys- )
. 2 '
I = Ktﬂm&;ﬁf’ ve(1.26)

The fraction of the total termination occurring
by matual terminetion of polymer radicals during the

induction period is, from (1.08)

12 12 L & :
EELEL - ﬂiﬁl@u = (B ceo{1027)
V2 2
1 Kt[Rama%l (@p.m&x”

and is sufliciently small to be meglected. Hence
during this period,

I K”ER;‘:MZE = = @[zj/cﬁ; coollo28)

4]

il

30 thet meassurement of the initial rate of

disappearance of Z2 will allow an estimate of the
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raote of iwnitiation to be made.

Kieelé

has given a kinetic scheme which takes
into account other possible resctions of the
inhibitor molecules or radlecals, such as

eo - polymerisation or chain transfer. His scheme
has been successfully applied to the polymerisation

of methyl m@thacrylat@l@ and methyl a@ryla%el?°

The kinetic scheme is represented thuss—

C - Q°

g ki ]
R_I: + M = RJZ°+1. KP
eo{1.29)
[ 0 R
Rr > & - ZT Kg
7r“ LI Rr+ln sz

Z.° + Z_' = Inert products. Ko

2° <+ R' = Inert producte KTK

R* + R' - DPolymer. Kt

ek

By rigorous kinetic treatment Kice was able to

show that:

sza L+ 1+ '(l nﬂ”?) Qo5 =
2 <?2 e
»

-

an

rsj 0 5
[ 4 ©
KgRy |2+ (3 =pf)7e2s K, K[

2 3
KK, f%) P K, X

c.{1.30)

2

i

P
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vhere iy = R /B and o = B, /J{EK_.K
WRETE )4 jgf o b LK "5

ﬁp and EQ are the vatesg of polymerisation dn the
presence and absence of 2 respeoebively.

The weloclty coefidcients for reaction between
a number of wetarder molecunldez and vadicals deriwed
feom methyl methacrylate and methyl acryvlate were
caloeulated and it was found thet the extent to which

benzoguinone particlipates in co-polymerisstion with

meshyl methacrylate was in agreement with- determlnat’ ar

by other methods.

In thisg thesis the sbtable free radical

13k diphenyl-2-picryihydrasyl {(DPPH.) has bheen used,

>

It i an johibiter for the photochemical polymerisaticn
methyl methacrylate and has a chavactevristic
purple colony In solublion in many ovgenice solvents.

Its vate of removal can be followed by dlvent

£

observation of the inhibltion period produced or by

measuring the change in c¢olour ag the reaction procesds.
The rate of removel of DPPH. has been taken asg

ggulvalent 4o the rate of indviation, d.2., one
DPPH. radical has reacted with one inidtiating radical.
14

This interpretation was put forward by Bawn & Mellish

et

-,
T
g
Tt
pet)

but has subsequentliy been guestiom

19,2 v . ,
9”‘0” It s clear that the rate of

hy  a number of
ghher workers

removel of DPPH, from any particular system must be
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interpreted with core when it is correlated 4o
the rate of initiation.

YThe initiator 13l azobisiéobutyronitrile has
" been shown by kinetic studies o decompose both
thermally and photochemically by a unimolecular

process:

CN CN CN CN

| | l l :
CH@ = § « N=N - C = CHg -p CH;; - 0% 4+ CHg - C =N=N°

e 1 I I
GHa CHa CHg CHs

CN
}
P Oﬁa - ° + Nz Al
l
CHg

When Ll:1° agobisisobutyronitrile (AIBN.)
. decomposes in pure solvents the sunseqnent reactions
lead to the formation of tetrameﬁhylsuccinodinitrile,

iso@utryonitrilegetanL - 23

. The raaicaLs generated
from AIBN. when it is used to initiate polymerisation
show a vaiiabl@ effieiency in various monomers_ll’”lg”gq'°
Since DPPH. measures the rate of production of,
available radicals it should give a direet measure of
the maximum rate of chain initiation by initiators
such as AIBN. hven although alBN. may decompose at

about the same rate in a variety of solvents, its



gefficiency may vary from system,e.g£.., the use of
DPPH. indicates that AIBN. is gquite ineflficient in
carbon tetrachloride.

Bawn & Mellishla propeosed the following scheme
Tor reaction between DPPH. and AIBN. in air sa%uréﬁed
solutions.

X .
s 2(CHg )C(CGN) 4+ Ny..(Ll.31)

(CH, )C(CN) « DPPH. K=, {CHz JC{CN)=DPPH. ..{1.32)

AIBN,

If (1.32) is very fast, mﬁ[???ﬂ}/dt = zKﬁ[AlBNE
The wvalues of K; cobtained were in reasonable agreement
with rate measurements by nitrogen evolution.
Walling®”® however has pointed out that at 60°C the
decomposition rate measured by DFPH. was about TO%
of that measured by nitrogen evolution so that not
all the radicals generated from AIBN. react with
DPPH., but some recombine with their original partners
in a "cage reaction®.

26 have shown that rate

Lyons & Watson
measurements based on DPPH. which has been
erystallised from a solvent in the normal menner must
be multiplied by a factor -to give rates @orfeSpondiﬁg
to pure DEPHD since & @@&?iex is formed between DPPH.

and the solvent. The difference between the resulis
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svolution will thus e lucreased.
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Tie "erge elfect” diseussed by Walling must be

operative within a very short period after the
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Arnett & Pelberaon™ " have

o
b

2 L850 ahown that nob a

radieals generabed from AIBN. are avallanle Tow

Lh

indtlation iwn polymerdssation reacitlons. They uaed o
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{3 labelile
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indtisator and found that in the
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polymerizaticn of methyl methacvyliate the gffic
was H9%

hel

1% 4, my <% 2 :
The siwples

Eoway b owidoeh DPPI. could react

would ose by dlrect addition 0 the disobutyronitrile

. o ” - e e ofw e SR o ey ) P
radieals to give a fetrasupstiituted hydragine. Thevs

L. At

ig howewver no evidenes that this type of reachtion

,") o }
senure LYo any great ex%amt“fq In some cases the
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yracohlion of the redisals ysact with sach

LOTY has shown that
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DEPH ., and bhe radical might disproportionate to glve

L+



the hydrazine of DPPH, and an unsaturatsd product.

v & L I - -
Braude et al. nave ushown that DPPH. can abstract

erralT s C TR
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a hydrogen ahom from some wmolsceules.
£

Bevimgﬁ@mﬁj has atudied the reaction between
DPPH. and AIBN. in solutlon using vediocagtive
initiator and iunhibitor. He vconcluded that at lensdh
2% of +the DPPR. is converted o the hydrazing, and
Shat the produets of the reaction of the
isobutyronitrile : mdlbm] are Tound o some exbent
daring the inbibition perica., This was attributed
Hh

B othe Ysage eifest" or B0 g degompoesition of zome

of the AIBN. by & non - vadioal mechanism It wae

Sorther noted that the IPPE.-hydrazine formed oould
rroniseile radieals,

Thae 1 B T S > B - IR L U Ty P A XY
Burnett of ol howewey nave shtated that the

IR L

Lt v

hrderazineg does 1ot reach wiith isobu

ant has Littles eXfect on the polyser redicals presery

Lo khe oolymgrisation of meshyl methacrylate.
?@“ﬁgmgl has shown thasy the DrPH.-hydrasine

foes undergoe reacition with isobutyronditrile radicals

L air satureted sclutions, =2nd has indizated that

tine Formation of peroxy radicals precludes the use

o

-

of DPPH. as o primary radicel scavenger iu the

presencge of oxygen.

3 o ":’:;? i R 23
Bawn & Verdins hawe raeferred Lo the worlk of

2%

P<s

Bevington in whickh he compares his date with that

sbyronitrile radicals
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of Bawn & Me 1kénﬁiuo From this comparison Bevington
suggented that 12% of the DPPH. is converited %o the
hydrazine, but Bawn & Verdin have shown shat
comparison of Bevingbton's data with their wmore
recent studles now indlieatesn that noe hydrazine dis
fTorned.

Bawn & Verdin propose that the iscbutyroniihrile
vadleals react with DPPI. by addition to the para
position of ome of the phenyl groups, so glving &
produet containing an N - H bond, Such derivatives
war? identified by Goldsclmaidds & Rsnnj' and a
mechanism Lo thelr formation was proposed by

Benington et al, 34

O TR AL

The proposal of Bawe & Verdin lg in agreement
with observations by Heungl ain” 39 who found that when
pulimethyl nethacrylate in degiraded in the presence
of DPPH.; somsp of the DFPYH. becomes chemically
attached to the pelymer, v»ut subosequent trestment
of the polymer with lead dioxide restores the DPPH.
u@L@Au@

Bawn & Verdin propose the following mechanism
for the reactlion hetween Di FPH. and AIBN. where RS
represants an isobubyronitrile radical and brackets ()

reloas palrs of yeadicals not yet separated by

diffusion
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R = N=N = R f_“":_% (R* + R*) + N ...(1.33)
(R* + R') s TMSDN or (IBN + MAmj (1.34)
(R°* + R') s R 4 RO ooof1a35)
R* + DPPH. ot Re=DPPH, oeo{la36)
R + R® et TMSDN or { IBN 4+ MAN) (1@3?5

where TMSDN is fdetramethylsucclinodinitrile,

I8N is iscobutyronitrile and MAN is methacrylonitrile.

Since conventional rate constants do not apply
40 reactions (1.34) and {1.35), it iz assumed bthat =2
fraction (f) of the radicels diffuse apart 50 %hatn
their rate of formation is 2K, (f) AIBN. (I) cowresponds
to the fraction of the radicals which react with
~DPPH. and is therefore the initiator efficiency.
Values of (f) found ranged Trom 0.37 at 78% %o

0.52 at 40%.
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b) Methods of measuring the rate of initiation

based on the eveluation of cher kinetic functions

of the syvsten,

It is necessary 0 note the definitionsg of
two fundamental quantities associ&ﬁed with a
polymerising system. These are the number éverage
degree of polymerisatiom, DP , and the kinetic chain
length, v.

The number average degree of polymerisation is
defined as the aver&ge numher of monomexr units
consumed per polymer chain terminated. In cases where

no chain transfer occurs it can be shown that:~-

iﬁlmj%mw | 0o(1.38)

HATR Tt TS Ty

x,[R] 2

The kinetic chain length, v, is the number of
monomer units consumed per polymer chain started,

and by definition,
¥ = Rp/l ooaglosg)
wheie Rp = rate of polymerisation.

Normally the DP, may be equal %o or greater
than y. I{ terminetion occurs by disproportionation

then Sﬁn = ¥, but 1f the termination step occurs by
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combination, when DP = v, [z many cases terminatlo

€

does nod ocour entirely by one nmechanlsm. When chain

transfer occurs, however, the velationshios between
BPﬂ and v given do net apply. In such a cass ﬁ?ﬁ
ig less than v and thers arse more polymer molecules

than there are chainsg inddtiated.

N 3 HaHr e o e o) e o§ o ol 4 - By avp mrge
Meaguremaints of The rate ol iunlidtiatlion have
frequently bean asads by determining the rvate of

o En T B N P N T N e g Ty e
pelynerisation and the DY of the polymer [orsed

T T B O IVQUL T .
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L = R fﬂlﬁ (L.40]

[, PR I+ R - . vy ¢ ity o Ty P S N R
Knowin, ox A4 both processes occuvr, the yelative axte:

oy w0 e v b b ey e el ~ 1=
of each, the caloulated rates of e

- T of e B " e S A S S TCUIPY. R, &) o B
sublect bto an unecertainty factor of Swo.
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of dederminaticn of molecular welght of the polymer
is one which will give the number avevage degyras 0X

ight? dis defined by % following welatlonsnipsse

M, = 0 My, where M, is the

¥i sz enad ;:‘..'.J:-n-r
A

n&.u

Xy, molegular welg

Py

tae polymer redicals which have DP = o and n, is the

numeer of nolecules which have DP =

o
.!.



Weight everage moleeular weight, ﬁwp ig ‘defined as

= s Where

LT e S A TR AT Lttt o il et S ]

ﬁﬁ‘ e ?ﬁ@"\?ﬁ °M& - ﬁ%ﬂ& @Mﬁ_ )2
iy

Ew Emy M,

w = the totel weight of all the polymer moleeunles,
end w, = the weight of the polymer wolecules which

have DP = ae Vg = Iy oMg.

% - avevage molecular weight, ﬁgg is defined as
- B 13
M o= on(dy)

A [
)@

# o, (M
Ry ¥y

Viscosity average molecular weight, ﬁvg 18 given by

the empirlieal relationship:

b] sntp, © Folly o and moleculer weight

determinations by viscosity dan be celibreted in terms
of M, or W, or B, *

It should be cleerly realised that the three
basie molecular weighte are not equal in numerical
value. For normal polymer samples which contailn a
wide distribution of moleculer weighte ﬁéﬁrﬁgﬁ>§n )
the amaller molecules ghowing the grestvest effeet in
the cese of .

Average moleculer welghts of high polymers mey

be found from suitable physicel measurements on very
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dilute solutions of the polymer, or in some cases
by a method of chemical analysis of the end groups.
Chemical methods can not genexally be successfully
applied where the molecular weight is greater than
25,000, while physical methods are oftem mogt
gunccessful Lfor high molecular welgh® polymers.

The physical methods employed involve the
measurement of osmotic pressure { leading to number
average molecular weight ), light scattering ( giving
weight average molecular weight ) and éedimentatian
equilibriuvm or sedimentation velocity in conjunction
with ditfusion measurenents ( giving Z - average
moleeunlar weight ).

Bach of the methods require extrapolation %o
infinite dilutvion for rigorous fulfillment of theory.
Polymer solutione usually exhibit deviations from
their limiting infinite dilution behaviour, even a%h
low concentrations, and hence it is necessary 10
carry out measurements using solutions of the lowest
experimentally permissible concentratiouns, and

also to extrapolate the data to inginite dilution.

Rates of initiation may also be found from

rate of polymerisation measurements and the kimetic

chuin Length, The kinetic chaln length 1s obwiously



m3 4=

a more ﬁseful function since uncertainty about the
method of termination is not reflected in the rate of
initiation calculated from the kinetic chain length.
It should therefore be possible to derive an
umambiguous value for the rate of initiation by
measuring the kinetie chain length.

The method used to measure the rate of initiation
using kinetic chain length and rate of polymerisation
déta is due to Bevington, Bradbury, and BurnettBéo
The same technique had also been reported by

Bevington, Melville, and TaylorB? in studies on the

termination process in polymerisation.

In this method the following conditions should

be satisfied:~

i) the composition of the initiating radicals
should be knowns

ii) direct thermal oxr photochemical polymerisation
shéuld be of negligible extent, otherwise radicals
not derived from the initiator will be present iﬁ N
the systems

iid) the radiation emitted by thé active initiator

must not be sufficilent to initiate polymerisation.

A1l of these requirements are satisfied in the
photochemical polymerisation of methyl methacrylate
i
using C labelled AIBN. as the initiator. The



chemical composition of such a polymer of methyl
methaerylate prepored with AIBN. can bhe

represented ass~

(05H802)m{64H6}m ~, where

n is the average degree of polymerisation, ﬁﬁn”
and m is the number of initlator fragmenits pex
polymer molecule,

If the initiator Lragments are labelled with

carbon=L14, thens-

Specilfic activity of carbon in polymer = 4w {1,450
Speeiflc activity of carbon in initlator B + 4m

In this expression 4m is very swmall compared
with 5n if the polymer is of high moleculair welght,

and therefore for a high polymer,

Polymer activity = d4m (1.42)
> TSRS a0 ba o b il

Initiator activity 91

Now, the kinetic chain length , di.e., the onnber
of polymer molecules consumed per polymer chain

asvarted, is given by n/m, end therefore:-

v o= x Initiator agtiviiy oos{lodl3)

4
5 x Polymer activity

and hence the rate of inltiation is gilven by:-

I = R_. 5 x Polymer activiiy oooldodd)

L3

4 x Initiator sctivity
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CHAPTLER 2,

EXPERIMENTAL

" Materials.,

Methyl methgerylate. Il.C.l. grade methyl methacrylate

conteining 0.1% hydroguinone to prevent polymerisation
during storage was used. ''he monomer was washed with
small volumes of a 10% sodium hydroxide solution to
remove the hydroguinone, after which it was thoroughly
ﬁaghed with distilled water. The monomer was dried with
calcium chloride over a period of at leasﬁ 24 hours.
The calcium chlorlide was changed several timesm'The
monomey was 8istilled in an atmosphere of nitrogen,
and the fraction boiling at 101°C collected. This
sample of monomer was transferred to a distillation
flask containing a few cryatals of AIBN. and the
Tlask connected to0 the high vacuum system. The

mixture was thorourgly "degassed"” and then

photochemically polymerised to about 10% conversion.



Monomey was then digtilied imtoe another flassk on the

vacuum Line and agalin polymerised to LO% coaversion.
The monomer was now distlllisd from this flask into
& shorage vessel on the vacuun line and kept uader
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0y 1eH gm of the above
active acetone, and 9.4 gm pohassivm cyanide were
mixed in acuneous soluvion foxr two days, during which
tine o cryestalline prodvet, the d1 -~ substituted

hycrazine separated out. Thusi-



CHs CN CN
C=0 + CN®* 4+ NHp.NH - CHz = C - NH - NH « C = CH,

| . | |
éHa ’ CH@ CHa

This product was filtered off and added %0 a one litre
round w.bottom flask together with 50 cc of ethanol
and 50 ec of dilute hydrochloric acid. The flask was
cooled on an ice bath and stirred during the addition
of bromine water, the hydrazine thus being

oxidised to give the desired product:-

?N CN
I
CHg = C = N=N - ? = CHa
I ,
CHa CHg

This was filtered off and recryastallised twice

from ethanol.

2:1' diphenyl=2-picryilhydrazyl (DPPH,) This was

prepared by the method of Benington ggwgékjggﬁ which

is a modification of the original method of Goldschmidt
& Renn33°

_ To a solution of 10 gm unsym - diphenhyl=
hydrazine hydrochloride in 115 cec of avsolute ethanol
at room temperature was added 9.5 gm of sodium

bicarbonate, followed by 11l.3 gm of picryl chloride.
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After the evolution of ecarbon dioxide had
ceased, the mixture (now red) was gently boiled for
1% minutes, after which an equal volume of chlorofoxrm
was added to the mixture while still warm. The solid
residue was filtered off.

The filtrate was washed with two 115 c¢c¢ portions
of water and was then concentrated %o 70 ec on a
steam bath, and diluted with 70 cc of warm absolute
é'l:ha.nol°

On standing overnight brick red prism - like
crystals formed. Yhis was 1:1' diphenyl-2-picryl
hydrazine.

5.1 gm of this compound, 5.1l gm anhydrous sodium
sulphate, and 31l.4 gm Jlead dioxide were shaken in
100 ¢c of distilled analar benzene for two hours. The
80lid residue was filtered off and the'filtrate
evaporated to dryness at room temperature on the
vacuum line. Violet crystals formed and these were
recrystallised twice from a 2:1 benzene:ligroin mixture.
Eqﬁé@ions:w

CgHs
N.NHz cHCL + C1

/

CegHs

TGSl




CeHs NO,
AN g
N /NMNH \. /)~ NOg { + 2HCL )
Ce Ha NOg | R
o \ﬁ/
Ce NOg
N - § -\ ) o
/ o \,L__&/E -]
Cﬁﬂs . . NOE
( DPPH. )

Solvents. Analar aceltone was used for caliorating

reaction vessels.
Analar benzene was used for osmotic preséur@
and viscosity measuremenis. .
Anaesthetic grade chloroform was distilled
immediately before use, and all solutions prepared .

from this were stored in darkBbess.

Apparatus.

High vacuum line (l). 7This consisted of a series

of traps and vacuum tested taps of 4 - 6 mm bore in

pyrex glass connected to The pumping system which was



a mercury diffusion pump backed by a rotory oil
pump., All taps were greased with Apiezon grease,

M or L high vacuun grade. Cold traps were placed
immediately before and after the mercury diffusion
pump and a 5611@ carbon dioxide (Drikold)/ acetone
mixture was used as coolant. Using this sygﬁem a
vacuum of at least 10”4 mm Hg. could e obtained. AL
reaction vessels were tested with a Tesla coil to |
nake sure that there were no pin - hole leakg in

the vessels.,

High vacuum line (2). This was similar to the first

vacuum line, but had an inlet point after the marcﬁﬁy
diffusion pump to allow carbon dioxide to be distilled
in from the condensing coil of the gas purificat;oh -
train. Cold traps, cooled as betfore, were prbvidad
for storing the carbon dioxide and other regctants
as required. An outlet point was provided for iil;ing
the geiger - tube, and a mgnometer comstructed of N
2.5 mmicapillary tubing was used to measure pressu?eso
High wvacuum line (2) was used only for handling.

active carbon dioxide.

Reaction vessels, Al) reactions were cavried out

in vacuum tested pyrex glass vessels.



Simple dilatometers. These were used for inhibition

measurements. Dimensions are shown in Fig.(1l)

Modified dilatometers. Thése vessels were used for

the preparation of radioactive polymer samples. They
had a flattened bulb so that the optical path length
was short; Thus higher initiator eoncemtraﬁions cowl.d
be used. A typical vessel is shown in Fig.(l)

All dilatometers were constructed from 1.% mm

Veridia tubing.

Absorption cells. Cells as supplied by the

Cambridge Instrument Co. were modified so that they
could be attached to the vacuum line. All cells were
optically matched before use by moving the position

of the locating collar.

Cathetometer. The cathetometer used could be read

%o 0.001 ecm.

Absofptiometer, A Unicam type SP 1400 prism
absorptiometer was used. This has an éffective
wavelength range of 490002 to 790003 and rapid
colorimetric or absorptiometriglestimaﬁion of samples

can be made. The unit was operated from a 12 volt

congtant voltage transformer.

Thermogtatically controlled water bath. This

consisted of a 25 litre cylindrical pyrex glass tank.
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It was lagged with a one in@h‘thick layer of fLibre ..
glass and surrvounded by an eluaminium Jjacket. Windows
fox observation and ivradiation were left clear, A
GO(waﬁﬁ 12" fubular single cap lamp wes uﬂed-as the
heat source, this being éontrclled by & mercury w _

toluene thermoregulator and o relay uwnit. Effi@i@ﬁt
stivring was provided by a propeller type stirrer.

The normal operating tempersture was 25 & 0.02%,

Irradiation. The souvece of irradiation was an

Osive 12% watt medium pressure mergury vapour lamp.
This was mounted in an asbestos - cemens bHox and was
operated in conjunctlion with & choke aud @ép@@it&ﬂ@aa
The light emitted wes p&&é@é through & Chence OX1L
filter glving light maiﬁly of wavelength = 36508.

Osmometer. A Pinner - Stabin ogmom@ﬁ@r49 was

obtained from Polymex Consultants Ltd. The osmometer
is @en@truct@d throughout in borosilicate glass and
atainless steel and the Jjoints avre made with Teflon
gaskets. The eell volume is about 3.4 eec and the
effectlive membrane ares is 9 sg.em 80 that statie

equilipbrium is reached fairly quickly. e

Addlitional equipment required for redioitrascer work.

Migiro-gombustion furnace. 4 stendard miciro - combusition

furnace of the type desoribed by Pregl & Grantd vas

used. The comoustion tube was mede Lfrom Lused guarta
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and the samples of polymer to be oxldised were

placed inh swall platinum boats.

Gelger ~ Muller tube. A Gelger - Muller tube,

type no. GA 1O0M , as supplied by Lwemntlieth Century
Electroniecs Ltd. was used. This tube was ldeally
sulted for gas counting using éamples'of low

aetivity.

Stabilised power unit, type no. N103., This unit,

supplied by Dynatroﬁ Radio, is designed to give a
stable source of high voltage free from ripples and
pulsges for use with Géiger - Muller tubes. The wnie,
operating from the mains supply, produces a vari&ble
stabllised voltage of from 300 to 3,300 volis at a
positive oxr negetive potential wifh respect to the
chagsis. The accuracy of the outpud voitag@ is

quoted as il% on any voltage setting far~botﬁ peaitive

and negative polarities,

Scaler type no. 1l009E. This was also obtained from

Dynatron Radio. The function of this unit is to count
random or regular electrical impulses ¢the amplitude

of which is greater than a predetermined valwe, which
may be between +5 and +50 volts. The electrical‘impulses
to be counted can be fed direetly to the normal

inpuf circuit, or derived from a Probe unit such as.

Probe unit typé no. 1104. The pulses are applied to
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the discriminator. The discriminator bias may be set
at any value between +% and +50 vol%s so that pulses
helow this predetermined value can be effectively
rejected. The paralysis time can be preset in steps
over a range extending from % to 10,000 mlicro -~ seconds.
This circuit causes the scaler %o become ineffective
for the preset pericd ilmmediately after it has been
%riggereﬁ'by a pulse., This facility is used to avoid
the spurious discharges which can oeccur in a Gelger -
- Muller tube.

The scaling unit was operated in conjunction
with a cooling unit type 1L172C t0 ensuvre a minigum

temperature inerease within the scaler.

Timing unit, type no.N1084. 'This.unito also

i supplied by Dynatron Radio, 1is used to switch off the
scaler either at a preset time or afiter a preset
nunber of counts have been recorded., The unit has a

maximum time sbtore of 99,999 seconds and s maximum

count store of 999,999 counts.

Probe unit, type no. 1104. This unit, supplied by

Ericsson Telephan@s Ltd., is desiguned +0 minimise
counting @rrérs which are llable to ocecur in a
Geiger - Muller tube. The main sources of error are
gpurious pulses which may arise in the tube and the
unknown deéd time of the tube.

Both of these exrors can be eliminated by the use
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of the Probe unlit the counting of spurlious puls
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ig prevented by the reduction in voliage brought
about by the quench pulse, and the dead time is

replaced by the queunch pulse. -

Procedurs.,

ALl polymerisation wreactions and measurements of
inhibition periocds wevre cerrvied out under high vacuum
conditions. In photochemical initiation it is desirable

that the intensity of irradiation shounld be uniform,

r

otherwise the rate of initlation will wary throughouwt

at

the vessal. To ensure uniform illunination, the
Light traunsmitted from the golution should be =
large fractlon of the light incident on the aystenm,
i.e. only a small amount of the Light energy should
be absorbed in passing through the systenm,

the amount of light absorbed in any photochemical
polymerisation is a function of the concentration of
the initiator (¢) and the light path throush the
solution (1), The extinction coefficient of +the
inttiator (e) is also involved. Beer's Law relaﬁeé
the intensities of ineident light, (i) and transmitied
light (ig)g thugs -

;E, = iOOlomeogolo aoc(gal}

If it is decided that not more than 20% of the

incident rediation is absorbed, then the maximum
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pernissible initiator concentreiion ean be calcunlated

for any parvicular size of reagtion vessel.

Calibration of diletometers.

The dilatometers W@ré %hor@ughly @l@&é@d in
water and rinaaa in analer acetone. The volume of
the bulb was fouﬂd by adding analor acetone frcm 2
- burette. The capilla¥ry sten was @cmgtru@@@d,fyom
1.5 mm Veridia bubing.

One centimetre lengith of the sapillary é%éﬁ was
expressed as a Tolune p@f@@nﬁag@ 0x the bulb, and .
éin@@ the peveentoge polymerilsation is related to tﬁ@
percentage comtraction, the rate éf fall of
the meniscus could be divectly related o the ra@é
of reaction in Yerms of % polymerieation/ unii pime .

The relaﬁionahip uged between % contraction and

% reaction was given my Schulg & Har@oxthég as
23.06% eontraction = L00% polymerisation.

Filling of dilatometers.

The initistor and inhibitor were inﬁrodu@ed into
_the reaction vessel inm the form of etendard chloroform
Asolution@o The dilatometer was cgonnected to the ‘
vacuum line end the solvent distilled off. Methyl
nethacrylate was distilled imte the dilatiometer

from the storage flask on the vacuun line. The



dilatoreter was then sealed off at the constrietion
with a hand toTeh.
Filled dilatometers were stored in an acebone/

drikold mixture wnitil ready for use.

Meagurement of the rate of removeld of DPPH.

L)Y Inhibitiorn period measurements. The Tilled

dilatometer was completely lmmersed in the water bath
and about L% minutes allowed for the reacstants to
reach thermsl equilibrium. A cathetometber was
Fooussed on the menlscus in i
irvadiation comumenced. The rate of £fall of the meniscus
was observed and a graph of %polymerisation versus

time was drawn. The intercep® on the time axis wacg
vaken as the ivhibition period. As can be seen from
Fig.(6) this corresponds fairly closely with the time

when polymerisation is first detected.

2) Absorption measurcments. The cells were optically

matched at 524@2 using the SP 1400 prism absorptioneter
and then filled as described. The Initial optical
density was recorded and the cell was placed in the
water bath. The cell was removed at regular intervals

and the optical demsity of the solution measured. A

grapn of opticel density against +tlime was drawn and

the rate of removal of DPPH. calculated.



Meagurement of the rate of polymerisation in the

radlotiracer experimentg. -

Active AIBN. was carefully added to the dilatometer
in the form of & c¢hloroform solution in the usual
manner. The solvent was removed on the vacuum line
and the required amount of methyl methacrylate
distilled into the dilatometer., The polymeriéaﬁioﬂs
were stopped after 5 = 8% reaction, and the polymer
precipitated immediately.

Precipitation of polymer.

The contents of the dilatometer were transferred
to a small beaker and & similar volume of beﬂﬁene
added. This solution was slowly added to a large
excess of methanol, vigorous stirring being used. The
polymer was obtained in a finely divided form and
wes filtered off and dissolved in a small volume of
benzene. The polymer was reprecipitated twice and
the final polymer obtained was freeze - dried from
a Ailute solution of polymer in benzene, thus giving
the polymer in a form which was readily soluble (for
molecular weight measurements) and also very suitable

for combustion.

‘mOlé@ular weight measurenent.
Percel 600 gel cellophane membranes were used.

These were supplied by Polymer Consultants Ltd. in
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50% aqueous acetone.

A series of acetone/water sclutions was prepared
and the membranes immersed in each solution for
several hours. The membranes were then ftransferred-
%0 anhydréua acetone, and a series of acetone/benzene
goldtions up to pure bengzene was prepared. The
menbranes were immersed in each of these solutions
in turn for 24 hours. linally the menbranes were
trangferred to pure benzene and stored unfil
reguired for use.

A pair of membranes was Titted to the osmotic
cell using the Teflon gaskets and the stainlessAsteel
flanges. The cell was filled with bexizene and put
in its outer Jjacket in the water bath., Sufficient
penzene was added to the Jjacket to ensure that the
cell 2nd the reference limbs were inmersed. A
cathetometer wag focussed onm the two capillary
stems, and the cell left to come to equilibriunm,

Only if there was no difference in the two capillary
levels was the pair of membranes selected.

The osmotic presgsure of a series of dilute:
polymer solutions was measured and extrapolated o
infinite dilution. The membranes were checked to
ensure that there was no cell constant from timeé Lo

time by wsing pure benzene as above.



Handling of the osmnometer,

IMembranes were handled carefully using Tlat tongs
and were kept Jdmbersed in benzene while being
fitted to the stainless steet flanges. Alr bubbles
between the membrane and the flange were expelled by
gently pressing the membrane against the flange while
gtill under bengene. The flanges were vightly bui
gvenly bolited together™ and it was found that the bolts
could be tightened Lfurther after the osmometer had
been immersed in bengene Tor some hours. The bolis
were agein tighitened until they could be fTurned no
further and it was found that the bolts now remained
tight.

When a2 sulitable pair of membranes had been
selected, great care was taken to ensure that the
osmometer was thoroughly rinsed with venzene after
each osmotic pressure measurenent. The osmometer was
filled and emptied using a syringe with a 10" needle
and the osmohic pressure of the solution of lowest
concentrated solution was always measured firsth,
followed by solutions of inereasing concentration.
The bengene in the solvent bath was changed for each
difierent polymer sample, and the cell checked to
ensure that there was no cell constani.

Dilute polymer samples were always added to
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the osmotic cell at the temperature of the waterx
bath, the caplllary measuring limb being filled %o

a2 position below the reference limb. The solution
rose to a sbteady maximum height in 3 - 4 hours. A
gimilar result could be obtained by filling the cell
80 that the level in the measuring limb was well
above the reference level, and allowing the liguid
%0 fall to its equilibrium value over a longer
period. In the absence of diffusion of low molecular
welght polymer through the membirane the resulit

obtained by either method is the same.

Oxddation of polymer,

A platinum boat was filled with polymer and
placed in the quartz combustion tube. A siteady
stream of oxygen, free Ifrom carbon dioxide, was
passed through the tube. The polymer was heated
slowly with the ftravelling furnace and the vapours
paﬁséd through a bed of copper oxide in the tube which
was heated %o 850°C. Most of the oxidation occurred
here., Particular care was needed when heating the
polymer Ho avold an explosion which could occur if
the polymer wevre vaporized too quickly by the
travelling furnace.

The products of compustion were water vapour,

oxldes of nitrogen, carbon dioxide, and excess



oxygen. The oxides of nitrogen were removed by passing
the gases through a bed of lead dioxide heated at
180%¢. Water vapour was removed by passing the
gases through a U = tube filled with magnesium
Jpérghlorate (anhydrone ). The remaining gases were
passed_through a spiral coll which was cooled in
liquid oxygen, and was open to the atmosphere at
6né end. The carbon dioxide condensed in the coil. when
- all the carbon dioxide had been colleected, the 5611
was i1solated from the furnace, closed to atmosphere,
@nd.epened to the wvacuum system. The carbon dioxide
waé degassed thoroughly, slowly at first, and then
allowed to diffuse into a receiving trap on the
vacuunm line. This trap was then c¢losed to the vaecuum
line and kept surrounded by liquid oxygen. Some carbon
disulphide was placed in another trap and thoroughly
degassed.

The Gelger - Muller Hube was attached o the‘
line and evacusted. A cathetometer was focussed on
the mercury meniscus in the manometer, and by careful
m&ﬁipulation of taps a pressure of 6,00 c¢m of carbon
dioxide was admitted to the tube., No difficulty was
encountered in measuring the pressure to within
0,001 em by using the cathetometer, and 6.00 cm
could always be obtained by recondensing any excess

bagk into the receiving trap.
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In_ prasctice the carbon dioxide was allowed o
vaporise through the line and recondense in the
recelving trap several times ©o ensure thorough mixing
of the geses before any attempt was made to fill the
tibe. For the reason given b@i@w 3.00 em of carbon
disulphide vapour wes admitited %0 the tube after the
carbon dioxide had been added. It was more difficuly-
$0 control the addition of the carbon disulphide
vapour and onge added no further adjusitment eouwld be
made.

Carbon dioxide alone is a poor souniting gos and
its beheviour is not Iimproved bynthe addition of
the usval quenching wvapours such a&s aleohol or xzylene.
However, it has been tound that the addition of
carbon disulphlde vepour produees & mixture with good

councing @h&?@@t@fisﬁi@@043344

Counting procedure.

All counting wes done in 2 room reserved for this
purpose. The tube was aamﬁ@@%@d 0 the Probe unit and
the minimum voltege requived to cause disghavrge was
found. Thig value is btermed vhe ﬁh@@@hold voltage.

The plateau region was then esteblished. As will be
made clear leter, it is necessary o count for a falw
period of time since the discharges occur in & random

manner. Short counts can give very misleading resulis.



Background activity.

In order to interpret the results obtained -
with v@ryimg amounts of AIBN. it is necessafy to
know the background activity. This was measured by
.oxidising a sample of inactive polymef and @cunting
in the usual menner, Thé background count wés .
meaﬂﬁred from time to time and was found to be
constant within the limits of experimental accuracy.

The background activity is due to the activity
@ssociated with the materials of construction of the
Geiger - Muller tube, the penetration of ionising
radiationé,through the walls of the tuvbe, and the
natural activity of the polymer. The backgroun&
“activity should be subtracted from the activity
obtained with active polymer samples to find the true
activitiy due to the presence of AIBN. fragments in

the polymer.



CHAPTER 3,
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Before considering the results obtained by the
various methods of measuring the rate of initiation,
it is essemticl to establish that the molomer usged
does obey the kinetic analysis given on pages 4 = 6,
since any significant deviation from this scheme will
complicate the interpretation of the resulis obtained.

The rate of polymerisation is given by:
i D - 0.5 +0.5T
aful/as = x A°%) 190w Lo.(10)

and it can be seer that the reaction rate varies

28 IO°5 in a seunsitised polymerisation at a fixed
temperature. The rate of initiation, I, is dependent
on the rate of decomposition of the initiator, which
in turn, is governed by the initiator concentration
and the intensity of irradiation. In this work the
intensity of irradiation has been kept comstant, and
the only experimental variable is therefore the

initiator concentration.



Fig.{(2) shows a plot of rate of polymerisation
against |AIBN]°”. This is linear, indicating that the
rate of polymerisation is proportional to the square
root of the initiator concentration, and since the line
passes through the origin, there is no appreciable
dark reaction under the conditions of study, i.e.,
thermal decomposition of the initliator to give
radicals which can initiate polymerisation does not
. ogceur to any extent. lhe log. Rate - log.AIBN. plot
shown in Fig.(!3 ) is also instructive, again showing
the dependence of the veaction rate on the initliator
concentration, { Tig.(12) Tollovs poge 2.0

The number average degree of polymerisation, ﬁing
ig usvally influenced by the addition of foreign
subgtances to the polymerising medium. The gin is

- related to the rate of polymerisation thus s -
o ' o 9
l/DPn = KtT/KP + Rp°Kt/Kp o M TL..(3.1)

where Ktr represents the transfer constant foxr chain
transfexr between & molecule of monomer and a growing

polymer radical. A graph of 1/DP, o graph of l/ﬁPn against Rp:

therefore pass through the origin only if Ky 18
znerc, or if the ratio Ktr/Kn is very small.

A graph of l/ﬁKg?/§pisvve§y»gma}%} polymers
prepared is givén in Fig.(3). This plot is linear

and there is a negliglible intercept on the wvertieal
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Graph of Tate agalnst JALBN
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Jisproportionation

I% can be conclunded therzfoye on the basis of
the Loregolng relaltlionships that methyl methacrylaie

7

dogs conform to the kinetile scheme set out in pages

BN

4 = B,

In a phobochenical polymervisation only thoae
radiations which are absoerbed by the reacting systam
Teetive din promoting chezical reaction. As
previously mentioned, it is desirable that the raite
of reaction should be uwniform and for this to be so
1t is necessary that only a snmall fraction of the
rvadlation ﬁﬂﬁmld pe absorbed vy the systen.

By appling Beer's law it iz possible to select
experimental conditions such that not nove than say
E‘@ bf the light i1s absorbed %eer's Law can be

gxpressed:s -
1.

ale

aau(Eul)

4

i 1ATReCa
%y 0

. - : 38
and for AIBN., Overberger gt al. -

et ad. have given the
w Y A . & E ml m“}‘ e 3 t:} T” b
yadue of e as 12 meol. Tl.om. at 36504. In the

prperinents involving DPPH. the optical path length

of the cells was L cw. Assume that 209 of the lLlight

nay be absorbed. By substituting these figures in

&



Beer's bLaw, the maximum concentration of initiator,

3 1

¢, which may be used is 8.L x 10 ° mole.Ll.”

| The actuul concentrations of AIBN. used ranged
from 1,22 = 4.8 x 1073 mol@;lang so that again
applying Beer's haw, the light absorption which
’occurred ranged from about 3% to 12% due to the
presence of AIBN in the reaction mixture.

In the radiotracer work it was desired to use a
greater range of concentrations, and accordingly, the
length of the light path was reduced to 0.7 em. Over
the range of initlator councentration used, the light

absorpbtion varied from about 29 to 207%.

Absorption spectrum of DPrH,

The absorption spectrum of ﬁfPﬂ has peen measlred
in analer acetone and distilied chloroform over the
range 3600 = 6400 ﬁg s shown in Figes.(4) and (5). In
@hloroform the maximum aosorption occurs at 53003
and the extinetion coeffitient ot this point is

L

26.5 gmemllocmu” . Tﬁe molecular weight of the DPPH.

prépared was 470, which comfirms the work of Lyons

& Watso&gﬁ

who indicated that DPPH. forms a complex
with the solvent from which it is recrystallised. The
theoretical value for a 1gl DPPH: benzene complex

is 466, The extinction coefficient calculated for

pure DPPH, ifrom the above resulits is 32..L gm.,““Llecm‘,“"‘L



Awsorption curve of DPPH. in acesone.
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Absorption curve for WPPH. in chlornform.
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which 18 in good agreement with the value of

32.2 gmomllocmomL given by Lyons & Watson.

Direct observetion of the inhibition period

produced by the addition of DPIH.

Dilatometers, calibrated and filled as described,
were placed in the water bath. Lhe meniscus observed
in the capillary stem and contraction readings noted
after varying time intervals. The inhibition period
- was found by extrapolating the steady rate of
polymerisation back to the time axis as shown in
Fig.(6). This indicates that the inhibition periods
obtained.with different concentrations of DPPH., the
concentration of AIBN. having been kept constant. It
is seen that the inhibition period is fairly sharp
and that only a small amount of polymerisation occurs
towards the end of the inhibition period. The rate
of polymerisation after the inhivition period ic also
identical with the rate of reaction in the absence of
inhibitor, within the limits of experimental error.

Fig.(6) refers to an initiator concentration of

1.22 x 1077 mole.l.”t in each remction. The DPPH.
concentration renges from 2 - 6 x 1077 mole.l.”+ 4
graph of inhibition period against DPPH. concemtration
is ghown in Fig.(7). The plot is linear and passes

thfough the origin thus showing that there is a
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direct yroporticonallity between the measured
inhipition periocd and the amount of DPPH. used. The
glope of this graph gives the r»ate of removal of

DPPH.. which is taken as being equivalent to the

rate of initiation.
The same procedure was also repeated for three

otheyr concentrations of initiator, 2.44, 3.606, and
=3

]

4.80 x 10 7 mole.i. 7, the rate of removal of DPPH.

being caleuwlated in each case. A grapvh of rate of
removal of DPPH., md@hPPﬁ}/dtﬂ against the initiator
concsntration, LAiBﬁl was drawn. This is given .n
hY

& AT). & Llivear relationship is again obtained, and

#

ki

S

the line can be representec ny the squation:-
o b
¥ o= Ll.36X = 10 o oo
, o . -1
wihere X iﬁlﬁvﬁ in mole.l, and ¥ = mﬂLDPP f@u

e w= |

U O MOLE . Lo 8EC.

Determivetion of the rate of removal of DPPH, py

et

gpechbropnotometric method.,

This method makes use of observations during
twhe dnhibition period. The rate of change of optical
density is measured and can be related to the rate of
changs of DPPH. concentration since the inibial
optical density of any solution is proportional to the
aoncentration of DPPH. added, as shown in Fig.{8). This

reement with Beer's Law. Thus, knowing the

oy
Sy

1% in
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Relatlonshlp between optical density & DPPH concentvaiion.
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initial conecentration of DLFPPH. present, and ny
plotting & graph of the optical density of the
solution at wvarious times, the rate of removal of
DPPH. can be ealculated. Fig.{9) gives a typical
curve for an initistor concentration of 1.22 x 1077
mole.1. ' and Fig.(10) shows the plot of - a [peeH] /a%
against [}lENJ fTor initiator concentrations of

1

1,22 = 4.88 x 1073 mole.l.” see.”* The squation of

this line is:-

P
y = loﬁ-ﬁx X l() 2 000{303)

A blank experiment was performed with methyl
methaerylate and DPPH. only. When this was drradiated
it was found that the rate of removal of DPPH. was
negligible over a period equivalent to several times

the usuwal induction period.

Determination of the rate of.removel of DPPH. by

using DPPH, as a radical scavenger in ¢hloroform

solution,

The specitrophovometric method of following the
rate of removal of DPPH has been used %o follow the
reagtion between DPPH., and AIBN. in a non - polymerising
solvent, chloroform. Figs.(1l) and (1L2) show a
typical optical density - time curve and the

~ da[DPPH]/ d% sgeinst [AIBN] relatlonship. It will
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Graph of ~ d [DPPH|/at < [AZEN]
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Optical dengldy - time cuprve.
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be noted that the end point of the primasry reaciion
period in chloroform is more clearly defined than in
the presence of methyl methacrylate. The absorption
of the end product in chloroform is also higher than
in the case of the monomer. The relationship between

LDPEH]/&L and AIBN] ma.y b@ represented s
y‘ = ¢L055X i IUWSD oao(Boﬁ-)

Pable (1) summarises the results obtained by

using DPPH to assess the rate of initiation.

Pable (1),

[az1mN] DPPH, DPPH. | DPPH. inm
Molegl?lxloéglmhibiﬁieno Spectro. chlorof orm.

logg :!0067 1079 310.90

2o44 3.31 3.53 3.8
3.66 5.0 503 5.55
4088 605 701, al
1 =, 8 -

Units: Mole.l. ~s8G. — % 10




Measurement of the rate of initiation from

molecular weight and rate of polymerisation.

The molecular weight of the polymers prepared
for the radiotracer work was measured. It is important
that the method used %0 obtain the molecular welght
is one which leads to the number average molecular
weight. The number average molecular weight can be
conveniently determined by measuring the osmotic
pressure of the polymer in dilute solution.

The number average degree of polymerisation, ﬁﬁn’
can be found by dividing the number average molecular
weight of the polymer by the molecular weight of the
monomer. From a knowledge of the rate of polymerisation
it is now possible 1o evaluate the rate of initiation
by applying the equation:-

I = Rp/ﬁ“}?n cooal(1o40)

which holds for systems where termination is
exciusively by disproportionation. This is the
termination step which is now favoured in the
polymerisation of methjl methacrylate, anf this has
therefore been assumed in this work. If te?minaﬁion
occurred exclusively by combination, it would be
necessary to multiply the values derived for the
rate of initi&tioﬂ by two.

i¥ig:{13) shows the log.rate against log.[AIBNg



OGraph of log.(Rate) -~ log. [A.‘[Eéﬁj Pig.(13)
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plot for these polymers. This has a slope of 0.49,
thus indicating that the rate of polymerisation varies
as [AIBN]0°49° Further, chein transfer is unimporbtant
in the polymerisation of methyl methacrylate, at least
during the first 6% reaction, since there is virtually
no intercept on the verticsl axls, as shown in the
1/DP, against rate plot as given im Fig.(3)

Table (2) summarizes the osmotic pressure data
for these polymers, typical W/c¢c curves being shown

1n Fig.{l3a)

Taeble (2),

Qegmotic pressure data for dilute polymer solutions

In benzene at 18°¢.

lazem] | 1.22 4.88 7.32. | 9.76 12.2

e w /¢ we e We /@
0.15 | 0.496 0.872 1.230 | 1,248 1,441
0.20 0.503 0.884 - 1.269 10453
0.30 0.512 | 0.909 1.142 | 1.304 10479
0,35 - - - - 1.500
0.40 0.526 0.933 | 1.189 | 1.342 1.548
0.50 0.564 0,959 | 1.226 | 1.381 1.578
0.60 0.577 0.985 1.259 | 1.419 1,638
(/) 0.461 0.832 1.048 | 1.185 1,370

¢ is in gm. polymer/100 cc benzene solution,
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In table (2) ¢ is expressed in the units
gm.polymer/100 cc. bengene seluition and g is in
cm, benzene solution.

Table (3) shows the caleulated values of the
rate of initlation end Fig.(ld4) shows the plot of
log.I ageinst Logoiﬂlﬁﬂg The equetion relating these
veriables iss—

=6

¥y = T.6X = 10 000({3:5)

Tople (3)

Rotes of initiation by the molecwnlar weishi meithod.

jaxsn) Mowtb. R, I
3 3 8

x 10 x 10 x 10
1.22 623,000 6.45 1.035
4.8 345,000 12,6 3.65
7.32 275 , 000 15.3 5459
9,76 242,000 1704 6.98
12,2 210,000 19.9 9.48

LﬁIBN] is expressed in mole, 1, >

and RP and I
L 1 )

_are expressed in mole.l. —8eG.
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Relationship between intrinsic viscosity and

number average molecular weight.

Phe in%rimsic viscosity of a dilute polymer

‘weight of the polymer by the Houwink equation459 which
is expresseds:- h
% = Ko ﬁ;ﬁ : where % = intrinsic
% = Ko ﬁﬁﬁ' , where 2 = intrinsic

viscosity and X and «{ are constants for the polymer -
solvent systenm,

The intrinsic viscosity of each polymer was
determined using an Ubvelohde viscometer modified so
that the polymer solutions could pe diluted in situ.

A graph of loggo’a against lOg.ﬁn was drawn, as
shown in Tig.(15). This has the equation:-

.Logo‘% = loguﬁn + log.K , and is of the
form y = mx + ¢. fhe slope of the graph ls thus
equal t0 e/ and the intercept on the vertical axis

corresponds to log.K

From the graph the following values were

caleulated:~

=8
|4

013
7.5 x 107°

L
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Measurement of the rate of initiation by the

yadiotracer technique.

The physical measurements reguired for this
method axre the rate of polymerisation, and the
velative aectivities of the initiator and the polymer,
and the background radiation.

The rate of polymerisation was measured and the
polymers were precipitated immediately thereafter.
Three precipitations were employed sinece a trial
activity measurement after, L, 2, 3, 5 precipitations
showed that there was no appreciable decrease in
activity after 3 precipitations, l.e., all the
uncombined initiator had been removed. Table (4)
indicates the activity of the polymers after several
precipitations. . |

Table (4)

Activity of polymers after several preciplitations.

No. of pptns. 1 2 3 5

Activity. cpm. 127 120,2 120 119.9

The activity of the initiator was found by a
dilution methbd, since it was felt undesirable to

burn a sample of active initiator. Reasons for this

t



were:

a) the danger of an explosion when heating the
AIBN. with the comsequent release of a quantity of
highly active gas;

p) the possibility of accidentally allowing the

gas to escape Lo the atmosphere; and

e¢) the desirability of obtaining a gas of similar
activity to that from the polymers.

A series of solutions of agtive AIBN. in freshly
distilled decalin was prepared and these were oxidised.
It was idwmportant to ensure that complete Gomﬁustion
had been achieved and therefore the furnace was placed
over the platinum boat for 30 minutes after all the
liguid appeawed to have vaporized. It was found that
the combustion of the AIBN,/decalin mixture counld be
eaglly controlled and there was therefore much less
posibility of an explosion.

A graph of AIBN. concentration against activity
in counts per minute is shown in Fig.(l6) 9%he activity
of the AIBN. was caleculated thus:s

¥rom this graph, for an AIBN. concentration of
5 x 10™3 gm AIBN./gm decalin, %he obssrved count
is 486 cpm. The backgroung count is 72 cpm.,

so that the true count is 414 cpm.
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The sample confained:

5 x 1073 moles ®¢ + 1L ~ moles C
164 138
(from AIBN.) (from decalin)

This gave:

-~

8 x (5 = 10“3) moles GOy + 20 x (1) moles COg
164 N 138

i.€. 0.,000244 moles XG0z + 0.0725 moles COs.

Thus the fraetion of 3§C()g present is:

0.000244 = 0.000244

0.000244 + 0.0725 0.072744

For 100% AIBN., this fraction would be 1, and
sherefore: ‘ '

ecpm., for pure AIBN = 414 x 0.072744

H
( ®¢ refers to carbon 00000?44

H

'from aetive_AIBN;) - 122,000 cpm.

A series of polymers ranging in AIBN. concentration

1

of from 1.27 - 12.2 x 107° mole.l.”t was oxidised

and the rates of initiation calculated using equation

(1.44)



SEY

Table (5) gives the results derived for the
rate of initiation by the radiotracer method. Lypical
counting curves showing applied voltage against cpm.

axre shown in fig. (16a)

Pable (5).

Rates of dnitiation by the radioiracer method,

{a1nN] ~d M/d% cpm., I

% 10° x 10° x 10°
1.22 645 19 1.26
2. 84 9.10 25 2.43

4,88 12.6 32 4.14
7.32 35.3 40 6.28
9.76 L7.4 47 8039
12.2 19.9 53 10.8

Units in moles, litres, and seconds.
The log.l against log.[Al8N.] plot is given on

Fig.(17) and the equation relating I and [AlBN} isg-
y = 87X x 1070 .. (3.6)

From the avpove data, the kinetic chain length, v,

was evaluated from the relationship previously derived:

b
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ald.m

V o= 4/% x Initiator activity/Polymer activity.
arolled3)
The kinetic chain length and the numper average
degree of polymexisation are coﬁpared in vable (6)
and the number of initiator fragmenits per polymer

molecule, m, has been calculated.

Table (6).

Kinetic chain length and number average degreg of

Polymerisation,

[ axon] v Be, m
1,22 5140 6230 1.21
4.88 3043 3450 1,13
T.32 2439 2750 1.13
9.76 2078 2420 Lo 17
12.2 1840 2100 1.14

The average value of m, the number of initiator
fragments per polymer molecule is 1.1%, thus showing
that the predominant mode of termination in the
p@ljmerisation of methyl methacrylate is by

disproportionation.



CHAPTER 4.

DISCUSS ION.

It is important to realise the type and
magnitude of error which is associated with the
various methods which have been used to determine the

rate of initiation.

Frrors associated with DPPH.

DPPH. is a stabvle free radical but over a long
period of time it might undergo decomposition due to
exposure to light. The concentration of solutions
prepared from this material would then be too low,
and the apparent rate of initiation too high. If this
decdmposition did occur it should be indicated by a
lower optical density for a standard solution, and
the material could then be rejected.

There is the possibility of error in determining



Y
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the dinhibitlon period by extrapolating the steady
rate back o the time axlis. This error will be more
significant if the srror is short. If there is a
gradual change over an appreciable periocd ¢f time
before the steady rate is attained, i.e., Lf the
inhibition period is not sharply defined, there may
be a mueh greater error. -

When irradiastion was comnenced a slight expansion
of the reactants occeurved over a period of between
30 seconds and 1.5 minutes. This was due to the
@Kéth@rmieity of the reaction and the expansion period
was subtracted from the total inhibition period.

There may be & very siight erroyr in the rate of
removal of DPPH. as measured by specirophotometry due
to some decomposition of the AIBN. during the period
that it is not exposed to the irradiation, i.e.,
while the opitical density of the solutiom is being
measured. This would result in the apparent rate of

inditiation being slightly high,

Molecular weight of high polymers.

AlL synthetic vinyl polymers consist of a large
nunber of molecular species covering a broad range of
gsizes. The experimentally determined moleculoy
welght should represent the average size 0of the wvarious

polymer chains. The nature of a polymerisation



T

reaebion i8 sucn that at any instant the polymer
molecules formed may vary in length from a few monomeyr
units up 0 a meoleeule of wvery high wmolecular welght,
Polymers prepared under normal conﬁitioﬁs will thus
consist of o wide range of different molecular
species. This range of diff@ring molegulayr species

is termed the distributlion of the polymer system,

and is controlled by the reagtivities of the reactants
in the systen.

A volyner is normally isolated from the monone:
by precipitetion. 1t is necessary thet the molecular
welght of the polymer recovered shouwld be truely
representitive of the agregate contrlibutions of the
various Spe@i@s present duriug the polymerisation

reaction. This can only be so if the preciplibtetion is

1,

T

essentially quantitative. To achieve thisg it is
necessary to use a precipitant, or series of precipitents,
which is effective over the entire molecular weight
range. In partieular, the low molecular welght
species, whieh are more readily soluble, shouwld be
recovered,

In this work polymethyl methacrylate has been
precipitated from benzgene solution by methanol. Some
calculations by Scanlan have beem quoted by Ayrey &

46

Moore °, It is shown that about 2% of the polymer

molecules are Lost 1if the number average molecular
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-
weileht of the recovered polymer s ¢ x ?03‘ and that
lesses are higher 1f the wmoleenlar welght is lower,

More wrecensly, Fox et al. 47 have caloulated

ARSI DR

BEFYES

that chains of DFm less than 200 are soluble in

methanel, and that the evror 1u@ to this prefentie
solubility is betwsen 3 &ﬁd 0% for polymers of
wlecular welight bebwean 050,000 and 200,000. They

9,

revomeend pesclipitating polymerinyl methacrylate by the

sdlition of an svebone solution 0 the polymer to

H . A = I & gt T S ver s J RIS
2 % to 10 fold excess of Skelivsolve B { 2 commerceianl

A

"

wmirdurs of Low bolling perafil nle hvdrocayt
this aysbem, they estimese an aprror of from 1
cvar the anove rangs

Inn the determination of “he rate of initiaticn
by the radiotracer method, the logs of low polymer
would mesn that the observed nubivity of the polymer
is oo low, and thus the calevlated rates of initistion
wodd aleo be doo low. Oun the other hand, if eny
uﬁémmhin@d initlator remains assoviated wish the
polymer, the error introduced way be wach highsyr, and
removal of all uneonbined initiator is desivuble, even
&% the expense of the loss of some low molecular
welaht polymer,

2

Beviongton, Hradbury, and Burne s ® have R

a wmaethod of corrsebing for the loss of low wolegulsr

welght meterial. They give data {or the defermirntion
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of the rate of initiation in a butyl aerylate -
styrene system. They note an error of about 8% in the
rate of initistion when the observed kinetic chein
length 1is 80 and conclude that there will be very
Little error in the rate of initieation if the kinetic
ghain length is greater than 9%, and the m&@@aﬂ of
@@ff@@%ioﬁ is applied.

Thus in a polymer of much higher molzoular
welght the error in the determination of the rate of
initiation will be much less since She amount of low
moleenlar welght material present will be a smaller

fraction of the total range of speclies in the polymer.

Trrors in determining the rate of polymerisatiou,

Phe relative ervor ia deteymining the wvarious
rates of polymerisation should be small, and any
deviations should be indicated om the vate — JAIBN.
plot. There may however Dbe ety in converting
dilatometric rate measurements to absolute rate units
1if there is any im&@@uracy in the conversion
relationship used. In the case of methyl methacrylate

the relationship used is widely accepted.

Brrors in measuring the activity of vpolymer samples.

0f the methods avallable for determining the
activity of a polymer sample the technique of gas

counting is the one whigh gives the most reliable



results, provided the conditlions of counting are
suitably chosen.

Errmrs in gas counting erise mainly because Hhe
discharge in the Gelger = Muller tube occurs imla
random manner. In an activity determination of &
sample of polymer whose a@tivity is celeunlated to be
120 cﬁmug guccessive counts after one minute intervals
might be say 93 cpm. and 140 cpm. X% is clear therefcors
that very erroneous conclusions can be made from
actlivity measurements which are wade over a very
short period. The reliability of results based on gas
counting is dependent on the time of counting, and
the uwlitimate accuracy can bhe made much greater than
a count over & few minutes would indicate.

I+ is the usual practice in gas coumting to
¢hoose a point on the plateau; e.g., the mid = polint,
and nmake the count at this point Iin every activity
determination. In this work the progedure adopted was
t0 make an activity determination at sach of the
points én the platean and estimete the aectivity of
th@ mid - point from a graph of applied voltage
. ageinst cpm. Normally 4,000 counts were taken at each
voltage. While i% is possible to obtain a greater
ageuracy by teking 10,000 counts, at the mid - point,
the method used here does have the advantage that

there iz less chance of error in the selection of the
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mid = point of the plateau, and the number of
counts considered in estimpting the activity at
the mid = peoint ism fa@ﬁ‘gr@at@w than 10,000,

Some idea of the error invoelved In counting can
be seen in the following example. In a determination
of the backgrownd activity et the mid - point of the
platean 5,000 counts were obitained in £9.% mimute&é
Minute observations of the count were takewn bthroughowh
whe determination,

To enalyse counting date at is helpful to apoply

agtatiagtical methods. Some definitions must be congidevred.

Gomsider a series of n determinations, x, ,¥a,

Ry eseco Ky o bhet the mean of these walues be X.

ST a n

M@&!ng .‘X;p :E-:%;—-K a({,[go?{.)
1
Variance, l.e., the scatter of results aboult the mean

is defined ass~

s
(=3

L)
o
FoaaiN
[
&

§
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(‘;
Varienece, V, = {x = x)° + (xg ~ x}g

and it can be shown thalt:-

T . 2 ufg
V =22 - X% vold.3)

n

Standerd deviation, & , is defined ass-

& mﬁ” cooldod)
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Standard ervor of the mean, B, is defined ass-

E =3 g } 090(405)

ahy

n

The standard ervor of th@ mean was caloulated
for the above agtivity measuremons and found o be
1,30 for 69 measurements. Associated with these vesulis
There i3 & probability, p, such ﬁh&% any velue x, will
lie between X + 1,30 and % - 1.30.

The mean of these 69 resulits is 72 cpm. From
statistical tables it can be found theb D 18 equlvalent
t0 0,81, i.e., 81% of all the vresults will lie within
the range 72 - 1,30 and 19% of the results will
have standard ervors greater than 1.30

As the length of the counting period is increased

n also increases and hence the standard error is
decreased. Provided therefore that the loes of
polymer during precipitation is negligible, and that
activity measurements ave made over o sufficiently
long period, tﬁe error in the rats of initviation
will be small, and will certainly be smallewr than the

error inherent in other methods.

It has been established that the monomer used
in this work does follow the uswal kinetie scheme for
the polymerisation of a vinyl monomer, since the rate

: 0.5
of polymerisation s« {o EAIBN% and chain transfer
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has been shown to be unimportent. ( Figs. (2) &-(3) )

Figs. (4) & (5) showing the absorption curves
for DPPH., in acetone and chloroform are in good o
agreement with the eurves gliven by Lyons & Waﬁsongﬁ
for a DPPHshenzene complex. Iurther the extinction
coefficient caleoulated fron this data for pure DPPH.
agrees well with the value found by Lyoms and Wabson,
Moleculayr weight ﬁ@ﬁeﬁminaﬁi@n gave a wvalue of 470
thus affording further evidence that DPPH as preparsd
by the method deseribed in this work ylelds a complex
écntaining the solvent from which it is erystallised.
The theoretical value of moleculay weight for o Lzl
DPPH.benzene complex 1s 466,

Fig.(8) shows a plot of thi@al densiity against
DPPH. concentration. This is linear ané @asées through
the origin, thus indi@aéing that Beer's Law applies
t0 the sysbem.

Pig.(6) shows the effeet of adding varying
amounts of DPPH. to a polymerising system, and it
is noted that fairly sharp inhibition periods are
obtained indicating that very little polymerisation
ogcurs during this period. It is seen that in the

- .
2 i@f

reaction mixture containing 6 z 1077 mole.l.
DPPH. there is evidence that some polymerisation does
occur before the end of the indg@tien period given

by extrapolating the steady rate back to the btime axis.
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Fig.(7) shows that there is a linear relationship
between the amount of DPPH. added and the inhibition
period produnsed éo that DPPH. is behaving as an
inhibitor vather than a retarder.

Pig.(7a) gives the relatiounship between the rote
of removal of DPPH. and the initiator concentration

over the range 1.22 -« 4.88 x 1077 mole.1.”*

of AIBN.
The first thiree points lie on a straight line and
the fourth point, corvesponding o0 the highest
initiator concentration, is slightly below the ling,
poasibly due to the greater light absorption which
oceurs due to this AIBN. concentration. ( Approx 12%)
It can therefore be congluded that over the
above renge of lnitiator concentrations DPPH. may be
succegsfully used to count the available redicals -
derived from AIBN. by observing the inhibition
periocds produced in the presence of o polymeirisable

materiel sueh as methyl methacrylete.

Fig.(8) shows the chenge in optical demsity
which occurs during irradiestion, and from & knowledge
of  the initlal DPPH. concentration itlia possiblé Ho
caleulate the rate of wremoval of DPrH. for the
initiator concentration used.

Fig.(10) gives the -d [DPPH] /dt againet [AIBNj

relationship for the verious initiator concentrations



uwsed, This agein is linear, thus showing that DPPH. -
earn be used to count radicals derived from AIBN. in
the presence of methyl methecrylete by the
apectrophotonetric method,

It will be .seen that the rate of removal of
DPPH. a8 obtained by these two methods 4iffers
pomevhat, the absorption method ylelding an spparently
higher valune. Thus the end point end the inhibitlon
period do not correspond exactly, the end point being
to0o short by comparison with the inhibition pewriod.

Figs. (11) & (ig) represent the reachion between
DPPH. and AIBN, in the presence of chloroform., The
rates of xemovel of DPPH. avre higher in c¢hloroform
than in methyl moethaerylagte. If a frection of the
DPPH. radicals sbgtract o hydrogen atom from chloroform,
this would account for the increased rate of removal.
It has been ghown im blank experimentss however that
the rate of removal of colour in & mixbture containing
only DPPH. and chloroform was very small, so that
such & reaction is unlikely t0 be siguificent. some
other side reaction must tvherefore be occurring,
4@au$ing the destrusction of some of the DPPH. radicals.

It should be realised that it is not o reliable
procedure to measure the rate of removal of DPPH.

in & non - polymerising solvent, and then wse this

result to dedunce the rate of initistion whiech wounld
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oocuy in the presence of a monomer. The nature of
the solvent used influences the rate of removal of
DPPH., and there is o difference of a facior of about
S in the rate of removal of DPPH. in benzene and
@hloruform,és |
I% will be seen thet the end points of the reaetions
in Plgs. (9) and (11) are considerably different. This
gives further indication that the solwvent is inm

49 and

some way involved in the reaction. Thomson
Mcelnt@@h48 heve also noted differences in the optical
densities of the end producis formed in the presence

of other solvents.

Once the rate of initiation has been evaluated
by the methods used 1t is possible %o compare the
results obtained and %o derive other factors whiech
lead to a clearer undersgtending of the initiation
process. Table (7) summarises the results obtained by

all of the methods.



Table (7).

of initiation by various methods.

Summary of rates

AIBN. DFPH. DPPH. M. Wt Tracer { DPPH.

| Inh, spec. in GHOl
1,22 1.67 1.79 1.04 1,26 19
2,44 3.31 3,53 - 2.43 3.8
3.66 5.0 5.3 - - 5,55
4,88 6.5 7.1 3.65 4.14 -
7.32 - - 4,59 6.28 -
9.76 - - 6.98 8,39 -
12.2 - - 9:48 10.82 -

Units:- mole.l. ‘sec.”™ x 20°

Exeluding thq'results'for the rate of removal of

DPPH. in ehloroform, the molecular weight method

gives the lowest value for the rate of initiation,

while the spectrophotomeiric method gives the highest

§
value. The results derived from molecular weights. -

assume that termination is by disproportionation

exclusively, but since some combination dees ogcur

‘a8 shown in table (6) the molecular weight results will

be inereased by the factor m, the number of initiator

fragments per poiymer molecule, and the results will

then be in ¢lose agreement with the tracer results.




The efficieney of indtlation.

- The difference in the apperent rate Qf initigation
uging DPPH. and the rediotracer method may be
related 50 the efficiency of inidviation.

I£ it io agsumed thet DPFH. veacts with all the
available radicels produced in thé pr@éen@@ of “he
monomer, and that cach DPPH. redical vemets with only
one indtistor radical, ﬁ@ r@g@n@ra%ion'@f DPPH. taking
place, then the rate of removal of VPPH. is
equivalent %o the maximwn possible rate of initlation
of polymer chains., The vretlo given bys- -
(rate of removal of DPPH. ) /(rate of initiation by
tracer method) is therefore equal to the maximum
efficiency of initilation.
~ The true efficiency of imitiation will bé leas
than this value sinee those radicals baking part in
geminate recombination will be undetected by DFPPH.
and 1t is @@@sible that-some of the AIBN. may
decompose by & non - radical mechanism $o give
inert produets. .

In table (8) the date for DPPH. end the tracer.
method aré compared. The maximum efiiciensy appears
to be bhetween 59% and T2%. The value of 72% is
probably too high, and examination of Fig.{(17) whiech
shows the plot of log.T sgainst log. AIBN. indiea?gg
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that the measured values of the rate of initiation
are t00 high for reachions wusing initiator conceniravions
of 1.22 and 2.44 x 1073 mole.l.”t

On the other hand there is likely to be more
error in the determimation of the rate of removal of
DPPH. a® the higher initiator concentrations, since
the inhibltion periods are shorter. If the rates of
initiation corresponding to the lower values of
initiator conecenitration are corrected éy agsuming
that these poinis should fall on the linear portion
of the log.l - log.[AIBN] graph, then the observed

efficiencies are in closer agreement. This is shown

in table (9).

Table (8)

Efficiency of initiation,

fa1BN ] ~& [DPPH) /a% I Efficiency.
mole.l ~tx10° (Average) Tracer. %
1,22 1,73 1.26 72
2.44 3.42 ’ 2.43 71
3,66 5 .25 3.1 59
4,88 6.8 4014 61
Units: mole.l. Lsee tx10°




. Table (9).

Corrected Lfficliency of initiation.

faxBNy ~d {DODH) /at 1 Efficiency.
moleole“lx103 (Average) {(Corrected.) %
1,22 1.73 1,11 64
2.44 3,42 2.16 63
3,66 5025 3.1 59
4,88 6.8 4.14 )

Method of termination,

By comparing the results of the mol@eulér welght
method and the tracer method it is possible %o
determine the process by which terminetion of growing
polymer radicals occurs. The itracer memhod~léadé t0o
the kinetic chain length, v, while the molecular
weight method gives the number average degree of
polymerisation, so that it is possible to evaluate
W, the number of 1nitiatér fragmemts agsociated with
each polymer molecule formed.

Table (6) gives the values calculated for g,'l
It is seen than m lles between L.13 and 1,21 with the

average value equal t0 1l.15. As previously stated this
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indicates that bermination QGours mainly by
disproportlionation, &1%h®ugh & cervain amowny of
combination does oceur.in the photochemical
polymerisation of methyl @methecrylate atb 259G, The
value of m obtained agrees well with the results
quoted by Bevington, Melville and Taylor®! for the

bulk polymerisation of methyl methacrylate.

Final comelusions regarding the methods wsed.

0f the veirious mebthods used to evaluate the
rate of dnitietion the use of DPPH. as & polymewisation
inhibitor leads to & quick estimation of the rate of
indtiedion particulexrly if the apectrophobometrie
netheod is wsed. There ig the wncerdainty associaned
with the efficlency of initiation, buv once ithis

- has been sotablished absolube values tor the rate
of initiation cen be deduweed from - 4 [DPrH] /at.

If therefore it is deaived to eveluate rates of
initlation in & system for which the effliciemcy of
initiation is known, the wse of DPPH. is convenient
and will lead %o reasonable values in most cases. In
some monomexrs the uwse of DPPH. leads %o erroneous
velues for the rate of imitiation, e.g., 2 - vinyl
pyridine, as indicated in part two of this thesis.
Also, it has been shown by B@mgough§0 that DPPH.
should nob @@ employed vo measure yatves of
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initiation when the mononer can react with nitro
ELOUDPS .

The main disadvantage with the nmolecounlar welght
method iz the wacertsainty about the termination step,
mwlegs of course this has previocusly besn esitablished
for the monomer being congidered. In cases where
DPPH., cannot be used énd the mode of bermination is
known, the molecular welight method would be very
uselful.

Ihe radiotracer method leads 4o an uwambiguous
value for the vate of iniviation,pProvided iThe
experinental inagcuracles are kept %o the abgolubs
miniwumn, the results by this method are the most
reliable availlable. The radiotrager. mebthold is of
particular value where no chain transfer ocours,
and in such o case the errors incurred in the
evalugivion of the. rate of initiation can be yreduced
to & very small wvalue. The error in the determimaiion
of the rate of polymerisation and in the recovery of
the polymer is normally small and the error in gas
- ecovnbing can be made very small by counting for a
sufificiently long period in & sealed ftube. The method
can be suecessfully applied in conditions where chain
$ransfer occurs, but in this case the amount of

srangfer ocourring mugt be known, so that a correetion

can be made,
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It is 2 combination of all of the methods which
have been used in this work which gives the ﬁﬁziﬁmm
inforlption about the initiation PLrOCesHs . @husg whe
‘@ffi@jea@y of initietion and the process by th@h
mewmlnasion @@cmrs can &iﬁﬁ be esbablished.

The equipment wequzr@ﬁ for the tracer memh@ﬂ
is move complex and more expensive then the gjm@las
@quipm@nt uged in the other methods, bus this
disadventage can be set against the gr@a%@? _
reliability and the greater scope oFf the ra&i@»?&@er
technique.

The radiotrecer technique can also @@lappli@&
t0 other processes espociated with polymevisation |
and direct informetion obtained aboul the nature @fu
these processes. The effeet of & solvent ow chein
tranefor agent can be studied by using a labolled
solvent or transfer agent. The effect of usimg 2
combination of two initlators can be studied éy
labelling one of the initiator end the technique
can also be appllied to & study of c¢o - polymerisation

Processes,



PART 1 WO,

THE PHOTOCHEMICAL POLYMERISATION OF 2 - VINYL PYRIDINE.
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agueous acids, with which it forms vingl - pyridiniom
salts. The polymer is souwewhat similar in appearance
to polyatyrene, but it swells din water and dissolves
in dilute amidag

Poly & = wvinyl pyridine and some copolymers have

e

several industrial uses., These include use in

'y

adhesives, in the anti - halatdon layer in photogra
emulegions, while copolymers containing 2 - winyl
pyridine are used in the preparstion of bhasic ion

exchange resing and a zopelyner with sorylonitrile

Ea

o of gonsiderabls interest &8s & fibre singe 11t can

pe dyed easlly with acid type dyes. Poly N -~ viayl

pyridinivm halides and otbher guaternary salits are of
interest as surfactants and fungicides.
Little dluterest ox attention has been gilven %o

the polymerisation of the monomer in bulk, but there
has been a considerable amount of work done on the
copolymerisation of 2 -~ vinyl pyridine with warious

monomers. sysbtems studied include 2 - vinyl pyridine

wilth aegrylonitrile, butadiens, butyl acryvlate, methyl

methacrylate, and styrene.

Natte et _al, 52 have deecribed the preparation
of erystalline stereospecific po!ym@ws of 2 ~ vinyl
pyridine using iz NMgBr and PhMgBr as catalyste
Analysis showed that the end groups of the poiymer

contvain the ethyl or phenyl groups derived fyrom the

C?.‘é
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cataelyst and both the N atom and the double bond are
co - ordinated to the growing radical as monomeyr is
added, thus causing a constant type of presentation
of monomer and resulting in a regular polymer. It is
- suggested that the reason why 4 - vinyl pyridine does
not give similar crystalline'stereospeciiic polymers
is because the N atom is too far removed from the
double bond to permit the above type of pbond.

Duling & Price53 have described the preparation
and reactions of someiN - vinyl pyriainiuvm salts.
These were found to polymerise and copolymerise with
both idonising radiastion and free radical initiation.

24 the polymerisation of

in a paper by Onyon
4 - vinyl pyridine wascdiscussed. A number of interesting
features were hoted, inclﬁaing the detection of a
surface catalysed heterogenious reaction.

1n this work a simple kinetic study of the
polymerisation of 2 - finyl pyfidine has heen
ﬁndertaken; Most of the measurements have been
confined to the initiel stages of polymerisation, say
~not more than 6% reaétion{ oecause of cdmplieatiohs
which arise due'to a slighﬁ bolouﬁ change which has

been observed in the polymerisation of the monomer

at higher conversions.

The rate of initiation has been measured by

the radiotracer method. DPPH. proved unsuitable as
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an inhibitor singe the measured rate of consumpition

of DPFH. appeared %o be $00 great. The constant

Py
ud

for the propagaition and termivation resctions, KU

£

and K?g have bsen evaluwted using the thermocouple
- k

non - gstabtionary state method and the xobtating sectoy

method. The activation energles and heat of

.;D

polymerisation have also veen measursd.

Some evidence for a hebterogenicus reacilion has

wd

been noked during the poilymerisation of the monomer

to L0 - 15% . when the monomer wes belng
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prapolymerised Lime

a2

small white specks of polymer were seen in the reaciicn
ML TULE »

There is alsc some evidence o indicate the
oceurence of the “"gel affect”, and unlike a number of
other monomers, & thermal ﬂamk rate has been Tound.

A brief examination of the monomer 4 - vinyl

pyridine was carried out and the resulits compared

with the data for 2 - vianyl pyridine.

Determination of the individual rate constantsa.

The three quantities which can be readily

found experimentally in a polymerisation resctlon ares-
L) the reaction rate, «d M /dis
2) the number average degree of polymerisation; and

3) the kinetic chain length.
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From these quantities it is not possible to
evaluate Kp and Kt separavely since they only ocecuw
as ratios in the overall rate eguation;,; (1.10)

To evaluate the constents it is therefore
necessary o determine other relationships between
the constants, or to egtablish quantities which
involve only one of the constants. These additional
relationships can be found by measurenent of reaction
rates using a non - stationéry state method. An
alternative method ls based on "pseudo - stationary®
gtates. Physical conditions are selected so as to
attain a atationary state which is determined by
physical rate processes as well as by chemical reaction
rates.

In this work measurements have bheen made by a
non - svabtionary state technigue and by a

"pgendo - statlionary" state method. In order to apply
these methods it is essenvial that the followling
conditions are satisfieds-

1) the time - of the start of the reaction must be
accurately known., This is weadily found foxr a
pﬁéﬁO@hemi@al reactions

2) an accurate method of measuring the raté of

- reaction must be available and of sufficient

sensitlvity to deteect the small variations involved;
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3) all reactants must be of extremely high purity to
prevent initial inhibition periods or chain transfer
reactions involving the impurities.

The second condition is the most difficultoto
satisfy, ‘but there are now a number of methods
available for evaluating the rate of reaction. For the
non = gstationary state reaction methods which have
been used to obtain the velocity coefficients
inclﬁde direct measurement of the temperature rise in

the reaction vessel using a thermistor”9 or a

thermocouple56‘ and a method which measures the
temperature rise as a function of the dielectric
-constant57°58;'AlL of these methods are based on the
assumption that the conditions remain adiabatic
within the reaction vessel during the period of
reaction. Bengoughs9 has given a dilatometric method:
of measuring the initial expansion of the reactants,:
and provided adiabatic conditions are maintained in
the reaction vessel, this can be correlated to the
absolute rate of reaction. Benson & North®0 have used
2 simple dilatometric method which uses the decay
curve obtained immediately following the end of
irradiation. The cooling effects are allowed for

and it provides a useful method for the initial stages

of reaction, particularly if the radical lifetime is

long. This is a non - adiabatic, non - isothermal
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"Peseudo - stationary" state methods which have

been used include the rotating ge@%@r6l”62

interference t@@hnique$63964¢

and spacial

The non -~ stationary state thermocouple meﬁhod56°

A thermoecouple of megligible hesat @aﬁaéi%y is
situated at the cenive of the reaction vessel in
waich the rate cen be measured dilatometrically if
required. When polymerisation takes place the

temperature rise causes an emf. to be set up at the
thermo - Jjunction. The relationship bebween emf. and
temperature 18 known and provided the emf. can ne
amplified sufficiently %o be comveniently measured,
the rate of reaction can be easily obitalined.

The reaction vessels are easily made and are

expendible 80 that the method canm be used over the

entire range of polymerisation,

The rotating sector method,? 20

A reaction vessel in a thermostatically controlled
tank is subjected to intermitient nltraviolet

irradiation. The periods of light and darxk are

governed by the size of the segment cut out of the
rovating dise and the speed of rotation of the disc.

By measuring the rate of reaction at full illumination

by dilatometry and at & range of different sector
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spéeds it dis possible to caleunlate the kinetic

ehain lifetime. The disadvaniage of this method 1s
that polymerisation proceeds'te a considerable extent
during rate measurenent. This disadvantage is
eliminated in the modified rotating sector techunique

% who measured the wabe

described by Bengough et al.
ags a Tunction of the initial expansion which occurs
when the mixture ls irradiated under adiabatic
gonditions.

The method desecribed in this work, the use of
the non ~ stationary state thermocouple technique

also elininates the disadvantages of the original

sector wmethod.,

Theory of the non - gtationary state reagtion.

66 to

Applyimg the theory given by Burnett the
reaction scheme set out in pages 4 - 6 of this thesis,
and assuning that the termination step ocecurs by
matual reaction of twe polymer radiecals, i.e.(l.4),
then,

d[ﬂ}/dt = I b Ktﬁﬂs“ga = Qa 000(501)

when the stationary state hes been reached.

mhuSg " Fieq I
ER@] - ((1/%}0°) coo{52)

During the non - stationary state, the
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concentration of radicals is altering continuously,

and, integrating (5.1),

Eul + (K4/1)0°5%

Ooﬁ(KtI)O"E’ x 1ln. - = b+ C
. 0.
Lo~ (E/1)7° M ceo(B.3)
and C = 0, since R = 0 at t = 0.
:o tamwl ERE = (E,tl)omlj =3 jﬂ; 040(504)
T

IR ]
where T vepresents the lifetime of the growing

chain.

From (5.4) [R] = {sté tann;“i% voo(5.5)

Now, the rate of removal of monomer at any instant

is glven by:—
- -afu]/as

i.€., —d[M]/d%

I

KP[R][M] | 2eel(5.6)

K., ][] tann 3’? 000l547)

i

Integrating (5.7) gives:-

- 1n L@L = Eﬁ:.lna(oosh % ) ose{5.8)
[ K

where Eﬁéﬁ is the initial monomer concemtbration and

[M] 1o the monomer conceniration at any instant.

If F is the fraction of monomer converted %o




polymer, then,
p]/ g = (2 - F) ceal5.9)

K 4 |
je€ey = In{1l - F) = Eg-lnu coah %%) saolB5,10)
o ,&;

=

Now, if F L, = lu. {1l ~F) = F oas{Badd)

Her
ogc F = %E,E_ .1.1'3.0 @{7‘}5331 :gf"' n oo e ( 5 L] 1:2 } i
X v
G
and when % p Le@., CGuring the sitationary sitate,
X
3,? & WKE’ ( ‘E—;/f?f i L?:l ° 2 ) {fj o :an} }
K .
B
A plot of fractional conversion, ¥ . against

% gives a straight line of slope KE/K@OTf and an

intercept on the time axis of "Vin.2.

The lifetime may also be obtained from the
decay curve produced when irrsdiation is stopped.
When this happens the production of radicals by
initiation ceases and the concentration of radicals

is reduced by termination.

i.e., affl/as = -k [H° veo(5.14)
Integrating,
‘Eﬂ = lﬁéﬂ - eool5.15)
(/A7 + 1)
® K .
o o F = m;;‘.‘E:); l.ncc&t/? & l) ono(bn:!a6)
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A plot of F against § will have an intercept on the
time axis of Tin.2.

By ﬁtatibnary state measurements 1t is poessible
to determine vratios of the velocity coefficients in
BWO waygse
1} frem the overall rate equation, (1.10) the watic
0.5

KKEK% can be obtained; and
5

2) the intercept on the time axis of the sitraight line
portion of the Tractiounal conversion cuvrve isg [Tin.?
and therefore, if fthe recording system has an

instrument lag of ¢ seconds, the eguation relating

-

the rate of reaction and the measured intercept, X,
gan he writitens-—
B X
e F S I oo {5.27)
Rate Kp In.2

and thus by plotting the reciproecal reaction rate

and the measured intercept, a siraight line of slope
'thKPolngg and intercept on the time axis equal to
€ is obtained.
Hence the ratio Kﬁ/Kp can be evaluated.
Also, Trom (v.4), = L/(Ktl)?°5 80 that Ky can be

Tound. Thus both Kp and Kﬁ can now be evaluated,
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This enalysid of the kineties of vinyl
polymerisation is based on reactions.which are known
to occur inm the bulk polymerisation, i.e., when pure
monomer is being polymerised. It is also an ad hoe _
postulate that termination occurs by mutual interéction
of polymer radicals, i.e., the termination process,
is segond order with respect to R. In the presence
of some materials, e.g., a retarder, the termination
will be a first order Pprocess.

In those cases where btermination occurs by both
first and second order reactions, serious‘er50?g wi
be incurred in the above scheme, but a method has been
given by Burnett & Wrightss for correeting for mixed
order termination in reactions of this type. The
application of their treatment is difficult in many
cases and cannot be conveniently used in the later
stages of pqumerisation of~for heterogenious
reactions. In some cases, where experimental resuiis
have indicated that the termination process is of
a mixed order, the kinetic treatment has been based
on the assunption that second order kinetiecs apply.

Bengough & --.McIntosh48 have given a method which
eliminates the errors due to the assumption of
second order kinetics by introducing a correction

fagtor.
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Phe theory of the modified rotating acabor method.

The use of intevmittent Light to determine
veloelty coefficients was first suggesited by Briers

o

et al. °7 in 1926 but the first significent
application 4o the Lield of liguid phase polymerisation
was in 1945 when several workers devermined the
velooity coefiicients in the polymerisation of

i X 2 é‘;ﬂ . 5 "
W}:Ki:}i E}SQ@«G&?‘-E;@ .35:1, (’32

Bengough of al. 6o

T pRcnR iraT

have deseribed the theory
of the wmodified rotvating sector method, and singe ths
technigue ie now waell known, 1t need net be glven in
detall in this thesls.

In this work, for a sscbor gilving equal light
and dark periods, 1%t can be shown that when the flash

tdme is egquivalent to the radical Lifetinme,y , then

&

i

Reactlon rate with intermittant ilvcadiation 0,69
Ly & “:gt

i

Reactlion vate with steady dlvvediation

By measuring the reactlon raite at a sevries of
different sector spseds and plotting a graph of
sacbored ratedstendy rate) 4t is therefore possible

o evaluate 77 , and hence Eﬁ by uneing the
- k o E:.
relationship Y = lf(ﬁﬁl}g 2

KP can then he found by substibtubing the wvalue
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of X, found in the watio KP/K,@O“ES

17

o
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CHAPTER 6.

BAPERIMENTAL,

Matexials,

2 = vinyl pyridine. This was obtained from Polymer

Consultants Ltd., and contained 0.1% tér - butyl
catechol as inmhibitor. A few pellebs of solid
potassivm hydroxide were added %o a sanple of the
mononmer end this was distilled through a 24" packed
column operating at high wreflux ratio, the first and
last fractions being rejected. The fraction bolling
at 72°C (30 mm.) was collected. This fraction was
redistilled through the column, the first and last
fractions again beling rejeeted. |

This sample was transferred to a distillation

flask containing a little AIBN. and attached to the
vacuum lLine. It was thoroughly prepolymerised to at

least 1L0% conversion, after whieh it was distilled

wnder vaeuum and ageln prepolymerised to about 10%



SO

conversion . The monomer was distilled off and kepd
at -78%C until required for use. It was found

necessary to use high wvacuum silicone grease on the

i,

2 R . y 3 - YN Q.
taps and the monomer had 0 be heaited to about 407C
to ensble wvacuum distlllations $o be carried out in

a veasonable time.

Apparatils.

Bouipment required for the thermocouple method.

The apparatus regulired consisted of the reaction
vessel described below, a consiant temperature wabey
bath, an amplifier and & recording voltmeter. 4
mercury vapour lamp was used to provide ultvaviocletd
radiation and a Chance OXi filter was used.

The reaction vessel is shown in Fig.(18). It
consists of a dilatometer in soft soda glass with
two additional side arms. The thermocouple system
consisted of two thermojunctions, one situated at the
centre of the reaction vessel and anotheyr in one of
the side arme to act as the cold junction. Wires BA
and AB were of 34 swg. copper and constentin wire
respectively, while the connecting leads FE and GB

were borated drom - copper clad wire, which is
sultable for sealing into soft soda glass.

The thermocouple system was made by brazing

lengths of the 34 swg. wires o the comnecting leads



f‘§ 91

The
¢

o
1)
@
iy
3l
1960
)
Tl
ie
35
e
&
58
@,
" .—23
]

1

N

¥

%_;

&
{18}



w10 =

'-3 »

with a small pilece of silver solder. The length
of dach wire regquired for each particulay reactlon
vessel was then measured off and the 34 swg. copper
and coagtantin wires twis &03 together. The junetion
was silver soldered and trimmed with a pair of small
pliers to gilve a very small junetion. The junciions
were thoroughly cleaned with very Lfine smary clobh
and winsed in hot water.

The complete fthermosouple system PG was threaded
theough the dilatometer s0 that one thermojunction
wés in the ecemtre of the dilatonmeter bulb, and the

e 3

other was in the centre of the Jacket in the side
arm. Counstrictions I and ¢ were collapsed 0 give
vaguwn tight seals, and the side arm IE was bent

up parallel. to the stem. The veasel was then attached
to the vacuum system and thoroughly evacuated., The
congtrietion at D was then c¢ollapsed about the

K3

gonstantin wire, giving

o]

- a2 seal which was liguid

U

,

sight but nob alr btight., The vessel was kepit under
vacuumn unbtil regquired Tor use and was éxposed o the
aly For the mindmom of Time during calibretion.

The amplif iee wag & Tinsley No.%132 D.C. type
anplifier which is designed ¥or an input impedance

of less than 10 chma. It ds particularly suited to

Tthis system since it is capable od giving a voltmg

5)
amplification of wmore Hthan L0. BEmfs. of up %0
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400 microvolts in the input circult could be
balanced out by course  or fine controls.

The ﬁemperature rise is calibrated by means
6£ a test signel varying from 0.1 to 10 microvolis
as reguired., and the oubtpulb circuit gave a current of
up to 10 millismps.

A shutter was placed between the UV lomp and the
reaction vessel., This shubtter was removed by hawnd at
the start of each reaction.

An BELliot pen recording voltmeber gave a chayﬁ
trace of the ouwtput signél from the amplifier. During
the reaction the chart was operated at a_sy&&é of
L2% per minunte, but this speed could be gquickly reduced
to L2% per hour by a clutch mechanism when the

reaction was over. Flg.{1l8a) shows cireuit layout.

Vot

Apparatus used in the rotating sector method.
. . 5

o

el of

33
uf
i

The reaction was carried out in & ves
the type just described, the vate of reachion being
foundAby the thermocouple method. The reaction rate
was varied by causing a cir@ul&x dise 1o rotate at
Varying spaeés in frowmt of the UV lamp. The dise
was 18" in diameter and had segments cub oub to give
equal light and dark periods. The dise was driven by

an elegtric motor whose speed could be varied by a

potentiometer control., The speed of rotation of



Layout for the thermocouple technique. . (18s)

Lercury apc lamp

0x1
Pilter

N

Shutter

3 £ cTa o a3 o ER A W

AR S AN

Recorder.

Amplifies.
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the disc was measured during the vreaction by &
magnetic impulse counter which was operated by &

cam fitted to the driving shaflit.

Procedure.

Non stationery state bechmique,

The filled reaction vessel was placed in the
water bath, care being taken to ensure tvthat no water
entered the side limbs. Light PVC. sleeving was
gslipped over the conecting leads and iuside the side
arms. The sleeving was sealed in with Bostik No.l
adhesive. The @oﬁn@@timg leads were soldered to leads
From the input circuit of the amplifier. When the
adhegive was dyry more watler was added t0 the water bath,
the amplifier and the mercury vapouw lamp were
switched on and about 30 minutes was allowed for
them 0 reach stable operating conditions before any
measurements were made.

The monomer was polymerised %o no% more than 2%
éonver%ioﬁ'before taking any measurements.

With 2 chart speed of 12" per minute and a known
voltage wos put through the eireuit for abouwt

geconds to calibrate the system at the desired
amplification, and the chart was allowed to run at

this speed foxr a further period o ensure a steady

temperature before stariting irradistion. The stirrey
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wa.s awitch@d off during this period in reactions a%
15°¢ ana 25°¢.

At a predetermined time the shutter was removed
manually. The xise in temperature of the rea@%iomAwas
obgerved on the trace and when s steady rate of -
temnperature increase was reacheld the shutier was
-replaced, thus stopping the reaction.

From the chart trace the rate of reaction in
migrovolts per second and the intergept in seconds on
the time axis were found. The vate of reaction wes
varied by inserting wire goauze screens of known light
transmission in front of the light beam and then
repeating the above procedure. A graph of reciprocal
rate against measured intercept was drawn and the-
instrument lag, € , found. From the slope of the
graph.Kt/Kp was caleulated.

Individual rate measurements were repeated
several times, all the results quoted being average

values,

Precipitation of Polymer.,

Polymer was isclated from the partly polymerised
mixzture by precipitatica. A benzene solution of the
polymer - monomer mixdtore was added %0 a ten fold
excess of nm - hexzane, dropwise and with constant

stirrving. The fine preecipitate obtained was allowed




settle and then filtered through a No.3 porosity
geinﬁérea glass erucible and the polymer thoroughly
rinsed with n = hexane Hto remove itraces of monomer
and initiator.

Samples required for molecular weight measurement,
or for the determination of the rate of initiation by
the radiotracer mehod were dissolved in benzene
and two further reprecipitations carried out. The
final precipitated polymer was dissolved in benzene

and freeve = dried.

Determination of the yield of polymer.

The relationship between the rate of contraction
and the rate of polymerisation must be known so that
gimple dilatometric rate measurements can be expressed
as absolute rate wnits. %ha relationship was established
by measuring the rate of contraction in a gimple
dilatometer and immediately ?resipiﬁatimg the polymex
ob%ained. In this case only one precipitation was
carried out to minimise handling losses. The polymer
was slowly dried to comstant welight and the amount of
polymerisation which nad occurred was calculated. This
was equated to the % contraction, and the resuld

expressed in the form 1% contraction = X% polymerisation.

Molecular weight measurements.

The molecular weight of a series of polymers
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was found using the Pinner - Stabin osmometser, as

previously described. The solvent used was benzene.

Deternination of the speeific heat,

The specific heat of the monomer was found by
making application of Newton's Law of Cooling., This
law states that for any given volume, having a stated
surface area, the rate of cooling at any given
temperature is proporitional %o the heat capecity of
the material.

If the rate of cooling of a ligquid of unknown
specific heat is compared to the rate of cooling of .
anatﬁer liguid of known specific heat, cooling under
fhe same .conditions, then the specific heat of the ..

first liguid may.be fTound from;m
d’Ea/d‘i;o(WaOSa + E) = dTb/d'tc(Wb Sy, + B) ««{6.1)

where W and S represent the weight and specifiy heat
heat of the liquids, dT/dt is the rate of cooling, and
E is the water equivalent of the containing wvessel.
Subscripis a and b denote the two liquids.

The water equivalent, L, may be measured, or
alternatively by comparing the vrate of cooling of the
monomer with two other liguids of known specific heat,

E may be eliminated and the specific heat found.

A glass tube of 1" diameter and 4" length was



=dlh=
fitted with & stoppexr through which passed a-
thexrmoBoter and a light stirrer. The tube wes Litted
inside an air jacket of 3 - 4" diameter, such that it
was not in direet contact with the air jacket. The
rate‘of cooling between 30°C and 259C was messured in

a conebtant temperature bath at 25°C.
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CHARPTER T,

8

RESULLS

Relationphipn between % contrudtiond % polimerisation,

Several polymerisations were cazried ous and
the polymer isolated from the reaction mixtures at
diffevrent extents of wreaction., The amovnt of polymexr
which hed formed wes determined and a graph of
% contrection ageingt # polymerisation wes drawi
as shown in PFig.(19) From the slope of this graeph
the relationship between % contmaction and
4 polymewisetion igse

1% contrection = 4.6% polymerisation, at Qﬁoﬂo

This reletionship epplies over the range in

which 21l dilstometric rate nmegssurenents were made.
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Dependence of the rate of polymerisation on the

initiator concentration.

The rete of polymerisation was measured at several
different inmltiator comgentrations, using both agtive

and inactive AIBN. A plot of rate of polymerisation

ageinst Jinitiator concentration is ghown in Fig.(20)
This plot is linear, and allowing for experimental
eryror, is seen to pass through the origin. A log.rate
ageinst log. AIBN. plot of these results is given in
Figo(él}a This has & slope of 0.5L.
I% de thus clear that over the firvst stages of
reaction 2 -~ vinyl pyridine shows second ordex

termination.

Dependence of the rate of reaction on the

imﬁen@iﬁy of illumination,

The dependence of the rate of polymerisation
on th@.intenﬁity of irraﬁi@%iom is usually expressed
in terms of aﬁ imtensity exponent .
The intensity @xponenig Y is defined as the
slope cf the @ﬁrvg relating log. rate and log.iatensity,

AoB®oy

A Log.rate) ool Tod)
d(log.intensity) |
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The intensity of illumination is wveried by

using wive gauze sereemns of known Light tranemissio

and a plot of log.rate against log.velative inmtenaiby

is shewn iv Fig.{(22). It is seen that n has

waliie

Qf?

of about 0.9
It can agalin be concluded bthat the bermination
step ig second orxder, oy wthat fivst order berminali
s s . . .

ig relatively uninportant in the polymerisation of

2 = vinyl pyridine.

T o T A g g r evren 0 o oo
Pig.{#3) shows o plot of /0P, egainsgt

b

and indicates that very Little chain fransfer ococurs.

rk ratve in pbhotochemical polyvmerisation.

A dark rate, l.e., & rate of reactlion occurring
Lo o & 3 . s S T . iy o) 4] e e N PP U
when @ma monemer is noet being irvradisted has been

ﬂthfV@ﬂ ‘This rate

@
s
ot
£

&

~
E.-‘J
At
w
gm
p7S
&2
Ly
i

*,

sexrved bosh in the
presence and absence of initviator, so that therwoal
descmposition of the initlator is not the only

Y 4,

reachion causing o C?l.;ji"mﬁfs‘ﬁ(?l SaLL0 TV OGQUN.

In the presence of initiaitor:-—

[y - -y
-, Al . N - an :} R .E” bl :ﬁq
4 photochemical rate of Z.48 x 10 7 mole.l. “sec,

was observed,

After L6 hours, during which the rezebion vessael v

!e;»

s - ’ o - = . b o -3 == :El,, il :!q.
not irradiabted, a wrate of L.48 x 10 mole.l. “sec,

was obsenved.



e

Intenslty Feponenta.

&’
u)
Y
L] X ¥ [} ] T
A T
o 10 )

(@38Yy )°Joy

ag)

i.2

irbtEnsity. )

{Relative

legs



S g oozt TS

it
g

3

~
W

.
t WY
* -
i s -
N £
4
: an
L3

P

i

H

f

§ n o

i Wi
K b
4 ot
) [
o .

oy
]

TR TR

M TR T P e panr SRR IR, WA ST AT S SR L 2

w5 =F AL £

WE e
‘Z’-?;—@f ‘?;@ &



=118

6

Ratio  Dark rate = 1.48 x 107" = 0.052

Photo rate 2,84 % 107

In $he absence of initiators-

- - =1
Photochemical rate = 3.26 x 10 ® mole.1. lseca
, - =6 =1 =1
Rate after 16 hours = l.2% x 10 mole.l. “sec,
Ra@i@ Da:fl{: ?5"8:'55 34 == l» ° 25 = 0 o 3 85
photo rate 3.26

Thus it is seen that the dark rate is not due
only to imiviator decomposition, but is also

dependent on the monomer.

Gel effect,

Some indication of the presence of a gel effect
has been noted. After about 8% polymerisation the
formation of a light brown colour tends to reduce
the r@te of reagction by reduecing the light intensity,
but at higher conversions thig effect is offset by

the gel effect which @augés an inerease in the
reaction rate.

Table (10) indicates the variation in the rate of
reaction with differing % reaction. The % polymerisation

figufes are approximate.
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Table (10),

Illugtration of gel effect.

Conversion. Reaction rate.
% Poln. Relative units.
1 -5 1
8 0.95%
12 1023
15 , 1.52
18 1.68
22 1.83

The rates of reaction were measured by the
thermocouple metiiod, and the observed radical lifetime

also inecreased at the higher conversions.

Measvrement of the rate of initiation,

the rate of initiation was calculated using the
radiotracer method. For 2 - vinyl pyridine, the
average composition of the polymer prepared using

AIBN. may be expressed:-

CoH,N C,HH = DF
( 7 )n& 46 )m s wWhere n = DPn‘

and m = no. of initiator fragments per polymer

molecule,
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If active ALBI., is used, then:-

Specific activity of carbon in polymer = am
Specific activity of carpon in initiator Tn + 4m

for a high polymer.

e I = Rpa 7 x polymer aetiviiy seoolTs3)

4 x initiator activity

The rate of initiation was measuired at several
wnitiator concentrations. The yresults obtained are
expressed in rig.(24) which shows the plot of leg.l
against logJAIBN] The slope of this graph is 0,98,

again showing that within experimental error, the

polymerisation of Z - wvinyl pyridine follows the simple

kinetic scl.eme over the first 6% reaction.

Rate of initiation using DPXH.

When 1t was atltempted to measure the rate of
initiation using the inhibitor LPPH. very short
inhihition periods were obitained, even with low
congentrations of initiator. The calculated rates of
removal of DPPH., were avout 3 times faster than the

results obtained by the tracer method.

When polymerisation was carried out with DPPH.
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but mo AIBN. it was noted that the colour faded
guickly, but no contraction occurred for a ﬁo&g@r
period,
| When polymerisation was periormed in the
presence of L:3:5 trinitrobenzene (1.2 x 1077 mmleﬁluml}
complete inhibition was observed foy much longer periuds
than with UPPH,

No inhibition was produced by bengoguinone.
catechol, o hydroqn;mon@a

A

it was therefore concluded that the inhibition

produced by DPPH. was in part due e reagtlion of the

nitro groups of the OPPU., with 2 - wvianyl pyridine.

o
T < - b J— ~ T ¥ - o (2 g) o os
1% has previously been shown by Bengough’ shat

where the monomer can react with nltro groups, bthen

~

DPPH. should not be used in the detverminatlion of

5y,

the rate of indtiation.

When DPPH., was used as a radigal scavenger,; the
obhserved rave oF reﬁwvai'@f DEPH, in chiorofcrm was
mueh less than ia the @re&ence of the monomer, and
corvesponded more closely with the radiolracer

results.

Kolecular welghts and kinetic chain lengths.

The nunber average molecular welght, and hence
i) &> b

e

Dym of the polymers used in the determination of the
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the rate of initiation by the radiotracer work
was measured.

The molecular welght andAE}n of these polymers
are given in table (11). The kinetic chain length
was calculated and m, the number of initlaior

fragments per polymer molecule evaluated.

Table (11),

Molecular weights and kinetic chain lengths.

AIBN, MWt DP v m

2.44 | 3945000 3750 1900 1,98
3.66 | 306,000 2920 1549 1.9
4.88 | 270,000 2570 1322 1.95
6,10 | 221,200 21.20 1107 o 1.92

It is seen that m is approximately equal to 2
so that termination of the growing chains occurs

almost exclusively by combination.
¥ig.(25) shows the #/¢ aguinst ¢ curves for these

polymers. ¢ is in gm. polymer per 10u cc. ovenzene soln.
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bvaluation of Kp and KTD

Using the thermocouple method, the »atio K%/Ip
T - o . . .l R - !—‘O O, - --()‘.
has been determined at 1% C, 25%7°C, and 3% C,.
Fig.{26) shows a %ypical itrace of the reacitlon,
and Fig.{27) gives the plot of 1/Rate against the

. . .0
measured intevcept, X, at 25°0C

. . ® o - .
For the polymerisation at 29 ¢, the following

data hasg been founds;

e

Rate of polymerisation = 090933}yvu$ecc' by

thermogouple method.

|

= 2.88 %poln.hour “, by
dilatometry.
o m% "7}

= T.,4% % X0 7 mole.l, Tsec.

= 8.0 x l@mﬁ seeoml

L)

. L - =5
Thus, a rate of lﬁgvasego = 8.6 x 10 2 BSRC,

Wow, slope of L/Rate against X graph gives the

rotL0s - Kt/ﬁpolnaz

oo from Fig.(27), Kt/Kpolnae = 11.3 seeoNvomLseco

@

- w, . . -
o 0 Kt/ﬂp i llo.3 X 0069“)

8.6 x 1072

=

¥

P
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Greph of 1/Reto agninnt intercept. Piga{ 27)

intoseopt. (Secm.)
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Bvaluation of rate of initiation.

Rate of polymerisation ® (Rate of initiation)o°5

For a rate of poln. = 8,18 x 10_5 mole@,ewlsecoml
the measured rate of initiation was 7.4 x 10@8
mole.l. Tseg. T

<. for a rate of poln. = 7.45 x 10"5 the rate of

initiation is given-by:m
JI = Jﬁo4 x 207% 1 7.45/8.18

8

l

S I o= 6.15 x 107° mole.l. Ysec.”

NQW[] from (lle)g““

K = -4 M /dt
K£O°5 ‘10°5 M
e 7,45 x 1077

2,48 x ;0”4 % 9.3

|

0.0324
0.5 0.5
Now, Kt/Kp x Kp/Kt = K,

S K$O°5 = 2.98 x 103

°°° 1{_'& = 809 I‘E \.':Lo 6 mOle oﬂl lo Bec o-‘l

96.5 mole. *l.sec.”*

&

and XK
@ P
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Evaluation of Kp and Kt by the rotating sector method.

The curve showing the variation of the ratio'
(rate at intermittent illumination)/(rate at full
intensity) against the flash time is shown in
Fig,(30)

For the sector used, the above ratio has the
value of 0.694 when the flash time corresponds to
the radical lifetime.

Thus, atb 2500, the value of 7V from this curve
is 0.7 seconds. B

Now, from (5.4):

v o= 3/(1.k)0°7

SRy o= 31/(1%)
Kt' = 1/(6.15 x 1078 % 0.49)
= 3.3 x l07 mole. *1.sec. ™t
and hence K _ = 186 mOleo“lloseeoml '

p

Comparison of the ratio Kp/Kt by thermocouple

and sector methods.

By thermocouple method, Kp/Kt = 11 x 107°

by sector methed, K /K, = 5.6x 10”6
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NDetermination of activation energy.

£

The effect of temperature on a chemical resction
is expressed by the Arrhenious squation:-

m‘l{;"‘
K = Aoe B/ BT . {7.4)

-

where K is the veloclity counstant of the reaction,
A is the {requency fachor, xepresenting the toval
frequency of encounters between the reacting specles,

I is the energy of activatlion for the reaction, T

ig the temperatbure at which the reactlon oceurs, where

T is in degrees absolube, and R 18 the molar gas

conshanty.
It has been shown that the rate of polymerisation
can be expresseds-

rate = K_ . 17°71M] {1.10)

O rate = K_ oK

where K, is the welocity constant for the initiation

4
reaction eand § is the concentration of initiator.

94 ; Ocs:
Let K, be egual to RP/KL‘ JXKﬁ
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Then, (7.5) may be rewritien:-

3
=
[

e
R
o
=
j S )
@
L
&
P
-3
g
e

Rate =

L /BT
and, K o

§
>
S
&
2
@
<

S~
!
Q
oo
Erme

0
where EO ia the overall activatlion energy, and

has the value: -

- - wry o3 ) - e O SR T
where I, Iiﬁg and I, represent the activation

5

I % gman E emen 49 .‘,.; o gA "i'? Ay ey oy e ;1 4y = el e -
SEREINNLS e Tiow ,‘Q“' ST f%, ,LQ L ) kel ,J & U)? SR LEE «.a,‘g;, LR RN ST
respeetively.

The overall

Gl oz ol

In g photochemically lndtisted polynerisation
R 2 p e oy e . Al T A )
B, is mevro, so that (7.9) beconess-—
A

E i j,f; w2 {) I 5}3 R [T {\ 1? o~ :‘ i‘} }
o U
The 3ndixz ual values P; and l, wmay be
B

found 1€ X and Ky ave knorn at one tempervaiture,

by

and theilr ratio at several other temperatures.

3

Fig.{31) shows a graph of Logdlreaction rate)

. \ R . . - O e
against L/T for the tenmperature range 15°¢ Lo 45 C.

From this plot, the overall activation energy; Ezf
is given by:i-

By = slope/2.303RT

- . =
se Boo=m 5,5 K.cal.mole
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A graph of logn(Kt/KP) against 1/T was drawn

for the range lﬁoc to 35°, This is shown in Fig.(32)
The activation energy, Exg as given by this plot
corresponds tog-~

E =3 E,,%; = B nuo{‘?al.l.)
2

From Fig.{32) , B, = =3 K.cal.mole.

Therefore,

>

E 5y 8 .Yi{agalnmﬂlenw

By = 5 K.cal.mole.

Megsurement of the heat of polymerisation.

The normal methods for the determination of the

heat of polymerisation are based on iactherm&l68,o

69 ~ T1

:E!

adlabatic calorinmebtyy.

aaa

A further method given
by Bengough '~ may also be used Tor yradiation - induced
reactions. This method does not readily fall inso

either of the two above categories. It depends on the
meagurement of the rate of polymerisation dilatometwically
under conditions which may be desecyibed és a

"thermal steady sitate" where the rate of self heating

due to the weaction is balanced by the rate of loss

of heat to the surroundings.

In this work the heat of polymerisation has been
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determined the other method given by Bengough7l in
which the rate of rise of temperature under
adiabatic conditiaﬁsﬁis equated to the rate of
polymerisation as measured dilatometricelly.

By confining the measurements to the first
20 seconds of the onset of polymerisation it is
possible to avoid the use of elaborate thermal
.insulation or the application of cooling corrections
0 the results, since during this period the reaction

- is essentially .adiabatic in character.56

It has been shown56

that the polymerisation
reaction occuring at the centre of a reaction vessel
of “the type used in this work remains adiasbatic for
at least 10 seconds, andlin some cases up to 30
seconds after the start of the reaction. This is
because the heat generated by reaction must eventually
be conducted through the walls of the vessel and
hence cooling is slowest at the centre of the
dilatometer.

The variation in temperature with time during
the first 20 seconds of reaction must be that which
would occur under adiabatic conditions , and therefore

it is possible to calculate the heat of polymerisation

‘a8 shown on page Vy3\ .
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Speeilfle heat.

A knowledge of the specific heat of the monowmer
is pecessary o enable the heat of polymerisation to
be evaluated. The specific heat of 2 - wvinyl pyridine
was found as deseribed on page 113 by comparing the
rate of cooling of equal volumes of 2 - vinyl pyridine,
benzene, and carbon tetrachloride, the speeific
heats of the latter two liquids being known accurately.

15 ¢¢ sanmples of the liquids were used aund the
rate ol coolimg between SOOQ and 2%06 was observed.
The half-life of cooling for each of the liguids was
gcaleulated from the cooling curves, bthe rates of
cooling being compared at 27.5°¢

The specific heats of benzene and carbon
tetrachloride are 0.414 and 0,201 ecal.gm, >
respectively, and the following halfi-~life of

cooling times were obtained.

2 = vinyl pyridine 15 mins.
benzene 9 mins.
carbon tetrachloride T.5 mins.

Using relationship (6.1) the specific heat of

2 ~ vinyl pyridine was calculated to be 0.56 @&lmgmoml

A typical cooling cuvrve is shown in Fig.(33)



2

%

&

7.
-

ol SIS PO f':':n‘:‘::‘.-zzum_xw";»-: vepin, ¢

°9

X

:
-1

;
i
i
H

0™
o

£

2
o

5
3

&
£

4




wof R

Evaluation of the heat of polymerisation.

For 2 - vinyl pyridines-
Moleeular weight = 105
Specific heat = 0,56 calagmaml

Let AH = heat of polymerisation.

oo Temperature rise for complete polymerisation

of 1 mole undexr adiabatic conditions would be:-~

0
t = AH/(Llo5 x 0.56) C.
Thus for a rate of polymerisation of 1% per hour,
the rate of temperature rise wounld bes-

AB/{105 x 0,56 x 3600) °C.sec. +.(7.12)

Since the rate of temperature incregse and the

rate of reaction can be measured, \H can be evaluated.

In a typical debermination, the Tollowing data
was found:-—

Rate of polymexrisation = 2.88% per houxr

Rate of temperature rise = 0.0933/40 °¢.sec,”t (73)

17.3 K.cal.mole. >

B

oo from (7.12) A H

In table (12) some other heat of polymerisation
determinations are given. The values of AH calculated
assume that the specific heat of the monomer is

the same over the range 15°C to 35°C.
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Heat of Polymerisation.

Poln. conditions Rete of poln. Tenp. rise
M H.
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A H is in K.cal.mole, ™

Sumpairy of data on 4 = vinyl pyridine,

A R S TR

As only a2 small amount of 4 - vinyl pyridine was
available, and time was limited, the results listed
below should be regarded as prelimivaxry observations,
rather than finally established values.

ALL exmperxrimental techniques were the same as for
2 = winyl pyridine, except that the polymer was

precipitated from chloroform solution by adding toluene.
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% Contraction = % Polymerisatsion relationship.

Only two determinations were mades-

Dilatometer wolume 2.85 cc. 4,00 gec.
% Contraction Lod3 % 1.39 %
Time of veaction 120 min. 120 min.
Wt. of Polymer 0.2021L gm, 0.2911 gm,
% Polymerisation To54 % T.43 %

oo 1% C = 5025 % P 5.3% % P
Rate of polymerisation 3.97T %/hr.  3.71 %/hr.

An average value of 1% C = 5.3% P has been used.

Specific heat.

This was measursed in the manner previously
described on p.130. The half ~ life of cooling for
squal volumes of benzene, carbon tetrachloride, and
4 - vinyl pyridine was determined, and since the specific
heat of the first two liguids was known, the specific
heat of 4 -~ %inyl pyridine could thus be found.
By measurement, specific heat of 4 - vinyl pyridine

is 0.50 ealogmu“l

BEvaluation of constants for propagation and termimation.

Due to the presence of an appreciable dark rate
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at 35°C and & gel effect at 259C at between LO%
to 207 reaction, resulits are given omrly for reaction
at 259 and these apply over the range 2% to about 8%
reaction.

In this work it has been assumed that the rate
of initiation with 4 - vinyl pyridine was the same as
the rate of dnitiation with 2 - vinyl pyridine, uwndey

the same conditions.

Heteas
Rate of poln., measured dilatomebtrically = 3.08%/hr
Rate of polwn., by unss meghod = Oqlég;vage@c*“

wn

o 1 o el w ],
se & Tate of lp ToBEC = 6.6 ¥ 10 8Sec., ]

Fig.(34) gives the 1/Rate - X graph, and this has s
4

4 l “n

slope of 4.4 s&cﬁgve° sen, - = K?/Kpalmza
9

Thus, as before,

e Wl. e.sa.i
K? = 4 x i@ﬁ mole. “l.sec.
.l el
K, = 87 mole. ~l.sec.

Evaluation of heat of polymerisatioun.

P

From the above rate measurements vy ithe thermecouple
apnd dilatometiric methods, and using the method sed
out ont p.ill,

Heat of polymerisation = 13,8 Koaalcmeleaml

-}
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Graph of 1/(Rate) against intercept Fig.(34)

for 4 - wvinyl pyridine.
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The resulits obtaianed foy the Rinetie constants

ust be interpteted dn the Light of posslibls
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xperimental ervors and with due rega
practical limitations which have been imposed by the
methods used,

Some of the other methods which have been used
by wvarious workers 1o evaluate the veloelty coeffdiclients
nave a greater s tivity thawn the non - sgtationsry
state %herm@ﬁqmple ?e@hﬁiquan Thug, Grassie & lelville's

{63)

refractometric method cain detect a tewperature

= Qe .. = =g 5 ;| ) E e ol :
& in 10 ceg., walle the dislectric

change of 10

constant method can give a temperature resolution
£ " j A I @fg‘ \

of 10 7 ¢ in 10 BaC,

The greater sensitivity of temperature measuremeni

should enable more accurate neasursmnents Lo be talken
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during the anon - statlionary state period of the reagtion
and it should thevefore be possible %o determine the
kinetic chain lifetime, T , with greater precision.

The greater sensitivity of vemperature resolution is

in practice offset by the greater experimental
difficulsy and by the need for more complex equlpment
than is needed in the non - stationary state thermocouple
method.

Of the methods which are availlable for evaluating
kinetlic constants, the thermnocouple technique is
probably the most useful method to use., There are
however ceritain diffliculities and limitations in its

use, as there must be in all such systems.

Sources of erroxr in the thermogouple method.

Temperature messurement.

The temperature was recorded by the thermocouple
at the centre of the reaction vessel. 1t has been
assuned that the temperature of the bath in which the
vessel was immersed remadined constant. In practice
this was not found %o be the case. The signal receiwed
by the peﬁ recorder was due to the oppdsing emfs,
from the two thermojunctions, i.e., the cold junction
in the wvaenum jacket and the junction atv the centre

of the vesse%é These were seperated by a distance of



about 4 cm., and when the bath was being stirred there
was an apparent tempereture fluctuation of 09005000
When the stirrer was switehed off the temperature
apparently remained steady for a period of at least
two minutes when the bath was at 25°%C. There was thus
ample time to obitain a trace of the reaction over a
period of at least 30 secs. The accuracy of the method
ig thus somewhat greater than wounld seem probable
at first sight.

The noise level of the amplifier corresponded %o
a temperature fluctuation of 0.000014°%¢ and this
represents the ultimate 1limit of ftempersture measurement.

The ewmf. - temperature relationship was obtained
frow the Literature and was quoted at 25030 In other
systems the rate of reaction as measuwred by ths
thermocouple wethod has been found to be in good
agreement with dilatometric measurements and ﬁlmsé
sgreement has also been obtained by Beungough & Melville
ueing platimﬁm = platinum-rhodium th@rmaeomples§56)
thus indicating the reliability of the emfowtemperatuwe
relationship.

Taking all these factors into consideration %he
practical Limit of temperature measurement is

probably about 0.001°C,
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Measurement of the lifetime.

There is always the possibility of imaccuracy in
the extrapolation of the stationary state -~ time
surve. The start of the reaction was determined
visually. This procedure could well lesd %0 an erroy
of ¢ 0.1 sec. in the lengthh of the lifetime, and would
probably be constant from run to run. This type of
error is dependent on personal response and the
avthor consgiders that in his case the measured
lifetime will tend %o be too shovrt. It was Ffound
necessary %a use this somewhat uwnsatisfactory method
of indicating the start of the reaction in contrasy
o the more usual procedure of wusing the plp produced
by the operation of an electromagnetic relay
contrelling the shutter, since the large amplification
which was required to follow the polymerisation of
2 = vinyl pyridine resulted in the emf.~%time curve
being distorted when the relay was used.

It is the variation of the instrument lag from
run $o run which results in the greatest errors. The
response of the amplifier is 0.04 mec. and due to its
small heat capacity the responge time of the the
thermocouple will alse be very short. The lag of the
pen recorder is wery much greater, and can vary with

the amount of ink in the pen reserveoir.
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To obtain an accurateestiwate of the Lifetime of
the kinetiec chain ( ©o ¢ 0.l mec.) under these
conditions would require the lifetime to be of the
order of three seconds. In faet most of the lifetimes
mneasured were shorter than this, and it was necessayry
to repeat each determination several times to ensure
that a reliable value was obtained for the lifetime.
In the estimation of the intercept on the time axis
in the emf. - time curve there was a variation of
up to g 20% in successive determinations of the same
reaction. The points which are plotted in the 1/RHate
agalinst intercept graphs (Figs. 27 = 29) are the
average o0f at least six separate determinations. In
Fig.(27) the intercept on the time axis corresponding
t0o the instrument lag is 0.9 sec¢. and it is seen thal
this could vary by about + 0.2 sec., although the
glope of the graph would only be slightly altered,
in fact by about 4%. This indicates tha? the error im
%he ration of Kt %0 KP as found from ‘the slope of
Fig.(27) is % 4%, which is a much more accurate
estimate of K%/KP than could be found from the trace

of a single reactim.

sources of exrror in the sector method.

It will be noted that there is a considerable

difference in the constanis derived by this method
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compared with those found by the non - stationary
gstate thermocouple method., The experimentally
determined value of the kinetic chain lifetime, T |
is about half the value obkserved in the thermocouple
method. Reference %o Fig.(3C) which shows the |
@kperimental relationship between R'/R_° and the
flush time indicates that at low sector speeds this
ratio is rather lower than the theoretical valuthﬁaﬁe
measurements were made using the thermocouple method.
It is suggestved that at slow sector speeds the reaction
vessel doeg not remain adiaocatic for a sufficiently
long period to enable a true estimate of the reaction
rate to be made, but that some heat pgvolved is lost
to the water bath. A lower rate of reaction is thus
cbtained and the ratio R"/Rs°i$ in consequence
reduced, thus giving a value o 7 which is to0 small.

An alternative method of rate measurement
would poessible have enabled a betlter determination
of T , but simple dilatomeitric measmurements were
ruled out since a considerable amount of polymer
formation would be involved in defining the
expverimental curve.

The darkening in colavr of the monomer = polyner
mixture which occurs at higher conversions would

also tend to reduce the ratio R“/RS° and T , while
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the gel affect at still higher conversions would

cause an apparent increase in these values,

The polymerisation of 2 -~ vinyl pyridine.

¥ig.(20) shows the graph of rate of polymerisation
against Jgfgﬁ' , While Fig.(22) shows the dependence
of the rate of reaction on the intensity of

irradiation. Within experimental exrror the rate of

polymerisation is pr@pcrtianal‘ﬁo JAIBN and Vintensity ,
thus indicating that over the first few percent
reaction the polymerisation conforms to the kinetie
anslysis set ont in pages 4 - 6.

Fig.(23) shows 2 plot of 1/DP, against VAIBN
Only a few molecular welght determinations were made
and accordingly too much emphasis should not be placed
on these results. The line has been drawn passing
through the origin, which would indicate that there
18 no momomer chain transfer. In view of the
difficulties and errors associabhed with molecular
weight determinations it is not wareasonable to
aﬁppose that the line as drawn is a faly representation
of the relatianship-between 1/55% and JAIBN. The
dotted line in Fig.(23) indicetes the mazimum amount
of chain transfer which may occur. The intercept on
the l/5§n axisg corresponds o & value of 3 x leﬁ

for the ratio Kﬁr/xp , 80 that the coustant for
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monomer chain transfer in 2 = vinyl pyridine may

have a value of up to K. = 2.9 x 1072 mole. *1.see. ™t
It is instructive to compare this value with the

corresponding value for the monomer styrene, Whi@h’is

structurally similar to 2 -~ vinyl pyridine. At the

same tenperature, the transfer comnstant for siyrene

lies within the range 6 - 8 x 107¢ nole, *l.sec, v T4 - 16

but the ratio Ktr/ﬁp in styrene is slightly greater

than the value of this ratio in 2 - vinyl pyridine,

thus suggesting that chain transfer ocecurs rather less

frequently in 2 < vinyl pyridine than it does in

54

gives a value of K, = 8 x 1073

styrene. Onyomn -

for 4 - vinyl pyridine.

A thermal dark rate has been observed in the
polymerisation of 2 = vinyl pyridine; that is some
reaction oceours due to the Tormation of radicals from
the pure monomer which can then initiate growth of =z
chain in the absence of asny irradistion. The extent
of this reaction is initially varj small compared with
the rates of polymerisation in sensitised reactions
at 15°C and 2500ﬁ although at higher temperatures this
dark reaction will increase as also will the thermeal
deconposition of thé initiator. Rate measurements
were therefore confined o the range 15°C o @5009

The reason for this dark rate is not clearly
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understood although the reactivities of the monomer
and polymer are probasly important factors. Dark rates
are also shown by some other monomers, but there has
been little fundamental work domne om this subgacuo
Matheson gt al. ?7 in 1949 stated that there is a
éark rate in styrene, and the rotating sector
techunique was modified to take account of the dark
rate. A dark rate has also been report@d‘@y'thé abhove
workers and by Bamford & Dewar © in tﬁe polymeriéé%idn
of methyl methacrylate. Matheson et al. 13 in l95lﬁ
have also indiecated that there is a dark rate in
methyl acrylate. In & preliminary study of 4 - vinyl
pyeidine it was indicated that this monomer showgla‘
dark rate which is greater than the dark rate in

2 - vinyl pyridine.

There are two opposing effects which occur during
the polymerisation of the monomer as the yreaction
proceeds. These are:—

1) the darkening in colour of the monomer - polymer
nixture which occurs ai about 8% conversion: and

2) the gel effect which occurs at still higher
conversions.

In 2 - vinyl pyridine a slight darkening of +the
colour oceurs al about 8% reaction end there is a

slight falling off in the rate of the reaction, and
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$he optical transmission of the solution decreases
slightly. After a furither few percent xeaction no
further darkening of golour takes place.

bvidence has also been found to suggest the
presence of the Y"gel effect". This is the term
normally used to describe the increase in the rate oﬁ
polymerisation which oecurs after the reaction has
proceeded for some time at the normel rate. The gel
effect 1s particularly pronounced in methyl methaerylate
while in styrens the gel effeet is very slight.
2 = yinyl pyridine lies between these monomners. The
effect is usually explained in terms of a reduction
of the rate of diffusion of polymer radicals such
that the rate of mutual terwmination is reduced. At
high viscosities the growing radicals are less mobile
and thus the interaetion of growing radicals is
hindered, but the propagation reaction, which involves
only one large growing radical, will be less affected
and hence the overall effect will be an increase in
the rate of polymerisation. The occcurence of a gel
effect in & wmonomer is conditioned by the properities
of the polymer and the wviscosity of 1its solution
rather than resonance factors.

In table (13) given below the welocity coefficienta

sbtained by several workers are shown for sityrene. In
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this table, which is taken from " The kinetics of
vinyl polymerisation by radical mechanisms- ¥ by

RBanford et al

e
e

the resulits of the origlinal workers

have been rationalized on the basis of termination by
combination and in all cases Kﬁ iz defined by

- aR'/A% = K, fﬁ] 2

o

Table (13)

Veloecity coefficients foxr styrene.

Bamford &) Burnett Melville &iMatheson Baxrb .

Dewui Valenting et al.

£ Ta) (76) (75) (79) | (80)
KP 18T 19,7 26 44 24
1077 .k, 0,28 0,30 0,52 4.5 1.4
Pemp. °C 25 25 30 25 20,

In the original work disproportionation was

assumed by Bamford and Dewarf&, Melville & V&lentimeTEg

76, 79

and Burnet® Matheson et al. took the rate of
initiation as twice the rate of decomposition of the
indtiator and indicated that this assumption was in
accord with inhibitor and moleculaxr weight studies.

Barb's work was based on Matheson's findings.
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T4
Bamford & Dewar used the viscosity nethod %o

obtain the constants while ﬁurnett?s mede use of

measurements during the pre effect in -tue unsensitised

15

photopolymerisation. Melville & Valentine and

79

latheson et al used the rotating sector technique.

Barbao derived ais values from a study of the
eo = polymerisatiol reaction of styrene with sulphur
dioxide.

It will be seen that there is a wide scatter of
results in table (13). This may be due to experimental
difficulties assosiated with some of the methods used,
or to the use of assumptions which are not completely
Justified. 4 further factor responsible for lack of
better agreement is the possibility of the presence of
traceimpurities in the monomer used, Yhe difference

[ =
in the results obtained by HMelville & Val@ntinevg

029

and Matheson ¢% al is surprising in view of the
fagt that they used the same method,
The velocity coefficlents derived for 2 - & 4 -

vinyl pyridines are given below:-

2 = vinyl pyridines

thermocouple method - KD = 96,6 K, = 3.9 x 106
sector method o Kp = 186 Kt 2 3.3 X 10?
4 = vinyl_pyfidine:

thermogouple methdd - KP = 87 Kt = 3 x 106



4 - winyl pyridine:

Onyon's resulits

54

=1 4w

ety

FPor the purposes of

X =
|3

comparison

3w 10

&

the coustants for

anme of the common monomers are listed in table (14).

Table (14),

Velocity coefficiente for €0me 20mmon mMODORMETS,

=N

Monomer . Temp. Kp Hﬁ Keference,
— [ S 4{;"@ - ot rt? . . e 81.
vinyl acetete 2570 1012 5.9 x 10 Matheson.
vinyl acetate 25°%¢ 1100 8 x 10? Swain
& Bartlett®?
methyl acrylate 30%¢ 720 413 x 106 Vatheson
mathyl acrylate 25°¢ 1580 5.9 X 1OF quoted in 30
m. methacrylate 24°¢ 310 6.6 x 10"} Mackay &
ﬁelvill@aé
) oy :
m. methacrylate 30% 286 2.4 x 107 Maﬁh@ﬁama&j
styrene 25 °( 44 4.8 x= 10? Mathesonuig
butyl acrylate 25%¢ | 13 1.8 x 104 Melville &
Bickel.o?
y o - . 102 , 66
p-methoxystyrene | 0°C 2.9 5.8 x 107 [Axford.

The difference in the comstanits found by the two

methods wsed in this work for the monomexr 2

= yinyl

pyridine has already been polnted ocut, and consldering

the various evrors involved.,

the result bv the
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thermocouple method is probably the more accurate.
Table (14) indicates that vinyl acetate has the

highest value of X The radical formed from this

o
monomer is very wveactivey mainly because it lacks strong
resonance %tabiiizationg while the styryl radical on

the other hand 1is relatively more stable the the vinyl
acetate radical, as is indicated by the Llower Kp fTor
styrene.

The results which have been found in this work
indicate that both 2 - and 4 - vinyl pyridine are
intermnediate in activity between vinyl acetate and
styrene, and show greater similayrity to styrene than
~to winyl acetate. 1% would sppear that the values of
KP found for the vinyl pyridines are definitely higher

"3

than any of the velues of K for styrene given in

Y
table (1L3) thus indicating that these monomers are
glightly less reactive than styrene, although the
radicals will be correspondingly more reactive. It is
interesting t0 note in this comnection that the monomers
which have been reported as having a thermal dark rede
are the nonomers which form reactlve radicals.

While insufficient work was done to establish the
constants for 4 - wvinyl pyridine conclusively, it
54

would seem that Onyon‘s value of 12 fFor KP is rather

low. Later workers have found relationships between

dandvand cmend on wpd oD g @A MOl oa@IT ot et ol whid et A9 oo avee e



considerably with the relationship derived by Onyon.

87 and Fuoss et al..ag)

-
&
TRy

{ Boyes & Strauss
It is seen that within experimental ervor the
‘congtants derived for both 2 - vinyl pyridine and
4 - vinyl pyridine by the thermocouple nethod are
gimilar, but the termination constant of 4 - vinyl
pyridine is definitely smaller than the constant for
2 - winyl pyridine. The terminaticn process is thus
faster in 2 - vinyl pjridine and this is reflected in
the rate of polymerisation being slower than in

4 - yinyl pyridine.

%,

The heat of polywmerisgation Tor 2 = vinyl pyridine
has peen evaluvated iz this work and a preliminery

egtimate has been made of the heatv of polymerisation

89,90

of 4 -~ winygl pyridine. Joshi has recemtly described

a refined techunicue for evaluvatlion of heats of

polymerisation based on isothermal csleorimetry. His

89 90

values Ffor 4 — vinyl pyridine and 2 - viuwyl pyrldine
are in good sgreement with the values Lound in this
WOLK § -
4 - vinyl pyriding - Joahiag L 18.70 ¢ 0.28
this work 19.8
. . s 90
2 ~ vinyl pyridine - dJoshi- 7.1 ¢ 0.1
this work 17.3 £ 0.3 , the

unite being K.cal.mole,
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The difference of 1.6 K.cal.mole. between
2 = winyl pyridine and 4 - vinyl pyridine found by

89,990

Joshi indicates a difference in TreSOnNALNce energy

of this smount.

It is seen that the hest of npolymerisation ef

the vinyl pyridines is slighitly greater than the
=

vaiue oF 16.5 K.eal.mole.

. 8¢ , . .
d oehid 99 wvhich is in agyxsement with the propagation

giver. >for ctrrene by

conatants for the vinyl pyridines being greater than
the propagation coustant for styreus

The radical feormed Ifrom styrene nmonomer 1is
Liised due to the conjugation of the phenyl groups
with the double bond, and this vresonance stabilisation
depresses the activity of the radical. The effect of

the W atom in the vinyl pyridines is %o reduce this

regonance stabliligation so that the radlcals Lforned
are more reactive than the siyryl vadicals.

Tha activation energles for the propagation
and termination reactions in 2 - winyl pyridine
are compared with some other well known vinyl monomers

in table (15).



15 1=

Table (15).

Activation Energies.

2 = vinyl Styrene?ﬁ Methyl Vinyl
pyridine. methacrylate?d acetateugl
o 8 6.3 4.4 4.4
% p) 1.9 1.0 0
Units: K.cal.mole. ™

The activation energies of 2 - wvinyl pyridine have

been evaluated over a short temperature range and hence

& B,

p T
obtained are of a similar magnitude to most of the

L Sy

they may reflect some inaccuracy. ‘The values of 1

other monomers listed. Ep for both styrene and 2 - vinyl
pyridine are very similar, although Mﬁ appears Ho be

significantly greater in 2 - vinyl pyridine.

Pinal conclusionss 2 - vinyl pyridine in the initial

stages of polymerisation follows the kinetic scheme
established on pages 4 -~ 6. It behaves in many ways like
thevmonomer styrene, although the radical formed is
somewhat more reactive than the styryl radical@.

More work is necessary 40 establish fully the kinetics
of the polymerisation of 4 - vinyl pyridine and suech
a study would be a logical extension of the work

reported in this thesis.
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