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The effect of curric chloride on the free radical
polymerisation of acrylonitrile and of several copper salts
on the free radical polymerisation of methyl methacrylate has

been examined.

Cupric chloride in dimethyl formamide was found to
inhibit the homogenesous polymerisation of acrylonitrile
G eis 1 .. o )
initiated by o, « ~azo-bis-isobutynonitrile at 60 C.  The

ate of polymerisetion following the inhibition period was

H

invariably less than the rate obtained in the sbsence of

cupric chloride, end varied inversely with ihitial cupric
chloride concentration for high initial cuonrie chloride
concentrations. The correctecC value of the rate constant

for the initiation reaction obtained from plots of inhibition
period against initial cupric chloride conéentration was

1+51 x 10-5590_1. A corrected velue of 57 for kv/‘.'é:D was
obtained from the plot of final retérded rate of polymerisation
against the reciprocal of the initial cupric chloride concentration,
where #y is’fhe rate constant for the reaction between growing
polyacrylonitrile racdicals gnd the inhibition product. The
ratio kx/'kp was determined from rate measurements during the
-period of acceleration following compvlete inhibition and foumd
to have a mean value of 100 at 60°C. TUsing a value of 1930 .

l.mole lsec™t for k_ at 60°c, values of 1+93 x 10° and

I R, B |
1°1 x 10 1.mole “sec ~ are obtained for kx and kV respectively.

In the nolymerisation of methyl methacrylate initiated
¢ . s . 2 . . .
by o,k ~azo=bis~-isobutyronitrile, cupric chloride and cupric

bromide inhibit the polymerisation whereas cupric acetate and cuvric




(1)

o

nitrate have no effect on the raote of —olymerisztion. In a1l

cases dimethvl formamide was used to combat the insolubility

of the copper sz2lis in methyl methacrylate. With the cupric
halides the post-inhibition rate is equal to the rate obtalned
in the absence of inhibitor. From the plots of irhibition

period against copper salt concentration rate constants of

initiation of 1-38 x 10'5sec'1 and 140 x 10‘5sec’l were

obtzined using cupric chloride and cupric bromide respectively
as inhibitor. TFrom a study of the period of acceleration

’

following complete inhibition values vere obtained for the

ratio kx/kp where kx is the rate constant for the reaction

between polymethyl @ethacrylate radicals and cupric salt.

k&/@a values of 1050;3md.2190 were obtained for the cupric chloride
and ;upric bromide rezctions respectively. Using a vaiue of

-1 -1 o A 5
734 1.mole “sec ~ for k_ at §0°C, values of 7+7 x 10° and 16 x 10
-1 ,~-1 o v A s L . o
l.mole ~ seb Tare obtained for k Tor the cupric chloride and

[
Pt

cupric bBromide reactionse. Adéition of small quantities of
water to the cupric chloride inhibited polymerisation of methyl

methacrylate resulted in an increase in the rate of initiation

and a decrease in the k /k  ratio.

The cupric chloride and cupric bromide inhibited
polymerisation of methyl methacrylate initiated’hyd.“Lazo~bis-
- isobutyronitrile wes examined at a range of temperatures between
40°C and 72°C.  From a plot of log 2k, egainst 1/1%% & value of
32+9 keal/mole vas obtained for the energy of activation for
intion. The overal? activation evergy for the polymerisation
was deternmined by plotding locqg rate/ﬁ}nitgatoilo'%}
against 1/T°K snd was found to be 205 Pcél/hole; 'The lack of

: A a L . AL o oms
revrocucihility in the &y/ln values at the different temperatures




(1i1)

prevented an accurate determination of the corresponding activation

energies.

The rate of removal of cupric chloride in the different
monomer/bolvent systems in the presence of e, o -azo~bis-isobutyronitrile
at 6OOC were measured spectrophotometricall&; The results,. in

general, showed poor agreement with the dilatometric studies, and

indicated different complex formations in the differentkgblvent

. systems.
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INTRODUCTION

Banford et al. ™ ha;e studied the effects of ferric
chloride in non-aqueous media on the free radical polymerisation
of some vinyl monomers. With vinyl acetate and styrene the
polymerisation was inhibited, while with methyl acrylate, methyl
methacrylate, acrylonitrile and methacrylonitrile retardation
occurred. In both cases when ferrié chloride was used it was

reduced to ferrous chloride according to the equation:

~vCH2 - CHXC1 or

~eCH, - CHX + PeCl, —> FeCl, +
ACH = CHX + HCL.

The rate of formation of ferrous chloride has been shown to give a
measure of the rate of initiation of the polymerisation. The -

authors have carried out a detailed kinetic study of the polymerisation
and proposed a kinetic scheme whereby the rate constants for the
termination reaction can be evaluated. The resuits show that the
order of reactivity of the polymer radicals to ferric chloride is

inconsistgnt with the general reactivity of the radicals.

With the possibility of other metal salts reacting in a
similar manner to ferric chloride, a study has been made on the
effects of some copper salts on the polymerisation of methyl

methacrylate and acrylonitrile. During the course of this work
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we became aware of work by Monteiro énd Parrod 5,6 on the effects

of cupric chloride on the polymerisation of styrene and acrylonitrile
in dimethylformamide solution. They found that cupric chloride
inhibits both polymerisations, but with styrene the inhibition
period is followed by a rapid acceleration to the normal rate in the
absence of an inhibitor, whereas with acrylonitrile, it is followed
by a retarded rate, the degree.of retardation being greater, the
greater the initial concentration of dupric chloride. The results
obtained for acrylonitrile agree in general with those of Monteiro

and Parrod.

The main work in this thesis concerns the effects of
various copper salts on the polymeriéation of methyl methacrylate.
’Cupric chloride and bromide both inhibit the polymerisation, the
inhibitibn'period being rapidly followed by the normal uninhibited
rate of polymérisation, while cupric acetate and cuprié»nitrate
. have no effect on the rate of polymerisatidn at 60°C initiated by
1,1l'-azo-bis-isobutyronitrile. The cupric halides are thus
suitable inhibitors for measuring rates of initiation in this -
system, and the results obtained in this study are in good égreement
with those obtained by Bamford et al. using ferric chloride 4. An
attempt has been made to correlate these results with the rate éf

removal of cupric chloride from a similar system, measured .

spectrophotometrically.

To obtain more information regarding the reactivity of
polymer radicals with metal salts, the rate cohstants for the
reactions between polymethyl methacrylate radical with cupric
chloride and bromide have been evaluéted by means of a kinetié

scheme, modified from that of Bamford et al., and also by an
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alternative scheme which has been proposed.' It Wés found that the
- value of the rate constant'for cupric bromide is approximately fwice
that for cupric chloride, and approximately L x'102 times that for
the equivalent reaction of ferric chloride. Small quantities of
water in the system were found to cause a redﬁction in the value of
kx/kp’ the ratio of the rate constants of termination by cupric

salts and propagation respectively.

In order to understand the significance of this work more
fully, a survey of previous work on the interaction of polymer

radicals with metal salts has been made.

PREVIOUS WORK ON THE INTERACTION OF POLYMER RADICALS WITH METAL SATTS.

In recent years it has been clear that the cations of

7,8

variasble valence can be oxidised or reduced by organic radicals .

The studies in this field may be roughly divided into two
sections, namely, reactions in aquecus and non-aqueous solution
respectively. As the latter is the more recent study and more
closely related to this present work, it will be considered af'ter a

survey of the work in aqueous solution.

Evans et a1.9’10 showed that U.V. irradiation of aqueous
solutions of ferric perchlorate in acid solution produced free :
radicals. The mechanism was considered to involve electron

transfer within the active species (Fe3+OH_), as follows:

hy
Fe +OH™ —_— Fo2* OH —_ Fe?t 4 OH* .

They showed that the radicals produced could initiate the polymerisation

of acrylonitrile.
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In a similar system, Dainton and Tordoff T found, in the
polymerisations of acrylonitrile and to a lesser extent of methyl

methacrylate, many metal ions are effective terminating agents:

3 2+

‘R + Fe’ag. —> P OH +H 4 Pe

2+

StoH™ —p P OH + Fe .

Re + Fe
n
. 12 : . .
This was supported by the results of Bates and Uri on the oxidation
of aromatic compounds in aqueous solution in which they concluded

that organic radicals can reduce ferric ion complexes.

An extensive study of the termination of vinyl polymerisation
by metal ions in aqueous solution has been carried out by»Dainébn et al.,

using various modes of initiation 13'21,

With ferric chloride, it
has been shown, in certain circumétances, that the rate of formafion
of divalent iron can be identified with the rate of initiation of
polymerisation. Recently, fhe effects of a series of metal salts
on the polymerisation of acrylamide initiated by ionizing radiation
have been studied. Using steady state kinetics they have measured
the rate constants for the termﬁnation reaction between polyacrylémide
radicals and metal salts, and have shown that neither the rate |
constants, nor entropies, nor energies of activation of these
?eactions can be correlated with thermodynamic properties of the
redox system. It is postulated that entirely non thermodynamic
infiuences dominate these reactions. The authors suggest that the
oxidation of the radical involves the utilization of one of the
vacant d-orbitals of the cation, and envisage the approach of the

radical to the cation so as to achieve sufficient overlap of the

p-orbital of the carbon and a d-orbital of the cation in the




transition state for rapid electron transfer to take place. The
release of an electron by the radical enables it to expel a proton.
On this hypofhesis the overall reaction might be represented in the

. case of the cupric ion:

L — (Cu--oCH(x)-?H-mj)2+ —_— Cu++CH(x)=CHmj_1
H : H*
3a° 34

transition state

2+ .
Cu '+ CH(x)CHij_
10

(where x =.CONH2)

The mechanism of electron flow via a bridged activated complex was
postulated by Taube and Meyers 22 in the oxidation of chromous ion

by chloro pentamino cobalt ion.
L}
E:O(NHB)SC:EI 2+, o2t _ EO(NHB)5]2+ + Crc1®t . |

Quantitative transfer of a chlorine atom to the reducing agent takes
place with no exchange with chlorine ions in solution. Thus it is
maintained that reaction takes place only through the formation of

a chlorine bridged transition state..

23

Watanabe and Kiuchi have fecently examined the effects
of cupric salts on the bolymerisation of acrylonitrile in aqueous
solution initiated by ammonium persulphate. They found that the
presence of cupric sulphate, nitrate or acetate caused an increase
in the rate of polymerisation of acrylonitrile, but no increase in
rate was found in the polymerisation of other monomers such as

methyl acrylate, vinyl acetate, methyl methacrylate and acrylamide.

The increased rate is attributed to the following reactions:

CH, = CHCN + Cu™ — CH, = CoN + Cut + HY

+ = - = +F
Cu + 8208 —_— SOI+ + SOA + Cu .




Both cupric chloride and bromide retarded or completely inhibited
the polymerisation beyond certain salt concentrations and the
authors suggest that the complex ion CuX+(X:CI,Br)‘is a more
efficient terminator for polymer chains than Cu++aq.. The

termination reaction is represented by the reactions:

mCHzéHCN + Cuxt — MCH2(|3HCN + Cut
X

wCHz(.)HCN + CuX, —> M»CHZ?HCN + CuX .
.

17-20 have examined the aqueous acrylonitrile system.

Dainton et al.
They found that in this system there are two chain carriers, a

water soluble short chain polyacrylonitrile radical which propagates
rapidly gnd is susceptible to rapid mutual termination and to
oxidation by ferric ions, and a water suspended particle containing
a polyradical which propagates slowly by interaction with another
particle or a water-soluble radical. The radicals embedded in
éarticles.are only oxidised by metal salts if they can be penetrated
by them, and this penetration normally does not occur until the |
uncharged species are present in significant amounts 24. Thus
Dainton suggests that for examination of the reaction between metal
salts and polymer radicals from measﬁrements of rate and degree of
polymerisation, it is essential tp use a soluble radical such as
polyacrylamide, which undergoes propag@fion and mutual termination

at the same rate over a wide pH range. . This enables absolute rate

constants in aqueous solution to be determined for the reaction of

a given polyradical with a metal ion. For such a system, Dainton et al.

have found the rate constant for the oxidation of polyacrylamide

radicals by Fe3+ and Cu2+ ions to be 27 x 1031.11101e-'lsec..-l and




-7 -

12 x 1031.mole-1sec.~1 respectively; More recently, Dainton and
Sisley 25 have examined the termination reaction between ferric

ions and polymethacrylamide radicals in agqueous solution and have
shown that a ferric ion - methacrylamide complex plays a significant

part in the reaction.

Bamford et al.l-h extended the study éo systems in non-
aqueous media, thus eliminatiné the restriction imposed on previous
work by the insolubility of most vinyl monomers in H20.. They have
studied the effects of ferric chloride in dimethyl formamide solution
on the polymerisation of various vinyl monomers and, as stated earlier,
showed that ferric chloride terminated the polymer chains; the
ferric chloride in all cases being reduced to ferrous chloride in
the termination reaction. The rate of formation of ferrous
chloride-gave a measure of the rate of initiation of the poiymerisatioh
while detaileé kinetic studies led to the evaluation of the rate
_constants of the reaction between ferric chlori@e and the polyﬁer
radicals. A similar approach by Betts, Dainton and Ivin 2% has
been used to determine the kinetics of decomposition of 1,1'-azo—bis-»

isobutyronitrile in dimethylformamide solution.

Bamford et al. show that for the polymerisation initiated
by AIBN at 6000, the rate of initiation is independent of the nafure
of the monomer 4. For the monomers studied they fouhd the order of
reactivitx of the polyradicals to ferric chloride as:
vinyl acetate >» styrene - > methyl acrylate ‘> acrylonitrile

methyl methacrylate > methacryloﬁitrile.

Thus it became clear that the reaction rate is not completely
determined by the general reactivity éf the radical concerned.

Bamford et al. 21 have carried out an extensive study on the poiar»




properties of the substituents carried by the radicals with respect
. to the general reactivities. This is proposed as a major factor
in the mechanism and the transition state in the radical;ion
reaction may be visualised as involving the partial transference

of an electron from the radical to the ferric ion. Otherwise, the

transition state contains contributions from the structures

+

R'FeoT ¢— BT .

Thus radicals carrying electron-attracting substituents will feacf

less readily than would be expected from their general reactivity. :

Electron transfer, therefore, is a major factor in the
radical~ion reaction. Entwhistle 28, however, introducedlanothér
factor in the mechanism. The reactivities of a series ofvferric
salts to rolymethyl methacrylate radicals were examined, and it ﬁas ’
fouﬁd that these varied great}y. The order of reactivity is

bromide :> - chloride :>- benzéate :>- perchlorate..
Entwhistle observes that this is also the order of decreasing
tendency to hydrolyse and concludes that the bond strength of the
ferric salt is an important factor in determining its reactivity to
polymer radicals. These reactions suggest that the overall reaction
is one of electron transfer through some form of transition staté,
possibly a bridged activated complex of the type proposed by Taube

and Meyers.

Rumamoto et a1.29 used cupric and ferric chloride in
trapping radical intermediates and their results favour a chlorine

bridged transition state in which chlorine is transfeerred to an

alkyl radical by an oxidising metal ion:
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R + M’”'C:Ln — [R'...Cl...l«’inCln_ljl ~—> RC1 + Mn'lcln‘

Kochi 50 has examined the reactions resulting from

photolysis of cupric chloride in organic solvents. They ar

1 .

the

e

described as the addition and abstraction reactions of chlorine.

They postulate that the photolysis occurs by initial fission

to

form cuprous chloride and chlorine atoms. Chlorine atom reactions

are proposed as the second step and ¢hain termination as involving

the reaction of cupric chloride with carbon radical intermediatés.

The reactions may be formulated in the case of isopropyl élcohol as

follows:

hvy

_ v, .
Cu012 , CuCl + C1

CH, o
NCHOH + C1* —> /60}1 + HC1

/
cH; | c,
cH CH,. ,0H |
3>c0H + CuCl, —> 3\0\ 4+ CuCl
CE; « CHB/ c1

] HC1 .
9H3000H3 +

Fonteiro and Parrod 5 studied the effect of various metal

chlorides on the polymerisation of acrylonitrile in dimethylformamidé

solution. The effects of the chlorides fall into three catagb’ries :

l. Accelerators - IiCl, MgClz, BeClz, AlCl3 H
2. Retarders - CuCl,, FéClB' ;

3. No effect - 00012, NiClz, CrCl3 .

More recently Monteiro 6 has examined the inhibition of acrylonitrile

and styrene by cupric chloride as stated earlier.
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By studying the reéctions of copper salts in the
polymerisation of methyl methacrylate itwas hoped that some
additional information regarding these systems will be obtained.
This may eventually lead to the complete understanding of the

reactions between metal salts and polymer radicals.

INITTATION, INHIBITION, RETARDATION AND POLYMERISATION KINETICS.

Rates of initiation can be determined in two ways.

(1) - Calculation from other measured quantities of théxgystem.

Considering the simple kinetic scheme for vinyl

polymerisation as:

Rate
" Initiation —_— Ri I (1.1)
Propagation R+ M ——> R k@[?ﬁ][M] (1.ii)
Chain Transfer Ry + M —>- P + Re ktr[Rﬁ:H_M] 4(1.111)
Termination Re + Re=—> Polymer k.Eh{]z (1.iv)
erminati .+ Re B ‘

VWhere K represents a monomer molecule, Pn an inactive polymer
molecule comprising n monomer units and Rﬁ a polymer radical
comprising n monomer units. I is the rate of initiationj; kb’ k%r

and kt are the rate constants of propagation, chain transfer and

termination respectively.

Assuming stationary state conditions, with [ﬁjs = the
stationary radical concentration, and the reacfivity of the radicals

independent of.n, then it can be shown that
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) d[}-ﬁ] § ka% [i]

, z
dt k,

(2)

Tf the degree of polymerisation, ﬁ?, is defined as the avérage'

" number of monomer units consumed per polymer chain terminated,

‘then

]

. [R] fir]

) I, [R]i + & [R]s ] G)

. }_= ke K afu] : W
ook ] e
P P

From this relation (L),_ kt'/ki can be obtained by plotting 1/DP
against-ﬂiﬂﬂ/ﬁt. A necessary condition being that ktr/kb should
not be too great, otherwisé_the determination becomes very insensitive.
Thus from the two composite constanté in equation (2) and (&), I,

the rate of initiation may be obtained. In this treatment, however,
a single termination reaction has been.assumed; and unless the
precise mode of termination is known, whether by disproportionation
~or by combination, or if both processes occur, the relative extent

of each, the calculated rates of initiation by this method is subject
to an uncertainty factor of 2 from this cause alone. Additional
errors in the value of DP may arise from the loss of the more soldblé‘
low molecular weight fractions of polymer during precipitation? and

in osmotic pressure measurements by diffusion of low molecular weight

polymer through the membrane.

Bamford and Dewar 51 used a method, similar in principle
to the one just described, for measuring rate constants in vinyl

‘polymerisation including the rate of initiation. The method depépds-




essentially on the measurement of the rate of increase of viscosity

during polymerisation for various rates of chain initiation.

Also, since the mean kinetic chain length, v, i.e. the
. _average number of monomer molecules consumed per chain started, is
given by |
1 a[u]
V = = — (5)
I 4t

then I may bg obtained from a knowledge of v and the rate of
polymerisation. The value of v is obtained by using an initiator
giving fragments which can be determined in the polymer, providing .
the analytical method used has the required degrée of precision.
For example, Bevington et al.32 measured v.by using a radioactive
catalyst, Clh- labelled azo-bis-isobutyronitrile, and estimating
the amount of initiator fragments in the pol&mér from radioactivity
measurements on 002 produced b& combustion of the polymer. The
ratio of monomer units to initiator fragmenfs in the polymer is
clearly equal to v if each initiator radical starting a chain is
incorporated into the polymer, regardless of whether termingtion is
by combination or disproportionation. It is therefore necessary
to assume that all the initiating radicals react with the monomer
by addition to double bonds rather than by hydrogen abstraction, ard
this is justified from energy considerations. There should be no
transfer with initiator molecules or termination with initiator
radicals and initiation by processes other than catalyst decomposition
must be negligible; <+these can readily be checked experimentally.
In this method also, it is essential to ensure that no low molecular

weight polymer is lost in the isolation of the reaction produgt and

uncombined initiator must be removed from the polymer.
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(11) The estimation of the rate of production of free radicals

by use of a scavenger.

The rate of polymerisation of a &inyi monomer may be
reduced or almost completely supressed by the addition of
relatively small quantities of certain substances, sometimes
referred to as scavengers, retarders or inhibitors. These
substances may be used to determine the rate of production of free

radicalse.

In the presence of inhibitors, induction periods may be
apparent during which virtually no polymerisation takes place,
whereas polymerisations carried out in the presence of retarders do
not display marked induction periods but proceed at a diminished,
~although generally changing, rate throughout the course of the
reaction. It is generally agreed that both'effects result ‘from
the interception and removal of the chain carrying free radical.
The productsof this reaction may be either inert products or new
raedicals which cannot initiate or propagate the reaction as readily
as the original radical species. Since the reactivity of the new
radicals relative to that of the original radicals may vary,
depending on the nature of the additive, from near unity to
approximately zero it is clear that essentially similar mechanisms

could operate in both inhibition and retardation.

Possibly the simplest example of the inhibition process
is that resulting from the combination of a stable free radical with
a polymer radical to produce a stable molecule. An example of this

. e 33 . 3,
process is the inhibition of siyrene and vinyl acetate

polymerisation by the stable free radicalc*x—diphenyl—p-picrYI

hydrazyl (DPPH). However very few free radicals are so stable that
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they will not initiate chain reactions to some extent, resulting in
a complication in the kinetic picture, e.g. triphenylmethyl can act

35

as both an initiator and retarder of the -polymerisation of styrene. .

With inhibitors and retarders which are not radicéls, not

only the reaction of the chain carrier with the retarder moiecule
must be considered but also the subsequent behaviour of the new
radicals so formed, and the overall rate of polymerigation may be.
influenced in several possible ways 36. The initial attack on
the chain carrier by the added species X may be either direét addition
to a polymer radical

Rﬁ + X — RhX' (6.1)
or a transfer reaction such as

R +X —> P +X° , (6.41)

and these new radical species formed may undergo a variety of
subsequent reactions with each other or with polymer radicals. Thé -

possible reactions include

(1) termination by mutual reaction or by reaction with
polymer ;adicals;

(2)  transfer with monomer or, less probably, with the added
substance; |

(3) Propagation with monomer or, less probably, with the ©

added substance.

The molecules produced by the reactions in (1), (2) and (3)‘méy be
inert or may participate further in a‘variety of ways, inéluding
initiation, refardation, transfer and cobolymerisation and the

" mechanism is not complete until the eventual conversion of each

radical into a stable molecule has been accounted for.
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The termination reaction between metal salts and polymer
radicals is akin to reaction (6.ii), and is pertaining to this

present work.

KINETICS OF INHIBITED AND RETARDED REACTIONS

For the substance X reacting with polymer radicals
directly to give products incapable of further reaction, the

simple reaction scheme for vinyl polymerisation'may'be shown asz:

Rate
Catalyst = 2Ré
"Ry +M —> Re | - @)
R 1 1]0) (7.32)
R +X —3 Tnert polymer kx[RJ [x] ' (7.»:1‘11)»'
Rﬁ * Bﬁ — Pn+fn or Pn:+ Pﬁ o ktER]Z' o ; ,(7ffv)v i
Thus
dl}a o ' - , S
j =1 - kx[R][X]' = kt‘[R]?t SEE (8)‘ -
afx] T
o sER o
» ﬁhere

In order to obtain expressions of radical concentrations
in terms of exberimental variagbles, it isl?ﬁcessary to assume
d|R
stationary state conditions and setting 5% = 0.  Although -

the rate of change of radical concentration as reflected in the rate
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of change of polymerisation is found, experimentally, to be

comparatively large, it is instrﬁctive here to apply this V

simplification
As d |
- -—d-‘-;]-' = kp [M] [R:' .= Rp say, (10)

then from equations (8) and (9) we have

a[r] 1 dRp

. 2 |
- = I -1k [R]" - — r. (11)
at x_[i] at dt
: D

Since Rp is very small during an induction period and since kb is
normally of the order of 10 to MXX)mole~11.sec’l, the quantity on
the left hand side of equation (11) can be made small compared with
both I and the othér terms on the right hand side if conditions
are suitably chosen, so that the stationary St@te assumption is in

fact reaséndble.

In the presence of a strong inhibitor the rate of mutual
| termination of polymer radicals is small compared with the rate of
termination by retarder. This is seen by applying the stationary
state assumption to the induction period. For the above schem;

we can write
1= x [R|[x] - kt[R:]z (12)

When the inhibitor has been used up, [X]is zero and the concentration

of polymer radicals attains its meximum value ER]S given by
12
I = kt[RJs : (13)

The fraction of the total termination occurring by mutual reaction

of polymer radicals during the induction period, is from equation (10)
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Rp

2

y[E]° ok [E])

I k, [R]S

and is sufficiently small to be neglected;

period, we may write

r - g0 - -

(Rp)

A

5 (1)

S

Hence, during this

(15)

dt

and observation of the initial rate of disappearance of X will, in

principle, allow an estimate of the rate of initiation to be made.

Bamford et al.2 have shown that the kinetic features of
the polymerisation of styrene in the pfesence of ferric chloride :
in non—aqueous media are entirely consistent with the abofe scheme
in which X is a ferric chloride molecule. They have further shown
that for this sysfem the stationary state assumption is a vefy good‘

approximation throughout the course of the reaction and have carried

out a fuller kinetic investigation.

By differentiation of equation (12) and writing FeCl

3
for X then
a[rec1 T + 2
o] |3 5l e e
at x [R] at ‘
and since ~
(a[rec1,]) |
2t o i [r][rec1,]
~ from (12)‘and (16) .
T+% [R]°afR |
RN T N

X, [r] 2 g
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After rearrangement and integration this becomes

S 4+ log -—————————; = kx[R]St + A (18)

where A is a constant and [R]S is the final steady radical
concentration corresponding to E?9013] = 0. If @ , the reduced

rate, is defined as the ratio of the rate at time t to its value.

R

]

- <5

when EFeCl3] = Oj then if the monomer concentration is effectively

constant ﬂ; = . Hence from (18)

1 1 1-¢ 1+6 )
ﬂ; A 1+ Qg_ I - ﬂ% '
1
, (Ik%)z
where ¢; is the initial value of ﬁ% and = - .
. (gg[?e013]0)
1 g <K 1, equation (19) may be written
11 1+4) ' '
— - — 4 log —— =k [R] 4 (20)
g, % 1-4)

By choosing a time t' at which the value of g; = 0+648, equation (20)

reduces to

t t

—— = Lk IR '

go . XE ]S

' = [FeClz]o | ' (21)

I
This result is general for retarded reactions provided

(2) the initial rate is sufficiently small,

(b) the products derived from the inhibitor do not react




further and

(¢) the monomer and catalyst concentrations are effectively

corfstant.

Thus Bamford and co-workers have shown that, when these conditions
are satisfied, the value of t' is a more satisfactory measure of
the induction period than the usual extrapolation of the linear

part of the % polymerisation against time curve to the time axis.

Also, if equation (19) is written in an alternative

forms

1 I+4
- — 4+ log —= =~.ch[R]St + A, (22)

Q"‘b I-g‘b

then ff, may be plotted against kx[R]st + A, and by fitting
experimental determinations of Q% to the curve the values of
S,
o . .. - A \T
kx[R]§ may be found. Since this is equal to kx(I/k%)\,\then

2 ) L
kx/kt or alternatively kx/k§ can be calculated.

If the reactions are merely retarded by the metal salt
the determination of kx/kp is simplified. At salt concentrations
~ sufficiently high to eliminate bimolecular termination, the

following equations hold

fi._i_]. X [k]z 23)
@ K [Fec1, ] |

ud[FeCl ] _  [Fec1, ] _ |

; (2)
at at

thus I and kx/kbmay be estimated readily. This procedure is

unsuitable for inhibited reactions because the concentrations of
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ferric chloride required are so low that they cannot be regarded

as constant during a single experiment.

Bartlett and Kwart S

have also successfully applied‘
the stationary state approximation to a similar reaction scheme.
They have studied the behaviour of various retarders on the
polymerisation of vinyl acetate initiated by peroxide caﬁélyst

at 45°C, and measured the value of kx/kﬁ for the various retarders

by means of a kinetic analysis.

A nunber of kinetic schemes have been proposed to account

for more complex reaction schemes for inhibited polymerisation.

37,38

For example, Kice has proposed a scheme in which other
possible reactions of tggxiyhibitor molecules or radicals are
taken into account and has successfully applied his scheme to the

37

retarded polymerisations of methyl methacrylate and methyl

acrylate 38.

If the reaction between the added terminator X with a
polymer radical Re leads to the formation of a new radical X-,

then the kinetic scheme may be represented as

(25,1)

Initiatiom -—> Re Rate = I
Re + X —> Re kp (25.11) -
Re + X —_ X k, (25.141) -
Xe + K ~—> Re X, (25.iv)
Xe + Re —> TInert products k, (25.v)

Xe + Xe ——> Inert products k, (25,vi)

R* + R ——~> TInert products | k, - (25.vii)

By rigorous kinetic analysis Kice obtained the equation
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. ‘ 284+ -

1 - kR 1 - N2 k. k |u
1 +<1 + —-——~J£i—- LD 1.+ 5 /2 L Ol']
1- /u kpk?c 8 Vs k Xk,

I
where Vs Rp/Ro and & = kc/(ktkz)Q; Rp and Ro are the rates of
polymerisation in the presence and sgbsence of terminator respectively.

A plot of

1] on it
1- u7))° 1 - ua%))2
1+ 1+—————-Z—]—— versus Rp 1+-(—-—§—£21—-
1 ../u 9‘/u, '

for various runs with a given terminator should be a straight line

) : o .
of slope kt/k?kivand intercept ktko[ﬂ]/kxkc. If values of k. and
kb for the polymerisatioh are knovmn and assuming the ‘best value
of 8' 37, then values of k and ko/kC for the terminator may be

-

obtained.

More recently Bamford et al.)+ have tzken into account the "
possible reactions of the primary radicals derived from the
initiator, in the ferric chloride terminated polymerisations of
acrylonitrile, methacrylonitrile, methyl methacrylate and methyl
acrylate. The reaction scheme includes all the reactions in (7)
together with the termination reactions of primary radicals with
polymer radicals, ferric chloride molecules and by mufual reactién.
A kinetic analysis has enabled the rate constants for the reactions
during polymerisations to be evaluated. The results show the
rate of initistion is independent of the nature of the monomer,
the mean value obtained for Zk, being i'39 % 10 2sec.” T with a
maximum deviation from this of only 4°3%. Thevvalues obtained
for kx’ the rate constant for the reaction between ferric cﬁlpride

and polymer radicals, are close to those calculated from the




simpler scheme, where primery radical termination was not taken

into account 3.

FELVSTIC ANALYSIS USED IMN PRESENT STUDIES.

From the reaction scheme (7) (pege 15) in which X is

CuCl, or CuBr,, we obtain equation (22)

2

-— + log '——:'t- = k_' [R] t + A
g, 1-4, x-S

A plot of the left hand side of equation (22) against t gives a

line of slope equal %o k&zﬁﬂs,-and since

x, e [rRlE]

- = V=, (26)
k (Rp),

Py

the value of kx/kn may be determined.

An alternative method of determining kx/kb may be
developed from the kinetics in the following way. Assuming that
“at any time t a stationary radical concentration [?Jt exists and

is defined by

Jon

— = 1 —x [&], fuc,] - % [],° = o, (27)
[
whence
. 1
x_ [ouca (k. 2 Buci,]® + 4T )?
[R]‘c = - x[ 2] . x [uc1,]” + ;) (28)
ok " 2k

t €

The final radicnal concentration when the cupric salt concentration
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2
has fallen to zero therefore = (I/kt)z. Thus
. 2 2 L
. =], &y [cac1,] < + 41k, )? - x [cuca,] 25y
t = -1 e V2 ?
[r], 2(Ix, )
Rearranging and squaring we obtain
200 ) (o it
X - .
, [ouc, ]

A variation in [CuCl,] with % polymerisation is determined as

follows:
‘d[CuCIZ]
- - kx[R]t[CuCIZ]: ;
i.e.,
c1 t |
o d a [cuc1,]
- — ——= = [rl,at . Sz
X [cuc1, ] | B
X 2
[ouc1, ] 0 |
~ But
| i 1 g afu] S
[Rlet = - T S "(32)4[, v
0 P,

Equating (31) and (32) and integrating gives

(kp/kx) in ( [Cu012]/ [0u012]°) = 1n ([H] /[M]o) (33) |

where [Cuc1,] , [1] anda [ouc1,], [i] are the cupric salt and
. monomer concentrations initially and at time t respectively.

Rearranging equation (33),
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k /e

[0u012j0 ([u]/ [M]o)

kx/kp

[Cu012]0(1 - F) , (34 .

[Cuct, ]

where F is the fractional conversion of monomer to polymer.

Substituting from equation (34) inequation (30),.

2 x
o {a- YA (z)
* [cuc,] (@ - F) ¥ P

(35)

The value of k&/k can be determined from the slope of the line-

D .
The value of kx/ké can be determined from the slope of the line
0 , .
- - - - - “TT

@uClzjgl against the logarithm of (1 - F) for fixed values of

the remaining two variables.

ADDITIONAL TERMINATION REACTIONS.

In the derivations so far considered, the products of
"the termination reaction between pélymer radicals and cupric
chloride do not react further.

If we now consider the kinetics involved where the
products of the inhibition reaction (cuprous chloride.or some
complex with solvent, monomer or polymer) react with polymer
radicals to retard the polymerisatiomn.

The reactions involved can be represented by the

L}
following kinetic scheme.
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Rate
Initiation ATBN ZRé
I,
Re + I — R : I
. .
Propagation R&.* M -2 Rﬂ*1~ gpﬁi]@ﬂ (36.11).
K - . :
Termination R: + CuCl, —=> CuCl + polymer k_[R][CuCl,] (36.1ii)
5 .
R: + CuCl —L5 polymer ky[R] [cuc1] (36.iv)
Re + Re ‘=——>  polymer k [3]2 (36.v)
n m = % e

Since cupric chloride is an inhibitor in the present
system, reaction (36.iii) must overwhelm the other termination
reactions during the inhibition period. When all the cupric
chloride has been removed and polymerisation commences, termination
can occur either by reaction (36.iv) or (36.v) depending upon the
concentration of.cuprous chloride in the system. If termination.
occurs exclusively by reaction (36.v), then the system behaves as
that desctibed in reaction scheme (7) and the rate is given from

equations (10) and (13) by

Rate = —=p—— (37

If termination occurs enclusively by reaction (36.iv),
then the rate of polymerisation, Rp’ will be given by equation (38). .

k IT|M
SI]

R = (38)

P k, [uc1]

Now 6onsideringAthe latter case, with the mutual bi-radical




g -2 -

termination as negligible, and assuming that a stationary state

radical concentration [R:]t exists and is defined by

a[r],

dat

= I-x[r], [oucy] - K [&], [cuct] = 0 (39)

Now

[oucr,] = [ouc1,] - [cuca] - | (10)
'Therefoz"e from (39) and (40) we have
0 = T- (g )[R], [cuc1,] - ky_[R] . luc1,] (1)

which by rearrangement gives

{(I/[R] ) -k [CuClz_-]J

(e, ='k)

[Cu01 (12)

Now cupric chloride is removed from the system by reaction (%Jiii),

hence

Cu
- E_l_:__c_l_%l = kX[R]t[CuCJ.Q] (L3)

at

Differentiating (42) with respect to t and equating with (43)

e get
{I/[R]E}'a[lz]/dt =k L3: ~ ky[R] . [CuClz]c} (1)

At the end of the period of inhibition and acceleration
when all the cupric chloride has been consumed let the steady state

radical concentration be [R]y where
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| I |
], - ———— 1)

k, [Cuc1, ]

end let g = [R]./ [R]y where [R], is the radical concentration

after time t at an earlier stage of the reaction.

Integrating (44) and replacing [-R:Lc/ [R]y by &' we
obtain the following equation
1 1-2°)

- Et- - 1 T = kx'[ﬁ:[yt + constant ().,.6)

Substituting the limits of integration when

=0, ¢ = g} and when §' = 1, [ouc,] = o
equation (46) becomes

1 1 gr@-g:)
In~
g g 5 - g

y

k [R] ¢ @)

Equation (47) may be compared with equation (19) which »
was obtained by Bamford et al? for a system in which termination
occurred by reactions (36.iii) and (36.v).

]

1 (1-6)1+9)

L |
—_ - = 4+ In = k |RI t (19)
g, # QL+g)a-0)) {2 o

As described earlier (page 23) a solution mey be obtained
giving a fimé t', at which & equals O‘°61+8, which enables the value
of T to be calculated. Unfortunately no similar solution from
equation (47) is possible since no singie value of #* will give an

equation similar to (21).
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A measure of the rate of initiation, however, mey be
obtained from the intercept of the extravolated linear portion of"
the conversion against time curve with the time axis. The value’
of this intercept may be obtained by the following procedure used

by Bamford for the ferric chloride system;

Let curve 'a' in fig. 1 represent the period of
acceleration to the steady retarded rate following inhibition,
and line 'o* be a straight line drawn through the origip parallel
to the linear portion of curve 'a', Let the vertical distance
between curve 'a' and line 'b'.be equal tod), andA _be the .value

of /\ when curve 'a' becomes linear. A is given by

A kP[M]Jj ([R]y- [R])at " (8)

Differentiating equation (12) we get

g lee = ag/pag) (9)

i.e. . chA = kn [M]r' ag /_55'2 (50)
. 5 I

~

Yhen ﬂ‘--~becoines equal to unity, A becomes equal to Ay"

'Therefore by integrating equation (50) between ¢c') and 1

we get
Ay = x b0/ -1}/ | NG

now

Ay fintercept OA = Ik [ [] | (52)
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Substitute for [Sy from equation (51) and rearrange,

we get
intercept OA = {1-(1{ }/kxi} [Cu012]0/1 (53)

Thus values for the rates of initiatién in this system
calculated from the intercept of the extrapolated retarded rate of
polymerisation to the time axis should be corrected by multiplying
* by the factor{?—@a/%&)}. The value of ky/ké may be obtained from
equation (38), and the value of k#/kb may be obtained using equation
(46). The plot of the l.h.s. of equation.(46) against t should be
a straight line with gradient equal to _kx[R]y. The value of the
ratio kx/kp may then readily be obtained by substituting tﬂe

appropriate values in equation (5.).

.k [r] [¥]

s x*~ -y .

— = — | COR
k (-a[u] /at )y

An alternative method of determining kx/k may be obtained
from the kinetics in the following way. '
Rearranging equation (41) we get

I

{(kx-ky) [ouc1,] k, [0u012]0}

(55

],

Substituting for I from equation (45) and replacing
[R]t/ [R]y by #*, equation (55) becomes,

k [cu01 ol

{(k —k )[Cu01 ]+ x [ou ] }

(56)




- 20 -

From equation (34) we have

X |
[@Cl?_] = fouc1,] (1-7) f‘ﬂcp (3L)

Combining (56) and (34) we have

k {(1/521") - 1}

—_— -1 =
k- (1 - F)kx/kp
v

Thus the plot of log {(1/@")-1} against log (1-F) should

be a straight line of gradient k x/kp'

No simple solution for valuating I{X and ky‘ could be
obtained for the reaction where mixed order termination océprs

(i.e. contribution from both reactions (36.iv) and (36.v)).
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EXPERINENTAL

MATERIALS

Acrylonitrile (AN) was obtained from B.D.H. Ltd., dried
over anhydrous calcium chloride for at least one day, filtered
and distilled at atmospheric pressure. The fraction boiling at

77.3°C was collected.

Yethyl Vethacrylate (I¥) was obtained from I.C.TI. Itd.,

freed from inhibitor by washing with dilute aqueous sodium carbonate
solution followed bv distilled water. It was dried over anhydrous
caleium chloride for at least 24 hours, the calcium chloride being

changed several times, filtered and then distilled under nitrogen.

The final purification is similar for both monomers.
Immediately before use, the monomer- was fransfer}ed to a distillatiohv'
flask which was connected to the high vacuum line and the solution
was thoroughly 'degassed' by several 'trap-to-trap' distillations.
It was finally distilled 'in vacuo' into a flask containing a little
AIBN and prepolymerised photochemically to about 10% conversion. :
The unreacted monomer was distilled off at room temperature to a

' . ; . o
reservoir flask, on the vacuum line, and kept under vacuum at -787C.
t

L}
1,1'-azo-bis-isobutyronitrile (AIBN) was obtained from

Kodak, Itd., and purified by recrystallizing twice from absolute
ethanol (m.p. 102°C). To avoid decomposition, care was taken not
to heat the solution above BOOC during purification. Tt was found

convenient to add the AIBN in the form of a standaxd chloroform ‘
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solution, and these solutions were stored in darkness and were

discarded after one week.

Cupric Sa2lts.  A.R. grades of CuCl,, CuBrz, Cu(NO3)2f'

3H,0 and (CHBCOO)QCu.HQO were used without further purification.

Dimethvlformamide (DIF) was obtained from B.D.H. Ltd.,

purified by five one-hour treatments with phosphorous pentoxide,
filtered and distilled at atmospheric pressure; the fraction
boiling at 153°C was collected. This fraction was finally

distilled 'in vacuo'.

Methyl Cyanide was obtained from B.D.H. Ltd., treated

with phosphorous pentoxide and distilled at atmospheric pressure.
APPARATUS

High Vacuum Line. This consisted of a series of traps

and vacuum tested taps (4mm. bore) in Pyrex élass connected via

a mercury vapour. diffusion pump fo a rotary oil pump. Apiezon
high vacuum grease was u;ed for the taps. Cold traps were placed
before and after the mercury diffusion pump, the coolant used in
these traps and as the receiver coolant for distillation on'the

line was a solid carbon dioxide - acetone mixture.

The vacuum was tested by a Pirani gauge and all vessels
fitted to the line were checked for air leaks by observing the
discharge obtained from a high voltage coil (Tesla coil) activated
close to the line. With this system a vacuum of 10-me.Hg cou;d

easily be obtained.

Thermostatically Controlled Tank. A1l polymerisation

experiments were carried out under standard conditions in a




cylindrical glass tank. This was surrounded by an aluminium
jacket with an observation window, and the annular s?ace between
the‘tank end jacket was filled with asbestos wool lagging. The
capacity of the tank was about 25 litres. -Heat was supplied
‘by a Variac controlled 2 kw..circular element heater, and a
constant temperature was méintained by a relay operated filament
heater (50W), the relay circuit being actuated by a mercury-
toluene regulator. Other contents were a stirrer, a dilatometer
stand, and a 15 amp. observation lamp, suspended in a tubular glass

vessel, situated behind the dilatometer stand.

Reaction Vessels., A1l polymerisation reactions were

carried out in vacuum tested Pyrex glass dilatometers. These
were of three types and may be categorised according to their use
as follows:~
1. Those used in the preliminery investigations and
for measurements of inhibition periods by the
extrapolation technique. For methyl methacrylate
studies the bulb capacity was 3 - L ml. and 7 - Sml.
for aérylonitrile polymerisations. In both cases
the capillary consisted of veridia tubing of lmm.
diameter.,
2. For studies of the acceleration periods in the
cupric chloride inhibited volymerisation of methyl
methacrylate the dilatometers had a_bulb_capaoity of
approximately 1lml. with Imm. capillary- stems.
3. For studies of the acceleration periods in the
cupric bromide inhibited pdlymerisétion of methyl

methacrylate. the dilatometers had flettened bulbs,
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2pproximately 5 cm. in diemeter and O 5 cm. thick,
with Veridia tubing of O°8mm. diameter. This shape
is essential in this system to maintain, as near as

possible, isothermal conditions.
PROCEDURE

A1l innibition and polymerisation experiments were carried
out in dilatometers sealed 'in vacuo'. The dilatometers were
calibrated by adding Analar acgtone from a burette reading to
0-02ml.. AIBN was introduced into the calibrated dilatometer
in standard chloroform solution and the solventnpumped off. The
required amount of cupric salt was added in DKF solution, and
additional DMF added where.necessary to achieve the required
concentration of the latter in the final solution. The
dilatometer was then attached to the high vacuum line, and the
solution outgassed by repeatedly freezing, pumping and thawing.
Finally, monomer was distilled from the reservoir vessel to a
calibrated vesscel, from which the required quantity was distilled
to the dilatometer which was then sealed off with a flame. The
dilatometers were immersed in the water thermostat at the |
required tempersture, and the polymerisations were followed by
the meniscus movement of the monomef solution. In all cases
the contraction was followed by means of}a ca%hetomefer, but
modified technigues had to bg employed to enable a sufficiently

high degree of accuracy in the measurements.

In the initial experiments where measurement of
inhibition periods, by extrapolation of the final rate to the

time axis, was required, the normal method of measuring contraction




at time intervals of several minutes was used. For detailed
examiwationlof the elbow part of the curve from which values

of the reduced rate, ﬂ%, have to be measured, different techniques
had to be employed for the different salts. For the inhibition
of the polymerisation of methyl methacrylate by cupric chloride,
ﬂ% increases from approximately 0+1 to 09 during a time interval

ps

of 4 - 6 minutes. Thus contraction readings taken at every % or

1 minute intervals enables an accurate plot to be made of fractional
conversion versus time for this part of the curve. Using a tape
recorder, ﬁith a recording of a ‘count-down! every % minute during
‘the experiment, accurate cathetometer readings could be taken at
these time intervals. With cupric bromide, however, for the same
limits of ﬂ% the time interval is less than 3 minutes, and a method
has been used to obtain readings at much more frequent intervals.
Using a cathetometer fitted with an eyepiece scale of 100 divisions ,
times of meniscus movement past each division were recorded on an
Elliot pen recordihg voltmeter with a chart speed of 12 inches per
minute, by means of a release switch.A Two gratings (4 & C) were

used in the experiments and these enabled each contraction of

0-0241cm. and 0+0l5cm. respectively to be recorded.

In order.to obtain the relationship between éontraction
and conversion, the polymer was precipitated at known fractidna}
contractions and the corresponding fractional conversion obtained
by weighing the isolatéd polymer., The precipitation experiments

were carried out as follows.

The dilatometers were filled as described and placed
in the thermostatically controlled tank at 60°C. At the required

fractional contraction the diiatometer was removed from the tank
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and the contents frozen with liquid nitrogen. The dilatometler
was then opened and;the contents thawed. VWith polyacrylonitrile
the contents were added slowly to a tenfold excess of methanol
which waslvigorously stirred during the addition. The
dilatometer was washed out thoroughly with DMF and the Washiﬁgs
added to %the methanol solution. The precipitated polymer was
then filtered, washed and dried 'in vacuo' at 60°C to constant
welght. With polymethyl methacrylate the thawed contents of

the dilatometer were added to acetone and the dilatometer
thoroughly rinsed out with the latter. The acetone solution was
then added very slowly to a large excess of 10% aqueous methanol
which was vigorously stirfed"during the precipitdtion. The

polymer was then filtered, washed and dried as before.

SPECTROPHOTQIETRIC FEASUREMENTS

A11 absorption measureménts were made using a Perkin Elmer
spectrophotometer (iodel UV 137), with a thermostat fitted to

X . . . - o
- enable changes in optical density to be measured at 60°C.

The sbsorption cells (lem.) were filled in a similar
:~manner4to the dilatometers on the high~vacuum line, the ATBN and
cupric chloride - DIF solution being added as before. To avoid
damage to the cell, the solution was outgassed in a Pyrex buib

" fitted to the cell, shown in fig. 2. The required quantity of
monomer was distilled into the bulb and the vessel isolated by
sealing off at constriction ‘a'. The contents of the bulb were
then heated to room temperatre and poured into the cell which was

isolated by sealing off at constriction 'b’.

The cell was placed in the thermostat in the




Fig.2 Reaction Vessel for Spectrophotometric Measurements

- )
S~—7
7\
| \
/ \




spectrophotometer together with a 'blank' cell containing the
same concentration of monomer and solvent, and the optical

density measured at intervals of several minutes.
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RESULTS

SECTION 1 - THE POLYWERISATION OF ACKYLOHITRILE IN THE‘v

PRESENCE OF CUPRIC CHLORIDE

CONVERSION FACTOR

K linear relationship between the fractional contraction
V/Vo and the fractional conversion F was found to hold over the first

10% polymerisation.
For acrylonitrile polymerisation at 60°C
V/io = 0297 x F
This relationship differs significantly from the
expected conversion factor of 0+375 calculated from the density
data of monomer and polymer in DMF at 60°C, but lies within the

range of values 0°27 to 0°32 calculated from monomer ané polymer

density data at 250039’40.

TEE BFFECT OF CUPRIC CHLORIDE ON THE POLYMERISATION OF ACRYLONITRILE

INITIATED BY AIBN.

All reactions were carried oﬁt at 60°C, the AN - DMF
proportion being held constant at 20% - 805 by volume such that
[M] = 287 mole 1._1. This ensures that the system remains
homogeneous thfoughout the reaction thus avoiding complications

associated with polymer precipitation. The [AIBN]/ E)uClZ] was
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maintained at a high value to ensure that the AIBN concentration,
and consequently the rate of ihitiation, remained substantially
constant throughout the period of inhibition and that the post-
inhibition rate of polymerisation would be expected to have the

same value as that in the absence of cupric chloride.

Initially the effect of cupric chloride on the
polymerisation of AN, initiated by 1°0 x 1072 mole 1.7% was
studied. Fig. 3 refers to polymerisation against time curves

-l

for reactions carried out in the presence of from 2¢14 x 10 ~ to

‘136 x 1077 molar cupric chloride.

In each case the polymerisation is inhibited, the
inhibition period increases while the rate of polymerisationr
decreases -with increase in the initial cupric chloride concentration.,
During the inhibition period the cupric chloride colour fades
gradually, disappearing by the end of the inhibition,;then it
intensifies during the retarded rate of polymerisation to a

final yellpw colour.

Similar plots to those in fig. 3 were obtained with
higher ATBN and CuCl2 concentrations. In fig. 4 the inhibition
period obtained by extrapolating the linear portion of the
conversion against time curves to zero conversion is piotted
. against the initial cupric chloride cqncéntration‘<l§u012]o ).
The results for both AIBN concentrations‘lie on straight lines
which pass through the origin, indicating no inhibition in the
Absence of cupric chloride. Zero time for all these experiments
was taken when the meniscus in the dilatometer had risen to its

maximum height (about 4 minutes after immersing ‘it in water
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[§uc1; x 10%mole 1.71

[CuClg x 163m019 1."1

F

=
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Fig.L The effect of cupric chloride on the inhibition period
. for the polymerisation of acrylonitrile.

ATEN] = 1 x 10 2mole 1.7%. BN = 4 x 10 2mole 1.1
] o

1 '] 4 1 -

inhibition period (min.)
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thermostat). If it is assumed that each initiating radical
reacts with one molecule of cupric chloride then the rate of

removal of cupric chloride is equal to the rate of ihitiation (3.

The values obtained from the slopes in fig. 3 are:—

~d [ouct,]/ at [ATBN ] 2K,
mole l-ls-l mole I~1 E:i
1059 x 107 1.0 x 1072 1459 x 1077
652 x 10~ 140 x 1072 1463 x 1077

The degree of retardation increases with increasing
initial cﬁpric chloride concentration and values obtained for
-2 -1 ' '
an [ATBN] of 4+0 x 107 mole 17 and [CuCl,] from 2-02 to

6455 x 10 mole 1 7+ are listed in Table 1.

Table 1. - Dependance of retarded rate of volymerisation

on initial cupric chloride concentration.

[AIBN] = L x 10-2mole 1-'1

[cuc,], Retarded Rate . Retarded Rate x [OuCl,])
x 100mole 1% x 10°mole 1 Tsec > x 10 Tmole 1 %sec > -

2+02 13 3 L 2.72

2.0 o 12¢5 | 3°00

2.75 | 11-1 306

3.11 . 9446 - 294

3497 , 8-02 . 3.18

5053 629 | | 38

613 ‘ .87  2.99

6+55 | w67, 306
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The results obtained from reactions carried out at
various initial catalyst concentrations are summarised in
Table 2. Since a fraction of the catalyst decomposes during
the inhibition period a correction has been applied using the

-55-1 for k,, the rate of decomposition of

2

.value 6 of 1«01 x 10
ATBN in DIF at 60°C. In Table 2, [AIBN'] refers to the
catalyst concentration at the end of the inhibitiorn period and

[AiﬁN], the average catalyst concentration during the

inhibition period.

Table 2 /-

vt 5t e aew




- L2 -

) rgee v 0% re'z y
ol'g Lg% 716 -Gt © ottt B
92°9 g5 oer6  v9rg 98*¥ e
vLey 00°§ - 68°6 ghv vweot 1
T OTom. 0T X 9oT = °[Crong]
Gz’ 9tT°¥ 6z2°v 9t 80°1T I 4
. €9%9 o oolt Pl g82°6 orrz 2
9L°G - 16%6 pTog 09°6 gz T
Gy - TL*9 : €6 96°2 , 9lett | G0
vOﬁ X moﬁ.x ﬂloH,N Hlommﬂl.ﬂ mﬂosmOH X oommloH X I Hl.H mHoaNOﬁ X
g [ 1] [snazv] [mazv]x ¢ ojey pepIesey  POTIeg UOTHTQTUUL [r1v]

o3BY popIeley o4eY pepIesey .

.o . ore
=T eTom, 0T X 10.6 = °[ o)

*UOTFeIJUBOUOD NIV

o uotrgesTaswA(od JO 83X popIelsed pur pofdad UOTFIQTYUE JO eduspusdeq - *2 o1q%],



- L3 -

Thus the results are in accordance with reaction
scheme (36), with the length of the induction period being
proportional to [CuC12]o and inversely proportional to
@IB@}. The retarded rate following inhibition is proportional
to [ATBN]™ where 1<x>0+5, indicating both first and second
order termination reactions are occurring. The results in
Table 1 suggest that first order termination may be predominant

at high [Cucl,] .

RATE CONSTANTS OF TERNINATION REACTION.

As described in the kinetic analysis (pages 24-30),
the termination rate constants kk and k& for the rea§t?on of
polymer radicals with cupric and cuprous chloride respeétively
may be evaluated if the contribution of termination by mutual

bi-radical reaction is considered negligible.

Tig. 5 shows the steady retarded rate after the

. inhibition period plotted against the ratio of initial AIBN to
cupric chloride concentrations ( E%IBN]/ [Cu012]o) for [AIBN]
varying from 5 x 10'“3 to 4L x 10'2m01e 171 and [@uClzjo from

9 x 10—h~to 65 x 10-3mole 171. If termination ooéurs
exclusively by first order termination with reséect to polymer

radical concentration, the rate is determined by equation (38),

Rate

kT [] /e, [cuca] | | (38)

and the plot should be a straight line of slope'kp2ki[ﬁj/gy.

The plot given in fig. 5 shows that for the reaction initiated

-2 -
with 4 x 10 "mole 1. lAIBF, those with cupric chloride

3

: = 1
concentrations greater than 2+4 x 10 “mole l. ™ lie on the
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straight line while at a lower initiator concentration
(lo_zmole 1._1) a slightly lower cupric chloride concentration
(1-6 x 10 7mole 1.—1) appears to £it the plot. The remainder
of the experimental points clearly lie below the line
indicating that some second order termination is also
occurring, and these are typical of all reactions carried out

.

at lower cupric chloride concentrations.

From fig. 5

Slope = Icp2ki[£f]/ky = 747 x 10 mote 1.7 sec. L

5 1

Using the average value of I+61 x 10 “sece

for 2ki obtained from inhibition measuremeﬁts then -

Xx/k = 6
y/p ?
and correcting this for the slight loss of AIBN due to its

decorposition during the inhibition period then

Using the value of 1930 l.mole—lsec.-l for kp at 60°C

we obtain a value of 104 x IOAI.mole-lsec.-l for RY at 60°C.

In the  concentration region where mutual biradical
termination is considered negligible the value of kk’ the rate .
constant for the reaction between polyacrylonitrile and cupric

chloride, mav be determined from the period of acceleration

following complete irhibition.

Fig. 6 illustrates a typical conversion/time plot of
the acceleration period following inhibition for the reaction.

initiated by 4°0 x 10-2mole 1.-1AIBN in the presence of'
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- -1 ‘ ' :
613 x 10 “mole 1. CuCl2. Measurements of the reduced rate,
@', are made by drawing tangents to the curve at known values

of conversion.

The values of the reduced rate ' are substituted

in equation (46),

2 in Sl (7] t t 6)
- — ———— = k (R| £t + constant 4
£ g Y

. The plot of the left hand side of equation (4L6)
againét t should give a straight line of gradient kx[:R]y. The
value of the ratio k x/kv may then be obtained by substituting

the various values in equation (54),
: kx/kp = :rcx[R]y[M]/(-d[r.i]/dt)y (s4)
Kternatively kx/kp may be obtained from equation (57),
k /k
- - - b

{oe - = {amo-1/a-m

The plot of log «I/,d?—l} against (I-F) should be a straight -

line of slope kx/kp°

(57)

The plot of the left hand side of equation (46)
against time is given in fig. 7 for polymerisations carried out

in the presence of 2+02 and 6+55 x 10.3

mole 1.-1 cupric chloride
and initisted with L x 10 -mole 1.  ATBN. The caloulation
of the functions from the diia‘tometric measurements is shown
in the Avpendix. The @' values used in these éalculations

were restricted to the range 0:4<g'<0-8 because the

dependence of the function —1/¢'-1n{(1-—¢' )/ﬁ'}on,'ﬂ" is minimal
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vithin this range as illusfrated in fig. 8 and also because of
the increased error associatéd with the assignment of exact
VF values to @' measurements at values of ‘@* less than 0°2 or
greater than 0+8., The plots shown in fig. 7 are reasonably
linear, as were the plots obtained for intermediatebcupric
chloride‘concentrations.» The slopés'for curves ‘a!' an& Ht o
are 0094 min™t and 0°262 min-l respectively, which substituted in
equation (54) give values of kx/kp of 936 and 96°5 respectively,
The values of kk/k§ calculated in this way are ébown in column

% of Table L.

Fig. 9 shows the plot of log {kl/ﬁ")-%} against
log (1-F) using the same measured values of @' and F £hat were
used in fig. 7. The plots are again reasonably linear and inr
tris crase' #* values in the range 0°25<@'<0°75 were used, this
being the region of minimum dependence of the function
log.{(l/ﬁ')-;}-on @', as illustrated in fig. 10. The values
of kx/kD as measured from the slopes of the lines are shown in_>
Table 4 with the values obtained at intermediate cupric chloride

concentrations.

Table 4 /=
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" Table L =~ Values of kx/kF determined using equations (16)

and (57) with results from the polymerisation

of AN initiated by AIBN in the presence of

CuCl, at 60°C.

[Cu012]° | [_IUBN] valﬁes of k xﬂ{p

mole 1. (x 103) mole I. I(x 102) using eq.(46) ~using eq.(57)

2'02 9306 103

2.0 - 4o ' 753 89-8
2475 ; ; | k5 958
3.11 | | 739 103
3+97 ’ 576 . 101
553 | . © T71e2 89
6+13 98+ 108
6.55 - 96 #5. 112

These give an average value of 100 for k J/kp (using equation_» 57).

Using the value of 1930 I.mole ‘sec T for k, for AN at 60°C,

kx becomes 1°93 x 10-51.mole-lsec .

Corrected Rate Consta'nts . v
1 ]

As; described by equation (53)
Intercept = {1 - (k y/kx)} [ouc1,] /1 (53)

the values for the rates of initiation calculated from the
intercept of the extrapolated ré't'a;}aed rate of polymerisation
to the time axis should be corréc%éa'by multiplying by the

i
factor {1 - (x y/kx)}. Using the Values of ky and k_ already



- 48 -

given, the ratio k /k_has a value of 0-054, and the rate of

initiation correction factor becomes 0°946.
«’e The rate constant of initiation = 1.61 x 10" 0946 sec™t

152 X‘10~5860—1

]

Using this new value of 2ki, substituted .in equation (33,

k becomes 5¢7 which gives . ;
. y/kb 5¢7 which gives a new value of ky(ki of 0+057;
this in turn gives a new value of 1-515 sec—1 for Zki. Successive
approximations become smaller and smaller and can clearly be

ignored. Thus the values obtained for the rate constants ére

2k, = 1+51 x 10 0sec L ;

i
ky = 1'Ix lohl.mole‘lsec- H
kk = 1-93 x 1051.mole-1sec-l.

In the derivation of these constants it has been assumed
that the product (CuCIRn) of the reaction between the growing
polyacrylonitrile radicals and the cuprous chloride (formed
by the reaction between cupric chloride and polyacrylonitr?le
radicals) d;es not react with the growing polymef radicals.
Such an assumption is not unreasonabie since

(1) the final colour of the solufion is fairly
intense indicating‘that eventually a fairly high
concentration of CuClRn is produced and

(2) it is known that the reactivity of cupric
salts depends 1arge1y upon the ligands present

(see later sections).

If, however, the product CuCan does react with thg
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polyacrylonitrile radicalé then the vost inhibitionvsteadyvraté
will be attained only when the ratio éf CuCl to CuClR.n becomeé
constant., This would occur when the fates of reactions (36&.)‘
and (36B.) become equal.

k

y ' S
"R+ CuCl —> CuClR_ - (36a.)
kg , .
'RH + CuClR ~—> CuCl + polymer - ‘7(36‘0.)__
’i.e.’ .kz [&] [ouciz ] =k [] [cucd] | : (5?)

Thus at the end of the inhibition period when all the cupric .

chloride has reacted we have

v[CuAClJ . [cucir ] = [CuClz]o | (59)'
From (58) and (59) we have

B = Baorly o) GO
Equation .(z+5) will be replaced by the féllowing equation |

[R]y = I/(ky[CuCl]. + kg [Cuclr ]) ‘ (61)

Combining equations (58), (60) and(61) we have
Rl, = 10 +.ky/1><z)/2kx[CuC].2]o. - (62)‘

Consider, firstly, the unlikely event of the product‘>
- CuC1R Dbeing fery reactive, i.e. k;f} k&, then equation (62)
n ~ ,

approximates to

l, - ——— (63)

Qky-[Cu c1,],
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i.e. the valne of kY determined by equation (45) will be out by

a factor of 2.

Secondly, if we assume that CuClJR.n and CuCl are equally
reactive towards polyacrylonitrile radicals, i.e. ky‘= kz, then
equation (62) reverts to equation (45) and no correction to the

ky value is necessary,
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SECTION 2 =  THE POLYMZRISATION OF VETHYL METHACRYIATE

IN TFE PRRESENCRE OF SONE CUPRIC SALTS

CONVERSION FACTOR

For the polymerisation of methyl methacrylate, a
linear relationship between fractional contraction, V/Vo, and
fractional conversion, F, was found to hold over the first 10%

polymerisation.
For methyl methacrylate at 60°¢c
VNo = 0°234 x F

This is in good agreement with the conversion factor

(0-237) calculated from the density data of Matheson et alﬁl'f

For polymerisation studies ofvmethyl methacrylate at
temperatures other then 6000, conversion factors are calculated
from the densities of monomer and polymer at the required

temperature. ' The values obtained from these are as follows.

Temperature ’ V/Vb
(°c) . F
W oe221
50 - 0+228 .

70 00243
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THE POLYNMERISATION OF IATHYIL NETHACRYLATE IN THE

PRESENCE OF CUPRIC CHLORIDE

The initiél experiments were all carried out at
60°C, with the volume ratio of MN/DMF being kept constant at.
90%,/10% such that [¥] = 8°06 mole 1.7, The small quantify'
of solvent is required as cupric chloride is almost complétely

insoluble in 1.

The effect of cupric chloride on the polymerisation
of methyl methacrylate initiéted With‘1'08 x 10-2m01e 1.-1 ATBN
was first stpdied. As with acrylonitrile, the polymerisation
is inhibited, the inhibition period increésing with increasing
initial cupric chloride concentration. The final rate of
polymerisation is not affectgd by the addition of cupric
chloride, so the‘prdbable product of the reaction, cuprous
chloride, does not appear to affect the polymerisation. The
period of inhibition is followed by a fapid acceleration in
rate until the final steady rate is attained. A substantial -
EAIBN]/’@uClZJO ratio was maintained throughout the experiments
to avoid err-ors in the final rate of polymerisation due to ATBN
decoﬁposition during the inhibition period. Fig.ll refers to
polymerisation against time curves for initial concentration
of cupric chloride up to 1°3 x 10 3mo1e 1.7%.  During the
inhibition periodAthe cupric chloride colour faded gradualiy
and disappeared completely by the end of the inhibition}7A In
contrast to the results with acrylonitrile, theAsoiution

remained colourless during polymerisation.
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/

MEASUREMENT OF INHIBITION PERIODS.

For the conditions existing in this reaction,
Bamford et ai.2 have shovn that the time t', at which thei
value of ﬂ%, the reduced rate, = 0+648, is a more satisfactory
measure of the induction period than the usual extrapolation of

the ¥ polymerisation against time curve to the time axis.v

A typical example of the % polymerisation against
time curves obtained with methyl methacrylate in the presence
of cupric chloride is gi#en in fig. 12. The insert shows a
detalled plot of.part of the acceleration period, with P
indicating the point at which g, = 0-648. This gives a
value of 167-2 min. for t'., The extrapolatién of the linear
portion of “the % polymerisation againsf time curve gives an
inhibition period of 165°+6 mim., i.e. élightly less than t' as
expected from theory 2, The aifference in the two values is,
however, only about 1% of the inhibition period. Consequently,
if the extrapolation method were used it would result:in the
value of the rate of initiation being too large by about 1%.
As errors in reproducibility are normally greater than 1%,
then if a measure of the rate of initiation only is required,
it is simpler to adopt the usual extrapolation procedure;
‘since to determine t' accurately it is necessary to make a
detailed study éf the period of acceleration using large
dilatometers with small capillaries. Since thg usual |
extrapolation technique is, however, accurate even when
relatively small dilatometers are used, it has been applied
to the determinations involving measurement .of rates.of

initiation.
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EVALUATION OF RATES OF TNITIATION,

The inhibition periods measured from the polymerisation
curves, shown in fig. 11 were plotted against the initial
cupric chloride concentrations. The plot gives a straight
line passing through the origin, showing no inhibition in the
absence of cupric chloride. This plot is shown in fig. 13
together with similar plots at AIBN concentrations of

2.05 x 10 %mo1e 1.7% and 5+0 % 10’3mole 1.4

. The slopesof
these lines gives the ratesof removal of cupric chloride
from the monomer and assuming that each free radical reacts

with one molecule of cupric chloride, then the rate of removal
}

of cupric chloride is equal to the rate of initiation, I.

The plot of I against the ATBN concentration is

given in fig. 1.L. Tt is lineer and can be represented by

I = 133 x 10-5I}IBN] (mole 1.-1sec-1)

Fig. 15 refers to a plot of the rate of polymerisation
against the square root of the AIBN concentration. - The plot
is linear and passes through the origin, showing that once the
inhibitor had been removed the termination process again became

second-order with respect to the growing polymer radicals.

THE POLYMERISATICN OF MuTHYL VITHACRYLATE IN THE

PRESWNC= OF CUPRIC BRONIDE

As with the reaction involving cupric chloride, the

s e : . o} . -
initial measurements were carried out at 60°C with [@] = 8+06

mole 1.'1.
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The polymerisation was first studied at an ATEI
concentration of 1 x 10-2mole 1.-1 in the presence of cupric 
bromide concentrations up to 113 x lO-Bmole 1.-1. Pig. 16
shows the %'polymerisation against time curves. As with
_cupric chloride, the polymerisation is-inhibited, the
inhibition period being followed by a rapid acceleration in
rate to the valué obtained in the absence of inhibitor. Thus
is appears that cuprous bromide, the probable product of the
inhibition reaction, has no affect on fhe polymerisation.

The cupric bromide colour faded during tﬁe,inhibition period

and disappeared completely by the end of the inhibition.

The inhibition periods were again measured by

extrapolating the final steady rate to the time axis.

EVALUATION OF RATES OF INTTIATICN

Fig. 17 shows inhibition periods plotted against
initial cupric bromide concentrations for an AIBN concentration
of 1 x 10-2mole 1.-1. The plot is linear and passes through

the origin, giving the rate of removal of cupric bromide as’

d |CuBr _ _
- -L———iil = 1k x 10-7mole 1.'1sec 1.

at

Again assuming that each free radical reacts with one molecule
of cupric salt, then

_ d[CUBrQ] = T = 1L4x 10-5 [AIBN] (mole 1o-lsec-1)

at
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A series of polymerisations were studied at constant
initial cupric bromide concentrations and varyiﬁg ATBN
concentrations. Fig. 18 shows that the length of the
inhibition period, T, is inversely proportional to the catalyst
concentration for a given initial cupric bromide concentration.
With the assumption that each free radical reacts with one
molecule of cupfic bromide then

[CuB‘rQJO ,

3 6
T 2k [aTBN] ()

The slope of the line in fig. 18 is 1+98 x 10-2mole 1.-lsec.which when
substituted 4n equation (36), gives the value for %, =
139 x lo-ssec-l, in conformity with the result obtained from

fig. 17.

Fig. 19 illustrates that once the inhibitor had
been removed the termination again became second-order with

respect to the growing polymer radicals. S

EFFICIENCY OF INITIATION.

‘Using the value of 1°01 x 1056t for k, at 60°c,
the efficiency of initiation is approximately 70% with both

ocupric chloride and cupric bromide.
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o713 POLYNERISATICN OF 15TiYL JBTHACKYIATE IN THE PRESENCE OF

B

CUPRIC NITRATS AND CUPRIC ACETATE

In these experiments, it was essential to use DiF
as solvent due to the insolubility of the salts in methyl
methacrylate, The monomer concentration in each case was

8.06 mole 1.~1

CUPRIC ACETATR.

The presence of 1+3 and 5+4 x 10-3mole 171 cupric
acetate, Cu(CH COO) -H,0, had no effect on the rate of
nolymerisation of methyl metnacrylate initiated by

1 x 10" 2mole 1. YATEN at 60°C.

CUPRIC NITRATE.

The presence of 19 and 9-8 x 10 3mole 1. -1 cupric

nitrate, Cu(NOB)Z.BHQO, hed no effect on the rate of polymerisation

- : -2 .
of methyl methacrylate initiated by 1 x 10 mole l. 1AIBN at 60°C.

EVATUATION OF RATE CONSTANTS.

‘The rate constants for the termination reactions of

polymethyl methacrylate radicals with cupric chloride and cupric
bromide were evaluated by measuring the value of kx/kp from a

study of the period of acceleration following the complete

inhibition.

As discussed earlier (pages 22 -‘24) kx/kb can be

determined from ldnetic studies in two ways.
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(1) Prom equation (22)

1 1+ ﬁ% ,
- = + log —— = kX[R]St + A (22)

g, 1- 4,

The left hand side of equation (22) is plotted against t for
measured values of ﬂ% and corresponding reaction times. aThe
slope of this line is equal to kx[?]s’ and substituting this -
value in equation (26), | |

x, o [R] 0]

[~
2.

(Rp)

|

"~ the ratio kx/kb can be determined.
(11) From equation .(35)

R R AN
x kx/gp |

[cuc1,] (2 - ¥)

(35)

Using measured values of ¢% and F, kk/kb may be determined from
the slope of the line obtained by plotting the logarithm of
. either (1 - ;zf,f)/;zt, I or [CuCIé]O_l against thé logarithm of

(1 - F) for fixed values of the remaining %wo variables.

RATE _CONSTANTS FOR THE CUPRIC CHLORIDE REACTION

. . o
The initial experiments were carried out at 60 C.
Polymerisation versus time curves for reactions with low and
high initiator concentrations are shown in figs. 20 and 21

respectively, the initial cupric chloride concentrations being
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6 x 10-#mole 1.-1 in each.case. These curves are approximétely
% size scale of those used for measurements of ﬂ% and F, - Due
to the élope'of the %jpoLymerisation ﬁersus time curves, it

is difficult to determine accurately the values of the fime

and fractional conversion corresponding to any %alue of Q; if

it is less than 0+2 or greater than 0¢8, Thus values of Qé

in the range 0+2 to 0+8 were used in evaluating kx' Fig. 22
shows the left hand side of equation (22) plotted against time,
and the two plots (a) and (b) refer to experiments with low

and high initiator concentrations shown in figs. 20 and 21
respectively. Calculation of the functions from dilatometric
results js showm in the Appendix. In general, greater lineérity '
was obtained@ at lower initiator concentrations, possibly due to
inaccuragies caused by the shorter acbeleration periods at
higher initiator concentrations; cqnsequently, ¢; values
increase mofe repidly and greater accuracy in determining Q%
and the corresponding time values Woulq be necessary to obtain
the same overall experimental error.” The $16pes of the lines
(a) and (b) in fig. 22 were found to be 0028 and 0-042 sec-1

_ respectively, which substituted in equation (26) give valﬁes of

1010 and 800 respectively for ky/kp.

A plot of log (1 - ¢f)/¢% against log (1 - F),for
fixed rates of initiation and cupric chloride concentrations
is 5ivén in fig. 23. The initiator concentration was
1x 10-2mole 1.'1 for both experiments, while the initial cupric
chloride concentration was 1+30 x 107 mole 1.7% for curve (a)
and 135 x 10 *mole 1.7 for curve (b). Both plots are

reasonably linear and represent the type of ourves found with




3

(urw) ours
1

L0 < A ™ n g9t 29T, 191 09T 66T
L4 ¥ 1) “ L] ¥ T 4 O.Wl
- :
| ]
10.4-
. OONAI
o
- O.N

"NETV . _°T oTow, 0T X g (9) *N4IV 1~ T °ToW- 0T X S (®)

PU® OPTJIOTUD OTIANO Hu.H mHoE;TOH X g Jo soussald oYz Ut e3vLAadeygou

TAwpeur Jo uorgvsTaewdArod ayj I0J 3 3SUTBSB (gg) UOTIBNbLa JO .m.n.ﬁmo yaeas

22°9Td

(6 - T)/(8 + T) 90T €05,z + /T~



66661

(& + 1) Sot

2666+1 6866°T 9866.1 €866.T 0866+1 L666+T 661
L T e T

L i

T

L T T
~

#/(4 - 1) 31

_°T etom, 0T X mm.#aﬁv«meAOHsooﬁnnﬂw

*9pTIOoTYe oTadno 1

S 8

1 oHoEMIOH X ¢oT (®) pue NATV Hu.H oHoEN|OH JO oousosodd oy Ut ojevlAiaoeyjaul

Tdygzeu Jo uotgesTJIawArod ay3 J0J Amle J0T 3sureIe n\mN&aHv 30T Jo ydexd ¢z 514




- 60 -

ATBN concentrations of 0¢5 to 15 x lo-gmole 1."1 and'oupric

chloride concentrations of 425 to 13.0L x lo-hmole 1.-1.

Values obtained from curves (a) and (b) are 990 and 1020

respectively for kx/kp.

In fig. 2 Tog [CuCl,] is plotted sgainst log (1 - 7)
for fixed values of Q;, viz: 0°3 for curve (a) and 0-5 for
curve (b); the initiator concentration being 1 x 10 %nole 1,71
in every case. It is impossible to obtain accurate gradients
.from such ploté because of the scatter of points, but values |
sccurate to within a factor of 2 are possible., The gradients
of lines (a) and (b) in fig. 24 give values for kk/k§ of 1030
‘and 990 respectively, in reasonable agreement with the previous

values.

-Plots of log I against log (1 - F) for fixed values B
of ¢£ and [puCIZJO show an even greater scatter of points and

no gradient measurements are possible.

A summary of the values of kx/kb obtained from plots

of the type shown in fig. 22 and fig. 23 are listed in Table 6.

Table 6 /-
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Table 6 Values of k;/kA deternmined using equations

kl

onY . . . s
(22) ena (35), vith date from the polymerisation

of methyl methacrylate in the presence of

various concentrations of AIBN and cupric

chloride,

[ATEx] [Cu012]0 ‘Values of k x/kp

-1 A =1 : :
mole 1. ~(x 107) mole I. (x 10A) Using eqn.(22) Using eqn.(35)

1.0 L35 1020 980
1-0 6+25 1200 1050
1+0 840 1210 1010
10 10°43 1160 - 1010
1.0 13e0h %80 990
05 6-0 1010 1100
0-75 " 6+0 | 1090 - 1010
1.0 - 6.0 1200 1050
1e5 | 60 900 970
2.0 60 800 800

If the values 2% high initiator concentrations are
omitted for the reasons given previously, the average value of

Ofh =« ~nen
kx/kb at 60°C is 1030.v

RATE CONSTANTS FOR THE CUPRIC BRONIDE REACTION

Similar experiments were carried out using cupric
bromide as inhibitor.

Comnared withthe experiments with cupric chloride, the

. ] indrical
acceleration periods weére much shorter, and using the cylin
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shaped dilatometer bulbs non isothermal conditions were
obtained. To eliminate the 'self-heating"effect, very thin‘
disc-shaped dilatometers were used to allow good heat transfer
throughout the dilatometer. A conversion/time plot of the
acceleration period is shown in fig. 25 for an initiator
concentration of 1-10-2mole 1.—1'and an initial cupric brémide
concentration of 6+0 x 10-#m01e 1.-1.A The curve obtained
under non~isother@a1 conditions at the same concentrations

is also shown in fig. 25, In the reactions to evaluate the
ratio kk/kp lower initiator éoncentrétions (<:1 x 10-2mole~1.-1)
were used to reduce the generation of heat at the onset of

polymerisation.

The curves obtained from plots using equation (22) and
equation (35) were less linear than those obtained using cupric
chloride, possibly due to the greater expérimental error in
measurements over shorter accelération»periods. waevér, by .
considering values of Q% between 03 and 0+7, reasonable straight

lines were obtained.

Fig. 26 refers to a plot of the left hand side of
equation (22) sgainst time. Plot (a) refers to an initiator
concentration of 5 x 10-3m01e 1.-1 and an initial cupric

L

chloride concentration of 3 x 10 'mole 1.-1; plot (b) refers
to an initiator concentration of 35 x 10’3m01e 1.-1 and an |
initial cuprie chloride concentration of 4 x 10 " mole 1.*1.
‘The calculation of the functions from dilatometric‘data.is

shovn in the Appendix. The slopes of the lines (a) and (b)

are 0069 and 0052 sec'.1 respectively. Substituting these
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values in equation (26) gives values of 2450 and 2180

respectlvely.for k%/kﬁ.

Fig. 27 shows a plot of log (1 "¢§>/¢£ against

" log (1 - F) for the same experiments plotted in fig. 26.
Curves (a) and (b) give values of 2120 and 2050 respectively
for k&/ké. The curves shown in fig, 26 and fig. 27 are-
representative of those found for initiator concentrations
of 3+5 - 8+0 x 10-5ﬁ01e 1.'1 and initial cupric chloride
concentrations of 1.8 - 640 x 10“4m01e 1.-1. _ Plots of

log [puBréJO and log I against logv(l - F) show a wide
scatter ﬂf points, as with the experiments with cupric
chloride, and no gradient measurements could be made from

them.

A summary of the values bf'kﬁ/%§ obtained from
plots of the type shown in fig. 26 and fig. 27 are listed in-

Table 7.

Table 7 /-
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Table 7 = Values of k_/k determined using equations
el .

(22) and (35), with data from the polymerisation

of methyl methacrylate in the presence of

various concentrations of ATIBN and cupric

bromide.

[a1en] [our,] Values of k /i

mole 1.~1(x 103), mole 1.-1(x IOA) Using eqn.(22) Using eqn.(35)

50 18 2220 1950
50 N '_ | 340 | 250 2120
5+0 | 4+0 2360 2220
50 . 50 1800 1900
540 N S w30 - 2020
345, . 0 - 2180 2050
645 L0 250 250

8.0 Lo 2250 2080
Th lue of k is 2190.
‘The average valu x/kp |

VALUES OF kx

Using the value of I obtained by Matheson et a1

corrected for termination by disproportionation, viz:

734 l.mole —1sec-1, the following values for k  are obtained.

Tnhibitor  k (1.mole Leec™)
‘ 5
CuCl, o 7.7 x 10
6

CuBr2 1+61 x 10



|
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DITERMINATION OF ACTIVATION ENERGIES

The velocity coefficient, k, of a reaction is related

to the energy of activation by the expression

k = Ae-E/PT » '
- where '
A = Collision Frequency Factor
E = Activation Energy
T = Temperature (degree absolute)
R = MNolar Gas Constant.
E ~E_.
D X

he following expressions may be written for kp and
kx’ the velocity coefficients for the propagation reaction and

' the termination reaction involving cupric salt respectively.

-E_/RT ~ _ ., -E_/RT
k, = Ae’? k= Axex/ .

Therefore '

or
kx Ax AE
In — = 1n — + —
k A RT
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where

Thus a plot of log10 kx/kp agalnst 1/T gives a line of s;ope
AL/2+3R. ‘ |

ki/kﬁ values were measured, using equations (22)
and (35) as described in the previous section, at different

temperatures between 140°¢ and 72°C.

Those étudies were made on the polymerisation of
methyl methacrylate in the presence of cupric chloride and-
cupric bromide, and the results are shovn in Tables (8) aﬁd
(9) respectively.' In both cases the values quoted for
kx/‘kp at 60°C are average valueé calculated‘from the results

in Tables (6) and (7).

Table 8 /- |
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Table 8 - A 1ist of values of k /k using equations (22)
— T

and (35) with Aata from the polvmerisation of

methyl methacrylate in the presence of cuoric

chloride at various temperatures.

Temp. [ Azer] @‘1101 2] . Kk

_?_(_3. x 10°mole 1.“1 x lob’mble _1.-1 using eqn. (22) using eqn.(35)
40 60 - 1 B 2370 2540

%0 60 . 2 . 1080 1720

L0 60 3 : 1020 1160

66 5 - 15 - 4 =13 1086 © - 1019

70 05 1.5 280 2230

70 05 1.66 ’vf 1830 1560

72 - 05 083 . 1500, © 1550

72 o 0°5 ” : 1ok o 2830 2600




T=ble 9 - A list of values of k /& using equations (22)
e > _

P

and (35) with dota from the volymerisation of

L Cm e s
methyl methecrylate in the presence of cupric

bromide at various temperatures.

T * A

emp [a1mN] [CuBr,Z;IO k, /k
'f_g' x 10°mole 1,70« 10l*mole 1,71 ‘using ean. (22) using eqﬁ. (35)
30 60 | 1.0 2200 1900
L0 60 | 240 1350 14,70
W 60 30 1730 1700

50 25 40 . 1670 1930
50 25 ’ 60 2200 2310
50 25 733 18 o 1950
60 35 ~ 8+0 18 - 6+0 2280 2100
70 10 10 3980 3020
70 0.5 075 2830 2610
70 0.5 1.0 2750 2,60

The results are shown graphically in fig.28 and 29.
for the reaction involving cupric chloride _ahd cupric - -

bromide respectively.

No accurate determination of AE is possible from
the results for the reaction involving cupric chloride as
illustrated in fig.28 . There appears to be little variation

in log k with temperature, however, and thus AE is.
D D




e-¢ T . 0 : - 6.2 . 8.2
T g 4 m.N
.®
‘ .
-~ O.. . ..
) 4t-¢
T 3 . G
_ 0} - .
, -
O | o)
¢
. o
. dg.

*AT8AT300dsaa AmmV.czm (2z) suoTjenbe FUTSN pPAUTBIQO SSNTBA 03 JI8JoI () @smq

*9PTJIOTYQ oTadno JO edoussaxd oyl Ut NIV £q
PO3BTITUT o03B[Ai0BYjoW [AyjeuWl JO uorjestasuwiiod ayj J0J §8/ JO UOTJeuTmIa3dl = 82°'9hd

d,[/x,[mgq



(vo)a/¢ot |
82

€eg
 zaamme H-M
Y 434
s I3
[
(]
oR
H
. o
| S
.« ’ d
qh-<
R (114
*AToAaT309dsaa
(49¢) pue (gz) suotjenbse Jursn
POUTBLQO seneA 03 JI3JoX ug _

. . : : *3pTWOJIq OTIdNO JO edussaxd 8ayj Ul NIV 4q
aopﬁﬁﬁwpwabnocfmaﬁhaﬁs.wonoﬂawﬁm_ﬁ.ﬁoamﬁ..uo.wmﬂhozoﬂmnﬂﬁmpwn‘..mw.mﬂ.m




- 69 -

approximately equal to zero.

The value of AE, calculated from the slope of the
curve in £ig.29 for the reaction involving cupric bromide,

is = 3¢6 kcal.

Using the value of’Ep of 6 keal calculated by

1 .
Matheson et ﬁtl.l+ , the values of E, for the reactions are:

o

Tnhibitor E, (kcal)
Cupric chloride ‘ approxe. 6
Cupric bromide 96

OVERALL ACTIVATION ENERGY, E_ -

From equation (2)

As the monomer concentration remains sensibly constant during

the initial stages of polymerisétion,vthen

Rp E_
Jog - = K-
S0 [y 2+3 RT
. -1 LR I,
where K is a constant and EO = 2B, + hp QEt Thus a

1
plot of log, Rp/ [ATEN]Z against 1/T will have & slope of
~E°/2-3R.
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Rates of polymerisation’were'measured at different
temperatures between AOOC and 70°C and the results are shown
graphically in fig. 30. From the slope of the curve, the

overall activation energy was calculated as

E, = 20°5 keal. "

ACTIVATION ENERGY OF THE INITTATION REACTION, Ei

In this case

Rates of initiation were measured at different
temperatures between 40°C and 70°C from the length of inhibitién
periods obtaiﬁed using cupric chloride and bromide respectively
_as radical scavengers. Fig. 31 refers to a plot of 1ogloki |
against 1/T for the values obtained for ki using the capric
salts as radical scavengers in the ATBN initiated polymerisation
of methyl methacrylate. The activation energy, measured from

the slope of the plot is

E.. = 32-9 keal.
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EriTECT OF H.0 O THRE CuCl, TERMINATION REACTION

The effects of small quantities of water on the
cupric chloride inhibited polymerisafion of méthyl methacrylaté

in dimethylformamide solution have been examined.

The polymerisations were carried out at 60°C with
constant [M] = 8+06 mole 1.-1. To maintain homogeneous
conditions in the dilatometer, only smgll quantities of H20

could be added.

Fig.32 illustrates the effect of H,O on the %

2
polymerisation versus time curve of the acceleration period.
Curves a, b and ¢ refer to H20 concentrations of zero, 0+55
. -1 . s
and 1+10 mole 1. ~ respectively. In each case'the initial
_—_ . . -2
initiator and cupric chloride concentrations were 8 x 10
P -1 .
and 6 x 10 " mole 1. = respectively. The added water appears
to reduce the length of the irhibition period and cause a
"substantial increase in the length of the acceleration period.

The final rate of polymerisation is not effected by the

AR
adcded HZO'

PR ! D H R .
EFFECT OF'ADDED H,0 ON k_/k .

Fig.33 shows plots of log (1 - ﬂi)/@% against
log (1 - F) for the polymerisations with varying amounts of
H20. As before, curves a, b and ¢ refer to H20 concentrations
of Xero, 0¢55 and 110 mole 1.-1 respeciively, the initial
orateatpr amd cupric chloride concnetrations in each cése

being 8 x 10"2 and 6 x 10~umole 1.-1 respectively. The
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values of kk/kp’ measured from the slopes are listed beiow.

,[HZO] - ko
‘gﬁole 1;%12 ; fiL:
0 . 1290
0+55 ’ 820
1-10 | L70

The value, 1290, obtained in the absence of HZO is slightly
higher than the average value of 1050 obtained earlier
(Table 6 ). The values shown above indicate a decrease in
the value of kx/k§ with added H20. As the value of kp. |
would not be expected to vary, the value of kk appears. to .

. -1
decrease by more than 50% by the addition of 1°10 mole 1.

HZO'




THE BFFiCT OF CUPRIC CHLORIDE ON THR POLYVERISATION OF

VETHYT, METHACRYLATE IN THE ARSENCE OF SOLVENT.

As cupric chlofide.is almost completely insoluble
inlmethyl methacrylate, no extensive kinetic studies could be-
carried out in the absence of solvent.’ Howiever, the effect.
of cupric chloride on the polymerisation of methyl methacrylate
initiated by AIBN at 7OOC in the absence of solvent is

illustrated in this experiment.

Cupric chloride in methyl methacrylate forms a
type of suspension and the colouration‘of the solution suggests

slight solubility.

The dilatometer used was of the nbrmal bulb shape
containing a magnetic follower, with a capillary of 2mm.
diameter. ATDN was introduced into the dilaﬂometer in
standard chloreform solution, as before, and cupric chloride
was added using an elongated dropping funnel.  The required
amount of metﬁyl methacrylate was distilled 'in vacuo' into
.the dilatometer which was then isolated and the contents
thaved, thoroughly mixed and placed in the thermostatic tank

2t 70°¢C.

Fige 3L shows the % polymerisation versus time
plot for the reaction with an initial AIBN concentration of
1x 10-3mole 1._1. The polymerisation is inhibited, the
inhibition period being followed by 2 constantly changing
rate of po}ymerisation. Also, as illustrated in fig.Bh
the polymerisation may be stobped at any time by reforming

- o tpaa s
the suspension. This is formed by agitating the magnetic



o4

(um) swra
oo | 0T

POIIT3S ST UOT4N[OS mnp JoTyM 3® sjutod ay3 ©3BOTPUT SOUT[ [BOTIIOA O]

*JUBATOS JO 90USSqE Y3 UT 9PTJIOTYo 9Tadno Jo soussaad ay3y UT 0,0/ 3® NAIV

Hn.ﬁ etou, 0T X T Kq DOjETILUT o36[Ad0B 3ol [AUGoll JO UOT}BS[AOUWALOd oYf = W¢°Itd

uotyestasulrod 9



-7 -

follower for approximetely 15 second.. It appears that the:
inhibition is caused by 'point solubilities! which exist in
the suspension, and the length of the inhibition period is
dependent on the rate of settling or diffusion of the cupric

chloride particles.
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THE EFFECT OF CUPRIC CHLORIDE ON THE POLYMERISATION OF METHYL

METHACRYLATE USING ACETONITRILE AS SOLVEN

As before, the ratio of monomer to solveﬁt was
maintained at 90% to 10% by volume respectively, with the
monomer concentration = 806 mole 1._1 at 60°C.  The cupric
chloride acetonitrile solution was added to the dilatometer

and outgassed in a similar manner to the DMF solution.

Fig. 35 shows typical % .polymerisation versus time

curves obtained in this system. In each case the initial

AIBN concentration was 7¢5 x 10.3mole 1.-1 and the initial

cupric chloride concentrations varying from L x 10-!+ to

107mole .75, ail cases, the polymerisation was inhibited,
the inhibition period increassed with increasing initial cupric
chloride concentration. The length of the inhibition perioés,
however, are much shorter than with equivalent concentrations

in the DMF‘system. Thus the rate of removal of the cupric
species is much faster in the methyl cyanide system, if it is
assumed that all the cupric salt is removed during the inhibition

period.

There appears.to be two separate reaction mechanisms -
6ccurriné over the concentration range studied. Firstly, the
reactions at initial cupric chloride concentrations below
6 x 10" mole 1,71 (approxiﬁately), represented by curves (a)
and (b) in fig. 35. In 21l reactions within this concentration,
the inhibition period is followed by a vefy rapid acceleration

in rate to the normal rate in the absence of inhibitor. The
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yellow colour of the cupric species in golution faded during
the inhibition reaction and had completely disappeared by the‘
end of the induction period. ‘Secondly, the resctions at
initial cupric chloride concéﬁtrations greaﬁer‘than 6 x 10-'1F
mole 1,77 (approximately), represented by curves (c¢) and (d)
in fig. 35 In these reactions, a dark precipitate appeared
at the beginning of the inhibition reéption. This. appeared
to become colourless during the polymerisation following the

induction period. The rate of polymerisation was retarded and

continuously changing.

These complex reactions were not examined more fully
in this present study, but they indicate the effect of possible
complex ion formation, which has been found in cupric chloride—

methyl cyanide solutions, on the poiymerisation reaction.
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SECTION 3 =~ oPVCTROPHOLOﬂE”WIC MEASURENENTS

The fundamental equation which relates the incident
and transmitted radiation for the absorption of light by a
substance in solution is known as Béer's Law, one form of

which is .

log To/I = ¢ct,

where €, ¢ and t are the extinction qoéfficient, the
concentratién'of solution and the thickness of absorbing medium
respectively. | Iog Io/I is the logariﬁhmic ratio of the
intensity -of the incident light to that of the'emergent light

and is known as the optical density (or absorbance).

. Thus, for solutions obeying Beer's Law, the optical
density is proportional to the concentration, and by observing
the change in optical density, the change of concentration of

the substance in solution may be measured.

RATE OF RENMOVAL OF CUPRIC CHLORIDE TN DMF SOLUTION IN THE

ABSENCE OF NONGCMER

The optical density measurements were made in the

visible region of the spectrum at 60%C.

Fig. 36 ‘shows the absorption spectra for cupric ‘chlorideb

~3

¢ -1 ; P

concentration from 08 to 5+4 x 10 “mole l. ~. The PlO“ of

optical denSity, measured at the absorption peak at 436 m/u,
against cupric chloride concentration is shomn in fig. 375

it is linear in agreement with Beer's Law. The spectra

measured during the reaction is'éhown in fig. 38 and the



Fig.36

Absorption spectra for cupric chloride in DMPF.
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initial rate of removal of cupric chloride is illustrated in
fige 39 for an initial AIBN concentration of 7.5 x 10-2mole l.—l.
The results 'measured at different initial catalyst concentrations

are summarised in Table 10

Table 10. - Rate of removal of cupric chloride in DNMF

solution at various AIBN concentrations.

~d [Cuc1,]/at [ATEN) -d [CuClzj/dt/ [aTeN]
'(mole 1.-lse6-1) (mole 1.-12 : sec™t

7433 x 107" 2.5 x 10”2 2.93 x 10~
0.4 x 10~/ 5.0 x 10”2 2.09 x 1077
10 x 10°7 75 x 1072 187 x 10™°

RATE OF RENOVAL OF CUPRIC CHLORIDE IN AN/DMF‘SOLUTION

The optical density measurements Were'made in the
visible region of the spectrum af 60°C, and at a constant
ratio of AN/DIF, with [M] = 12:92 mole 1,75, This allows
a comparison to be made with the methyl methacrylate system,
under similar conditions. The additional of AN gives rise
to a new absorption peak at 467 m/u which obeys Beer's Law -
as illustrated in fig 40. The change of optical deﬁsity
during inhibition is shown in the spectra in fig. &1 and -
refers to an ATBN concentration of 4 x 10-2mole 1.-1. Fige. 42
shows the cupric chloride plotted against time for an AIBN
concentration of 5 x 10 2mole 1. Y. The initial rate of
removal of cupric chloride was measured at three AIBN
" concentrations, and the results are shown in Table 1. In

each case the initial cupric chloride concentration was
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Absorption spectra of cupric chloride in AN/DMF solution
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3

487 x 10 “mole 1. T.

Table 1L - Rate of removsl of cupric chloride in AN/DMF

solution at various AIBN concentrations.

~a[ouct, ] /at [aTBN] -a [cuc1,]/at / [azeN] |
(mole 1.-lsec-1) (mole 1.-1[ gsec-lz

67 x 10~/ 40 x 10~2 168 x 1072
8+7 x 10~7 5.0 x 107% 174 x 10~°
103 x 107  60x107% 1.70 x 2072

_RATE OF REMOVAL OF CUPRIC CHLORIDZ IN MM/DMF SOLUTION

The optical density measurements were made at 60°c
with constant [iﬂ = 8¢06 mole 1."1 as in the dilatometric

determination of the inhibition periods.

The spectrum obtained when MM is addeé to the
CuClZ/DMF system is shown in fig. 43 for cupric chloride
concentrations from 2+16 x 10 2mole 1.™% to 10-7 x 10 >mole 1. .’
As with the AN/DMF system, a new peak is formed at 467 m/u.
The peak in the M system is much less distinct than that .
obtained with AN/DMF. Thus all measurements used in‘determiping
the rate of removal of cupric chloride were made at optical
‘densities above 0¢5 where the optical density is a lineal
function of cupric chloride concentration as shown in fig. 4k
The initial rate of removal of cupric chloride is illustrated
in fig. 45 for an AIBN concentration of 5 0 x 10‘2m01ek1.’1.

- The rate of removal of cupric chloride was measured at three

AIBN concentrations and the results are shown in Tablel2. .
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Table12 - Rate of removal of cupric chloride in }7/DMF

solution af various AIBN concentrations.

-d [Cuc1 2] /dt [AIBN] -a [cuc1 2] /at / [AIBN] '
(mole 1.-lsec-1l (mole 1.-12 sect)

1011 x 207 5.0 x 107 2022 x 1070

1okl x 1076 705 x 1072 1092 x 10~

1.91 x 107° 1.0 x 107+ 1.91 x 1072

THE ABSORPTION SPECTRUM OF CuCl, IN ACETONITRILE.

Fig. 46 shows the absorption spectrum of cupric chloride
in acetonitrile in the visible region of:the spectrum, where a
clear 4absorption peak at 464 m /u is obtained. TFig. 47 refers
to a plot of the optical_densi‘l;y, measured at 464 m /u against
cupric chloride concentration. It is; linear in agreement with

Beer's Law.




Fig.h6 -~ Absorption spectrum of cupric chloride in
methyl cyanide.
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DISCUSSION

The inhibition and retardation reactions involving the
oxidation of polymer radicals by metal salts are influenced by
many variables. These factors inclﬁde the charge distribution
and steric properties of the suﬁstituent groﬁps on the radical,
the metal and the metal salt anion, the solvent system and complex
formations within the system. Before considering some of these
effects with respect to the mechanism, it is necessary to

consider possible complex formations.

No extensive studies were carried out‘to isolate or
identify possible copper salt complexes with solvent and/or
monomer in the systems but their existence is indicated by
the speotrophotometric results. ‘tzinl"2 assigns the peak at
438 m/u in the spectrum of Cu012 in DMF to the tetrahedral ion
[Cuc1 v ™. - 1t 3s sugrested that the absorption peak arises
from electron transfer from the metal ion to the ligand, the
normal electron transfer peaks for movement from chloride to

the metal ion occurring further in the ultra violethB.

The formation of the new peak at 468 myu when AN is

added to the CuClz/DMF system is probably due to the formation
' "

of a CuClz'- AN complex. Kern = has examined and characterised

a range of complexes of AN with metal halides in the transitiom
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series. With cupric chloride a complex of empirical formula
CuClz(AN)O_5 was obtained.  These results have been confirmed
45

more recently by Bengough and Jamieson'~ who isolated the

complex and confirm that the bonding between the metal and
acrylonitrile involves donation of electrons from the nitrogen
atom to the metal ion. From a further spectrophotometric

study they assign the absorption peak at 468 m/u'in the AN/DMF
system to the replacement of the DMF by AN in the tetrahedra1 ion,
i.e. @uClj;A@]-} Any complex association of CuCI2 with methyl.
methacrylate would seem doubtful since CuCl2 is almost completely
insoluble in MFA. The second peak formed when MFA is added to
the CuClz/DMF system is possibly due to a second chloro-cupric

complex with DMF.

In the cupric chloride inhibited”polymerisatithPf
acrylonitrile tﬁe corrected value of the rate constant for the
initiation reaction (Zki) dbtained from the inhibition against
' time plot iS 151 x 10-5sec~1. This value is considerably
higher than the value, 1°38 x 10;5560-1, for the corresponding

5

methyl methacrylate inhibition and the value, 140 x 10 2sec %,

for the cupric bromide inhibited polymerisation of methyl -
methacrylate.  The values for the rate constants for initiation
in the methyl methacrylate system lie within the range

133 = 14} x lo-ssec-l found by Bamford et al.h for methyl
acrylate, methyl methacrylate, methacrylonitrile and acrylonitrile
using ferric'chloride as inhibitor, The value obtained in the
acrylonitrile system is considerably higher than this range of
‘values but lower than the earlier value of 1-87 x 10-55ec‘1

obtained by Bamford et a1.2 for the polymerisation of AN in

DMF solution.
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The difference in rates of initiation in the two systens
may be due in part to differences in the rate of decomposition of
ATBN in the different solvent syétems - 10% by volume DNMF in the '
M system and 80% by volume DIMF in the AN system. The work of
Betts, Dainton and~Ivin26, however, indicates that the decomposition
of AIBN is 'slower in DIMF than in most other solvents.  Another
possibility is that the efficiency ofvscavepging is less in the
AN - DMF system than in the MM - DIMF system. This is possible

k5 and not all

if different complex species éxist in these systems
the complex species formed are efficient scavengers forthe poly—:
acrylonitrile racdicals. The inactivity of certain cupric forms-

is illustrat=d by the inactivity of cupric acetate and cupric
nitrate in the AIBN initiated polymerisation of methyl methacrylate.
Also the increased rates of initiation obtained when small quantities
of water are added to the Cu012 inhibited polymerisation of methyl

methacrylate and when acetonitrile is used as solvent suggest the

existence of inefficient scavengers,

The value of 32°9 kcal/mole for the energy of activation
for initiation obtained from the plot of log Zki again;t 1/T°K for the
cupric chloride and cupric bromide inhibited polymerisation of methyl
methacrylate is close to the value for Ed; the activation energy for
the decomposition of ‘ATBN into free radicals, indicating that this

is probably the rate controlling step in the initiation process.

]

With the acrylonitrile inhibited polymerisation the
experimental studies were completed before the suitable kinetice
analysis was derived for solving the rate constant rétio k&/kb and

kx/kf' Thus only the reactions carried out within the limits of the fbncbdh
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would be desired for the measufement of #', the plots of the
function of @' were restricted to values where there was a
minimum variation in the function with changes in ¢'; This
was 0°4<@'<0°8 for derivations using equation (4L6) and
0:25< @< 0+8 for derivations using equation (57) as
illustrated in fig. 8 and fig. 10 respectively. The higher
values of the ratio kx/kpvobtained in the latter-type plots
are obviously due to the effects of points at low @' on the

gradients of the lines.

With the methyl methacrylate systems the experiments
and experimental techniques were designed to suit thelcalculations

and wider values of ﬂt were used in the derivations.

The deviations from linearity dbtained,'particularly

at low values of ﬂ% and‘ﬁ' may be mainly due to the difficulty ‘,.
in measuring the gradients accurately at low cogversions.
On the other hand it may reflect a thermal effect which was
very obvious in the cupric bromide reaction using the nQrmél
unmodified dilatometer. The temperature rise inside the
dilatometer at the onset of polymerisatibn would cause the,
greater distortion during the early stages of the reaction,
i.e. at low @ values, until thermal equilibrium is regained.
There were no indications of thermal instability in the
dilatometric studies but measurement of temperature changes
within the dilatometer would be requiredbto verify this
possibility.

| The values for the rate constants for the'reaction
between cupric chloride and polyacrylonitrile radicals and

cupric chloride and cupric bromide with polymethyl methacrylate
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radicals are of a higher order than those obtained by

L

Bamflord et al = for the reaction between these polymer
racdicals with FeCl3 be a factor of L5 with AN and a factor
252 with ¥¥). Thus the cupric salt appears to be a much

more effective radical trap than the corresponding ferric

salt.

The grezter reactivity of the cupric bromide over
cupric chloride towards polymethyl methacrylate radicals
(approximstely a factor of -2 in raite constant) is in the same
order of reactivity as found by Entwhistle 28 Tor the ferric
halides; whereas ferric bromide inhibits the polymerisation
of methyl methacrylate, ferric chloride merely retards it.
The difference in reactivity of the bromide and chloride may
tentatively be attributed to the importance of the oxidation/
reduction potential of the salt, although the importance of

such factors as atom and bond polarisabilities and bond

strengths cannot be overlooked.

Thus the order of reactivity of the .salts to polymethyl

methacrylate radicals may be written as

and FeBr2:> FeCl

CuBI‘2 > Cu012>- FeC13 3

ané the rate constants for the cupric salt reactions are of the
order found for the reaction of the free radical DPPH with
polymethyl methacrylate radicals measured using a similar
9 : - 1,2 3 2%‘6 V ’
technique to those used in this study .
Bamford et al have evaluated the rate constants for

the reactions of ferric chloride with a number of polymer




- 8 -

radicals and compared the values obtained with the general
reactivities of the radicals. The experimental measure used
for the general reactivity was the velocity coefficient,

kTR’ of chain transfer to toluene at 6000. ‘These values are

shown in the following table with the results obtained for

the Cu012 reactions.

Teble 13 - Comparison of k values at 60°C for the

polymerisation of methyl methacrylate acrylonitrile,

methacrylonitrile and styrene in the presence of

ferric chloride and cupric chloride and comvarison

with k.. values.

LIV

kx(Fe013) Ko i kX(CuC12)
Polymer Radical (mol_ll.sec-l) (molfll.séc-l) A(mol-ll.sec-l)A
Vinyl Acetate. 2+35 x 106 773 | 4 .
Styrene 5ol x 10% 2011 x 107 176 x 10° ®7)
Acrylonitrile L5 x 105 - 785 x lO”1 19 x iOS
Methyl Acrylate 415 x 10° 56 x 107+
Methyl Methacrylate 3+05 x 107 125 x 1072 7.7 x 10° =
Wethaorylohitrile 3+15 x 102 2 x 1072 9 x 107 (18)

As with the ferric chloride reac%ioﬂs, the rate
constants for the cupric chloride(reactions are not in agreement
with the general reactivity of the bolymer fadicals. There is,
however, a difference in the sequence of radical reactivity

: toward ferric chloride and cupric chloride.

It has been well established that the oxidation of
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free radicals by metal salts proceeds by at least two mechanisms,
electron transfer and ligand transfer. In the transition state
of an electron transfer mechanism oxidation is accompanied by

the developﬁerﬁ;of a positive charge on the carbon moiety,
whereas the requirements for the ligand tran;fer process are

more akin to atom transfer reactions of free radicals. It has
been suggeéted that even in the ligand transfer oxidation there
is a modicum of positive charge generated in the free radical

moiety.

The electron iransfer mechanism proceeds through a
P

cationic transition state, e.g.
. 2 . ) . A
R® 4+ Cu +X -)[R XCu2+<,—> R+XCu+]—-> Cu+ + Carbonium products. -

In the ligand transfer mechanism the transfer of an
atom or radical from the metal oxidant to the carbon radical

moderates the development of charge in the transition state, e.g.

2

R* + Cu”tx —[R'X—Cu*e= R—xCu* ] R—X + Cu*

and this mechanism. is analegous to the bridged activated complex

R 22 ‘
described by Taube for the completely inorganic system

.mentioned earlier.

Bamford favours the electron transfer mechanism,
the net positive charge on the carbon atom carrying the
-impaired electron explaining the lower rate constants obtained
with radicals with electron withdrawing substituents, which

-will react less readily than would be expected from their

general reactivity.
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49,50,51,52 .

Kochi anc co-workers have made an

extensive study of the oxidation of alkyl radicals by metal
salts, in both aqueous and non zqueous solutions. They
interpret the oxidation of the radical by copper salts with
reference to the electronic structure of the radical and
copper salt anion. In the telemorisation reactions of

various vinyl monomers with 5 - (methoxycarbonyl) pentyl

radical in the presence of metal salts, e.g.

TTe o r = ¥ _,: .
(31{302(:(0312)4(;;12 + CH, = CI -—>CH3020(CH2)6 CHX

l +IY
n

products

it was found that when X was an electron withdrawing group such;
as hélogen, carbonyl or cyano, oxidation of the adduct radical
';by electron transfer oxidants such as cupric acetate and
perchlorate was slow, but rapid with liganditransfer reagents

~ . 3

such as cupric and ferric chloride.

Enisci and Galldl 23 reported conflicting results
which indicated that the oxidation was indevendent of the anion,
with cupric acetate, sulphate and nitrate being suitable oxidants

in the following reszction.
‘. HO_C(CH,), 870 + cu®*— Ho C(CH ), G + cut
2 2767 e 2677

10..C(CH, ), CHON + H,0—>10, C(CH, ), CH(OH)CN
HOPRY ;26 TJH+12 2u 26;

(28

HOZC(CHQ)GCH(OH)CN—->H020(CHZ)60HO~ etc.
. ,

The observed rapid oxidation of the polymethyl
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methacrylate radical by cupric chloride and cupric broﬁide
and the inertness of this radical with respect to oxidation
by cupric acetate and cupric nitrate support the results of
Kbchi,iand indicate a ligand transfer mechanism for the
oxidation of polymethyl methacrylate radicals by cupric

chloride and cupric bromide.

The changes in sblvent significantly afféots the
oxidation reaction. The addition of small quantities'of
water to the CuClz/MM/DMF system cauées a reduction in the
rate constant of the oxidation reaction. This may be due to
‘the stabilisation of the cupric ion as the aquo species b
which makes it a less potent oxidant, and a concomitant‘
destablisatién of the cuprous salt. In addition, ﬁater promotes

dissociation of the complex chlorocupric species (CuClnfz—n)

30

into the lower aquochlorocupric species , which may be less

effective as ligand transfer oxidants.

Very little may be concluded about thé-reactions'
studies using aqetonitrile as solvent; but the differences
obtained at different CuCl2 concentrations probably reflects
a system of CuClz/TbCN complexes, The induction periods
obtained using acetonitrile as solvent are considerably 1owerv
than those obtained at the sane CuCl2 concentrations using
DMF as solvent. This is probably due to the change in the
Cu*/cu®t oxidation potential brought sbout by the stabilisation

55

of the cuprous species by acetonitrile .

It has become apparent in these studies that complexes

of the metal salts with solvent and/or monomer plays a
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significant part in the mechanism of the oxidation reactions.

56,57

George et al have identified a series of

complexes in the FeClB/DMF system and have recently calculated

the rate constants at 60°C for polystyryl radicals towards

L

1.mole Tsec. t

Fe(Dw)63*, ,Fe(Dw)Scf*, Fe(mm)401+, and FeCl ions.to be

847, Le15 x 10#, 6+55 x 10A and 3-14 x IOA

respectively.

b5 suggest

Recent results by Bengough'and Jamieson
that a series of CuCl2 — DMF complexes are involved and are
dependent on the concentration of monomer and reaction
temperature.. The existence of these different species may
-explain the difference in the seguence of radical reactivity
toward ferric chloride and cupric chloride menfioned earlier,

as the rate constants were not determined at the same monomer:

DMF ratio in the two systems.

The non-linearity in the Arrhenius plot of kx for the
CuClz/HK/DMF system would also be explained by a series of

temperature dependent CuCl2 - DMF complexes.

Further understanding of this system would reguire
an examination of the different cupric complexes present and

the effect of these on the oxidation reaction.
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APPINDIY

Experimental Results and Calculations for the Polymerisation of

Acrylonitrile in the presence of CuCl_ initiated by AIBIN

Buc1)_ = 2:02 x 107 mo1e .75 [ate = 4 x 10 “mole 1.7%
Reaction Time (min. ) % Polymerisation (F x 102)
33 0.0
38 : ' 0.092
1 . | 0,401
L9 0.878
56 1.968
61 - 3,039
66 '  Le290
72 5.950
76 o B . 7.105
81 | T s
/ 86 - 9.950
91 S 11.31

93 | . 11,90



II

Reduced rates measured from conversion/time plot and calculated functions.

Tine  g' P =123 lop{i/@-1y 1of(1/F)-1y  Lloz(a-T)
42 0.2l 0.0027 . =5.9%1 0.5641 199883
W 0.275  0.0041 ~1 .60k  0.4208 199321
L6 0,320  0.0057 ~3,876 . 0.3282 1.99752
48  0.384  0.0076 -3,076 0.2052 1.99668
50  0.477  0.0101 -2.190 : 0.0403 1.99562
52 0,528  0.0129 ~1.619 1.9133 1.99436
5,  0.614  0.0162 -1.163 1.79%0 1.99292
56 ‘0.696 0.0199 -0.606 1.6395 1.99127

58 0,760  0.0240 -0.156 1971 1.98945

60  0.816  0.0283 0.261 1.3523 1.98753




ITT

[Guc1 ] = 6°55 x 10™mole 1.7 [ared] = 4 x 10 %mole 1.7
Renction Time EPolymerisa’c:;Lon Reaction Time % Polvmerisstion
(min.) @ = 102) | (nin.) (Fx 107)
107 0.0 | 170 1445
122 0.0786 173 1.608
123" 0.0932 | 176 1.789
126 0.1371 . 180 2.030
128 0.1773 | 18), | 2.315
132 0.2249 187 | 2.536
134 | 0.2687 189 2.680
1% ' 0.307k 191 2.841
138 | 0.3381 192 ' 2,916
1 0.3965 195 3.165
5 " 0.4955 198 3,393
150 0.6305 1200 3.560
152 0.6890 203 3.815
153 0.7220 208 | L. 24,0
156 0.8170 : 210 . 4.0
159 0.9410 213 L6700
163 o 215 1850
164 1.157 219 . 5.203

167 1.296 - 220 o 5.285



v

Reduced rate measurements from conversion/time plot and calculated

functions.

Time @' P =1/g'-2:3 Logf1/8)-1} 1oA1/0)-1} 1oz (1-F)
145 0.24,8  0.0050 ~5.389 0.481L 1.99782 .
155  0.350  0.0079 -3.51 0.2739  1.99655
160 0.443  0,0106 ~2.,98 | 0.1017  1.99538
165 0.483 0,0120 ~2.1L 0.0298 1.99476
170 0.537  0.0L5 - -1.748 T.ou35  1.99366
175 0.621 0.0173 -1.101 1.7853 1.99246
180 0.70h 0.0205 -0.616 | 1.6425  1.99096
185  0.755 0.02,0 0,245 1.5263  1.98945

. 195  0.823 0.0316 0.272 . 1.3506 1.98606




Bxpcrimental Results and Calculations for.the Polvmerisation of

" Methyl Methacrylate in the Presence of CuCl_ Tnitiated by AIBN.
B o

[pu01;L5=6 x 10 ¥mole 1,77 EMHEﬂ'=‘5 x 10 mole 1.7t
Tine % Polymerisation . Time % Polvmerisation
R 0.0007 154 0.1017

83 0.0010 155 0.1096
89 0.0013 | 156 0.118%
95 © 0.0023 157 | 0.1312
97  0.0033 l 158 0.1458
101 0,0033 159 0.1645
0, 0.0033 160 0.1899
109 0.0053 161 ©0.2293
113 0.0076 - 162 ©0.290
116 0.0092 ‘ 163 0.396
120 0.0115 164 0450

12, 0.0171 165 0.696"
127 0.0207 165 0.778
130 - 0.0237 166 0.8
1% - 0.0309 167 1.03
136 0.0342 - 168 1.199
138 0.0378 169 © 1.363
140 - o.0n21 171 1.701
1.2 0,046l 172 1.865
W 0.0516 1735 2,03k
146 0.0595 | 17 2,198
148 0.065 - 175 2.36
150 0.0753 176 2.521
152 0.0861 '177 : 2.689
153 0.0027 ' 178 2;854




VI

Reduced rate mensurements from conversion/time pnlot and calculated

functions.
Time g, P lopyl- 2 =1/8, + 23108 (144, /1-¢,) 1oz (1-T)
159 0.129 0,00165  0.0832 ~7.658 1999237
160  0.185 0.00190  0.7179 ~5.25 © 1.99917k
160.5 0.236 0.00206  0.602 © -1.03 1999104
161  0.298 0.00229  0.485 -3.086 1.999000
161.5 0.374 0.00255  0.3619 | -2.33L 1.998891
162 0.473 0.00290  0.2151 © -1.668 7.998739
162.5 0,627 0.00337  1.9869 -0.957 1.998533.
163 0.804  0.00396 | 1.6400 | -0.282 1.998276
[c:ucizl = 60 x 10 *mo1e 171 o [am] = 2x 10 %mole 1.7%

Time % Polymerisation Time % Polymerisation

22 0.0 | L3 | 0,341

25 © 0.0007 9N 0.592

28 0.0035 o L5 0,89

30 . 0.0081 46 1.21 ) '

32 0.0141 | 47 - 1.538

3 0.0253 . 48 " 1.859

36 0.0372 : 149 | 2.i85

37 0.0477 | 50 2.515

38 0.0607 51 ’ 2.8

39 0.080% 52 3,161

40 0.1032 ' 53 3.481

41 0,1411 | 5 © 3.802

42 0.2055 55 4,122

56 Lol




VII

leduced rate measurements from conversion/time nlot and calculated

functions.

Time £

41 0.121
L% 0.195
42 0,302
42%  0.42
L3 0.603

0.00141
0.00166
0.00206

0.00265

10,003LL

0,00460

10:{1-02) /83 -1/8 + 2 3100(148, /1-8,) 1op(1-F)

10,9108
0.6931
0.4786
0.2865
0.,0241
1.6915

-8.158
-li-o 956
-3.0L1

-1.965
-1.055

~0.359

1.999388




VITIT

[uc1, ], = 1 3 x 102 mole 1,71 [azEN] = 1 x 10 “mole 1.7%
' Time = % Polymerisation Time ‘%.Pclymerisation
85 0.0 148 0.0658
86 0.0007 . 149 0.0704
88 0.0013 ' 150 0.0753
"92 0.0010 15 0.0797
97 . 0.0026 | 152 0.0848
101 ‘ 0.0010 153 0.0913
104 0.0029 15k  0.0968
106 0.0042 155 | 0.1038
108 0.0059 156 0.1105
110 0.0062 . 157 0.1183
12 . 0.0065 158 0.1289
115 0.0091 159 ' 0.1371
119 . 0.0114 . 160 0.1491
122 0.0137 161 10,1639
125 : 0.0163 - 162 © 0,1801
128 0.0196 - 163 : 0.2001
130 0.0208 | 164  0.224
133 0,061 165 0.2589
135 0.028), ' 166 0.311
136 0.0316 167 0.4125
137 - 0.0322 ’ 168 © 0.5915
138 0.0342 : 169 - o 0.81%
140 0.0394 170 1.051
141 0.0427 i 171 1.285
2 0.0456 172 ~1.52
143 0.0479 173 1.758
oA 0.0509 17 1.998
15 0.0538” 175 | 2.22
16 0.0577 - 176 L2449
147 0.0619 ooy 2,675

.179 3.124



X

Reduced rate measurements from conversion/time olot and calculated

functions.

Time

164

Z,

0.130
0.182
0.225
6.294
0,419
0.577

0.752

0.908

£

0.00224

0.00259:‘

0.00282
0.00311
0,00354
0.00413

0.00491

1 0.00592 -

1og£1-gf)gg§_.¢1/¢%+ 2-310g(1fgh/1eg;) log(1-F)

0.8773
0.7264
0.6252
0.492
0.29L7

0.0630

-0,2382..

=0.7137

~7+555

: -4024-5

=3.14
~2,002

~0.481

0.216

=1

1. 99026

=1

9
+998873
.998778

=

1.998618
98160

=

=1

97867

9
.9
.598207
.9
1.997426




‘ . - -1
[QuClz]o- L+35 x 10 ‘mole 1.
Time

29

21,
32
33
30,
35
36
37
38

39

40

L2

43

l'l'-:

L5
16
L7
48

49
50
51
52

53

L

% Polymerisation

0.0
0.0007
0,001

- 0.0020
0.0013
0.0013
0.0020
10,0017
0.0023
0.0030

" 0.0031
0.0056
0.0066

© 0.0086

© 0.0099
0.0125
0.0136 !
0.0149
0.0169
0.0195

© 0.0225
0.0272

0.0338

[aTer] = 1 x 10 %mole 1.7

Time

5k
55

, 56
57
58
59
60.
61

62

63
6L
66
67
68
69
70.

7

72
73
Tk

1

% Polymerisztion

0.397

- 0.0483
0.0595.
0.0721
0.0923
0.118
0.1993
0.3462

. 0.58k

- 0.832
1.09
1.598
1.845
2.085
2.325
2.579

2.821

. 3.059
3.3
3-5&-3




XI

Reduced raie measurements from conversion/time vlot and calculated

functions.

Time

Z,

0.172
0.339
0.438

0.606

. 0.70

0.853
0.938

P 2od0-g)/8} -L/8 s 23106 (1, /10,) Lo (1-5)

0.00118

0.00150
0.00199
0.00263%

0.00303

0.00346
0.00L465

0.7522
0.4176
0.2660

0.0127

| -0.1375

~0.L945
-0.8925

"5 0673

-1.875
~1.038
-0.676
-0.071

- 0.429

1.999487




AXII

Experimental Results and Calculations for the Polymerisation of'

Vethyl Nethacrylate in the Presence of CuBr Initiéted by AIBN.

[CuBrZJ 3 x 10 *mole 1,71 [AI“I\] 5x 10" mole 1. -1
Time Measurements from |
recorder chart for constant 7 Polymerisa‘blon
drop in meniscus level. . (F x 102 ).

6L - 0.0 © 0.0081
6L - 49.5 ' -0.0133
65 17.8 ‘ 0.018%
65 L6.5 K . 0.0235
66 13.5 - - ' 0.0286
66_ T 39.3 | o g | 0.0338
67 7.0 . 0.0389
67 2 C 0.0u40
67 40.8 S O o.0492
67 58.1 | . 0.0543
68 - 10.5 : 0.059L
68 21.3 ' 0.06L6
68 333 . 0.0697
68 K15 T 0.0748
68 148.8 : © 0.0799
68 55.8 ,‘ 0.0851
6  1h- | " 0.0902
69 5.8 : 4 © 0.0953
69 12.0 0.1005
69 1.8 - 0.1056
69 18 ‘ o 0.1107
69 - 2145 . ' 0.1159
69 2.5 . 0.1210

69 28 ' 0.1261




XIIT

Time NMeasurements from

recorder chart for constant % Polymerizstion
drop in meniscus level. - (Px 102
min. SeCe |
69 30 '  0.1312
69 32.8 | 4 0.136k
69 35.8 ’ o5
69 38,1 | ' © 0.1466
69 01 e " 0.1518
69 42,8 4' o . 041569
69 L5 © 0.1620
69  47.8 . v".o.1672
69 . 50 ' - 0.1723
69 52.1 - oam
S | ' | 0.1825
69 56uk | : © 0.1877 .
69 58.9 - . 0.1928
70 0.9 - 0.1979
70 2.9 | © 0.203
70 k9 . | ©0.2082
0 69 L  0.2133
70 8.5 . 0,2185
70 . 103 - . 0.223%
70 126 - 0.2287
70 .8 | _ 0.2338
70 17.0 ; S 0.2390
70 18.9 ’ 0,241
'70 20.6 ‘ . . < 042492
70 22.0 - S 0.254
70 23.8 o 0.2595

70 25.6 4 0.2646




IV

Reduced rates measured from conversion/time nlot and colculated

functions.

Time g, F 105£1-gfzgi} ~1/f +2:310 (148, /1-¢, ) log(1-F)

mine. sec,.

68 55 0.267 0.0008, 0.5406 = -3.191 1

99963

69 0.328  0.00089  0.4347 | -2.367 1.99961k
69 5 0.370 0.0009k  0.3680 | ~1.927 - 1.999592
69 10 0.429 0.00100 0.2800 ‘ ~1.418 1.999567
69 15 0.481 0.00106 0.2036 ~1.029 1.999538
69 20 0.529 0.00114  0.1340 ~0.711 i;999506
69 25 0.586 0.00122 0.0494 -0.361, 1.999471
69 30 0.63% 0.00131 I.9747 | -0.079 1.999432
69 35 0.683 0.00140 ) 1.8927 . 0.206 - 1.999392
69 L0 0.735  0.00151 1.7959 o 1.999345

69 50 0.775 0.00172 ' 1.7116 o 1.999253

g S - . LA




[cuBr,] = & x 10 bpote 1,75 [ATEN] = 3°5 x 10 mole 1.7
Time measurements from
recorder chart for constant % Polymprlsatlon
drop in meniscus level. (F x 102)
128 0.0 | 0.0265
128 32.1 ,  0.0317
128 47.5 . © 0.0370
128 59 0.0422
129 8.3 - 0.0475
129 L5 o 0.0527
129 19.5 3 T 0.0632
129 27.5 | | 10,0632
129 3 - 0.0685
129 39.3 ‘ 0.0757
129 u - - 0.0790
129 49 o . 10.0842
129 52.5 -  0.0895
129 56.1 T 0.09478
130 ' 6.0 | . 7 .0.1000
130 3.1 ' :_ © 0.1052
130 7.1 | ! 0.1105 -
130  10° . 0.1157
130 13.3 . 01210
130  16.5 - : 0.1262
130, 20 | 0.1315
130 23.1 | 0.1367
130 = 25.9 © 0.1420
1300 28.1 ' . 0.1472

130 3049 ' 0.1525



VI

Time measurements from

recorder chart for constant % Polymerisation
drop in meniscus level. ‘ (F x 10%)
130 33.3 | 0.1577 .
130 35.9 B 0.1630
130 386 .62
130 40.9 I - 0.1735
130 43 C o.78y
130 45.8 o 01840
130 148.5 }. 0.1892
130 511 N 0.1945
130 53 - 01997
130 54.6 - ' 0.2050
130  57.3 - 0.2102
130 59.9 ' . 0.2155
131 1.6 , | | 0.2207
131 bk 0.2260
131 6.3 - 0.2512
131 8.0 o 0:2365
131 10.3 L 0.2417
131 12.5 | 0.2470
‘131 ';14,6' ’ 6.2522
13T 6.8 ' 0.2575
131 19.3 : 10,2627
131 21,3 | : . 0.2680
131 2.1 o o.a7s2
131 2.3  0.2785
131 28.1 ‘ . | 0.2837

131 30.3 : 0.2890.



XVII

Rednced rates measured from conversion/time plot and calculated

functions.

-

2

 Time g F o log{2- ' -1/?%+2'31og(1+¢£/1-ﬁ%) 1log (1-F)
min. sec. ‘
129 10 0.281 0.00048 0.5149 -2.976 1.999789
129 20 0.338 0.00056 0.4191 _2.%62 1.999757
129 30 0.398 0.00085 0.3252 | -1.671 ' 1.599720
129 40 0.459 0.00075  0.235k -1.186 1.999675
129 50 0.521 0.00086 0.1456 - -0.762  1.999625.
130 0 0,588 0.00100 0.0471 -0;353 1.999567
130 10 0.668 0.00115 1.9186 0.117 1.999501

130 20 0,745 0.00131  I1.7760 . 0.583 1.999429




